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ABSTRACT 

Renewable resources are presently under intense investigation for a variety of different uses. 

Nature offers a vast diversity of molecules which could function as the starting blocks for the 

production of bio-products. The trend in application of natural materials is aligned with the search 

for sustainable alternatives to petroleum-based compounds. 

The focus of this work is on the development of new wastewater treatment agents, either 

flocculants or coagulants. These were based on renewable materials, specifically lignocellulosic 

wastes and tannins. Their usage in the removal of dyes, inks or pigments (typically very difficult to 

treat), from coloured wastewaters, mainly from the textile industry, has been studied. The 

production of such polyelectrolytes enables the valorisation of lignocellulosic wastes while 

obtaining new added value products, which due to their partial biodegradability generate less 

sludge, since it can be biodegraded by the bacteria in wastewater treatment plants, reducing in this 

way the overall costs of the process. 

The first preliminary step to synthesize the targeted eco-flocculants was applying a conventional 

alkaline extraction, starting from Eucalyptus bleached pulp, to obtain cellulose with higher purity, 

or performing a conventional kraft pulping starting from Eucalyptus wood chips wastes, using mild 

chemical conditions, leading to pulps with diverse chemical composition (contents of cellulose, 

lignin and hemicelluloses).  

The second step was the synthesis of cationic and anionic polyelectrolytes using two-stages 

modification procedures. The first stage was the oxidation of the cellulosic and lignocellulosic 

pulps obtained in the preliminary treatment (from Eucalyptus bleached pulp or wood wastes) using 

sodium periodate and lithium chloride. This led to an intermediate product, dialdehyde cellulose 

(DAC). Thereafter, the quaternary ammonium modification of DAC with Girard’s reagent T 

provided the cationization of the cellulose (second reactional stage). Following the aforementioned 

procedure, a set of cationic wood-based polyelectrolytes (CDAC) with different cationicity indices 

(low, medium, high), starting from different pulps, was obtained.  

The anionization of DACs was performed by conducting a sulfonation reaction. The modification 

of dialdehyde cellulose with sodium metabisulfite led to highly charged anionic cellulose-based 

polyelectrolytes (ADAC). The reaction variables were tuned in order to synthesize flocculants with 

different characteristics. The obtained CDACs and ADACs were extensively characterised, by 
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studying their chemical composition, structure and morphology. It was shown that composition 

complexity of the used pulps influences the final properties of the obtained polyelectrolytes. 

Moreover, the degree of the charge introduction into the cellulosic backbone depended on the 

periodate oxidation procedure. Materials from the optimised two-stages modification procedures 

were tested and shown to be suitable for the final application (effluent treatment).  

The evaluation of the developed anionic and cationic cellulose-based polyelectrolytes, as 

flocculants, was carried out using several model coloured effluents, as well as two different real 

coloured wastewaters from a textile industry. The base performance indicators used for model 

systems were the reduction of turbidity and absorbance, while for real wastewaters the reduction 

of turbidity and chemical oxygen demand were considered. Moreover, dual systems using an 

inorganic complexing agent (bentonite or aluminium sulphate), were evaluated in all model and 

real waters, allowing to increase colour removal and turbidity reduction. Typically, polyelectrolytes 

with high substitution degree/molecular weight showed better performance in the decolouration 

compared to the lower charged ones. Flocculants obtained from pulp with high kappa number 

(high lignin content) presented good results, quite similar to the ones obtained from raw materials 

with higher homogeneity and cellulose purity. Additionally, for the effluents tested, cationic 

polyelectrolytes presented, in general, higher efficiency on colour removal than the anionic ones. 

Typically, the results obtained while using the natural-based flocculants were equal or superior 

compared to the use of commercial polyacrylamide possessing a similar charge density.  

The second part of this work was the synthesis of eco-coagulants from tannins using the Mannich 

modification reaction. The optimization of reaction conditions, including the reagents 

concentrations, heating rate, activation and cooking times, and pH was carried out. Different 

tannin sources: Mimosa ME (Acacia mearnsii) from South Africa (from two different suppliers) and 

Quebracho (Schinopsis balansae) from Argentina, were tested at laboratory scale using 2-L reactor. 

The production of Mimosa-based coagulants was up scaled using an intermediate 5-L reactor and 

ultimately by a 75-L reactor (pilot plant). The progress of the modification reactions was monitored 

based on shear viscosity measurement, which was then further used for the determination of the 

shelf life time of produced bio-coagulants. Remarkably, the shelf life of the optimised products 

could extend over one year.  

The colour removal ability of the obtained tannin-based coagulants was tested in several model 

coloured effluents. In addition, the relation between the shear viscosity and the final performance 

in wastewater treatment was studied. Due to relatively low molecular weight of the obtained 

tannin-based coagulants, dual and multiple systems using traditional clay (bentonite) and synthetic 
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flocculant (in minor amount) were required to reach high colour removal. Furthermore, 

development of the best water treatment procedure also included tests at different pH values, 

optimizing the pH leading to significantly increase colour removal.  

An evaluation of the flocculation process on two model effluents and one industrial wastewater, 

with the dual system of bentonite and cellulose-based polyelectrolytes, was performed by laser 

diffraction spectroscopy (LDS). It was proved that this technique is suitable for the flocculation 

monitoring in coloured effluents treatment. This technique provides complementary information 

to the jar-tests about the flocculation kinetics and evolution of the flocs structure with time. LDS 

showed to be appropriate as a pre-screening methodology to select the most appropriate 

flocculants for a specific application, before moving to pilot trials. 

As results of the studies conducted, a wide range of natural-based flocculants and bio-coagulants 

was prepared, with suitable characteristics for application in the treatment of coloured wastewaters, 

as demonstrated in various model systems as well as in real industrial effluents. The developed 

cellulose-based flocculants and tannin-based coagulants, tested in wastewater treatment, showed 

to be very promising alternatives to the traditional, petroleum-based agents with the view of a 

possible future application at an industrial scale.  

This work was part of a European Project under typology of European Industrial Doctorates (FP7 

Marie Curie-ITN/EID, ECOFLOC FP7-PEOPLE-2013-ITN-604825). It involved the 

collaboration of a company with large experience in wastewaters recycling and treatment, which is 

also partner of the Project, where part of the experimental work was developed. The project also 

involved the collaboration of the University of Leeds, UK. 
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RESUMO 

O interesse na utilização de recursos renováveis para as mais diversas aplicações é atualmente 

bastante grande. A natureza oferece uma gama alargada de moléculas, que podem funcionar como 

blocos de partida para a síntese de produtos de base biológica. Esta tendência de valorização e 

aplicação de materiais naturais encontra-se alinhada com a procura de soluções alternativas 

sustentáveis para a substituição de recursos fósseis. 

O foco do trabalho apresentado nesta tese é o desenvolvimento de novos agentes de tratamento 

de águas residuais, como floculantes ou coagulantes. Estes foram produzidos a partir de materiais 

renováveis, nomeadamente resíduos lenhocelulósicos e taninos. Foi estudado o seu uso na 

remoção de corantes e pigmentos (componentes estes que são tipicamente muito difíceis de tratar) 

de águas residuais coradas, provenientes essencialmente da indústria têxtil. A produção dos novos 

polielectrólitos permite a valorização de resíduos lenhocelulósicos com a obtenção de produtos de 

valor acrescentado. Por outro lado, estes, devido à sua parcial biodegradabilidade são suscetíveis 

de originar um teor de lamas menor quando utilizados em unidades de tratamento de águas 

residuais, uma vez que podem ser biodegradados por bactérias, reduzindo desta forma os custos 

globais do processo.  

O primeiro passo com vista à síntese de “eco-floculantes” de base celulósica consistiu na realização 

de uma extração alcalina de pasta branqueada de eucalipto, de forma a obter celulose com maior 

grau de pureza, ou então na realização de cozimentos kraft de resíduos de aparas de madeira de 

eucalipto, com condições suaves de cozimento, o que conduziu à produção de pastas com 

composições químicas diversas em teor de celulose, lenhina e hemiceluloses.  

O segundo passo foi o da síntese dos polielectrólitos catiónicos e aniónicos propiamente ditos, 

usando uma combinação de duas reações sucessivas. A primeira reação consistiu na oxidação das 

pastas celulósicas e lenhocelulósicas obtidas no decurso dos tratamentos preliminares, com 

periodato de sódio (usando ainda cloreto de lítio). Este processo conduziu à obtenção de um 

produto intermediário designado por dialdeído de celulose (DAC). De seguida, foi feita a reação 

do DAC com o reagente de Girard T, que permitiu a introdução de grupos de amónio quaternário 

na cadeia de celulose. Por este processo global foi obtido um conjunto de novos polielectrólitos 

de base celulósica, com diferente cationicidade (baixa, média e alta), a partir de pastas de diferente 
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composição química. Por outro lado, a modificação do DAC com metabisulfito de sódio permitiu, 

através de uma reação de sulfonação, obter polielectrólitos de base celulósica carregados 

negativamente. Em ambos os casos, cationização e anionização de celulose, as variáveis da reação 

foram ajustadas de forma a sintetizar floculantes com caraterísticas diferenciadas. Os produtos 

resultantes (CDACs e ADCAs) foram extensivamente caracterizados quanto à sua composição 

química, estrutura e morfologia. Foi demonstrado que a composição inicial das pastas usadas tem 

influência nas propriedades finais dos polielectrólitos obtidos. Além disso, o grau de introdução 

de carga (modificação) no esqueleto da celulose foi dependente do procedimento de oxidação com 

periodato. Os materiais obtidos usando os referidos procedimentos de modificação foram testados 

e considerados adequados para a aplicação final pretendida (tratamento do efluente corado).  

Foi feita uma avaliação do desempenho dos novos polielectrólitos catiónicos e aniónicos baseados 

em celulose, como floculantes no tratamento de efluentes modelo diversos e ainda de dois 

efluentes reais corados, fornecidos por uma fábrica de têxteis. Os indicadores base usados para os 

sistemas modelo foram a redução de turbidez e da absorbância, enquanto que para os efluentes 

reais considerou-se a redução de turbidez e a carência química de oxigénio como parâmetros mais 

importantes. De notar que foram usados sistemas duais em que o floculante foi combinado com 

um agente complexante (bentonite ou sulfato de alumínio) para o tratamento de todas as águas 

modelo ou reais, os quais permitiram aumentar a remoção de cor e a redução de turbidez como 

pretendido. Tipicamente, polielectrólitos com elevado grau de substituição/peso molecular 

mostraram melhor desempenho na remoção de cor comparados com aqueles menos carregados. 

Os floculantes obtidos a partir de pasta com elevado número kappa (maior teor de lenhina) 

apresentaram bons resultados, semelhantes aqueles obtidos com base em pastas de partida 

possuindo maior homogeneidade e pureza em celulose. Além disso, para os diversos efluentes 

testados, os polielectrólitos catiónicos apresentaram, em geral, maior eficiência na remoção de cor 

do que os correspondentes aniónicos. Tipicamente, os resultados obtidos usando os floculantes 

de base natural foram semelhantes ou de qualidade superior aos obtidos com o uso de 

poliacrilamidas comerciais, para uma densidade de carga equivalente.  

Numa segunda parte do trabalho sintetizaram-se “eco-coagulantes” a partir de taninos, usando a 

reação de modificação de Mannich. Foi feita a otimização das condições reacionais, 

nomeadamente das concentrações dos reagentes, velocidade de aquecimento no reator, tempos de 

ativação e de cozimento, e do pH. Foram consideradas fontes de tanino distintas: tanino de Acacia 

mearnsii (Mimosa) proveniente da África do Sul (de dois fornecedores diferentes) e tanino de 

Schinopsis balansae (Quebracho) da Argentina, os quais foram testados numa escala laboratorial num 

reator de 2-L. A reação de produção de coagulantes baseados no tanino de Mimosa foi depois 
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levada a uma escala semi-piloto, num reator de 5-L, e finalmente para ensaio piloto num reator de 75-

L. O progresso das reações de modificação foi monitorizado com base na medição da viscosidade, a 

qual foi posteriormente usada também para a determinação do tempo de vida dos coagulantes obtidos. 

De uma forma notável, a validade dos produtos otimizados estendeu-se por mais de um ano. 

A capacidade de remoção de cor dos coagulantes baseados em taninos foi testada para diferentes 

efluentes modelo baseados em corantes diversos. Além disso, foi estudada a relação entre a 

viscosidade do coagulante e o seu desempenho no tratamento de efluente modelo. Devido ao peso 

molecular relativamente baixo dos coagulantes baseados em tanino, foi necessário recorrer a 

sistemas duais e múltiplos, usando bentonite e floculante sintético (em quantidade menor) para 

alcançar uma remoção de cor elevada. Adicionalmente, o desenvolvimento do melhor 

procedimento de tratamento do efluente também incluiu testes para diferentes valores de pH, 

tendo a otimização do pH conduzido a um aumento significativo da remoção de cor. 

Complementarmente, foi feito um estudo por espectroscopia de difração de laser (LDS) do 

processo de floculação no tratamento de dois efluentes modelo (dois corantes diferentes) e de uma 

água residual industrial, num sistema dual com bentonite e polielectrólitos baseados em celulose. 

Provou-se que esta técnica é adequada para a monitorização da floculação no tratamento de 

efluentes corados, proporcionando informação complementar aos testes de Jar, sobre a cinética da 

floculação e evolução da estrutura dos flocos com o tempo. A técnica de LDS mostrou ser uma 

ferramenta de diagnóstico apropriada para selecionar os floculantes mais indicados para uma 

aplicação especifica, previamente à realização de ensaios à escala piloto. 

Como resultado dos estudos conduzidos, foi possível obter uma gama alargada de floculantes e 

coagulantes de base natural, com características apropriadas para aplicação no tratamento de águas 

residuais coradas, conforme comprovado em vários sistemas modelo assim como em efluentes 

industriais reais. Os novos floculantes baseados em celulose e coagulantes baseados em taninos, 

mostraram ser alternativas muito promissoras aos tradicionais agentes de base petrolífera (fóssil), 

usados no tratamento de águas residuais, com vista a possíveis futuras aplicações numa escala 

industrial.  

Este trabalho fez parte de um projeto europeu dentro da tipologia de doutoramento em ambiente 

empresarial europeu (FP7 Marie Curie-ITN/EID, ECOFLOC FP7-PEOPLE-2013-ITN-604825). 

Envolveu a colaboração de uma companhia com larga experiência em reciclagem e tratamento de 

águas residuais, a qual se constituiu também parceira do projeto e onde parte do trabalho 

experimental foi desenvolvido. O projeto envolveu ainda a colaboração da Universidade de Leeds 

(Reino Unido).
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WORK MOTIVATION 

1.1. WORK MOTIVATION 

Form the second half of the 19th century until recent times, the exponential increase of industrial 

activities has coincided with the evolution of human welfare. This growth influenced humanity 

by increasing standard of living in several areas. Nevertheless, the intense use of raw material 

resources, some of which are highly depleted, creates environment pollution in the production, 

transport and end of life stages. This has created atmosphere issues and, reduced water quality. 

There have been, therefore, over the past two decades, discussions as to what a sustainable 

future might involve1,2. 

1.1.1. Water availability and quality 

Water availability is a global issue. Despite water covering 75% of the earth, less than 1% is 

available for human consumption3. Moreover, poor land use management, population growth, 

increasing standard of living, climate change, industrialization, agriculture, and urbanization 

have led to decrease the availability of clean drinking water. Furthermore, developed countries 

are also facing direct discharge of harmful, often toxic industrial or domestic effluents into 

natural water reservoirs. In fact, such actions not only damage the supply of fresh, safe water 

but also aquatic flora and fauna.  

Water-related problems, mainly resources depletion, are expected to become more serious, over 

the next two decades, due to limited possibility of an increase in the supply of fresh water and 

intensification of industrial and businesses activities, together with population growth 

throughout the world4. According to UN’s average projections, by 2050 the worldwide 

population will increase by about 2.9 billion people5. A significant saving of potable water is 

required, and can be achieved through reuse of wastewater, which, in turn, involves the 

development of materials and methods, for that purpose, which are efficient, cost-effective, and 

reliable. Effluents contamination influences physical, chemical, or biological changes in the 

water quality and affect living organisms. The UN estimates that it is impossible to meet the 

needs of the population without recycling waste and process water.   

Water quality is determined by factors such as water-mineral interactions, climatic conditions, 

and human involvements. The presence of pathogenic microorganisms, suspended or dissolved 

solids, colour and odour in water, tend to degrade the purity of water and be unsafe for 

organisms6. Water quality is regulated by public institutions, where drinking water has to meet 

special health requirements as the quality of water is more crucial7. Municipal and industrial 
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effluents generally have to go through several treatment processes, to achieve a degree of quality, 

before they can be used again for industrial, agriculture or domestic purposes. The sources of 

common typical pollutants, such as natural organic compounds, and their effects, are relatively 

well known, however, their sustainable treatment techniques are still highly challenging and 

strongly required1,8,9. 

More sustainable and proper management of natural water resources and water discharge, after 

human actions, are of great interest in ongoing investigations, supported and forced by many 

public institutions. The European Parliament in the directive 2000/60/EC emphasizes the need 

of pollutant quantity reduction, hence motivating development of a broader range of methods 

for wastewater treatment8. 

1.1.2. Water contaminants 

Effective wastewater treatment requires an understanding of the nature of the impurities to be 

removed. Moreover, contaminants can have two different states, either dissolved or suspended. 

Additionally, their presence in the polluted surface or ground waters can result from many 

sources, such as sewage, industrial water discharge, salt, soil erosion, inadequate sanitation, 

contamination of ground/surface waters by algal blooms, detergents, fertilizers, pesticides, 

chemicals, heavy metals, etc.10 Overall, the incorrect treatment and disposal of industrial 

effluents has significant negative impact on the environment.  

In this work, the main focus was on wastewaters with dyes contamination, namely from the 

textile industries - considered as one of the most significant effluent sources. Contaminations 

by coloured substances are widely produced, difficult to biodegrade, with high biochemical 

oxygen demand (BOD), chemical oxygen demand (COD), inadequate pH, turbidity, and toxic 

chemicals, making the direct effluent discharge to natural reservoirs without further treatment 

a global problem.  

Dyes can have a natural or synthetic origin. Overall, due to the great stability and relatively low 

production cost, the large number of synthetic organic compounds as well as of their 

modifications, allow to obtain and widely use, a large number of shades and colours11. The yearly 

production of dyestuffs is estimated to be 7x105 tons, meeting the needs of different industries: 

textile, cosmetics, paper, leather, pharmaceutical and food12. Complex aromatic molecular 

structures make colorants difficult to biodegrade. Moreover, due to the high number of different 

molecules involved in such an effluent, their treatment becomes very challenging13. The entire 

fibre dyeing and washing processes release a large quantity of contaminated waters that contain 
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10–15% of colourants used in the process, which often are discharged with poor or no 

treatment, namely to the rivers. In addition, the coloured effluents can also contain surfactants, 

dispersants, humectants, oxidants and detergents, acids, bases, toxicants, pH altering agents, 

sulphur or salts, causing a serious environmental problem14,15. Furthermore, 60–70 % of the 

dyes used worldwide show toxicity and carcinogenicity (namely azo dyes)11, as well as the 

potential mutagenicity of the breakdown products formed during the cleavage of chromophore 

groups, in particular the aromatic amines12,16. Therefore, the adequate treatment of these 

effluents becomes crucial to improve the water quality and meet environmental regulations. 

1.1.3. Possible solution  

Several conventional technologies such as coagulation, flocculation, flotation, adsorption, 

membrane filtration, biological or electrochemical methods, have been successfully applied in 

water clarification. However, coagulation and flocculation are widely used due to their simplicity 

and low energy requirements. Moreover, either coagulation or flocculation can be applied on its 

own or as a complementary methodology with other techniques. The versatile application of 

coagulants or flocculants in separation of either suspended and dissolved impurities, is just 

another advantage. 

Coagulation and flocculation are non-selective. However, using an appropriate coagulant or 

flocculant can significantly improve the water quality, if used as a pre-treatment, and further 

contribute to improvement in the efficiency of the following purification stages, what 

significantly reduces overall costs associated with the process. 

The development of wastewater treatment agents, with specific customized characteristics, 

based on renewable resources, is becoming the focus for future more sustainable wastewater 

treatment strategies. Moreover, the entire life cycle burden of water treatment is being analysed 

to identify hot spots and solutions which minimize impact. Natural-based products have the 

advantage of being partially biodegradable. This should reduce sludge, though the impacts in 

production and use need to be evaluated via life cycle assessments or other systemic methods 

to identify which solutions are most appropriate for given industries.  

The motivations described above are aligned with the project ECOFLOC (Marie Curie 

ITN/EID project), between the Department of Chemical Engineering of the University of 

Coimbra and the company Aqua+Tech Specialities SA in Geneva, Switzerland. The Department 

of Chemical Engineering is specialised in the areas of particles science and wood processing, 

where a long-time collaboration with the paper and pulp industry has been established. In spite, 

the industrial partner specialises in synthetic water treatment solutions for several industries they 
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possess also expertise in production of natural coagulants based on tannins. The main goals of 

the project include the development of natural-based water treatment agents, based on wood 

wastes, and optimization of their performance in colour removal, and were therefore also the 

main goals for the present thesis. 
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1.2. OBJECTIVES  

Coloured effluents involving different types of dyes are produced not only in textile industry, 

but also in paper, pharmaceutical, or plastic/rubber industries. The dyes’ versatile applications, 

the uncountable amounts of colours and shades they provide, together with their diverse 

structures, makes the wastewaters containing these molecules extremely diverse and challenging 

to treat. Several techniques such as coagulation/flocculation, adsorption, oxidation, or ion 

exchange have been developed to remove impurities from coloured wastewaters. 

The coagulation/flocculation approach is often selected due to its simplicity, versatility and 

capability of destabilizing and aggregating small dye colloids. Conventionally, synthetic 

flocculants are widely used for this purpose, due to their extraordinary ability to flocculate 

efficiently at low dosage because of the high molecular weight, producing large aggregates. 

However, they also generate large amounts of not biodegradable sludge that requires special 

handling, what increases the overall costs of the process. The use of natural-based products in 

the coagulation/flocculation process can bring several benefits to the treatment. Using wood 

wastes as a material to obtain the desired agents, not only adds value to a waste, but also because 

of the potentially higher biodegradability of the resultant polyelectrolyte products, it reduces 

sludge transport costs. This benefit must be evaluated relative to possible additional burdens in 

other life cycle stages related, for example, to production energy and dosing concentrations. 

This three-year work was designed, specifically, to produce new natural-based wastewater 

treatment agents, either anionic or cationic flocculants, to treat coloured effluents. Also, it aimed 

as well to produce tannin-based coagulants, again from a natural nature, for the previously 

mentioned application. The study intended to overcome the disadvantages of using hard to 

manipulate and insoluble wood wastes, by the introduction of positively or negatively charged 

groups in the cellulose chains, and by tuning the modifications to obtain the target water soluble 

flocculants for the desired application. The development of new cellulose-based products was 

based in the improvement of wood modification strategies, starting with chemical pre-

treatments to reduce the lignin content of the raw material, and by further increase of the 

reactivity of the pre-treated raw material, through oxidation, to facilitate the introduction of 

positively and negatively charged groups. Another objective regarding this thesis was to evaluate 

the influence of the purity of the initial raw material (wood wastes or bleached pulp) on the final 

characteristics of the cellulose-based flocculants produced. The development of tannin-based 

coagulants was based in the Mannich aminomethylation reaction.  
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The final products either cellulose-based or tannin-based were tested in several coloured model 

effluents and their efficiency was evaluated. Also, the cellulose-based products were tested in 

real industrial coloured effluents from the textile industry. Besides this, laser diffraction 

spectroscopy, a particle size characterization technique widely available, was used to monitor 

the flocculation processes in both model and real effluents. The ultimate objective here is to be 

able to screen the performance of flocculants in the aggregation process, by evaluating the 

flocculation kinetics and flocs morphology (size and structure) over time. This pre-screening 

can then contribute to minimize pilot trials. These studies will allow the detailed analysis and 

critical performance evaluation of new natural-based products in coloured wastewater treatment 

as potential replacements to the synthetic, traditional solutions for wastewater treatment. 
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ORGANIZATION OF THE WORK 

1.3. ORGANIZATION OF THE WORK 

  

Chapter 1- Introduction

Chapter 2- Literature overview

Chapter 3- Pre-treatment of cellulosic and lignocellulosic materials

Introduction to the project motivation and the study objectives for this thesis

The pre-treatment of Eucalyptus lignocellulosic wastes and bleached kraft pulp,

aimed at increasing their cellulose content and improving their reactivity in the

further chemical modifications to produce polyelectrolytes, are presented.

Chapter 4- Cationic and anionic cellulose-based polyelectrolytes

Studies performed highlight the ability of the two-step modification procedure

to obtain highly charged, water soluble, cellulose based PELs. Herein, is

presented a comparative analysis of PELs samples obtained from pulps with

different kappa numbers, after periodate oxidation-reaction with GT reagent

to yield cationic PELs periodate and oxidation-sulfonation to produce anionic

PELs.

ADAC

CDACDAC

Chapter 5- Cationic tannin-based coagulants

Chapter 6- Application of new wastewater treatment agents in model coloured effluents

Development of standard procedure to prepare tannin-based coagulants, via

Mannich aminomethylation. Preliminary tests were carried out by changing

some experimental parameters and their influence on the shear viscosity and

shelf life of the resulting products was evaluated. Also, up scaling of

modification procedure to a pilot plant scale, using intermediate 5-L and

ultimately 75-L reactors, is presented.

This thesis focuses on the development of new environmental friendly products

for colour wastewater treatment in coagulation and flocculation. An overview of

the concepts and strategies already described in the literature, which fall within the.

Evaluation of cationic and anionic PELs from Eucalyptus pulps with distinct

cellulose purities and substitution degrees, as natural flocculants in the

treatment of several model coloured wastewaters. Modified tannins produced

at lab scale, with different molecular weights (shear viscosities), were also

evaluated in the decolouration of model effluents. Comparison with standard

synthetic acrylamide-based PELs, is also presented.

Chapter 7- Application of new cellulose-based flocculants in industrial effluents

BLANK
TREATED 

Application of developed novel cationic and anionic cellulose-based

polyelectrolytes as flocculants to treat real industrial coloured effluents (single

colour-Turquoise Blue and multicolour wastewaters) is presented. Their

performance was studied in terms of turbidity removal, and chemical oxygen

demand reduction at several pHs, concentrations, and in dual systems with

bentonite or aluminium sulphate.

scope of  this thesis is herein presented 



INTRODUCTION 

10 

 

Awards resulting from this work: 

Mimosa Me tannin based coagulants in decolouration processes, ISER-78th International 

Conference on Chemical and Environmental Science (Zurich, CH) awards in the category of the best 

presentation/content, as well as the prize of IIER “Excellent Paper Award”.  

Eco-friendly wastewater treatment, European Researcher´s Night (Matosinhos, PT) award in the 

category of the best presentation in the Science Slam by PubhD Porto 

List of publications resulting from this work (available in Appendix F):  

Paper 1: Grenda, K.; Arnold, J.; Gamelas, J. A. F.; Rasteiro, M. G. A, Environmental friendly cellulose-

based polyelectrolytes in wastewater treatment, Water Science and Technology, 2017, 76 (6) 1490-1499. 

Paper 2: Grenda, K.; Arnold, J.; Hunkeler, D.; Gamelas, J. A. F.; Rasteiro, M. G. A, Tannin-

based coagulants from laboratory to pilot plant scales for coloured wastewater treatment, 

BioResources, 2018, 13 (2), 2727-2747.  

Paper 3: Grenda, K.; Arnold, J.; Gamelas, J. A. F.; Rasteiro, M. G. A, Up-scaling of tannin-based 

coagulants for wastewater treatment performance in water treatment plant, Environmental and Sustainable 

Chemical Engineering, 2018, 1-12 

  

Additional information

Chapter 8- Flocculation process monitoring

Studies highlight the flocculation process evolution following
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Blue based), as well as in a real industrial coloured wastewater collected

from a textile industry. In all LDS trials performed, dual systems with

bentonite and cellulose-base PELs were evaluated. The potential of this

technique in the pre-screening of PELs for effluents treatment is
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2.1. WASTEWATER TREATMENT STRATEGIES 

Strict regulations regarding quality of discharged effluents into the natural reservoirs create the 

wastewater treatment principles effective removal or recovery of pollutants while using,  

cost-effective, efficient and reliable techniques, or materials. In general, wastewater has to go 

through several treatment processes to guarantee sufficient purification and meet severe quality 

limits. Selection of purification techniques depends on the concentration, types of contaminates 

and volume of treated wastewater17. The typical treatment of polluted water consists 

 of a primary treatment, followed by secondary stage, and when it is needed a tertiary step, for the 

reinforcement of water quality to reuse or discharge18. Nevertheless, the treatment technologies vary 

a lot in their specifications for each type of contaminants, industries or even final purpose19. 

Additionally, highly polluted effluents, with colour and solid wastes have to be treated by all the 

three-wastewater treatment stages (primary, secondary and tertiary). If the biolochemical oxygen 

demand (BOD) level is relatively low then the secondary stage is not required. The tertiary 

technologies are often applied alone (without using primary and secondary treatment) in the case of 

effluents that are colourless, without solids, and their contamination came from organic, inorganic 

or biological pollutants18. Moreover, conventional methods are broadly categorised by the nature of 

operation process, such as thermal, chemical or biological treatment. These days, it became more 

and more popular to take the environmental or/and economic benefits of each method, combining 

several techniques into a multistep water treatment process20. 

 
Fig. 2.1. Various methods for the treatment of wastewater (Adapted from18). 

The first level of water treatment usually consists of screening, filtration, centrifugation, 

coagulation/flocculation, sedimentation, or flotation methods. These approaches are used to 

remove the main impurities. Applying, for example, screens of various sizes, suspended solids 
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(SS), pieces of cloth, paper, wood, cork, hair, fiber, etc. can be removed. Eliminating smaller 

impurities such as greases, oils, bacteria etc. is possible by using filtration. Typically, depending on 

the pore size (from about 0.1 to 0.5 mm) used in the process, up to 99 % of suspended solids or oils 

can be removed21. In the case of colloidal solids (up to 1 μm size), such as oils and greases, usually 

the centrifugal separation plays the main role, where, based on the different rotation speeds, different 

densities of material are separated and then the sludge is discharged21. Allowing undisturbed or semi-

disturbed contaminants to settle for different times, in several tanks, sedimentation and gravity 

separation processes is occur. The settling time strongly depend on the water motion, size, and 

density of particles. Moreover, this process can eliminate only 60 % of suspended solids and is useful 

for effluent treatments from paper and refinery industries18. Conventional water treatment plants 

typically use the flotation process to remove up to 99% of greases or oils and up to 75 % of biological 

or suspended solids. At the water surface, solids create agglomerates by adhering to the gas or air, 

and then the accumulated layer can easily be skimmed off. Using compressed air or some chemicals 

(alum, activated silica, etc.), helps in the flotation process21,22. 

Among traditional treatment technologies, the most widespread, environmentally friendly and 

in most cases, cost effective, are the biological processes23. In this secondary water treatment 

technology, the soluble or insoluble pollutants are removed by microbes (bacterial or fungal 

strains)21. Based on anaerobic and aerobic oxidation, the organic matter is converted into water, 

carbon dioxide and ammonia gas24,25,26 and in some cases to alcohol, glucose, nitrate, etc. 

Moreover, the obtained wastewater is detoxified from toxic organic/inorganic matter by 

microbes. The effectiveness of biological treatment strongly depends on: availability  

of dissolved oxygen (only in aerobic process), retention time, temperature, biological activities 

of the microbes, and accessibility of additional elements vital for their growth. It has been 

reported that anaerobic digestion has low energy demand and produces less sludge, while  

as a side effect it generates energy in the form of biogas (nitrogen, ammonia, hydrogen sulphide, 

and methane). In several studies, this type of digestion was reported as the main biological 

treatment, and the obtained effluent could be reused in irrigation. The efficiency of this process 

in colour and COD removal has been reported27. On the other hand, in the case of effluents 

with dyes and with high organic contents and low biodegradability, in either anaerobic or aerobic 

treatments showed not to be the most appropriate process12;23;28. The generation of large 

quantities of bio-solids, adds extra costs for their treatment and management, and are one of 

the process disadvantages. 
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Beyond what can be accomplished by earlier methods, a tertiary purification stage can be 

implemented. This action allows obtaining water with higher quality: lower amount of 

suspended or total dissolved solids (TDS), organic content, residual nutrients, or pathogens, 

impossible to eliminate in primary or secondary treatments. Additionally, removal of specific 

organic or inorganic elements permits effluent reuse, irrigation or direct discharge into the water 

reservoirs (lakes, rivers etc.). This technology can be based on conventional techniques by 

increasing the purification time or cycles, to intensify the impurities removal, or by involvement 

of more sophisticated and expensive effluent treatment methods. It includes: ion exchange, 

distillation, precipitation, foam fractionation, adsorption, photo catalytic degradation, solvent 

extraction, nitrification and denitrification, membrane technologies (reverse osmosis or micro, 

ultrafiltration), electrochemical processes (electrolysis, electrodialysis), oxidation processes 

(ozonation, Fenton, advanced oxidation), and much more18. Among all the possibilities/options of 

the final treatment, selected methods are dependent on the characteristics of the effluent obtained 

after the secondary treatment and the need to satisfy further use or disposal restrictions. 

Thermal processes (combustion, co-combustion, or pyrolysis) use high temperatures to destroy 

impurities, while decreasing the waste volume and recovering the energy. Less harmful, at lower 

temperatures is the distillation process in which, at 100 °C, water is vaporizing, then cooled 

down and collected, living behind contaminants. Water obtained in such a way is 99 % pure and 

free from volatile impurities. These treatments are not very cost effective or environmental 

friendly, since these require expensive facilities with high fuel consumption and they generate 

dangerous substances into the atmosphere18. 

Evaporation has been used as one of the purification techniques in modern wastewater 

treatment. In this natural process, the evaporated molecules are collected in the form of pure 

water; the use of vacuum can improve the efficiency of this treatment. This method proved to 

be effective for wastewaters containing organic (except volatile) or inorganic components even 

at very high concentrations up to 10 %, especially for effluent treatment with fertilizers, 

petroleum, and pharmaceutical products or from food processing18. 

Addition of organic solvents (benzene, hexane, acetone etc.), immiscible with water but with 

the capacity of pollutants dissolution (namely in the treatment of effluents with organics, oils 

and grease contaminates) are used in the solvent extraction technique18. Another, very useful 

technique in effluent treatment with high concentration of total dissolved solids, either organic 

or inorganic, is crystallisation. Increasing the concentration of pollutants to the point where they 

start to crystallise, by mixing with other solvents or either by evaporating or decreasing  
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the temperature, allows separating solid impurities from liquid water. This technique is usually 

used in effluent treatment from cooling towers, boilers, dye or paper industries29. Moreover, for 

removal of metal ions and organics, the precipitation technique is very useful, where the soluble 

contaminants are converted into solids by reducing their solubility, and then they are easily 

removed from the effluent. This method can also use the feature of lowering pollutants 

solubility by addition of specific chemicals (e.g. alum, sodium bicarbonate, ferric chloride, 

ferrous sulphate or lime), or, alternatively, lowering the temperature of the treated effluent. 

Additionally, the presence of oils or greases may cause several problems in precipitation.  

This method allows to eliminate only 60 % of contaminants, while the main disadvantages are high 

cost at commercial level and management/utilisation of a large amount of produced sludge18,30. 

A very powerful technique in the treatment of effluents containing dyes, ammonia, phenols, 

hydrocarbons, etc., is chemical oxidation. In this process, by using potassium permanganate, 

chlorine, ozone, H2O2, Fenton’s reagent (H2O2 and Fe catalyst) or chlorine dioxide, the organic 

matter is oxidized into water and carbon dioxide or some other easy biodegradable products 

(alcohols, aldehydes, ketones and carboxylic acids). The temperature, pH, catalyst or even  

the nature of pollutants and applied oxidants play a crucial role is played by the efficiency 

of the process18,30. 

Frequently, a simple oxidation process is not efficient enough for the decomposition of all the 

contaminates present in the water. The use of advanced oxidation processes (AOPs) 

(homogenous or heterogeneous) is then a possibility since they generate extremely powerful 

radicals with high oxidation potential able to fast react with a broad variety of organic 

compounds31,32. In those processes, often mineralisation of pollutants occurs leading to obtain 

carbon dioxide, water and inorganic ions, or generation of less dangerous compounds 

by conversion of contaminants. These processes allow for further degradation of the activated 

sludge8. This type of treatment, depending on the way of generating oxidising species (hydroxyl 

radicals), includes: ozonation, ultraviolet photolysis, combined ozone and peroxide processes, 

Fenton-type reactions, photochemical oxidation, electrochemical oxidation and ultrasound 

degradation, etc. Synolysis, based on ultrasonic application (violent cavitation events generate 

short-living radicals species) is successfully applied in decolourization and elimination of organic 

contaminants33. These processes are extremely attractive for treatment of effluents containing 

toxic, refractory or non-biodegradable materials, but they require high capital and operating 

costs (energy consumption and losses)8,34. 
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Separation treatment techniques are another type of effluent handling, which do not involve 

chemical transformation of the water contaminants but only their separation either by support 

systems or by transferring it to another phase. Nevertheless, the separated impurities still need 

to be further processed. These non-destructive approaches include filtration, 

coagulation/flocculation, adsorption, and ion exchange. The membrane filtration technology in 

wastewater treatment is also widely used. However, the maintenance costs and initial investment 

in reverse osmosis or micro-, ultra- and nano-filtration is still very high12;35. Typically, adsorption 

processes are successfully employed, with the use of activated carbon, in the elimination of low 

dye content from wastewater. This type of treatment requires long contact times for the dye 

molecules to be irreversibly adsorbed on the carbon surface12, followed by a regeneration step. 

Usually, ion exchange techniques (replacement of ions in solution using chemical reagents) 

 are not selected for colour removal from effluents, since this process cannot accommodate 

a wide range of dyes36. Nevertheless, this reversible process, can be used for low concentrations of 

organic/inorganic contaminants, which can be eliminated up to 95 %, while requiring low energy. 

Non-settable solids in effluents can only settle through the addition of specific chemicals called 

coagulants/flocculants, in the process of coagulation/flocculation. Moreover, development of 

modern coagulation/flocculation processes is in strong need. Normally, these physical-chemical 

methods are employed as a pre-, main- or post-treatment stage depending on the efficiency rate 

of impurities or dye removal by other processes12. Many inorganic and organic chemicals such 

as synthetic polyelectrolytes or natural materials, are used as coagulants in conventional 

treatment process5,10. Coagulation/flocculation is pH, temperature, or contact time dependent. 

Those factors have a strong influence on the process. The wastes generated by the treatment, 

nevertheless, may cause also several health hazards. Inorganic coagulants have high poisoning 

factor for encephalopathy, neurodegenerative illnesses, and Alzheimer’s disease. Besides, the 

synthetic polyelectrolytes (PELs) can as well be toxic and carcinogenic. Another disadvantage 

is their high cost and necessity of special sludge disposal37. Due to those issues, there is strong 

need in replacement of inorganic and organic coagulants/flocculants with their natural-based 

alternatives. Features, like environmental friendly behaviour, safety to human health, availability 

and relatively low cost, and biodegradability, can improve the process. Plant-based materials 

(natural polyelectrolytes) have been used for many centuries in developing countries for 

purification of turbid water38. Nowadays, the promising perspective of the development and 

usage of plant-based natural coagulants/flocculants can significantly reduce the use of toxic 
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synthetic and inorganic compounds. In summary, it is essential to seek and develop new types 

of treatments to deal with water impurities in a more eco-friendly manner 

2.2. COLOURED WASTEWATER TREATMENT 

2.2.1. Dyes and their applications 

Several applications of dyes including in textile, paper, pharmaceutical, plastic/rubber industries, 

as well as the uncountable amounts of colours and shades used in those applications, together 

with their diverse structures, makes the obtained wastewaters extremely challenging to treat. 

Dyes wastes discharged into water reservoirs not only lead to visible colouring, but also block 

sunlight passing through the system, and additionally reduce the dissolved oxygen and increase 

the biochemical oxygen demand (BOD), what affects the environment and living organisms. 

Furthermore, coloured effluents characteristics (pH, chemical oxygen demand (COD), BOD, 

colour, total dissolved solids (TDS), total solids (TS)) may vary a lot, according to the 

composition of used dyes and inorganic/organic-based additives used in the process15. 

Furthermore, textile industry typically requires large amounts of water in the dyeing process. 

Typically, by addition of metals, salts, surfactants, sulphide or formaldehyde, improvements on 

the colorant adsorption onto textile are achieved39. Dye molecules discharged without proper 

treatment are stable and remain in the environment for long period of time (e.g. for hydrolysed 

Reactive Blue 19 (RB19) the half-life at pH 7 and 25 °C was reported to be 46 years)40. 

Among the various types of dyes, three main groups can be selected based on their chemical structure: 

anionic, cationic and non-ionic. Chromogene-chromophore, architectural core, is the electron-

accepting unit. This element involves the groups of atoms responsible for the dye colour. On the other 

hand, auxochromes are the electron donating substituents, responsible for the colour capacity of 

chromophores41. Chromogenes are composed by aromatic rings (benzene, naphtalene or anthracene), 

which are attached by double conjugated bonds, containing unsaturated groups, with delocalized 

electrons, creating systems known as chromophores. Among the chromophore units, the most 

significant are azo (–N=N–), ethylene (=C=C=), carbonyl (–C=O), methine (–CH=), nitro (–NO2, 

–NO–OH), carbon-nitrogen (=C=NH, –CH=N–), carbon-sulphur (=C=S, ≡C–S–S–C≡), nitrozo 

(–N=O, =N–OH) or quinoid groups. The auxochrome groups are ionisable and they ensure the 

binding capacity onto the substance. Among them, the most important are: carboxyl (–COOH), 

amino (–NH2), sulfonate (–SO3H) and hydroxyl (–OH)42. It is important to mention that, the 

sulfonic acid groups (–SO3H), as well as the carboxylic acid groups (–COOH), or typically the 
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sodium salt of these acids (–SO3
– Na+ and –COO– Na+), promote a high aqueous solubility to 

the compounds. Dyes can also be classified in two different ways: (1) based on the types of 

auxochromes (i.e. anionic and ingrain, methal-complex, hydroxyl ketone, inorganic pigments, etc.) 

and (2) based on the methods of dye application (i.e. reactive, acid, direct, basic, disperse, vat, or 

sulphur). Based on the inter-chemical structure three of the most important classes are generated: azo-

dyes (the largest chemical class covering at least 75 %, containing at least one azo group (–N=N–), 

anthraquinone dyes (15 % of colorants, with structure based on anthracene and benzoquinone)43 and 

phthalocyanines (made up of isoindole molecules connected to each other by nitrogen atom).  

The examples of the chemical structure of several textile dyes are presented in Fig. 2.2. 

 

Fig. 2.2. Chemical structure of different textile dyes44-51. 

Dye ionic characteristics are often pH dependent. Azo dyes can be non-ionic however, the 

deprotonation of the acidic group exposes their anionic character, and protonation of the amino group 

shows their cationic nature. Besides, azo dyes based on their free electron pair of nitrogen can easily 

accept protons. Likewise, acceptor substituents at the aromatic ring (–Cl or –NO2) or donor groups 

(–CH3 or –OR) in meta and para position also tune the behaviour and properties of dye molecule52. 

2.2.2. Treatment procedures 

In general, high chemical complexity creates the main difficulties while considering the way and 

type of wastewater treatment. Furthermore, the coloured wastewaters can contain up to 50 % 

of dye content (in particular: reactive dyes 10 - 50 %, sulphur dyes 10 - 40 %, vat dyes 5 - 20 %, 
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and direct dyes 5 - 30 % us ed in the industrial process are lost in the effluent). Moreover, the 

synthetic nature and aromatic structure of colorants, are the main reasons for low or non-

biodegradability. The electron-donating substituents in meta and para position, present high 

health risk (carcinogenic, mutagenic, allergic, causing dermatitis, skin irritation and many others) 

and also increase the eco-toxicity53. Additionally, the carcinogenicity decreases with protonation 

of ammonic groups54, however, the breakdown product for example from azo dyes leads to 

create toxic amines. The reduction or hydrolysis of textile dyes in the environment can form 

toxic aromatic amines, benzidine and its derivatives. In addition, some dyes may interact with 

solids via covalent bonding to carbonyl moieties or cation exchange, altering the characteristics 

of the environment54. House effluents containing as well dyes, discharged into natural reservoirs, 

need to be successfully treated to reduce colour and residual dye level. Several techniques were 

investigated, based on the type of dye present in the effluent and are summarised in the Table 2.1. 

It is very important to match the wastewater treatment (WWT) technique to the specification 

of the dye. The separation and elimination of colorant molecules while using certain approach 

can be effective for some types but not valid for others. 

Table 2.1. Suitable effluent treatment methods for specific textile processing effluent (Adapted from55).  

Type of 
dye 

Effluent 
problems 

Coagulation/ 
flocculation 

Adsorption Membranes1 Oxidation Aerobic Anaerobic 

Reactive 

Colour, 
BOD, 
TDS, 
COD, 
Metals 

  X2 X  X3 

Vat X X X X X X3 

Disperse X  X X X X 

Direct X X X X  X 

Acid   X X X X 

Basic  X X X X X 

Sulphur X  X X X X 
1 With possible recycle; 2 If NaCl is used as the electrolyte, nanofiltration will remove the colour while allowing recycle of the 
salt and water for reuse in dyeing; 3 Dyes based on the azo chromophore will be decolourised anaerobically 

Numerous conventional, physical, chemical or biological wastewater treatment techniques and 

their modifications were developed, tested and applied for dye removal from aqueous media. 

The high complexity of contaminants in this type of effluents namely from textile industry, 

several times requires application of more than one technique, using pre-, main- or even final-

treatment, relating to the strategies of primary, secondary or tertiary wastewater treatment 

approaches. Moreover, it is unlikely to find a universal solution for all types of dye containing 

effluents. Applying a certain methodology of wastewater treatment depends on several factors 

such as: types and amounts/volumes of produced wastewater or specifics of the dying process 

and used chemicals etc. It is then natural, that the solution for eliminating dyes from obtained 

effluents varies a lot. However, the first treatment step always include the separation of 
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suspended solids and immiscible liquids from the main textile wastewater by applying simple 

gravity separation, filtration, air flotation or other separation techniques18. Then, soluble 

pollutants are further treated by transformation into solids by applying chemical precipitation, 

coagulation/flocculation or other techniques56,15,57. They can also be treated by chemical 

oxidation, ozonation, adsorption, ion exchange or reverse osmosis. Solid-free wastewater can 

be further separated into biodegradable and non-biodegradable parts, and then accordingly 

treated. At the very end, treated water can be either discharged into natural reservoirs or into 

central biological/municipal wastewater treatment plant. 

Table 2.2. Evaluation of various biological treatment technologies for treatment of textile effluents (Adapted 
from56,15). 

Process Stage Status Performance Limitations 

Activated sludge Main-treatment Widely used Removes bulk COD, N High residual COD, 
N, colour, surfactants 

Sequential 
anaerobic aerobic 

Main-treatment Very few 
reports 

Better removal of COD, 
colour, toxicants 

High residual colour 
and COD 

Aerobic process Post-treatment 
_a 

Partial or complete colour 
removal for all dye classes 

Expensive treatment 

Anaerobic process Main-treatment 

_a 

Resistant to wide variety of 
complex coloured 
compounds, produced bio-
gas is used for steam 
generation 

 

Fixed-bed Main-treatment Some pilot 
trials in China 

Better removal of COD, 
colour 

 

Fungi/H2O2 Main-treatment Laboratory-
scale 

Full decolourisation  

Single cell (Fungal, 
Algal and 
Bacterial) 

Post-treatment 

_a 

Good removal efficiency for 
low volumes and 
concentrations. Very effective 
for specific colour molecules 

High costs in culture 
maintenance. Cannot 
cope up with large 
volumes of WW. 

Enzymatic 
treatment 

Post-treatment 

_a 

Effective for specifically 
selected compounds; 
Unaffected by shock loadings; 
Shorter contact times 
required 

Enzyme isolation and 
purification is tedious, 
efficiency curtailed 
due to the presence of 
interferences 

Redox mediators Pre-; supportive 
treatment 

_a 

Easily available, the process is 
enhanced by increasing 
electron transfer efficiency 

Concentration of 
redox mediator may 
give antagonistic 
effect, depends on 
biological activity of 
the system 

a
Not provided 

Some of the biological treatment processes used in colour removal of industrial wastewater are 

summarised in Table 2.2. In these processes decolouration takes place either by adsorption of 

dyes on activated sludge or by biological degradation of dye particle. This methodology is 

considered as highly useful due to the environmental friendly nature, low chemical usage and 
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low energy consumption. Various microorganisms (bacteria, fungi, algae or plants) in biological 

processes convert biodegradable wastes into simpler and less harmful materials. However, dye 

molecules are not often used as a nutrient for microorganisms due to their complex aromatic 

structure, and high toxicity. Still, research data indicates not only the possibility of 

decolourization but also biodegradation of some dye molecules, which tends to be cost effective 

and eco-friendly18. Kumar Garg et al.58 working at static conditions, achieved after 96 hours at 

30 °C and pH 8, 92.8 % (100 mg/L) of Orange II removal, while using optimized culture. 

Jadhav et al.59 studied the treatment of Remazol Red with concentrations up to 250 mg/L. The 

best colour removal, up to 97 %, was obtained while using static conditions, at 40 °C and 

pH 7, during 20 min. These studies stress out that repetition of cycles and increase of time, 

decrease the decolouration, what was related with the drop of essential nutrients for the bacterial 

activities. Patel et al.60 studied the performance of bacteria consortium on Acid Red 119 removal. 

Using static conditions, 93 % of the dye (at concentration of 100 mg/L) was decolorized after 

20 hours at pH 7. High colour removal efficiencies with fungi were reported by Kumar et al.61. 

Up to 99.2 % of Brilliant Green (10 mg/L) decolouration was obtained during 72 hours, while 

using agitation at 35 °C and pH 5. Kalpana et al.62 used several white root fungi on decolouration 

of Reactive Levafix Blue E-RA. Of the four tested fungal cultures (Trametes Hirsuta, Trametes 

sp., Irpex Lacteus, and Lentinula Edodes), Irpex Lacteus species gave full colour removal 

without production of toxic metabolites. 

Frequently, the decolourization of coloured effluent while using natural biological treatment 

depends on enzymes and enzyme systems in used microorganisms. Numerous enzymes were 

separated, isolated and tested in decomposition of dyes. These compounds were found to be 

highly important for the final goal and their application may have several advantages, due to 

their high specificity (no side reactions) and high catalytic effectiveness. Moreover, 

biodegradability, easy removal (from the treatment process) and ease of up scaling to industrial 

requirements together with mild operational conditions (temperature, pressure, and pH) are just 

other economic and manufacturing benefits 63. Lignin peroxidase is enzyme isolated from 

P. chrysosporium presented good decolouration for several dyes (triphenylmethane-, heterocyclic-, 

polymer dyes)64, but also exhibited very low affinity towards azo and phthalocyanine dyes 

decomposition. Moreover, decolouration rate increased while applying veratryl alcohol65.  

A similar study exposed low decolouration rate of Remazol Brilliant Blue while using pure 

laccase, but addition of violuric acid highly intensified the degradation rate66. It was also found 

that the colour degradation efficiency with laccase strongly depends on their source67. 
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Nevertheless, either by using peroxidases or laccase under optimised conditions, in both cases, 

led to obtain insoluble products and then easily remove them from treated effluents67. Another 

study revealed that the use of horseradish peroxidase enzyme successfully degraded the azo 

dyes68. The employment of enzymes for effective dyes decomposition requires the monitoring 

of temperature and pH, while using accurate dosages for optimum results. The costly isolation 

and purification of enzymes and their high unstable nature, when being removed from their 

usual environment, and difficulties in reusability are still high demerits for their extensive use. 

The ineffectiveness of enzymes in degradation/decolourization of some wastewaters can be 

improved by using redox mediators. These compounds accelerate the electron transfer (donor-

acceptor), which influence the intensification of reaction rates69. In the literature, many redox 

mediators have been reported but only few (1-hydroxybenzotriazole, 2-methoxyphenothiazone, 

veratryl alcohol, violuric acid) are often applied70. The performance of redox mediators is 

influenced by the type of dye and characteristics of the effluent to be treated. Additionally, 

several studies evaluated naturally occurring compounds such as: phenolic aldehydes, ketones, 

acids or esters (i.e. acetovanillone, syringaldehyde, acetosyringone, p-coumaric acid, and vanillin 

or methyl vanillate) as cheaper, more efficient and environmental friendly mediators for colour 

degradation/removal71. Among them, acetovanillone and syringaldehyde are the most 

promising mediators for industrial application, due to good decolourization performance as well 

as their eco-friendly nature67,72. 

The colour removal efficiency of conventional activated sludge can be improved by applying 

bioreactor treatments. Several different types of bioreactors were applied and studied in 

coloured effluent treatment: sequencing batch reactor (SBR), sequencing batch bio-film 

reactor73, moving bed sequencing batch bio-film reactor (MB-SBBR)74, membrane aerated 

biofilm reactor (MABR)75, sequencing batch bio-filter granular reactor (SBBGR)76. The high 

efficiency of anaerobic SBR, was shown by Hosseini et al.73 in long term removal of  

Acid Red 18. Using the complementary procedure of aerobic MB-SBBR, to remove metabolites 

produced after anaerobic SBR degradation of dye, showed to increase the efficiency of WWT 

process74. Up to 98 % of decolouration as well as COD removal, during 6 hours of treatment 

at optimised conditions, were achieved for Acid Orange 7 removal in MABR75. Nevertheless, 

the decolouration efficiency is extremely affected and dependent on the type of dye, carbon and 

nitrogen sources, pH, and species of used microorganisms or temperature. It is important to 

bear in mind that some dyes are toxic to microorganisms even at low dye concentrations, leading 

to decrease or stop their biodegradation activity77,78. 
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Table 2.3. Evaluation of various physical and physicochemical technologies for treatment of coloured effluents 
(Adapted from56,15,57). 

Process Stage Status Performance Limitations 

Coagulation/ 
Flocculation 

Pre-, Main-  
or Post-
treatment 

Extensive 
use 

Full decolourisation or relatively 
good removal efficiencies; water 
reuse; short retention time and 
low capital cost 

Not always effective; 
sludge disposal, 
dependent on operation 
condition 

Membrane 
filtration 

Pre- or Main-
treatment 

_a 

Removes all dye types; recovery 
and reuse of chemicals and water 

High costs, 
concentrated sludge 
production, dissolved 
solids are not separated 
in this proces 

Ion exchange Main-
treatment 

_a 

 

Regeneration with low or no loss 
of adsorbents 

Not effective for all 
dyes, high costs 

Adsorption with solid adsorbents: 
Activated carbon Pre- or Post-

treatment 

Laboratory 
or full-scale; 
depending 
on the 
adsorbent 
type 

Adsorbents are effective and 
cheap, good removal of a wide 
variety of dyes; water reuse 

Can be very expensive; 
high disposal or 
regeneration costs 

Peat Pre-treatment Good adsorbent due to cellular 
structure, no activation required 

Surface area is lower 
than activated carbon 

Coal ashes Pre-treatment Economically attractive, good 
removal efficiency 

Large contact times and 
quantities are required, 
specific surface area is 
lower than activated 
carbon 

Wood chips/ wood 
sawdust  

Pre-treatment Economically attractive, good 
removal due to cellular structure, 
good adsorption for acid dyes 

Long retention times 
and huge quantities are 
required  

Silica gels Post-
treatment 

Lab-scale Effective for basic dyes Side reactions prevent 
commercial application 

a
Not provided 

Typical physical and physicochemical textile/coloured wastewater treatment methods and their 

limitations are summarised in Table 2.3. The principles of this type of practises are: physical 

dye separation leading for solid waste disposal or adsorbents regeneration. The most frequently 

used treatments at commercial level are: adsorption (using low cost adsorbents79,80, activated 

carbon81 or nano-adsorbents82) and coagulation/flocculation30,83. Sorption processes are one of 

the most frequent in textile wastewater treatment, due to their simplicity and positive economic 

nature, high colour removal efficiency and possible reuse of regenerated adsorbents. The surface 

phenomenon involved corresponds to dissolve colouring materials being concentrated on the 

highly porous surface of the solid (adsorbent). The adsorption process occurs by many different 

interactions e.g. van der Waals forces, electrostatic interactions, hydrogen bonding, hydrophobic 

interactions etc84. 

The efficiency of dye adsorption is driven by several factors as: temperature, pH, initial dye 

concentration, contact time, adsorbent dosage and surface area or surface characteristics 

(charge, functional groups), particle size, and interactions between dye and adsorbent.  
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The removal of the dyes from wastewater typically is carried out by using activated carbon and 

other commercial inorganic adsorbents. The high specific surface area of activated carbon  

(up to 3000 m2/g) and excellent adsorption ability for cationic, mordant and acid dyes as well 

as moderate removal of direct, vat, reactive and disperse dyes, made it very versatile85. Fernandez 

et al.86 have demonstrated high adsorption efficiency and successful decolouration of basic dyes 

(Methylene Blue and Rhodamine B) using activated carbon obtained from orange peel biomass. 

The high price of activated carbon, together with the difficulty in translating application of well 

established processes for one kind of wastes to other different once, as well as the reactivation 

costs, are some of the drawbacks. Intense studies on more economical friendly activated carbon 

sources, allowed to achieve good decolouration while applying industial87 or agricultural88 wastes 

as adsorbents (peat, coal ashes89, clay, bentonite and modified bentonite90, red soil, bauxite, tree 

barks, rice husk and hulls91, leaf powder92, wood chips, ground nut shell powder, wood 

sawdust93, ground sunflower seed shells94, other lignocellulosic wastes95 etc.). The possibility of 

applying activated carbon from tyre rubber wastes for Acid Blue 25 and Acid Yellow 117 

removal, was proposed by Mui et al.96. Two types of activated carbon (with and without H2SO4 

treatment) were tested, giving in both cases good dye uptake on the surface of the carbon 

molecules. The widespread availability and relatively low cost when using wastes as adsorbents, 

as well as their sustainability, are just some of their advantages. However, to maintain relatively 

high decolouration efficiency, large quantities of adsorbents need to be used and high 

regeneration costs are still the main weaknesses of this process. 

Membrane filtration is one of the advanced treatment techniques. The wastewater passes 

through small pores membranes, which traps particles with larger sizes and leads to obtaining 

the effluent free from them. The trapped contaminants form a layer on the filter that needs to 

be constantly removed, to provide smooth, efficient process. Membrane filtration is appropriate 

for colour, COD, BOD and salinity removal from effluents. However, it is not suitable for 

effluents with dissolved solid components97. Several types of membrane filtration (micro-, ultra-

, nano-filtration, and reverse osmosis), based on the required quality of obtained final effluent 

and size of impurities which need to be separated, were developed and successfully applied in 

textile WWT. Micro-filtration is used to separate SS, colloids or macromolecules from 

wastewater with pores from 0.1-1 micron. This type of filtration can be used as a pre-treatment 

for reverse osmosis or nano-filtration98. Ultrafiltration involves membranes with pore size from 

0.1-0.001 micron. However, the large size pores may only give low performance in dye removal. 

It is then recommended to apply it only as a type of pre-treatment process to reverse osmosis 
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or other techniques (e.g. biology treatment)97,99. The improvement of decolouration results with 

ultrafiltration can be achieved by applying additives deposited on the membrane surface, adding 

surfactants (micellar enhanced ultrafiltration)100 or increasing the size of impurities by adding  

a polymer which aggregates the dyes (polyelectrolyte enhanced ultrafiltration)101. Another 

possibility is nano-filtration that uses membranes with pore size of 1-10 angstrom. This kind of 

membrane process has many advantages over ultrafiltration or reverse osmosis, such as: higher 

removal of multivalent salts; allows to use higher permeate flux and lower pressure.  

This methodology showed to be economically attractive due to low operation costs18. However, 

the main drawbacks are accumulation of dissolved solids and high senility to fouling by 

macromolecules. Reverse osmosis is applied to obtain high quality of treated water, free of most 

ionic compounds, hydrolysed reactive dyes and chemical auxiliaries97. This technique requires 

using pre-treated effluent, free of macromolecules and larger colloids, as it is sensitive to fouling. 

Combining reverse osmosis with other physicochemical techniques can highly improve the dye 

removal and water clarification98. The membrane processes described, have many advantages, 

such as ability to separate and recover materials, dyes, good clarification of water, high 

adaptability with other WWT techniques. Applied as a pre-treatment, the described 

methodology proved to improve the performance of other techniques in dye removal. The main 

disadvantages are the membrane clogging leading to frequent membrane replacement, high 

capital costs, production of large quantities of highly concentrated colloids/molecules  

on the membrane and their disposal. 

Ion exchange processes are not frequently used in the textile effluent treatment, due to their 

incompatibility with a large variety of dyes102. In this process wastewater is passed over the ion 

exchange resins (adsorptive solid material) with desired morphology or inorganic structure, 

containing functional groups capable of ion exchange103. The underlying mechanisms of this 

process are well known and can be modelled for either cationic or anionic dyes containing 

effluents. Compared to conventional adsorption process, in an ion exchange the replacement 

of ions is stoichiometrically proportional and the regeneration is a lot simpler, usually based on 

passing a salt solution containing the original active groups. Moreover, no loss of adsorbent 

occurs. Greluk and Hubicki104, studied the removal of Acid Orange 7 by strong basic ion 

exchange resins. Their results demonstrated decreases of decolouration performance while having 

dye effluent with cationic surfactants. Wawrzkiewicz105, also observed strong reduction on Basic 

Blue 3 decolouration in the presence of dye-surfactant interaction. However, high costs, use of costly 

organic solvents and incompatibility for the treatment of disperse dyes are still the main issues36. 
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The physicochemical coagulation/flocculation treatments, advantages and disadvantages as well 

as the mechanisms will be detailed later in other separate sub-chapters, since they are part of the 

focus of the present work. The treatment efficiency depends mainly on the effluent 

characteristics and operating parameters (temperature, pH, type and dosages of used 

coagulant/flocculant, mixing speed, other additives etc.). The versatile application, as well as 

easy operation strategies made this methodology a very attractive approach over the years.  

For these reasons, the coagulation/flocculation methods are nowadays the subject of a wide 

range of investigations at laboratory, pilot-pant and industrial scale15. 

Other types of textile wastewater treatment techniques, besides the already described are the 

chemical and electrochemical presented and summarised in Table 2.4. In the chemical 

techniques the decolouration occurs by fragmentation and destruction of the dye chromophore 

responsible for colour. The most popular are: Fenton-oxidation and ozonation106,107.  

In electrochemical techniques the oxidation of pollutants follows the electrolytic process with 

physicochemical precipitation of the sludge. 

Table 2.4. Evaluation of various chemical and electrochemical technologies for coloured effluents treatment 
(Adapted from56,15). 

Process Stage Status Performance Limitations 

Advanced 
oxidation process 

Main-
treatment 

_a 

Complete mineralization ensured. 
Growing number of commercial 
applications. Effective pre-
treatment in integrated systems and 
enhances biodegradability. 

High costs of the process 

Ozonation 
Main-; 
Post-

treatment 
Full-scale 

Full decolourisation; water reuse, 
effective for azo and water-soluble 
dye removal, applied in gaseous 
state: no alteration of volume 

Expensive; aldehyde, 
ketones and acids 
formation, short half-life 
of ozone; Not suitable for 
dispersed dyes, not 
sufficient removal of 
COD and turbidity 

Fenton oxidation 
Pre-; Main-
treatment 

Several full-
scale plants 

Full decolourization; low 
capital/running costs; Effective for 
soluble/insoluble coloured 
contaminants and heavy metals, no 
alteration in volume, wastewater 
may be reused after the treatment 

High sludge generation; 
problem with sludge 
disposal; prohibitively 
expensive, sludge with 
toxic and heavy metal 
content 

Oxidation with 
NaOCl 

Post-
treatment 

_a 
Low temp. requirements; initiates 
and accelerates azo-bond cleavage 

Cost intensive process, 
Release of aromatic 
amines, unsuitable for 
disperse dyes 

Oxidation with 
H2O2 

Pre-
treatment 

_a Environmental-friendly application 
Ineffective forsome types 
of dyes 

UV Irradiation 
Post-

treatment 
Lab-scale 

Effective oxidation at lab scale, 
Removes heavy metals 

Requires a lot of 
dissolved oxygen (O2), 
Sludge and harmful UV 
scattering problems 
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Table 2.4. (Contd.) 

Process Stage Status Performance Limitations 

UV Irradiation/ 
ozone 

Main-; 
Post-

treatment 
_a 

Increase rate and strength of 
oxidation, wastewater reused, 
reaction products: carbon dioxide, 
water, nitrogen etc 

Environmental friendly, 
apart from UV and ozone 
scattering 

Photochemical 
process 

Post-
treatment 

_a 
No sludge production, odours 
reduced 

Formation of by-products 

Photocatalysis 
Post-

treatment 
Pilot-scale 

Near complete colour removal; 
detoxication; process carried out at 
ambient conditions; complete 
mineralization with shorter 
retention times; less toxic and 
inexpensive 

Only as final polishing 
step, effective for small 
amount of coloured 
compounds, expensive 
process 

Electrolysis/ 
Electrochemical 

oxidation 

Pre-
treatment 

Pilot-scale 

Full decolourization; cheap, 
breakdown compounds are non-
hazardous, no additional chemicals 
required 

Foaming and electrode 
lifespan, high cost of 
electricity 

Electro- coagulation 
Pre-; Main 
treatment 

_a Economically feasible High sludge production 

a
Not provided 

Chemical oxidation plays an important role in wastewater treatment. Moreover, it is also  

the most frequently selected and applied technique in colour removal, due to its simplicity. Most 

of commercial dyes are designed to be light, as well as resistant to mild oxidation conditions. 

Therefore, there is a strong need to use powerful oxidising agents as: chlorine compounds, 

ozone, hydrogen peroxide (H2O2) Fenton reagents, UV/peroxide, UV/ozone, or other 

oxidising reagents, techniques and their mixtures. Dye molecules are removed in chemical 

oxidation by aromatic ring cleavage of the dye. Among all possible oxidation techniques, 

ozonation is one of the most attractive and effective in colour removal. The quick 

decomposition of ozone into free radicals (OH•, O2•
- etc.), immediately initiates reaction with 

the dye molecule. Often, high pH´s (in acidic or alkaline range), peroxide or UV assist the 

ozonation. Slokar and Le Marechal102 reported acceleration of ozone decomposition (the typical 

half-life is about 20 min) by working at alkaline conditions. It is then extremely important to 

control and monitor the effluent pH during the process, to keep the appropriate level of ozone 

supply. Moreover, in this practise, it frequently occurs the generation of by-products  

(e.g. aldehydes, ketones and acids) a lot more toxic and hazardous molecules than the ones 

present in the starting effluent. Additional costs then have to be added to the process, to ensure 

complete degradation of toxic side products. Mezzanotte et al.108 reported complete dye removal 

by applying higher dosages of ozonation (up to 60 mg/L) and no sludge generation. Another 

alternative of oxidative process in WWT is with hydrogen peroxide (H2O2). This method can 

be divided into two routes (1) homogeneous using visible or UV light, soluble catalysts (Fenton 

reagent) and other activators as ozone, peroxide etc.109 (2) heterogeneous using semiconductors, 
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zeolites, clays with or without UV, TiO2, or modified zeolites with iron or aluminium (FeY5, 

FeY11.5, etc.)110. 

In Fenton oxidation without UV the hydrogen peroxide is activated by iron salts (Fe2+ salt) 

to generate powerful oxidation species, namely hydroxyl radicals (OH•). The decolouration 

efficiency strongly depends on effluent characteristics and operating parameters. This process 

is suitable for treating poisonous and resistant impurities to biological treatment102 as well as  

to treat soluble and insoluble colourants111. Though, acid, direct, vat, mordant and reactive dyes 

often coagulate with a poor floc settling. One of the major drawbacks with Fenton-oxidation is 

cost and large generation of sludge with concentrated molecules of dyes and the reagent, which 

still needs to be properly tested. 

Another way of hydroxyl radicals generation is through UV light activation of the H2O2 in the 

process of photochemical degradation. The dye molecules are fragmentised namely to CO2 and 

H2O
112. However, in some cases, depending on the chemical composition of the initial effluent, 

undesirable by-products such as halides, metals, inorganic and organic acids or aldehydes may 

be formed. In this process the efficiency is driven by intensity of the UV radiation (high radiation 

generates large amounts of hydroxyl radical and provides higher decolouration results), 

concentration of peroxide, treatment time, pH, dye structure and effluent composition 

(surfactants, additives, etc.)102. Even though this process has high potential, using UV radiation 

is unsafe and may cause several skin problems, moreover, production of toxic by-products 

which makes it not very environmental friendly. Guimaraes et al.113 compared removal results of 

Reactive Blue 19, by using photodegradation, H2O2 degradation and Fenton oxidation. Using 

only H2O2 or UV the efficiency of water treatment was poor. Applying high dosages in the 

UV/H2O2 process, 99.9 % of colour removal could be obtained. However, this process was 

slow and relatively expensive. On the other hand, the process with Fe2+/H2O2 exhibited  

the best removal of Reactive Blue 19 effluent, with the shortest time. 

Another way to treat difficult to degrade dye molecules, is by using photocatalytic degradation. 

This effective procedure is characterized by low energy consumption. The mechanism is based 

on the photocatalyst exposure to radiation. Due to the irradiation of light, the generation of 

electron-holes occurs. The obtained electrons and holes are in charge of the generation of active 

species which based on reduction and oxidation decompose the target molecules. One of the 

most typically applied photocatalyst is titanium dioxide (TiO2). Great stability, non-toxicity, 

relatively low cost and high reactivity are just some of its benefits114,115. UV/TiO2 treatment was 

applied for decomposition of Tartrazine116 and Quinoline Yellow117 by Gupta et al. The studied 
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procedure showed to be sensitive to the initial dye concentration and pH of treated effluent; in 

addition, complete mineralization was obtained. The effect of chloride ions on UV/TiO2 

performance in the degradation of Acid Orange 7 was evaluated by Yuan et al.118. This study 

showed a dual behaviour of chloride ion: low concentration enhanced the process, but high 

concentration inhibited dye decomposition. It is also important to point out that at lower pH 

the inhibitory effect of chloride ion was more significant. The photocatalytic degradation of azo 

dyes with nanoparticles of strontium titanate and titanium oxide was studied by Karimi et al.119 

Evaluation of those two photocatalysts, with the same particle size, on degradation of Direct Green 

6 and Reactive Orange 72 showed strontium titanate to be much more effective in dye degradation. 

Slokar and Le Marechal102 described the oxidation process with sodium hypochlorite (NaOCl). 

In this process the initiation and acceleration of azo-bond cleavage is due to the OCl- attack on 

the azo-side of the dye molecule. During the process there is a decrease in pH and an increase 

in the Cl- concentration what appears as an increase of the colour. The use of OCl- for dye 

removal generates aromatic amines, which are toxic and carcinogenic. This practise is used less 

and less frequently due to the negative impact on the aquatic environment after water discharge.  

In irradiation treatments, a wide variety of organic contaminants are broken down by using 

gamma rays or electron beams. This practise can be also used for elimination of pathogenic 

microorganisms in disinfection processes. A large amount and constant supply of dissolved 

oxygen for effective fragmentation of dye molecules are required. Moreover, the consumption 

of oxygen by dye molecules occurs very fast. This leads to high costs of this methodology.  

Barely et al.120 reported 64 % of COD, 34 % of total organic carbon (TOC) and 88 % of colour 

removal while using 15 K Gy gamma-rays. Titanium dioxide used as catalyst in irradiation 

treatment by Saggioro et al.121 showed to improve the efficiency of the process. Moreover,  

Jo et al.122 studied the relation between gamma irradiation and toxicity and biodegradability of 

textile wastewater. The authors observed that irradiation treatment improved the biodegradability 

of the effluent. This benefit could be used in combining the irradiation process (as pre-treatment) 

with a conventional biological treatment. Compared with other wastewater treatment practises, 

radiation usage is simple and an effective approach for removal of various organic compounds120,123. 

New methodologies to decolourize complex industrial effluents can be based on 

electrochemical treatments (electrocoagulation, electrochemical oxidation and electrochemical 

reduction). The main advantage of these studies lies in the use of electrons, as a clean reagent, 

with a good versatility124. They also require compact facilities, and high decolouration can be 

obtained with easy operational input. In electrocoagulation, the electrode (anode: Fe or Al) 
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produces coagulation agents (Fe3+ or Al3+) that allow heavy metals, organic and inorganic 

contaminants to aggregate, and then be separated/removed from the effluent. Additionally, 

dissolved dyes in hydroxide medium can be precipitated or floated by Fe(OH)3, and then 

removed125. The mechanism of the process includes: electrolytic reactions at the electrodes, 

electro-dissolution of soluble anodes and formation of coagulants in aqueous medium, 

adsorption of contaminants on coagulants followed by sedimentation or flotation. When the 

coagulated complex residues are attached to the H2(gas) at the cathode they are transported to the 

top of solution (flotation). Electrocoagulation is suitable for high pH, for COD and colour 

elimination. However, the main drawbacks are high operating costs due to the energy 

consumption and production of by-products such as pollutants-hydroxide complexes. Another 

advanced electrochemical technique, providing high decolouration particularly of acid, disperse 

and metal-complex dyes, as well as low emission of gases or solid wastes, is electrochemical 

oxidation. This approach has many benefits such as simple operation and equipment, low 

temperature required and no additional chemicals requirements. Moreover, the electrochemical 

reactors are compact and prevent generation of secondary toxic residues. The removal of 

contaminants is based on direct anodic oxidation124. The electrochemical oxidation may also 

involve important oxidising species: hydroxyl radicals M[OH•] or metal oxides [MO]12. 

Furthermore, metallic electrodes in the cell produce metal hydroxide sludge, which is one of the 

main limitations of this technique97. The total mineralization as well as the decolouration results 

strongly depend on the anode material (SnO2, PbO2, Ti/TiO2, boron-doped diamond) used in 

the process124. Vlyssides et al.126 reported complete decolouration (99.9 %) during 6 min of active 

treatment while using an electrolytic cell with a anode made of titanium alloy, covered by 

platinum alloy foil. Rivera et al.127 reported complete colour removal of Reactive Black 5 

and 95 % TOC removal while using an anode of graphite after 3h of effluent treatment with  

70 mg/L of initial concentration of dye. In pilot plant studies based on Methyl Orange (azo dye) 

effluent, conducted by Ramirez et al.128 95 % of decolouration and 60 % TOC removal was 

obtained after 138 min. Economic concerns (reduction of operational costs) are nowadays the 

subject of investigation. Kariyajjanavar et al.129 successfully reduced the operation voltage by 

increasing the NaCl content. Siddique et al.130 reduced to half the energy consumption in the 

Reactive Blue 19 treatment process, by applying ultra-sonication. Another electrochemical 

procedure has been studied – electrochemical reduction, for dye removal. The poor 

performance, slow decolourization of Reactive Orange 4, compared to other electrochemical 

techniques was described by del Rio et al.131. Nevertheless, the treatments performance depends 

on anode´s material and working potential as well as on the properties of the effluent.  
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The sludge production with chlorinated organic pollutants as well as the high energy 

consumption are main disadvantages of this methodology. 

Each of the presented colour removal techniques has a specific application and distinct merits 

and demerits. However, most of them, besides elimination of dissolved colouring material from 

water also produce large amount of sludge (difficult to handle and expensive to treat). 

Subsequently, each approach has to be evaluated according to economic, environmental, 

applicability, performance and effluent properties to meet the desired objectives. Even though, there 

is no treatment methodology universally applicable, but combination of one or more techniques is 

generally vital for wastewater treatment. Therefore, there is strong need for the development of safe, 

non-toxic, cheap but effective techniques or materials interesting for WWT and water reuse.  

2.3. POLYELECTROLYTES (PELS) 

Polyelectrolytes (PELs) are polymers made of several repeating units (monomers), where at least 

one is an electrolyte (Fig. 2.3). IUPAC defined them as polymeric molecules with ionisable groups, 

capable of dissociation (in polar solvents, e.g. water)132. 

In PELs, the electrolyte element can dissociate in aqueous solutions (e.g. water) causing negative 

or positive charges on the polymer backbone. The large diversity of monomers, the number of 

different repeating unit(s) and their sequence in polymeric backbone influence  

the characteristics and variety of possible polyelectrolytes133. The classification of PELs based on 

their origin, composition, shape, charge and position of ionic sites, is shown in Fig. 2.4. 

 

Fig. 2.3. Schematic picture of a polyelectrolyte macromolecule. 

In current literature this class of charged polymeric materials both natural and synthetic  

is continuously developing132. Among their various properties, one of the most important is their 

water solubility, as it gives rise to a wide range of non-toxic, environmentally friendly and cheap 

formulations134. 
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Fig. 2.4. Classification of polyelectrolytes based on different aspects (Adapted from135). 

2.3.1. Characteristics and properties of polyelectrolytes 

PELs properties such as solubility, viscosity, chain conformation, ionization constant, 

miscibility, ionic strength, pH or diffusion coefficient, are strongly dependent on  

the introduction of any new ionic group135. The electrostatic interactions between a polar solvent 

and the charged monomer drive their solubility. The ionisable groups can dissociate in aqueous 

solutions, leaving charges on polymer chains and releasing counterions in solution136.  

In uncharged state, PELs act like any other macromolecules, but their properties are dramatically 

changed while even a small fraction of ionic groups dissociate133. 

 

Fig. 2.5. Dissociation process of polyelectrolyte. 

The electro-neutrality of natural or synthetic PELs is ensured by a large number of ionic charges 

in the macromolecules and small ions with opposite sign. The electrostatic interactions between 

ions inside the macromolecule affect the physical and chemical properties of polyelectrolytes 

(Fig. 2.5)137. In the solid state as well as in apolar solvents, the low molar mass counterions 

(LMMC) are strongly bound to the polymer ion groups and the chain has no net charge.  

In aqueous solution, the ionic moieties are solvated and the LMMC become mobile, a process 

comparable to the dissolution of a simple low molar mass salt138. Moreover, the PEL dielectric 
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constant, can influence the electrostatic interaction strength. At a constant polymer 

concentration, intensification in electrostatic interaction leads to a reduction of the dielectric 

constant, and further induces the PEL chain stretching. 

Additionally, as in typical polymers, also in polyelectrolytes, the molecular mass, and a molecular 

mass distribution (polydispersity), charge type and density, have significant impact on the final 

properties and performance139. The polymer structure: linear or branched, might also lead to  

a certain shape in space that can depend on the surrounding solution. All these factors have 

influence on the characteristics of an aqueous solution of polymer. 

However, there is much more features that have impact when the polymer has electrolyte 

groups. Depending on the strength of electrolyte groups (weak or strong), different degrees of 

dissociation/protonation are obtained. The type of electrolyte groups in the polymeric 

backbone might be all cationic or all anionic, but they might also be partially cationic or anionic 

(polyampholytes)133,140. The distance between the electrolyte groups in the polymer backbone, 

in aqueous solution, may also influence the properties of PELs. When the distance is small,  

the attractive electrostatic forces between the ionic groups in the backbone and their 

counterions in the aqueous solution become so strong that, even if the repeating unit is a strong 

electrolyte, one observes an ion pairing, i.e., some of the counterions condensate (at least 

partially) with the ions of the backbone139. Consequently, even at low concentration in water, 

such polyelectrolytes are not completely dissociated and the degree of dissociation might depend 

on the composition of the surrounding aqueous phase. Furthermore, the PELs properties in 

solution depend on the fraction of dissociated ionic groups, solvent, pH or salt concentration140. 

There are four stages of PELs solubility that are attributed to conformation in multivalent salt 

solutions (Fig. 2.6)135. 

 
Fig. 2.6. PELs conformation in multivalent salt solutions. 

Anionic and cationic PELs, can be categorised by their nature, as strong polyelectrolytes that 

dissociate for the entire range of pH, and weak PELs, that dissociate in a limited pH range  

(e.g. chitosan). The solution ionic strength can also influence PELs. At lower ionic strength  

Stage 1
PELs that dissolve in 

water can adopt an 

extended conformation.

Stage 2
Divalent counter ions will cause 

ion-bridging between two ionic 

sites on the polymer chain and the 

PEL remains soluble.

Stage 3
High volume of  charge screening 

causes precipitation of  PELs from 

solution with increase 

concentrations of  salt.

Stage 4
Further increase concentration 

of  salt will re-dissolve the PELs 

in solution as a result of  high-

charge screening. 

S A L T  C O N C E N T R A T I O N



POLYELECTROLYTES (PELS) 

37 

in solution, due to the repulsion forces within the PELs molecules, they tend to extend. Besides, 

if the ionic strength increases, PELs tend to be thicker and more coiled. 

Bearing in mind PELs broad properties it became crucial to characterize them in two 

complementary directions to include their macromolecular and electrochemical features135. 

Among all the macromolecular characterization techniques, chromatographic methods (size 

exclusion chromatography, electrophoresis or field-flow fractionation) or light scattering 

methods are widely used to characterize PELs especially in the solution form. The latter one 

provides comprehensive data on particle shape, size, polydispersity (PSD) and mass of the 

scattered particles as well as particle-solvent interactions. Determination of molecular mass 

often is performed by ultracentrifugation141,142, osmometric pressure measurements143, viscosity 

measurements144, light scattering methods145 or size exclusion chromatography (SEC)146.  

The first one uses sedimentation velocity (centrifugal forces) to determine the molecular weight. 

This technique is valid for PELs molecular weights in the range of 100-108 g/mol141,142. X-ray 

structural analysis and neutron scattering are often used for the structure characterisation of 

polyelectrolytes147. The dissociation nature of PELs drives frequently variations in osmotic 

pressure, which is the main parameter used to determinate the molecular mass by osmometric 

pressure measurements143. Moreover, using the effect of the dissolution of polyelectrolytes on 

the viscosity allows to determine the molecular mass– the longer the average chain length of the 

polymer the higher the viscosity. The simplest determination of viscosity is by capillary 

viscometry using a U-tube viscometer and a more advanced determination is with an automatic 

intrinsic viscometer, where the flow time of the PEL solution (t) and of pure solvent (t0) are 

recorded. In dilute solutions the flow times ratio (t/t0) is equal to their viscosities ratio (η/η0) 

and allows to determinate the intrinsic viscosity. Furthermore, for polymer-solvent system the 

intrinsic viscosity is a unique function of molecular mass and based on Mark-Houwink equation 

the viscosity average molecular mass (Mv) can be determined. Also, this technique provides an 

easy and rapid route of molecular mass determination, however it is important to keep in mind 

that Mv will be in between Mn and Mw but closer to Mw
144. Light Scattering methods (dynamic 

light scattering (DLS) or static light scattering (SLS)) are the most popular for determination of 

molecular weight Mw and structure. This absolute method does not require calibration however 

relatively high concentrations need to be used in order to produce a detectable signal145. Light 

scattering is often used with SEC148. Size exclusion chromatography is one of the most highly 

recommended techniques in the analysis of synthetic and biopolymers148. In SEC, due to the 

separation of the molecules according to their hydrodynamic volume, on a calibrated system, 
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the molecular weight is determined. Furthermore, SEC sometimes is referred to as GPC (gel 

permeation chromatography), where with the use of special type of column chromatography 

(assumed no specific interactions between the analyte and the stationary phase), molecules are 

separated according to their hydrodynamic volume (large molecules in terms of hydrodynamic 

volume are eluted first, while small molecules elute later)146. The electrochemical 

characterization of PELs (pH, pKa and degree of ionization) is usually performed by 

potentiometric methods where, with a reference electrode the H+ ion activity is estimated.  

In potentiometric titration, the degree of functionalization is often determined. This method 

also allows to define the chemical reaction equilibrium constants for dissociation or protonation 

reactions (in an anionic PEL the number of saturated anionic groups by hydrogen ion, as well 

as in cationic PEL the number of protonated groups). NMR spectroscopy is often used not just 

to determinate the chemical composition of the macromolecule but also to provide information 

on the molecular dynamics139. 

2.3.2. Applications of polyelectrolytes 

The polyelectrolytes structure and unique physicochemical properties, allows to create, in many 

cases, completely new applications. PELs cover a broad spectrum of applied fields: water 

purification, cosmetics, coating materials, food, paper, pharmaceutics, biomedicine, medicine, 

etc.139-149. The large number of parameters that influence the properties of polyelectrolytes  

in aqueous solution is reflected in the variety of areas where such solutions are found and 

applied136,133. Table 2.5 gives some typical examples of applications. These applications take 

advantage of the particular thermodynamic properties of polyelectrolytes aqueous solutions. 

Hence, there is a need for methods to describe more adequate their properties136,133. 

Table 2.5 presents some representative applications. Generally, PELs are used in both forms: 

soluble and insoluble. The "insolubility" of polyelectrolytes is achieved, for example  

by copolymerization. It can be found mainly in ion-exchange resins and as components of ion-

exchange membranes in a wide range of separation techniques. The ion-exchange membranes 

are made up of PELs that contain strong acid groups (sulfonic acid groups) and/or strong basic 

groups. Industrially, the use of ion-exchange resins is mainly in order to induce particles separation, 

mostly, in purification of water, wastewater treatment or in papermaking154. It has also been found 

application in the chemical industry (for purification of different kinds of chemical compounds, 

separating ions of the elements (lanthanides), obtaining inaccessible or unstable bases, acids or salts) 

and in the food industry (for desalting and decolorizing sugar, fruit or vegetable juices, stabilization 

and de-acidification of wines, milk stabilization)157. Many of the recent improvements in those 
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industries have only been possible because of the availability of natural or synthetic polyelectrolytes 

for use as flocculants, coagulants, rheology-modifiers or dispersants in water-based systems158. 

Table 2.5. Applications of polyelectrolytes  

Application Product Ref. 

Stabilization of colloid systems as 
dispersing agents 

Poly(acrylic acid), gelatine, sodium carboxymethylcellulose 139 

Sludge dewatering, flocculating agents Acrylamide copolymers, poly(diallyldimethyl ammonium chloride) 150 

Retentions aids in paper industry 
Poly(ethyleneimine), cationic starches, poly(diallyldimethyl 
ammonium chloride), Polyacrylamides 

139,151- 

153 

Thickeners 
Gelatine, sodium carboxymethylcellulose, pectin, arabic gum, 
carrageenan 

139 

Gelling agents Gelatine, pectin, carrageenan 139 
Temporary surface coatings for: 

Textile industry 
Poly(acrylic acid)sodium salt, sodium carboxymethylcellulose, 
poly(acrylic acid)ammonium salt 

154 

Capsules in pharmaceutical 
applications 

Gelatine, sodium carboxymethylcellulose, cellulose acetate 
phthalate, copolymers of methacrylic acid 

154 

Corrosion-protecting coatings Poly(styrene sulfonic acid), poly(acrylic acid) 154 

Cosmetic industry Copolymers of acrylic acid 154 

Antistatic coatings Copolymers with styrene sulfonate units, cationic polyelectrolytes 154 

Adhesives for:  

Food industry Gelatine 139 

Paper industry Sodium carboxymethylcellulose 139 

Dental material/dental composites 
Zinc polycarboxylate, polyacrylic acid-glass cements, poly(methyl 
methacrylate) 

155, 156 

Controlled release of drugs and 
responsive delivery systems 

Cellulose acetate phthalate, poly(dimethylamino ethyl 
methacrylate-co-tetraethyleneglycol dimethacrylate) gels 

155, 156 

Polymeric drugs 
Poly(N-vinyl pyrollidone-co-maleic acid), sulfonated 
polysaccharides 

155,156  

The continuous interest about charged polymers is mainly because this group of macromolecular 

compounds includes many biopolymers. Several natural compounds belong to this family, as for 

example: proteins, nucleic acids, amphiphilic lipid components of natural membranes, 

polysaccharides or bacterial lipoteichoic acids. The nature of these biopolymers affects both their 

structure and functions of the basic biochemical processes occurring in living organisms159. 

Many inorganic and organic chemicals such as synthetic polyelectrolytes or plant origin materials 

are used as wastewater treatment agents in conventional treatment processes160. The treatment 

residues may cause several health hazards. Inorganic coagulants have high poisoning factor for 

encephalopathy, neurodegenerative illnesses and Alzheimer’s disease161. Moreover, the synthetic 

polyelectrolytes are also toxic and carcinogenic. Due to those issues, there is strong need in the 

replacement of inorganic and organic wastewater treatment agents with their natural 

alternatives. The great interest in biopolymers (natural compounds) is due to their 

environmental friendly behaviour, safety to human health and relatively low cost. Plant-based 

materials (natural polyelectrolytes) have been used for many centuries in developing countries 
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for purification of turbid water. Nowadays the promising perspective in development and great 

interest in usage of plant-based natural coagulants/flocculants can significantly reduce the use 

of toxic synthetic and inorganic compounds. 

Natural polyelectrolytes (bio-PELs), which can be extracted from certain kinds of plants and 

animals, are a workable alternative to synthetic polyelectrolytes. Their advantages over the synthetic 

ones include safety to human health, low toxicity, biodegradability, and low residual sludge 

production due to possibility of natural degradation. In nature, there are many examples regarding 

natural PELs. In this work, just some of them are going to be defined with the main application 

focus being on wastewater treatment. 

2.4. COAGULATION  

In principle, coagulation means to agglomerate. In water treatment, this process is essential  

to the physicochemical treatment of wastewater handling. It is also the primary stage in  

the elimination of colloidal particles by solid-liquid separation. This process requires 

overcoming the repulsive forces between suspended particles by charge neutralisation (direct 

reduction of particle surface charge) or by bridging adsorbing molecules on the particles surfaces 

which help gathering them together and creating stronger, denser networks between them. 

 

Fig. 2.7. Coagulation diagram (Adapted from158). 

The main function of coagulation is destabilization of particles by the neutralization of  

the surface electric charge on the non-settable particles. Thus, by the addition of chemical 

reagents to water suspensions the dispersed colloidal particles are assembled in large aggregates 

called flocs or microflocs (Fig. 2.7). 

In solution, aggregation of particles can occur via four different coagulation mechanisms: double 

layer compression, sweep flocculation, adsorption with charge neutralization, or adsorption with 

interparticle aggregation. Salts or suitable coagulants present in the solution can cause 
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compression of the electric double layer, which destabilizes the colloidal particles. Furthermore, 

addition of electrolyte decreases the thickness of diffusion layer, causing reduction of their 

potential. By reducing the distance between particles, the attraction forces increase and settling 

occurs. Sweep flocculation refers to the encapsulation of suspended particulates by coagulant 

to create soft colloidal flocs. When there is a sorption of two, oppositely charged ions with 

different sizes or charges in particles surfaces, the adsorption and charge neutralization occur. 

The reduced electrostatic repulsion, based on the partial charge neutralization, consequently 

brings particles closer to each other, which precipitate. The interparticle bridging takes place 

when a coagulant provides a polymeric chain, which sorbs particulates. Polymeric coagulants 

greatly increase the number of occupied adsorption sites and they generally follow  

the mechanism of adsorption with charge neutralization, or adsorption with interparticle 

bridging. Generally, the coagulation mechanism can be summarised as a two-step approach: 

starting form charge neutralization, where the lowering of the electrical charges has an attraction 

effect on the colloids and finishing by aggregation of the particles. 

Fig. 2.7 presents a typical coagulation procedure. Firstly, to destabilize the particle´s charges,  

a chemical component (coagulant) with opposite charge to the suspended solids is added. 

Typically, the water to treat has dispersed non-settable solids. Several different attraction and 

repulsion forces as Van der Waals and electrostatic forces, and Brownian motion are engaged 

in order to achieve instability of the suspended particles. As soon as the charge is neutralized, 

the small suspended elements are capable of gathering together. The microflocs- slightly larger 

particles, not visible with naked eye are formed and the surrounding water becomes clearer.  

If this is not the case, all the particles charges have not been sufficiently neutralized,  

and coagulation has not been complete. To overcome that, more coagulant may need to be 

added to activate all the chemical and physical processes between the coagulant and particles, 

to allow the formation of aggregates and their efficient sedimentation. A high-energy, rapid-

mixing to properly disperse the coagulant, promoting particle collisions, is crucial to achieve 

good coagulation. Over-mixing does not affect coagulation, but insufficient mixing will leave 

this step incomplete. Coagulants with high charge density (at lower dosages), provide the charge 

demand for the neutralisation process and initiate the coagulation and flocs formation. 

Additionally, coagulants with low or medium molecular weight, with adequate long contact 

allow slow flocs formation which leads to maximum removal of suspended solids (turbidity 

reduction)158. However, different types of coagulants provide different destabilization degree. 
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Typically, with the increase of the counterions valence, more particles are destabilised and less 

coagulant dosage is needed. 

In general, the coagulation efficiency can be improved by selection of suitable coagulants  

and may need flocculant aids. Furthermore, the wastewater parameters (particle size, charge, 

hydrophobicity and the presence of other components with divalent cations and destabilizing 

anions: bicarbonate, chloride or sulphate ions) need also to be considered. For high 

effectiveness, it is important to well define the sequence of chemical addition and optimise the 

process parameters such as pH, dosages of coagulants and flocculant aids, temperature, mixing 

speed, as well as mixing and settling times, etc83 

2.4.1. Coagulants 

Mainly there are three kinds of coagulants: mineral, organic and natural-based ones. The most 

frequently used are mineral coagulants, either hydrolysing (ferric chloride, ferric sulphate, 

magnesium chloride, alum (KAl(SO4)2·12H2O)) or pre-hydrolysing metallic salts 

(polyaluminium chloride, polyaluminium sulphate, polyaluminium ferric chloride). The cationic 

charge is brought into the molecule by the metallic ions, Fe3+ or Al3+. Their contact with water 

allows to form iron hydroxides, Fe(OH)3 or aluminium hydroxides, Al(OH)3. However, at high 

dosages of coagulant (metal ions), a rapid precipitation supported by the efficient oversaturation 

occurs, resulting in large volumes of metal hydroxide and sweep floc creation83. Generally, 

hydrolysing metallic salts such as ferric chloride or alum, are often used at pH close to neutral 

that provides high effectiveness and usually improves the coagulation, e.g. treatment of coloured 

wastewaters. Magnesium chloride typically requires using lime to maintain the optimum  

pH (9 till 12) for its best performance162. This process generates large volumes of sludge and  

the post-treated effluent is unsuitable for direct discharge based on its basic pH. Polyaluminium 

chloride is very similar to alum, however has higher basicity, is partially pre-neutralised and has 

higher aluminium content. Moreover, polyaluminium chloride provides faster aggregation, with 

bigger, denser and heavier flocs.  

The relatively low price, broad pH and universal range of application, are the major advantages 

of using mineral-based coagulation agents. However, their addition in water may result in  

an increase of metal concentration in treated water supply and potentially contribute to 

Alzheimer´s disease163. Moreover, using iron salts requires careful process control as excessive 

residual iron in the treated water will lead to highly visible rust or blood coloured waters, caused 

by the hydrolysis of iron salts. The use of other types of chemical compounds such as organic 
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or natural coagulants may potentially mitigate such complications. The hydrolyzing metal 

coagulants generate high volume of hydrous oxide sludge which is non-biodegradable due to 

the nature of the coagulant. Alum sludge is made up in 99 % of water however the dewatering 

is hard. All those factors lead to conclude that, there is a significant need to consider other 

potential alternatives for water clarification to minimize the environmental damages164. 

An alternative solution may be found in the use of polymeric coagulants that includes cationic, 

anionic, as well as non-ionic polymers. The positively or negatively charged polymers are 

mutually termed as polyelectrolytes165. In many cases, even non-ionic polymers are not 

necessarily without charge interactions, since the interaction between polymer and a solvent 

may occur through the partially charged groups such as –OH along the polymeric chain166. 

Organic synthetic coagulants 

In general, to this group belong synthetic polymeric materials, made up of larger chains with 

repeating units that contain ionisable sites. This type of coagulants typically based on their 

molecular weight, charge and hydrolysed nature can initiate the destabilisation of particles 

through inter-bridging or/and charge neutralization167. In practice, coagulants with these 

features are applied at lower dosage and generate a lower volume of sludge, free of hydroxides. 

They are also less pH dependent and can reduce up to 25 - 30 % the treatment costs168, which 

make organic (synthetic) coagulants very attractive comparing with traditional metal-based 

coagulants. Mixing both organic and mineral coagulants into blends combine all the advantages of 

both in one single product. The most common blends are made with the mineral coagulant 

polyaluminium chloride. However, some synthetic organic polymers such as polyacrylamide have 

neurotoxicity and strong carcinogenic effect169. Furthermore, unreacted chemical monomers and the 

by-products of polymers in water can also threaten the human health and aquatic life. 

Organic natural coagulants 

Over the years, natural coagulants gained gradual importance as potential, greener alternatives 

to the mineral or synthetic chemicals. Plant-, animal- or microorganism-based compounds are 

the main sources of naturally derived coagulants. The availability of plant-based coagulants is 

much higher than animal-based. Some of the more commonly used animal-based coagulants are 

based on chitosan from the obtained shells of crustaceans170. Biodegradability and non-toxicity 

of chitosan made it very attractive for the dissolved solids, suspended solids (SS) and turbidity 

removal, COD and colour reduction in coagulation or flocculation processes. Dual mechanism: 
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coagulation by charge neutralisation and bridging flocculation, describe the chitosan interactions 

in wastewater treatment171. 

The wide variety and accessibility, abundant source as well as low-cost, biodegradation, 

environmentally friendly behaviour, and presumed safety for human health make plant-based 

biopolymers the most attractive coagulant sources172. Intense development of plant-based 

coagulants focused on tannin, arabic gum, guar gum, starch, seed and cactus extracts etc. for 

application in various industries has been going on83. 

Fig. 2.8 summarise the benefits of using natural coagulants, as an alternative in water 

purification. Natural coagulants generate up to five times lower sludge volume with a higher 

nutritional sludge value, what makes the sludge treatment and handling costs more sustainable. 

Subsequently, natural coagulants do not consume alkalinity unlike alum, and pH adjustments 

can be normally omitted, which provides extra cost savings. Natural coagulants are also non-

corrosive which eliminates the concerns of pipe erosions173. 

 

Fig. 2.8. Benefits of natural coagulants over chemical coagulants (Adapted from173). 

In some developing countries the high costs of imported chemicals and low availability of 

chemical coagulants, make the use of traditional alum salts and synthetic coagulant unsuitable. 

Due to advantages of natural coagulants over synthetic/metallic ones, some countries such as 

Japan, China, and India, have adopted the use of natural polymers in the treatment of surface 

water for the production of drinking water174. A number of studies have pointed out that the 

introduction of natural coagulants as a substitute for metal salts may simplify the problems 

associated with conventional coagulants. 
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There has been great interest in development and usage of plant-based natural coagulants.  

The use of plant-based material as a water treatment agent has a long history, particularly 

through wood charcoal as it is considered as an excellent adsorbent175. For many centuries, in 

developing countries, polyelectrolytes of plant origin have been used for purification of turbid 

water176. Recently, four main plant coagulants namely Nirmali seeds, Moringa oleifera, tannins 

and cactus have been successfully applied for the treatment of water and industrial wastewater, 

as discussed in a review paper177. Another review paper from Yongabi178 focused on  

the indigenous plant coagulants, used by the rural Africans for water purification. Okra and rice 

are natural compounds which have been used in turbidity removal179 and the seeds extracts have 

been mentioned to drastically reduce the amount of sludge and bacteria in sewage. 

Secondary vegetal metabolites from bark, leaves, seeds and others, create polyphenolic 

compounds called tannins180. They have been applied in several industries, due to their medical 

uses, in food, ink and dye manufacture, etc. These plant-based materials show also promising 

results with respect to colloidal and suspended solids removal181, in the treatment of surface180 

or drinking water and removal of dyes, pigments and ink containing wastewater. In order to 

remove pollutants this charged polymer can be applied with other coagulants such as aluminium 

sulphate that helps to destabilise negatively charged particles181. Through a bridging mechanism 

tannin creates aggregates, binding them together to form flocs that are easy settled. Using tannin 

together with another coagulant may significantly reduce the required dose of inorganic 

coagulant. In order to avoid using coagulant, several modifications of the tannin structure were 

performed. The most common reaction is the introduction of quaternary ammonium/nitrogen 

groups into the tannin backbone. The cationic properties of modified tannin were successfully 

tested in direct flocculation to remove heavy metals from polluted surface water and in municipal 

wastewater treatment180. Furthermore, the introduction of quaternary nitrogen groups to the tannin 

backbone not only brings further cationic charge to the molecule, but as a consequence allows it to 

be used in direct flocculation without pH adjustment or coagulant addition. 

Other potential plant-based coagulant sources such as cereals, fungus, nuts, shrubs and spices 

as well as fruit wastes, peels and seeds, commonly non-edible, were successfully evaluated as 

potential active coagulation agents6. Some of fruit wastes present coagulation activities while 

others bacteriostatic activities182. Application of different fruit wastes in treatment of turbid 

water, raw surface water and wastewater were studied. In most cases the turbidity decreased 

more than 80 % and the adsorption or charge neutralization have been proposed as the possible 

coagulation mechanisms leading to formation of flocs183. The coagulation mechanism while 
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using seeds was described as adsorption and bridging based on the presence of negatively 

charged functional groups, COO- and OH-, in those polyelectrolytes. It is also known that,  

in some seeds, the coagulation mechanisms are adsorption and charge neutralization due to 

close similarities with the cationic active coagulation agent184. Most of the plant-based coagulants 

are made up of carbohydrates, e.g. starch that has been identified as a possible active agent in 

coagulation processes185. The excellence in removing turbidity could also be due mainly 

to the presence of amylopectin. Their molecules serve as bridges to link colloidal particles 

together, and the increment in floc size could improve the overall precipitation process186. 

Plant-based coagulants are also able to remove heavy metals. Subramanium et al.187 demonstrated 

removal of at least 15 % of lead, chromium and hardness from river water with larger fractions 

of cadmium and zinc187. Much smaller removal proportions for other contaminants such as 

fluoride and iron have also been obtained. Additional treatment benefits such as the removal of 

bacteria E. coli188 have been revealed.  

 

Fig. 2.9. Factors hindering the commercialization of natural coagulants189. 

In the age of climate change, depletion of earth’s natural resources and widespread 

environmental degradation, application of natural-based coagulants is a vital effort in line with 

the global sustainable development initiatives. The commercialization of natural coagulants 

needs to progressively beat all the limitations encountered. Fig. 2.9 summarizes the factors 

which must be taken into consideration for successful commercialization of this type of 

coagulants. 
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2.5. FLOCCULATION 

Flocculation is the chemical treatment of suspensions in water, where particles aggregate and 

become much larger and heavier in groups than as individual particles. These aggregates are 

normally more porous than the ones obtained through simple coagulation and also less resistant 

to shearing. Increasing the combined mass enhances the sedimentation of the particles.  

No substantial change of surface charge is accomplished in flocculation. The type of bonds 

between the destabilized particles and the flocculant are mainly ionic or hydrogen bonds.  

The agglomerates (flocs) formed by flocculation are larger in size. In the Table 2.6 are listed 

the factors that have strong influence on kinetics of flocs growth and on the entire flocculation 

process, influencing the entire floc morphology (size, density as well as porosity, strength, shape 

or even structure of obtained agglomerates)190. Performance is a function of both chemical 

characteristics (e.g. type of flocculant, electrostatic charge, pH, alkalinity) and hydrodynamic 

factors (flow and mixing). The aggregated particles may be removed from water flow by 

sedimentation (settlement) or by conventional filtration.  

Table 2.6. Process parameters controlled in flocculation optimisation190.  

Physical Factors Chemical Factors 

 State of particle dispersion  Type of charge on the polymer  

 Initial particle size        (anionic/cationic/non-ionic) 

 Intensity of shear  Charge density 

 Type of shear  Polymer structure 

 Agitation time  Polymer molecular weight 

 Polymer dosage  Suspension pH 

 Rate of polymer addition  Species in solution 

The wide range of destabilized particles depends mainly on the origin of the water to be treated. 

The nature of particles in water determines the right charge (positive or negative) of selected 

flocculants. In general the mechanisms associated with the process are strongly influenced by 

the affinity between the flocculant and the particle surface191. 

Table 2.7. Comparison between coagulation-flocculation and direct flocculation191. 

Comparison criteria Coagulation-flocculation Direct flocculation 

Application Inorganic and organic based wastewater Organic based wastewater 

Treatment Ability 
Suspended and dissolved solid particles Suspended and colloidal solid 

particles 

Types of chemicals to be 
used 

Coagulant(s)(e.g. inorganic metal salt(s)) followed by 
polymeric flocculant(s) (usually anionic) 

Cationic or anionic polymeric 
flocculants (usually cationic) 

Treatment process 
More complicated, requires pH adjustment Simpler without pH 

adjustment 
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Table 2.7. (Contd.) 

Comparison criteria Coagulation-flocculation Direct flocculation 

Sludge generated 
More sludge is produced, may contain metals and 
monomer residues 

Less sludge is produced, may 
contain monomers residue 

Overall treatment cost 
More expensive due to chemicals cost (coagulant 
and flocculant) and large sludge treatment cost 

Less expensive because only one 
chemical is used and less sludge 
treatment cost 

Aggregation mechanism 
Charge neutralisation (coagulation) followed by 
bridging (flocculation) 

Charge neutralisation and 
bridging occur concurrently 

Generally, two approaches for water purification can be described: coagulation-flocculation 

process and direct flocculation (Table 2.7, Fig. 2.10). Conventional coagulation-flocculation 

method, when cationic inorganic metal salts are used as coagulants and long chain anionic or 

non-ionic polymers are used as flocculants, has wide application in most of the industries.  

In many cases at low temperatures the coagulation step may result in small or fragile easily 

breakable flocs. To obtain faster sedimentation of formed flocs, the flocculation step is required. 

Addition of anionic/non-ionic polymers can bring together and agglomerate flocs formed by 

the coagulant to form denser, heavier and larger aggregates, easier to remove and sediment191. 

Radoiu et al.192 showed that, through this stage, the reliability and throughput capacity of 

wastewater treatment increases, and the consumption of coagulant decreases. 

 

Fig. 2.10. General procedures for coagulation-flocculation and direct flocculation processes191. 
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Direct flocculation is not yet as popular as coagulation-flocculation processes, with a wide 

suitability for any kind of wastewater with suspended and dissolved pollutants, while direct 

flocculation is only appropriate to treat organics-based effluents with suspended solids. This 

simple water treatment can, nevertheless, save cost and time. The typical mechanism is 

presented in Fig. 2.11, where flocculants, with very high molecular weights (long chains) and 

charge content (density), fix the destabilized particles and aggregate them along the polymer 

chain. As shown in Fig. 2.11, flocculation can be also a reversible process. During the 

flocculation step, an increase in the size of the particles present in the water phase results in the 

formation of flocs. A mild mixing, during flocculation, increases the aggregate size from 

microscopic microflocs to visible suspended particles. The microflocs are brought into contact 

with each other through the process of slow mixing. Collisions of the microfloc particles cause 

them to bond and produce larger, visible flocs. High molecular weight polymers help bridge 

colloidal particles with loops, and give strength to flocs, add weight, and increase settling rate. 

Strong bridging mechanism and closely packed flocs generate sludge with less volume, which is 

ready for disposal after simple treatment. 

 

Fig. 2.11. Particle adsorption and interactions, leading to bridging flocculation or dispersion193 (1-mixing, 2-

adsorption, 3-rearrangement of adsorbed chains, 4-flocculation). 

Flocs creation can be a result of several different mechanisms, which occur between 

contaminants and flocculant. The destabilization of colloids and suspensions by polymers can 

result from polymer bridging, polymer adsorption and charge neutralization, depletion 

flocculation, displacement flocculation, etc193. Understanding the way of adsorption of 

flocculants on the particle surface is crucial to understand the mechanism of the process. 

1 2 

3 4 
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Fig. 2.12. (a) Adsorption of polymer and formation of loops available for binding. (b) Polymer bridging between 
particles (aggregation). (c) Restabilisation of colloid particles (floc breakup).194 

In general, the predominant mechanism of flocculation by PELs is driven by polymer bridging, 

where particles are physically brought together by long polymeric chains absorbed on two or 

more particles. Fig. 2.12 shows the mechanism where polymer with high molecular weight (up 

to several million), with long chain and low charge density is adsorbed on the particle surface 

and creates long loops and tails, extending or stretching beyond electrical double layer194. 

Efficient bridging is determined by two main factors: the adsorbed polymer need to extend far 

enough from the particle surface to connect with other particle, as well as the particle surface 

cannot be fully occupied to allow the adsorption of often extended polymeric chains from other 

particles. In case of using an excess of flocculant, the adsorbed polymer chains will saturate the 

particles surfaces, which sterically stabilises the system (Fig. 2.12; c). Two possible ways of 

bridging mechanisms are often described in the literature. The first one defines the linkage of 

particles by the long polymeric chain of one polymer adsorbing in more than one particle, while 

the second one corresponds to the network formation by the separate adsorption of polymers 

on a single particle surface, and then the polymer chains interconnect195. The latter action may 

take place, when the particle surface is strongly covered: the polymer loops and tails are highly 

extended from the surface so the coiled particles form aggregates. Additionally, polymer chain 

length is essential for efficient bridging. It was also reported that, linear polymers with high 

molecular weights (long chains), showed greater possibilities of networking with more than one 

particle. However, the most important feature for polymer bridging is flocculant hydrodynamic 

volume in solution rather than their solid state properties194. In addition, the amount of added 

flocculant needs to be optimised. Too high dosages, cover completely the particles surfaces and 

prevent the bridge creation. However, an insufficient amount of polymer may avoid bridge 

formation among particles193. Moreover, bridging linkages are more resistant to breakage.  

In addition, flocs obtained by bridging mechanism are larger and their aggregates are stronger 

compared to those formed in other ways194. 
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Table 2.8. Flocculation mechanisms for different types of flocculants191. 

Category of flocculants Type of flocculant Flocculation mechanism 

Chemical flocculants 

Polyelectolytes with low MW and low CD Charge neutralisation 
Polyelectolytes with high MW and low CD Bridging 
Polyelectolytes with low MW and high CD Electrostatic patch 
Polyelectolytes with high MW and high CD Electrostatic patch+ Bridging 

Bio/flocculants 
Cationic (chitosan) Charge neutralisation+ Bridging 
Anionic (cellulose, sodium alginate) Bridging 
Anionic/Neutral plant-based flocculants Bridging 

Grafted flocculants 
Amphoteric/cationic/anionic graft 
copolymers 

Charge neutralisation+ 
Bridging/Bridging only 

Table 2.8 summarises possible working mechanisms for different types of flocculants. 

However, the most straightforward is charge neutralisation, where the flocculant and adsorbed 

pollutants are of opposite charge. Generally, most of particles in wastewater are hydrophobic 

and negatively charged. Using cationic polyelectrolytes diminishes surface charge of the particles 

(zeta potential reduction), decreases the electrical repulsion forces between particles and allows 

the formation of van der Waals attraction forces to start the aggregation/microflocs creation194 

(Fig. 2.13). Typically, with low molecular weight PELs the neutralization effects are of great 

importance, due to the existence of short polymeric chains not capable of inducing bridging190. 

 
Fig. 2.13. Flocculation mechanisms of charge neutralization, patching and bridging.  

It has been found that at optimum conditions, the flocculant neutralizes the particle charge and 

brings isoelectric point close to zero (zeta potential). At this point, particles are driven by van 

der Waals forces, suspension is destabilised and particles agglomerate. In the case of exceeding the 

flocculant dosage, a reversal change occurs and particles re-disperse, but with opposite charge196. 

Agglomerates formed by charge neutralization tend to be loosely packed, fragile and settle slowly. 

Flocs produced by electrostatic patching (Fig. 2.13) are stronger than those produced through 

straight charge neutralization but weaker than those obtained through bridging. This mechanism 

takes place mainly when highly charged polyelectrolytes with low molecular weight (too short 

to bind to more than one particle) adsorb (patch) to the particle with low/opposite charge 

density, thus creating locally opposite charges. The electrostatic attraction between charges 
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created by patches and opposite charges on the particles surface, enables to produce flocs and 

start the flocculation process197,198. 

Moreover, many factors may influence the flocculation process. One of the most crucial 

is the polymer (flocculant) dosage, and the order of added chemicals. Only an optimum amount 

of added PEL can provide the most efficient flocculation. Nevertheless, the method of addition 

can affect the increase of the flocs growth and flocculation rate (e.g. multistage addition), 

however flocs may also break up easier. Another important parameter is pH, which it can 

control charges, either on the particle surface or on the PELs. Ionic strength may also influence 

the flocculation mechanism, due to the compression of the double layer. At low ionic strength, 

the size of polymer coils increases, encouraging bridging mechanism. Features of polymer 

as concentration and type, may influence the floc structure, as can also the ionic strength, shear 

intensity and time. Typically, the polymer degradation (due to using pumps and handling of 

polymer solution around the plant) increases with the concentration of polymer in solution. 

Nevertheless, insufficient or too rapid mixing may negatively influence the entire process. 

In addition, good sedimentation, easy filtration, and high water clarification can be obtained 

through bigger and stronger flocs. Flocs density also affects sedimentation and filtration,  

e.g. too dense flocs may be detrimental for filtration. The size distribution  

and the shape/structure of flocs are dependent on flocculation efficiency. This can be 

determined based on several factors: settling rate of flocs, sediment volume (sludge volume), 

and percent of solids settled, turbidity or supernatant clarity, percentage of pollutants removal 

or water recovery depending on the industrial application199,200. 

Several studies have been conducted to evaluate the performance of direct flocculation on 

different effluent systems. Zhong et al.201 evaluated the oily water treatment in dual system using 

flocculation with a polyacrylamide derivative followed by the membrane filtration (MF).  

At optimum conditions (dosage of 70 mg/L, temperature of 40°C, stirring time of 90 min and 

holding time of 90 min) the outlet effluent (after flocculation pre-treatment followed by MF) 

met the Chinese National Discharge Standard (COD less than 120 mg/L, oil content less than 

10 mg/L). In pulp and paper mill wastewater this methodology was also successfully applied by 

Wong et al.152 with cationic and anionic polyacrylamide (cPAM and aPAM) and by Razali et al.153 

with polydiallyldimethylammonium chloride (polyDADMAC). The flocculation with 

polyacrylamides revealed higher efficiency of the process based on the reduction of turbidity 

(up to 95 %), COD reduction (93 %) and TSS removal (98 %) while using cPAM compared to 

aPAM flocculation agent. Moreover, in that single-polymer system with high molecular weight 
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but low charge density flocculant, the optimum dosage of 5 mg/L showed to be the most 

suitable for the treatment of these pulp/paper mill effluent152. 

However, application of direct flocculation is limited to certain types of effluents. Mostly highly 

concentrated, organics-based wastewaters with suspended solids, such as food, paper and pulp 

as well as textile effluents, can be successfully treated. On the other hand, with this simple 

process, less chemicals need to be used; moreover, less volume of sludge is produced and the 

cost of treatment becomes also lower. These features make it very attractive and competitive to 

the coagulation-flocculation method. 

2.5.1. Flocculants 

Flocculants in wastewater treatment can be divided into three different categories, including 

chemical flocculants, natural bio-flocculants and grafted flocculants (Fig. 2.14). Biodegradability, 

nontoxicity, eco-friendly behaviour and sustainability are normally the main focus in development 

of nonpetroleum-based, natural bio-flocculants, and their grafted derivatives. 

 

Fig. 2.14. Classification of flocculants (Adapted from191). 

Synthetic organic flocculants  

The nature and variety of synthetic polymers with different structure, molecular weight and 

charge density allows promising results in flocculation processes. Generally, this type of 

molecules can be divided into: non-ionic (close to neutral) and ionic also known as 

polyelectrolytes with positive (cationic), negative (anionic) charge or containing both types of 

charges at the same time–amphoteric. The nature of the charge and its density, together with 

molecular weight, are the most important parameters, as they have significant influence 

on the performance in flocculation. 

Types of  Coagulants/Flocculants
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The oil-based and non-renewable raw materials are usually used in commercial organic 

flocculants. Typically, they are linear and water soluble, usually based on acrylamide or acrylic 

acid. The most common applied polymeric flocculants are polyacrylamide, polyacrylic acid, 

polyamine, polyDADMAC and others202.  

Bolto and Gregory193 described and reviewed several types of available and commonly used 

polymers, as well as their performance in drinking water treatment. Singh et al.203 noticed that 

due to low price and easy tailor-ability, polyacrylamide finds application in several industries. 

Studies of Ahmad et al.204 and Sharma et al.194 emphasized the facility to synthesise 

polyacrylamide (PAM) molecules with different molecular weights, charge densities as well as 

various functional groups: cationic, anionic or neutral. The described parameters play a crucial 

role in order to achieve dense flocs with good settling properties. However, acrylamide itself is 

extremely toxic causing severe neurotoxic effects193. Cationic, anionic as well as non-ionic 

polyacrylamide-based flocculants, were successfully applied for coal waste slurry treatment  

at pH 8.3 and the turbidity removal was evaluated205. Wong et al.152 used commercial available 

cationic and anionic polyacrylamide-based flocculants in pulp and paper mill wastewater  

(pH 7.3-8.3) removing up to 95 % of water turbidity and 91 % of water recovery was achieved. 

In this study it was also proved that this type of flocculants could remove up to 91 % of TSS 

(total suspended solids) and 93 % of COD (chemical oxygen demand). Ebeling et al.206 studied 

the treatment of aquaculture wastewater (pH 6.9-7.8) using cationic PAM as well as cationic 

polyamine or copolymers of quaternary acrylate salt and acrylamide. The tested flocculants led 

to a removal of 99 % of TSS and 95 % of reactive phosphorus (RP). Yue et al.207 used cationic 

polyamine in colour removal from industrial printing and dyeing wastewaters (pH 11.2) and 

from simulated dye liquor wastewater at pH 6.6-7.8. The applied flocculant led to a colour 

removal of 90 and 96 %, respectively. Kang et al.208 also evaluated the colour removal of 

simulated reactive dye wastewater (pH 7) using polyDADMAC, having obtained a good 

decolouration (90 %). Razali et al.153 also used cationic polyDADMAC that showed better 

performance than PAM on pulp and paper mill wastewater, removing the TSS nearly to 100 %, 

while turbidity removal was in 91 % and COD decreased in 98 %. 

Polymeric organic flocculants play a significant role in the process of wastewater treatment. 

They have proven to be efficient for the removal of colloidal particles and pollutants from 

different effluent systems. Most studies reported that at optimal conditions, up to 90 % of 

contaminants can be successfully removed, based on decreased turbidity, TSS, COD or colour. 

They are also easy to solubilise in aqueous solutions with no effect on pH, what make them easy 
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to use. Nevertheless, there is still a lack of knowledge about environmental consequences and 

healthy issues while using this type of flocculants. In water/wastewater treatment the residual 

unreacted monomers, acrylamide or ethyleneimine, as well as contaminants from chemicals used 

to produce them, epichlorohydrin, formaldehyde or dimethylamine and by-products can be 

hazardous209. Using non-renewable sources (petroleum) based polymers with slow biodegradation 

may cause carcinogenic effect. The importance of finding substitution and replacement to synthetic 

organic flocculants by using and developing new environmental friendly, effective, biopolymers 

based flocculants, from natural sources, became thus, very desirable193. 

Natural flocculants (bio-flocculants) 

Bio-flocculants are the most promising alternative materials for the replacement of traditional, 

harsh to the environment, synthetic flocculants for water and wastewater treatment. Their 

environmental friendly behaviour, biodegradability, non-toxicity, easy availability and no secondary 

by-products or pollutants creation, let to consider them as very attractive molecules for potential 

application in different situations. They can be applied not just in effluent treatment but also in food 

and fermentation processes, mineral or paper industry, pharmaceutics or cosmetics191. 

Natural organic flocculants are mainly based on polysaccharides (starch, cellulose, chitosan, 

natural gums, or mucilage etc.) or other natural polymers. In general, they have the ability to 

destabilise the colloidal particles by increasing the ionic strength and decreasing the thickness 

of the diffuse part of electrical double layer. They present the ability, through their 

macromolecular structures with a variety of functional groups, to interact and adsorb 

counterions what enables the neutralisation of the particle charge. Recently, several 

polysaccharides were applied as wastewater treatment agents in flocculation processes. Some of 

the possible applications are summarised in the Table 2.9. 

Table 2.9. Application of some natural flocculants in wastewater treatment191, 202, 209, 210-216, 217, 218, 219. 

Bio-product Flocculant Effluent/Wastewater Optimum results1 

Chitosan 

Chitosan Cardboard industry 
wastewater 

Turbidity 
COD 

85 % removal 
80 % removal 

Chitosan Acid Blue 92 
Direct Red 23 
Acid Green 25 

Dye 
Dye 
Dye 

99 % removal 
95 % removal 
75 % removal 

Brown algae 
Sodium alginate Textile wastewater COD 

Colour 
80 % removal 
90 % removal 

Cellulose 

Anionic sodium 
carboxymethylcellulose 

Drinking water Turbidity 93 % removal 

Anionic dicarboxylic acid 
nanocellulose 

Municipal water Turbidity 
COD 

40 - 80 % removal 
40 - 60% removal 
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Table 2.9. (Contd.) 

Bio-product Flocculant Effluent/Wastewater 
Optimum 
results1 

Bio-product 

Gums and 
mucilage 

Anionic Psyllium mucilage Sewage effluent 
Tannery effluent 
Textile  
 
Golden Yellow  
Reactive Black  

TSS 
TSS 
TSS 
TDS 
Dye  

95 % removal 
87 % removal 
92 % removal 
69 % removal 
71 % removal 
35 % removal 

Neutral Fenugreek 
mucilage 

Tannery effluent 
 
Sewage 

TSS 
TDS 
TSS 
TDS 

85 - 87 % removal 
40 % removal 
97 % removal 
20 % removal 

Tamarind mucilage Golden Yellow dye and 
Direct Fast Scarlet dye 

TDS 
Dye  

40 % removal 
60 %, 25% removal 

Opuntia mucilage Municipal water Turbidity 
COD 

74 % removal 
51 % removal 

Mallow mucilage Biologically treated effluent Turbidity 67 % removal 

Anionic Okra gum Biologically treated effluent Turbidity 74% removal 

Okra Tannery 
 
Sewage 
 
Textile wastewater 

TSS 
TDS 
TSS 
TDS 
Colour 
Turbidity 
COD 

95 % removal 
69 % removal 
87 % removal 
95 % removal 
94 % removal 
97 % removal 
85 % removal 

Anionic Isabgol mucilage Semi/aerobic landfill 
leachate 

COD 
Colour 
TSS 

64 % removal 
90 % removal 
96 % removal 

Starch 

Amphiphilic starch 
derivatives 

Kaolin dispersion 
Calcium carbonate 
dispersion 
Silica dispersion 

Turbidity 
Turbidity  
 
Turbidity 

95 - 97 % removal 
60 - 90 % removal 
 
97 - 98 % removal 

Acrylamide-g-starch2 Coal mine wastewater Iron 
Manganese 
COD 
TSS 

92 % removal 
98 % removal  
76 % removal 
99 % removal 

1COD, chemical oxygen demand; TDS, total dissolved solids in the wastewater; TSS, total suspended solids; 
NTU, nephelometric turbidity units; 2g, grafting onto 

Starch-based materials 

Natural organic flocculants based on starches have received an increasing attention over the last 

few years. Their biodegradability, low cost together with plant-based origin are just some of the 

advantages. Natural starch is a mixture of amylase and amylopectin220, and can be used without 

any modification as a flocculant, even if the efficiency is relatively low211. To improve  

the flocculation performance, modifications to the starch structure are recommended, namely 

by conducting reactions with formaldehyde and highly corrosive caustic soda, typically in high 

amounts of solvent, which are the main drawbacks for commercialization163. Although  

the modified starch has shown better performance, the unmodified form can still be considered 

as a desirable option in effluent handling due to elimination and reduction of the use of harmful 
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chemicals or unfavourable reaction conditions. Starch was successfully applied in wastewater 

treatment221 and in papermaking industry212. However, deeper study on the mechanisms and 

characteristics of the produced flocs and applications are still required222.  

Chitosan-based materials 

Chitosan-based flocculants, due to their cationic behaviour and strong affinity to negatively 

charged contaminants, are one of the most developed biomolecules for effluents treatment. 

High cationic charge density (presence of primary amino groups)223 and long polymer chains 

with high molecular weight, thus make it an effective coagulant and/or flocculant for the 

removal of contaminants in the suspended and dissolved state,171,224 as well as for natural organic 

matter removal (e.g. lignin and chlorinated compounds)225,226. Several works showed an excellent 

flocculation performance in dye solutions223, textile wastewater210, and pulp and paper mill 

effluents227, for, e.g. removing phenolic compounds from cardboard mill wastewater. 

The most promising properties of chitosan come from its linear hydrophilic amino-

polysaccharide structure, which is insoluble in water or organic solvents, but can be solubilized 

in diluted organic acids (acetic acid, formic acid) and inorganic acids (except sulphuric acid)210,171, 

through the protonation of amino groups. As the active amino groups (-NH2) in the chitosan 

molecule can be protonated in water giving a cationic polyelectrolyte228 the molecule has 

characteristics of electrostatic attraction and adsorption. Flocculation by chitosan can follow 

two mechanisms: bridging or charge neutralization, due to positively charged amino groups. 

Results described in the literature showed its efficiency at low concentrations in cold water. 

Furthermore, the limited amount of produced sludge easily biodegraded make it attractive. 

Chitosan-based derivative (carboxymethyl chitosan) was applied in printing and dyeing effluent 

treatment. The obtained results displayed superior performance in colour and COD removal 

compared to the traditional synthetic flocculants214. Additionally, chitosan ability for colour 

removal was tested in model coloured waters. Decolouration results of approximately 95 % and 

75 %, at pH 2 were obtained for Direct Red 23 and Acid Green 25, respectively215. Another 

report showed great decolouration results of Acid Blue 92: up to 99 % of colour was removed 

at pH 9 while using the described eco-flocculant210. Altogether, chitosan can be considered 

 as a very attractive material for substitution of synthetic PELs in effluent treatment171. 
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Gum- and mucilage-based materials 

Another, safer and environmental friendly alternative to synthetic flocculants is derived from several 

plants gums and mucilage. These plant-based flocculants showed good performance in the 

treatment of landfill leachate229, textile230,216, tannery231 sewage232 and other industrial effluents233. They 

proved their properties in several different wastewater models. For instance, Psyllium mucilage-based 

flocculant was tested in colour removal. Up to 71 % of Golden Yellow and 35 % of Reactive Black 

removals, after 1 and 2 h, respectively, were achieved while using 10 mg/L of bio-flocculant at 

neutral pH.230 Moreover, this type of flocculants was also applied in the treatment of municipal 

wastewater collected at the Sewage Treatment Plant, located in Mexico. These bio-flocculants 

showed up to 74 % of turbidity removal with guar gum and 71 % of reduction while using Opuntia 

mucilage-based agent. Moreover the same study also revealed 75 % and 51 % of COD reduction 

with guar gum and Opuntia mucilage217. Also, Okra mucilage (Abelmoschus esculentus) was tested in the 

treatment of textile wastewater, collected from an industrial laundry, that performs washing and 

finishing processes. While using 3.2 mg/L of bio-flocculant at pH 6.0, removal of colour was up to 

94 %, followed by 97 % of turbidity and 85 % of COD removals216. 

Sodium alginate-based materials 

Extracted from seaweeds, sodium alginate is an anionic water-soluble polymer with linear 

structure. Its properties vary a lot and strongly depend on the seaweed species. Alginates follow 

the usual characteristics of charged polymers (polyelectrolytes). One of the most typical features 

is the increase in the viscosity with the dissolution (thickening), together with ionic exchange 

and gel-formation capacity upon the addition of multivalent counterions. The flocculation 

efficiency has been tested in industrial textile effluents treatment. The results showed colour 

removal of about 90 % and 80 % COD reduction while using this bio-flocculation agent209. 

Cellulose-based materials 

Due to the great chelating effect of cellulose, based on the presence of free -OH groups along 

its chain, a good water clarification can be obtained, which is noticeable in the removal of 

organic matter and metal ions from solutions. Nevertheless, the insolubility in water and quite 

low chemical reactivity are the main drawbacks of applying cellulose in flocculation processes. 

To overcome those limitations, several modifications of cellulose have been developed. Among 

them, the most conventional one is carboxymethylation. Obtaining water-soluble,  

cellulose-based materials is of great interest as an alternative for future replacement of oil-based 

flocculation agents. Some of the cellulose based derivatives have been effectively applied in 
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effluent treatment, namely to remove suspended solids. In fact, there is an increasing interest in 

the development of low-cost, cellulosic biomass-based materials for effluent treatment from 

various industries. Date palm rachis wastes have successfully been used in the production  

of sodium carboxymethylcellulose (CMC-Na), an anionic cellulosic derivative, for turbidity 

removal in drinking water treatment218. Additionally, anionic dicarboxylic acid nanocellulose-

based flocculant was tested with ferric chloride in municipal effluent treatment202.  

In another study, anionic sulfonated nanocellulose flocculants, with charge density from  

0.357-0.507 mmol/g were evaluated also for municipal effluent treatment. Good turbidity and 

COD reductions were observed while using these anionic cellulose-based bio-flocculants, 

obtained from bleached birch chemical wood pulp219.  

In the next section, further details will be provided about the possibility and possible routes to 

modify cellulose to obtain soluble polyelectrolytes. 

2.6. WOOD AS RAW MATERIAL 

Wood has been present in human life since the beginning of its existence. In the ancient civilizations 

it was applied to improve quality of life, for example in constructions, in decorative objects, and to 

preserve from fire for longer time. Since those times until now, an enormous variety of products 

from wood was developed. In fact, approximately 5000 distinct types and uses of wood-based 

products can be described234 but, still the largest application of wood is as a fuel for heating and 

cooking. The secondary use of wood is in pulp and paper production as well as for furniture 

manufacture235,236. Nowadays, 30 % (3.952 million hectares) of total land area is covered by forests. 

Fig. 2.15 shows the forest distribution in the world237. 

 

Fig. 2.15. Forest area as a percentage of total land area in 2015238. 
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Wood is the world’s most important source for industrial purposes. There are several factors 

that keep wood in the forefront of raw materials. The principal attribute is its availability in 

many species, shapes, sizes, and conditions to suit almost every demand. The unique,  

long-lasting performance characteristics of wood, high ratio of strength to weight, remarkable 

record for durability, with good isolating properties of dry wood against heat, sound and 

electricity make it extremely attractive for several applications. Furthermore, wood as many 

other natural materials absorb the moisture from surrounding environment. Additionally, wood 

is also promising as a feedstock for the extraction and production of chemicals and their 

applications in various industries. 

Moreover, tree species can present several different characteristics. There are numerous 

different ways of classifying the species. The botanic main way divides species according  

to the type of seed they produce (seeds exposed to the surface or encapsulated seed)239. Besides 

the structure of the seed, on which the classification is based, the two classes differ in the 

anatomic structure of the stem (Fig. 2.16).  

Trees from seeds exposed to the surface (gymnosperms), also called softwoods, have simpler 

basic structure, consisting of only one kind of cells (Fig. 2.16), while wood from angiosperms 

(encapsulated seeds), also called hardwood, has more complex structures in the stem (Fig. 2.16). 

 

Fig. 2.16. On the left a confocal microscopy of a softwood stem. On the right an electron micrograph of hardwood, 
showing vertical fibers, large vessels and horizontal rays240.  

Hardwoods have greater structural complexity because they have both a greater number of basic 

cell types and a far greater degree of variability within the cell types. To define them broadly, 

softwoods are generally needle-leaved evergreen trees such as pine and spruce, whereas 

hardwoods are typically broadleaf, deciduous trees such as maple, oak and eucalyptus.  

They differ in chemical composition, properties as well as in the abilities for chemical 

modification. Some of their characteristics are summarised in Table 2.10241. 
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Table 2.10. Characteristics of hardwoods and softwoods241.  

Characteristics 
Softwoods/gymnosperms/ 

conifers 
Hardwoods/ angiosperms/ 

deciduous 

Fibers Long (1.4-4.4 mm) Short (0.2-2.4) 
Cell types One (tracheids) Various 
Cellulose content ~ 40-50 % ~ 40-50 % 
Hemicellulose content ~15-30 % ~25-40 % 
Lignin ~25-35 % ~20-30 % 
Extractive content up to about 10 %      1-10 % 
Manipulation difficulties Easy Hard 

In both wood types (hard and soft) the stem is divided into two zones, the sapwood and the 

heartwood. In the sapwood there is the synthesis and storage of secondary metabolites, while 

in the heartwood there is long-term storage for extractives. Many of the large-scale 

characteristics of wood such as stability, resistance to fungi or water, depends on the extractives, 

what makes the heartwood more valued for industrial purposes241. Moreover, the extractive 

content is similar for both soft and hardwoods. 

In general, wood contains three main components: lignin, cellulose and hemicellulose.  

Each fraction strongly depends on tree species, the soil, the age, growth conditions, location 

and the clime. Normally, cellulose, hemicellulose, and lignin, respectively, cover 40 - 50, 15 - 40, 

and 20 - 35 % weight of biomass materials on dry basis. All wood is also composed of minor 

amounts (usually less than 10 %) of extractive materials contained in the cellular structure 

(Table 2.10). The differences in cellular structure and wide variation in the characteristics and 

proportion in wood composition make this raw material heavy or light, stiff or flexible, and hard 

or soft. Additionally, the single species properties are relatively constant within some limitation 

(age, location, grow conditions). Therefore, to use wood to its best advantage and most 

effectively in engineering applications, specific characteristics or physicochemical properties 

must be considered. In the present document, just cellulose and tannin as well as their 

modifications are going to be described in detail, since they will be used for further application 

in wastewater treatment and color removal from effluents. 

2.6.1. Cellulose  

Cellulose is considered as a virtually inexhaustible polymeric raw material, with fascinating 

structure and properties. This natural homopolymer, with biodegradable properties,  

is a feedstock for the production of chemicals with applications in various industries242.  

The annual production of cellulose is estimated to be 1011-1012 Tons. It occurs mainly in two 

forms, partially pure, for example in seed hairs of the cotton plant (90 - 99 % pure),  
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as well as a mixture with hemicelluloses in the cell wall of woody plants. Cellulose can be 

obtained from a variety of sources such as wood, annual plants, microbes, and animals.  

These include seed fibers (cotton), wood fibers (hardwoods and softwoods), bast fibers (flax, 

hemp, jute, and ramie), grasses (bagasse, bamboo), algae, and bacteria. Increased interest has 

been created worldwide on the alternative sources of cellulose. Global environmental issues 

such as deforestation and ecological balance of the plant world are concomitant with the growth 

of industrial demand. In order to address these issues, the production of cellulose by using 

alternative sources has become a topic of development. One approach to reduce the demand 

of cellulose from plants is reusing cellulose “wastes”; another approach uses several bacteria 

and fungi that are able to perform the synthesis of this valuable compound243. 

Structure and chemical composition of cellulose  

In principle, from the chemical point of view, cellulose is a carbohydrate as well as a natural- 

based polymer, shaped from covalently linked units of anhydroglucose (AGU). This results 

in a polymeric extensive structure, with linear chains that contain large numbers of hydroxyl 

groups-three per AGU unit (Fig. 2.17). Moreover, the molecular organisation strongly depends 

on the origin, and it is reflected in the properties of cellulose such as hydrophilicity, chirality or 

degradability. The widespread hydrogen bonds networks through the linear chains of cellulose 

make the molecule able to create a multitude of partially crystalline, semi-crystalline or 

amorphous fiber structures and morphologies. The insolubility and difficulties with dissolution 

in water and in most organic solvents is driven by the hydrogen bonds network between 

neighbouring long cellulosic molecules242,244. 

 

Fig. 2.17. Structure of cellulose with carbon atoms numbered in AGU unit, showing the repeatable unit of 
cellobiose in cellulose.  

The ability of plants, bacteria and algae to obtain higher value products as glucose (monomer) 

starting from simple compounds like carbon dioxide and water in the presence of light 

(photosynthesis) is crucial in the production of cellulose fibers. The origin (plant or other) has 

influence in the cellulose molecule length, with wood pulp yielding the smallest molecules, 

cotton giving an intermediate size and algae the largest. Additionally, increasing the chain length 
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tends to decrease chain mobility, and increase toughness. The long-chain of cellulose molecules 

in plants gives the strength and shape to the cell wall. In aqueous solution it presents difficulties 

in dissolution and poor ability to absorb water, due to its long chains, high molecular weight 

and crystalline structure245. 

This carbohydrate polymer is relatively stiff, and in plants is used to add stability, strength and 

hardness, but can be also soft and fuzzy–cotton like. The reason for this dual behaviour is the 

way molecules are organized in the cell walls, with specific orientation of microfibrils. Cotton 

fibers have lower orientation, which corresponds to lower elasticity modules and higher 

elongation at break. Moreover, the hardwood cellulose fibers have a much higher microfibril 

orientation and the same fiber strength. As a structural molecule, cellulose is also lightweight 

but strong, and that is what makes it very attractive for many applications246. The particular 

structure strongly depends of the origin and the type of chemical pre-treatment, used to isolate 

cellulose from mother source, which has influence on the final properties and on the possible 

applications. 

2.6.2. Cellulose-based flocculation agents 

Unmodified cellulose shows poor properties towards adsorption or flocculation, which limits 

the application in wastewater treatment247. Consequently, introduction of new functional groups 

onto the cellulosic backbone is required to improve the cellulose adsorption performance of 

polar components and removal of contaminants248. Due to low reactivity and poor solubility in 

most solvents, it is difficult to chemically manipulate cellulose structure.  

Usually, the derivatisations of cellulose have been performed by heterogeneous synthesis, but 

due to their poor control and low accessibility of hydroxyl groups, unexpected by-products 

creation or even cellulose decomposition can be observed249. Using special cellulose solvents, 

for instance, LiCl in DMSO250
 or tetrabutylammonium fluoride in DMSO (TBAF/DMSO)251, 

allows performing the reactions in homogenous medium. This is because these solvents are able 

to disrupt the hydrogen bonds of cellulose and further dissolve cellulose. The cellulose 

derivatives properties are driven by the type of substituent group and degree of substitution 

(DS), as well as by their specific distribution among the cellulosic backbone. In the following 

sections several techniques are going to be described, which enable to increase the cellulose 

reactivity and introduce charged groups to obtain flocculation agents effective in wastewater 

treatment.  
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Cellulose pre-treatment 

Following the separation of cellulose from the other components in the raw material 

(hemicelluloses, lignin in the case of wood), several methods allow to decrease its crystalline 

structure and to increase the accessibility of hydroxyl groups, towards an enhancement of the 

reactivity of cellulose. Among them milling252,253 as well as the use of ultra-sonication252-255  

or high temperatures were often proposed. Mechanical grinding (milling) is used for increasing 

the specific surface area, due to the reduction of particle size and for reducing the crystallinity 

of cellulosic material, through the shear forces generated during the milling process. However, 

the type and the duration of milling, as well as the type and chemical composition of raw material 

influence the final degree of polymerization of cellulose and the reduction in crystallinity of the 

obtained product252. Although, all milling pre-treatment methods do not generate any toxic 

components, the high energy consumption (depending on the final particle size) make it cost 

intensive and not economically feasible253. Another physical method of pre-treatment  

is sonication. In ultrasound treatment the produced waves generate small cavitation bubbles, 

which separate the fractions of cellulose and hemicellulose, so the accessibility of cellulose for 

further effective modification increases252. However, applying high frequency  

of about 10-100 kHz can lead to generation of energy (heat transfer to the medium)  

and to the polymer degradation255. Some reports also refer to a chemical pre-treatment with 

(diluted) acid256 or in mild-alkali conditions257-259. Acid treatment can effectively reduce  

the crystallinity and degree of polymerisation of the cellulosic material260. Furthermore, this 

action can also depolymerize the lignin and hydrolyse the hemicelluloses what increases  

the cellulose accessibility for the further chemical modifications. However, this process is highly 

corrosive and toxic (due to the nature of used acids), and it can also generate several by-products 

as furfurals, phenolic acids or aldehydes. It is then highly recommended to optimise the process 

(type and concentration of used acid, time, temperature) to avoid over- hydrolysis and full 

depolymerisation of the starting material256. The alkali pre-treatment methods with NaOH, 

KOH, Ca(OH)2, or ammonium derivatives are also able to depolymerize and degrade lignin, 

and also hydrolyse hemicelluloses. Furthermore, cellulose swelling and reduction of sample 

crystallinity occurs together with minor cellulose solubilisation (under controlled conditions)257. 

This leads to improve the cellulose accessible surface area and reactivity towards further 

chemical modifications258. Nevertheless the main drawbacks are long residence time and 

irrecoverable salts formation259. Overall, finding new ways of pre-treatment, to add and reinforce 

new functionalities, in order to increase possible applications is in strong demand. 



WOOD AS RAW MATERIAL 

65 

 

Fig. 2.18. The reaction of a cellulose fiber oxidized by periodate261. 

Cellulose oxidation is frequently applied allowing the formation of reactive carbonyl structures 

at the C-6, C-2 and C-3 positions or carboxyl moiety at the C-6 position, depending on the 

oxidation conditions, the type of oxidant, the acidity or basicity of the medium, etc. The large 

variety of potential oxidizing reagents (nitrogen oxides, alkali metal nitrites and nitrates, ozone, 

permanganates, peroxides) used in the cellulose chemistry usually leads to a low selectivity for 

this reaction. However, cellulose oxidation with periodates presents a very high selectivity262, 

minimizes the degradation of the cellulose chain and keeps reasonably the mechanical and 

morphological properties of the starting material263.  

During periodate oxidation, under acidic conditions, the carbon-carbon bonds between atoms 

2 and 3 in the AGU are broken and formation of two aldehyde groups at the C-2 and C-3 

positions occurs, yielding dialdehyde cellulose (DAC), as described in reaction I (Fig. 2.18)261,264. 

Moreover, the easy beta-cleavage (reaction II) and hydrolysis of glycosidic bonds between AGU 

(reaction III) may occur as side reactions, referred as cellulose degradation265. It was reported 

by Kim et al.266, based on algal cellulose, that with the increase of aldehyde groups content,  

a material with 80 % degree of oxidation showed to be fully amorphous. Nevertheless, obtaining 

2,3-dialdehyde cellulose (DAC) by periodate selective oxidations is always associated with 

degradation and polymerisation degree changes261, furthermore with the increase of oxidation 

level the cellulose crystallinity decreases266. 
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Several reaction parameters may influence the properties of obtained DAC. Working at higher 

concentrations of periodate intensifies the creation of aldehyde groups and allows to obtain 

cellulose with higher aldehyde contents. As it was reported in the literature,261 the 6 h reaction 

with 0.2 mol/L periodate resulted in a yield with 6 % aldehyde content and 7 % fiber loss.  

At 0.8 mol/L, the fiber loss would be 12 % with 14 % of aldehyde content in the DAC sample. 

Moreover, oxidation at room temperature proceeds very slowly, and only by increasing the 

temperature an acceptable efficiency in DAC production is achieved. However, at higher 

temperatures, oxidation, hydrolysis, and fiber loss are more evident. It has been reported 

by Liu et al.261 that 2 % of aldehyde content and 5 % of fiber degradation was obtained while 

carrying out the reaction at 25°C during 6h. Keeping the reaction time constant and increasing 

the temperature till 45°C would increase the aldehyde content till 12 %, though the fiber loss 

would also increase till 35 %. Rajalaxmi et al.267 reported periodate oxidation of commercial 

bleached hardwood kraft pulp with sodium periodate at different mass ratios of NaIO4 to 

cellulose (from 0.2 to 1.0 w/w). The reaction was carried out without light during three days  

at room temperature. It was observed that with the increase of the ratio between cellulose and 

periodate, the oxidised groups content also increased. Zhang et al.268 oxidised an elemental 

chlorine free (ECF) fully bleached hardwood kraft pulp by using two different NaIO4 ratios 

(low ratio of 1.40 and high ratio of 2.80 mmol/g of dry pulp) at pH 4.0, temperature of 38 °C 

and a reaction time of 1 h. The carbonyl group content was calculated to be 8.40 and  

11.77 mmol/g of dry pulp, respectively. It is also important to mention that decomposition of 

periodate occurs not only with photochemical degradation (yielding formation of ozone and 

radicals), but also at temperatures above 55 °C269. 

The effect of the pH of the medium is also considered as a significant factor while proceeding 

the oxidation of cellulose. It was reported that at acidic conditions (pH<3), hydrolysis of 

cellulose occurs more strongly, resulting in higher degradation of fibers261. Dryhurst270 described 

a case of overoxidation (pH 1.9 and 50 °C), where the end-groups were also oxidized, yielding 

formic acid and formaldehyde. Nevertheless, acid hydrolysis can be inhibited with the decrease 

of acidity. However, at higher values of pH (>4), with the reduction of hydrolysis, the periodate 

oxidation was also inhibited, what led to low aldehyde content. Moreover, the optimum acidity 

for periodate oxidation of cellulosic fibers was stated to be pH 3-4261. Sirviö et al.269 described 

the crucial role of reaction time as a factor in the efficiency of periodate oxidation. Based on 

birch cellulose oxidation, the aldehyde content increased more than the double from 0.114 to 

0.264 mmol/g while increasing the reaction time from 30 minutes to one hour. Hou et al.271 also 
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conducted studies based on elemental chlorine free (ECF) bleached softwood (Radiate pine) kraft 

pulp. Periodate oxidation was carried out at 45 °C and pH 3.5. The concentration of sodium 

periodate as well as the oxidation time were optimised based on the aldehyde groups content. 

It was observed that for shorter reaction times (<60 min), the concentration of used NaIO4 has 

no significant meaning. However, it became more compelling while using longer periods of 

oxidation time: with the increase of NaIO4 concentration higher aldehyde groups content was 

obtained. 

Nikolic et al.263 described the influence of raw material composition on the oxidation process 

while using 0.2 % or 0.4 % w/w of NaIO4, at room temperature and pH 4.0. Using unbleached 

cotton yarn, during the first 30 minutes of treatment the periodate was consumed by  

non-cellulosic materials present at the fiber surface (such as fatty acids, alcohols, alkanes, esters 

and glycerides), leading to obtain lower aldehyde groups content in the cellulose in relation to 

the periodate consumption. Vicini et al.272 compared periodate oxidation of three different raw 

materials: linen (Artemisia) with 3 % lignin content and degree of polymerisation (DP) of 1930, 

paper (pure cellulose) with DP of 1230 and cotton (Ghinea) with DP of 2130. Using 0.1 M 

sodium periodate during 4 h, the most significant decrease in the degree of polymerisation was 

observed with cotton (DP 140), followed by linen (DP 150) and paper (DP 170). However, after 

24 h of reaction, linen showed the lowest oxidation degree: 2.6 aldehyde groups per 100 glucose 

units, followed by cotton and paper, respectively 2.9 and 3.9 aldehyde groups per 100 glucose 

units. Sun et al.273 used nanocrystalline cellulose (CNC) prepared from a commercial bleached 

Eucalyptus kraft pulp. Under the optimum conditions of pH 3.5, temperature 40 °C, during 4 h 

reaction, while using a NaIO4 to CNC weight ratio of 4, the aldehyde groups content was  

6950 μmol/g and the yield was 91.9 %. It was noticed that using higher ratios of periodate or 

too low pH would cause loss in the yield rather than increase the oxidation process. Moreover, 

too high pH would inhibit the oxidation process. 

The aqueous periodate oxidation (by applying NaIO4) enables to obtain the dialdehyde cellulose 

with relatively high aldehyde groups content. The reaction requires using high excess of oxidant 

and a long reaction time. However, as it was reported by Liimatainen et al.,274 another potential 

modification way to increase the reactivity of cellulose through the introduction of aldehyde 

groups into cellulose backbone, is by applying a mechanical modification. Milling was used to 

increase the amount of hydroxyl groups on the surface, thus improving the access of periodate 

reagent and the reaction kinetics, particularly at lower temperatures. Kim et al.275 also presented 

the periodate oxidation of microcrystalline cellulose powder. with particle size of 6-10 μm. Using 
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1.25 molar ratio of NaIO4 to AGU, during 72 h at room temperature resulted in almost 

complete oxidation of cellulose, with aldehyde content of 12.2-11.2 mmol/g, which corresponds 

to 98-90% of the maximum aldehyde content in DAC. Aminin et al.254
 reported ultra-sonication 

pre-treatment, as one potential way to improve the cellulose reactivity to periodate oxidation. 

Moreover, using higher temperatures of oxidation can significantly change the reaction kinetics. 

Sirviö et al.276 described the oxidation of commercial bleached birch chemical pulp, by carrying 

the reaction with NaIO4/cellulose AGU ratio of 2.0, at 55 °C during 24 h. The aldehyde content 

in the obtained DAC was 13.67 mmol/g, which, as it was calculated, is equivalent to 109 % of 

oxidized cellulose AGU and the yield of the reaction was 30 %. In these conditions, oxidation 

of primary hydroxyl groups occurred, in addition to the regioselective oxidation at C-2 and  

C-3, enhancing the cleavage and the dissolution of DAC. 

Another improvement to the reaction kinetics can be through the introduction of metal salts.  

It was reported by Sirviö et al.269 that introducing metal salts (LiCl, ZnCl2, CaCl2, MgCl2 or NaCl) 

to the periodate oxidation of bleached birch cellulose or dissolving pulp (softwood) at elevated 

temperatures can significantly improve the oxidation efficiency. Moreover, metal chlorides are 

able to reduce the number of intra- and inter-molecular hydrogen bonds between cellulose 

molecules (namely between O(3) and (O(6)H) at the C-6). It was also described that LiCl can 

significantly improve the periodate oxidation especially while carrying out the reaction for longer 

periods at higher temperatures (over 75 °C). Moreover, using higher temperatures with LiCl 

yields higher aldehyde groups content within shorter oxidation time and lower amount of 

periodate. However, long reaction times cause dissolution of hemicelluloses which in the end 

leads to a decrease in the DAC yield. Liimatainen et al.277 described the oxidation reaction of 

micronized bleached birch pulp (particle size of 39.3 μm, DP of 2124, and a BET surface area 

of 38.2 m2/g) with NaIO4 (9.6, 5.8 and 4.8 mmol/g), in the presence of LiCl at 75 °C.  

The reaction was kept during 3 h, resulting in oxidized products with aldehyde content of 10.5, 

6.9 and 5.3 mmol/g, respectively. Yang et al. studied the periodate oxidation of spruce kraft 

softwood pulp (ECF) at room temperature. Using 8.65 mmol of NaIO4 per gram cellulose, with 

NaCl, after 6 days of oxidation a product with an aldehyde content of 11.7 mmol/g was 

obtained. Applying lower periodate to cellulose ratio (6.17 mmol/g), and NaCl during 42 h, 

yielded a DAC with an aldehyde content of 8.2 mmol/g. It is important to mention that when 

the DS of oxidised samples is equal to 2, then all cellulose is converted to DAC. 

Although periodate oxidants are toxic, environmentally harmful and relatively expensive, their 

regeneration and recycling described by Liimatainen et al.278 brought the process into a more 
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sustainable/environmentally friendly level. Moreover, the highly reactive aldehyde groups allow 

several further derivatisations to obtain: sulphonates by bisulphate addition, carboxylic acid 

derivatives through further oxidation, and imines from a reaction with an amine. Dialdehyde 

cellulose derivative has shown also high biodegradability and biocompatibility, which can be 

valorised in many potential applications279. These DAC characteristics can provide environmental 

friendly, green-high-end materials with potential application as bio-flocculants, complexing agents, 

super-adsorbents among others. Even though, there are several other possibilities for cellulose 

oxidation, e.g. with nitrogen oxides, alkali metal nitrites, ozone, permanganates or peroxides that 

belong to non-selective methods. Only oxidation with periodates and nytrosil radicals (TEMPO-

oxidation) are highly effective, ensure high reaction rates as well as yields, and can provide good 

selectivity of oxidized groups. Moreover, while periodate oxidation introduces two highly reactive 

aldehyde groups per AGU (at C-2 and C-3), in TEMPO-oxidation (oxidation with 2,2,6,6-

tetramethylpiperidine-N-oxyl)262 only primary alcohol groups (one group at the C-6 position of 

AGU) are transformed to the corresponding oxidized analogues with the remaining secondary 

hydroxyl groups unaffected (at positions C-2 and C-3), which leads to lower degrees of oxidation 

while performing TEMPO-oxidation280 compared with periodate262. 

Cationization of cellulose 

Obtaining natural-based alternatives to the synthetic, harsh to the environment, oil-based 

products for industrial application, can meet the severe toxicity and environmental concerns281. 

Cationic polymers are more frequently used than the anionic ones. Among several possibilities 

for cationization of cellulose242, three main routes of cellulose modification can be identified282. 

The first one is based on direct cellulose modification by i) dissolution of short chain cellulose 

molecules in aqueous solutions of e.g. NaOH/urea, NaOH/thiourea or LiOH/urea, which are 

pre-cooled to zero degree, followed by ii) cationization in homogeneous medium with  

N-(3-chloro-2-hydroxypropyl)trimethylammonium chloride (CHPTAC), as described in the 

literature260,283. Another approach refers to cationization of pre-modified cellulose, by using as 

raw material dialdehyde cellulose276,284, cellulose acetate285 or hydroxyethyl cellulose286, among 

others. The third approach involves graft polymerisation by introduction of monomeric  

or polymeric cationizing agents into the cellulose backbone287. However, when speaking of 

cationization and bearing in mind a potential flocculation application, it is very important to 

obtain a final water soluble cellulose derivative. The different strategies for the cationization of 

cellulose will be described in more detail next. 
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Fig. 2.19. General cationization of cellulose with CHPTAC. (a) Formation of 2,3-epoxypropyltrimethylammonium 
chloride (EPTMAC) from N-(3-chloro-2-hydroxypropyl)trimethylammonium chloride (CHPTAC), (b) alkalization 
of cellulose, (c) cationization of cellulose, and (d) hydrolysis of EPTMAC (Adapted from288). 

A popular cationization route is based on the introduction of prebuilt quaternary nitrogen 

structures into the cellulose backbone, typically known as etherification process. The procedure 

typically involves the use of epoxypropyl- or 3-chloro-2-hydroxypropyl trialkylammonium salts 

(2,3-epoxypropyltrimethylammonium chloride, EPTMAC and N-(3-chloro-2-

hydroxypropyl)trimethylammonium chloride, CHPTAC as etherification agents in the presence 

of alkaline activation of cellulose hydroxyl groups288. Typically involves three stages and some 

secondary reactions (Fig. 2.19) and can be described as follows: reaction between CHPTAC 

and hydroxide ions forms EPTMAC (Fig. 2.19; reaction a). At the same time, the hydroxyl 

group in the C-6 position of some AGU is ionized with NaOH, yielding an alkoxyde group 

(Fig. 2.19; reaction b). Finally, the substitution of the 3-(trimethylammonium)propyl group into 

the AGU takes place(Fig. 2.19; reaction c) 288,289. Related to this, Moral et al.288 used 90 minutes 

pre-treatments of cotton linters and α-cellulose powder with 30 % w/w NaOH, followed by 

CHPTAC cationization process in aqueous-alcoholic alkaline solution, at 70 °C. They used 

different reaction times for cotton linters (300 minutes) and for α-cellulose powder (100 min). 

In the reaction, the obtained products were found to have a DS of 0.204 (modified cotton 

linters) and 0.257 (modified α-cellulose). Longer alkalization pre-treatment tends to decrease the 

crystallinity of the cellulose sample and thus to improve the cellulose reactivity towards further 

chemical modifications258. In Aguado et al.260 cationic charged cellulose flocculants (based on 

bleached hardwood kraft pulp) were also obtained by introduction into the cellulosic backbone 

of propyl(trimethylammonium) groups. Three different ways of charge introduction were 
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studied. The first one required cellulose depolymerisation with orthophosphoric acid  

(during 2 h), beforehand, and then cationization in the medium of NaOH/urea with CHPTAC 

at 65 °C during 1 h, yielding a product with a DS of 0.33 and +4.5 mV zeta potential. Another 

approach was carried out in NaOH/urea medium that dissolved the cellulose, followed by the 

cationization at the described conditions, leading to obtain a product with a DS of 0.34 and zeta 

potential of +6.8 mV. The last modification, allowed to obtain a product with the greatest zeta 

potential (+16.7 mV) and a DS of 0.46. However, in this approach only 11 % yield was obtained. 

The flocculation performance of all obtained products was studied for calcium carbonate and kaolin 

suspensions and the results were compared with commercial cationic polyacrylamide (cPAM). It 

was demonstrated that obtained cationic cellulose based derivatives were not as effective as cPAM 

in the flocculation of calcium carbonate. However, cationic cellulose with the highest zeta potential 

presented better performance on kaolin flocculation than cPAM or the other obtained products.  

Also, Yan et al.283 produced water-soluble cationic cellulose from microcrystalline cellulose.  

The reaction was carried out at room temperature with 2,3-epoxypropyltrimethylammonium 

chloride (EPTMAC) in a NaOH/urea aqueous solution. It was found that the DS of cationic 

groups in modified cellulose depends not only on the ratio of used EPTMAC but also on the 

reaction time. While using EPTMAC/AGU ratio of 10:1 after 6 h, they obtained a product 

characterised by a DS of about 0.32. However, increasing the reaction time till 24 h allowed to 

increase the DS to 0.50. Moreover, using a lower EPTMAC/AGU ratio of 5:1, lower DS was 

obtained: after 6 h and 24 h the degree of substitution was 0.17 and 0.26 respectively. 

Furthermore, the flocculation performance of obtained bio-PELs was evaluated in kaolin 

suspensions. Cationic cellulose-based flocculants showed high flocculation activity over a wide 

pH range (4, 7, 10), the best results being obtained at pH 7.  

Hasani et al.290 tested different etherification agents, such as N-oxiranylmethyl-N-

methylmorpholinium chloride and 2-oxiranylpyridine in the cationization of cotton linters 

cellulose (Fig. 2.20). The DS of the products varied from 0.027-0.077, which was too low to 

obtain cellulose solubilisation, and only swelling capacity was improved. The obtained cationic 

cellulose derivatives were tested for their ability to adsorb anionic dye (Methyl Orange).  

All cellulose-based ethers exhibited a significant adsorption of the tested dye. 
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Fig. 2.20. Modification routes with different epoxy reagents290. Where the names of the obtained etherified 
cellulose products represent abbreviation of the used reagents: NMM, N-Oxiranylmethyl-N-methylmorpholinium 
chloride; Py, 2-Oxiranylpyridine. 

Highly charged, cationic cellulose-based polyelectrolytes from birch wood pulp were produced 

by Sirviö et al.276 and Liimatainen et al.284. The raw material was firstly oxidized with periodate, 

in which the formation of dialdehyde cellulose occurs, as explained in the previous section. 

Highly cationic charged PELs were then obtained by modification of DAC using Girard´s 

reagent T (GT), in which an imine bond formed and positively charged quaternary ammonium 

groups were introduced into the cellulose backbone (Fig. 2.21).  

 

Fig. 2.21. Synthesis of cationic dialdehyde cellulose (CDAC) using Girard´s reagent T, where DAC is dialdehyde 
cellulose (Adapted from291). 

This type of modification allows to introduce more than one cationic group per AGU. Products 

obtained in such a way are characterised by a high degree of substitution, high ionic character 

and consequently high charge density and water solubility at room temperature. However,  

the charge density and DS strongly depend not only on the cationization conditions but also on 

the properties of pre-treated (in periodate oxidation) cellulose sample, used as raw material. 

Sirviö et al.276 evaluated the influence of different reaction parameters on the final characteristics 

of the obtained products. The cationization was performed with 7.8 of GT/aldehyde molar 

ratio, using HCl as a catalyst (pH 4.5). Carrying out the reaction at 20 °C during 1 h allowed to 

obtain a product with cationic groups content of 2.85 mmol/g. However, cationicity would 

increase from 2.85 to 4.27 mmol/g, if the reaction time increases from 1 h to 72 h. In order  

to decrease the reaction time but still obtain highly charged PELs, higher temperatures needed 
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to be applied, and, e.g. after 3 h at 60 °C, a PEL with 4.09 mmol/g of cationic groups content 

was obtained. Additionally, the ratio of GT-to-dialdehyde had also high impact on final 

cationicity of the obtained products. Moreover, it was observed that with high aldehyde content 

in DAC, while using a large excess of GT it was possible to obtain higher cationic contents  

at lower temperatures276. The quaternary ammonium modification of cellulose produced a novel 

biopolymeric flocculation agent that showed a good performance on calcium carbonate 

suspensions, due to charge neutralization mechanism. Moreover, in complementary studies  

by Liimatainen et al. 284 for similar cationic cellulose based flocculants obtained by GT 

modification of DAC, a flocculation efficiency on kaolin suspensions similar to that of  

a synthetic reference (cPAM) was reported; however flocs obtained with the bio-flocculants 

showed to be smaller in size. The obtained products showed high flocculation ability in neutral 

or acidic solutions, however with the decrease of acidity (pH>8.5-9) the performance also 

decreased. Liimatainen et al.292 also described the production of cationic cellulose nanofibrils 

using periodate pre-treatment and Girard´s reagent T (Fig. 2.21). It was found out that the 

charge density decreases when the pH increases from 3 to 10. This was attributed to two types 

of post-degradation mechanisms of the obtained product. The first one, a rapid β-alkoxy 

fragmentation was followed by slower degradations due to auto-oxidation and peeling reactions. 

The obtained products had a charge density between 1.10 and 2.13 mequiv/g, which corresponds 

to 60 - 89 % of aldehyde groups substitution by cationic groups. The cationic nanofibrils showed a 

great flocculation performance of kaolin colloids for a wide pH (3-9) and temperature (25-60 °C) 

ranges, further showing to be an alternative to synthetic flocculation or coagulation agents. 

Functionalization by the introduction of positively charged groups into the cellulose structure 

can be also performed through grafting approach. The grafting-onto or grafting-from often 

involves modification of cellulose hydroxyl groups with a pre-synthesized polymer based on 

coupling agent or polymer formed by in situ polymerization from immobilized initiators on the 

cellulose surface293. Liu et al.294 obtained bamboo pulp-graft-polyacrylamide (BPC-g-PAM). 

 In homogenous aqueous solution, by free radical graft copolymerization, the PAM was grafted 

onto the BPC. It was reported that under optimal conditions, obtained products held a grafting 

ratio of 43.8 % and DS of 1.31. The charge characteristics of BPC-g-PAM were evaluated over 

the wide pH range of 1 - 13. Based on zeta potential of the obtained product it was observed 

an isoelectric point at pH 4, below which the flocculant presented positive charge (pH<4). 

Moreover, zeta potential was close to zero in the pH range 3 to 4. When the acidity decreased 

(pH>4) BPC-g-PAM was negatively charged. The flocculation performance of the grafted 
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polymer was evaluated in the treatment of kaolin suspension as well as in paper mill effluent. 

High turbidity removals up to 98 % for both effluents, as well as COD removal (from 136 to 

100 mg/L) and BOD reduction (from 9.8 to 5.2 mg/L) for paper mill wastewater, showed the 

high potential of using this type of flocculant in wastewater treatment. Zhu et al.295 also modified 

bamboo cellulose pulp by grafting with polyacrylamide. The BPC-g-PAM was applied as 

flocculant together with the metal ions (Fe3+, Al3+ and Ca2+) as coagulants, to treat the effluent 

from a surfactant manufacturer. The most effective flocculation-coagulation showed to be while 

using Fe3+ together with BPC-g-PAM, based on turbidity, COD and BOD reduction. 

Recently, Yang et al.296 reported synthesis of hydrophobically modified bamboo pulp (BPC),  

as a potential flocculation agent in the treatment of kaolin suspension and machining effluents. 

The functionalization of BPC backbone was through radical copolymerisation, by the 

introduction of acrylamide groups and sodium silicate as a hydrophobic group. The reaction 

was carried out during 6h at 60°C. The obtained hydrophobic BPC-g-Si-PAM showed better 

flocculation performance than PAM or BPC-g-PAM regarding TSS, COD and turbidity 

removal. Moreover, BPC-g-Si-PAM exhibited better efficiency for removal of ammonia 

nitrogen, total iron, total zinc and total phosphorus than PAM. 

Vandamme et al.297 successfully obtained highly charged cationic flocculants for harvesting 

Chlorella vulgaris. Cellulose nanocrystals (CNCs), obtained from cotton wool, were modified by 

carrying out reactions in p-toluenesulfonyl chloride/pyridine with 4-(bromomethyl)benzoic acid 

(A-product: [Br][PyBnOO]-g-CNCs) or 4-(1-bromoethyl)benzoic acid (B-product: 

[Br][PyMeBnOO]-g-CNCs). The DS of the obtained products was 0.21 and 0.38, respectively, 

for product A and B, which corresponds to 0.95 mmol/g and 1.31 mmol/g of pyridinium 

nitrogen. Good flocculation efficiency for freshwater microalgae with the obtained highly 

charged cationic CNCs was demonstrated, 297 which confirms their potential application.  

Cellulose cationic derivatives are very attractive polymers for numerous industrial applications. 

Due to the presence of quaternary ammonium groups in the cellulose backbone they present 

intermediate basicity, and independently of the pH of the medium they are permanently charged. 

Their excellent cationic character is very attractive for papermaking, wastewater treatment in 

the flocculation of colloidal particles (calcium carbonate, silica, kaolin) and small particles 

dissolved in aqueous medium, e.g. dyes298, or for their use as thickeners in mineral processing, 

etc. There are numerous potential chemical modifications that can be applied for cellulose 

molecules in order to obtain high-end cationic polyelectrolytes with desired properties. 
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Anionization of cellulose 

Among various methods for cellulose functionalization, anionization is still insufficiently 

developed and infrequently used, compared with cationization methods. As it is known the 

properties of cellulose strongly depend on the types of substituent groups and on their degree 

of substitution, as well as on their distribution in the cellulose backbone.  

One of the most known cellulose-based water soluble anionic polyelectrolyte is sodium 

carboxymethylcellulose (CMC-Na)299. The synthesis of CMC-Na involves a mercerization and 

an etherification stage. The first stage typically consists of the cellulosic pulp treatment with 

NaOH at 20 - 30 °C, with the addition of alcohol (e.g. ethanol or isopropanol). The obtained  

Na-cellulose then reacts with the monochloroacetic acid, or its sodium salt. In the latter stage 

the reaction of hydroxyl groups at the C-2, C-3 and C-6 position of the AGU of cellulose with 

monochloroacetic acid, is normally carried out at about 50-70 °C, yielding sodium 

carboxymethylcellulose300. Currently, as it was reported by Heinze et al.301 the traditional  

two-step process of mercerization followed by etherification has been effectively substituted by 

a one-step practise that involves the use of an alcohol as co-solvent. The degree of CMC-Na 

substitution is a significant factor that influences several different characteristics of the obtained 

product e.g. its solubility in water. In fact, by increasing the DS the solubility in water of  

CMC-Na improves302. The maximum degree of substitution (theoretical) for  

cellulose/CMC-Na is 3.0, however, a DS above 0.6 in sodium carboxymethylcellulose, already 

provides good water solubility. The commercially available CMC-Na usually exhibits a DS in 

the range between 0.4 and 1.5301. Additionally, the application of CMC-Na in industry, including 

as a flocculant is limited due to its poor solubility in acidic solutions303. Khiari et al.218 prepared 

three different CMC-Na, eco-friendly flocculants (DS of 1.17-1.86), from a cellulose-rich 

agricultural waste, date palm rachis. The performance of the anionic sodium 

carboxymethylcellulose flocculant was tested with aluminium sulphate (as coagulant) for 

drinking water treatment. The prepared CMC-Na showed good performance in the treatment 

of effluent, removing up to 95 % of turbidity, which was 10 % better than when using the 

commercial available anionic polyacrylamide. Ali et al.304 prepared carboxymethyl cellulose from 

cotton stalks wastes. The product obtained was tested as a flocculant in industrial wastewater 

samples of “Hyderabad industrial area”, by measuring turbidity, COD, TDS and conductivity 

reduction. Carboxymethyl cellulose provided effective removal of pollutants from the treated 

effluent, with an overall efficiency up to 60 %. 
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Another way to confer anionic character to cellulose is through the introduction of sulphonate 

groups (-SO3
-). Zhu et al.305 proposed the direct sulphonation of cellulose in  

N,N-dimethylformamide (DMF) using the ClSO3H/DMF complex as the sulphonation agent. 

In this work, polyelectrolytes with a DS above 0.38 were produced, which showed good water 

solubility. Svensson et al.306 also obtained water soluble cellulose sulphate by using NH2SO3H in 

DMF (DS of 0.57). Furthermore, sulphonation agents, such as sulphuric acid, SO3, 

chlorosulphuric acid, SO2Cl2, and complexes of these agents such as SO3/DMF and 

SO3/pyridine were also applied in order to obtain cellulose sulphate.307,308 Furuhata et al.309 

obtained cellulose sulphate by Strecker synthesis in a two-step reaction. Firstly, starting from 

microcrystalline cellulose, the reaction with N-bromosuccinimide and triphenylphospine in lithium 

bromide and DMF yielded the cellulose bromide (cell-Br). Further, reactions of sodium sulphite or 

sodium hydrogen sulphite with cell-Br under reflux or at 70 °C yielded then the cellulose sulphate 

with different DS, from 0.67 up to 0.89. The synthesised polyelectrolytes were water soluble over a 

wide pH range and insoluble in methanol, methylsulphoxide, and DMF. 

Introduction of reactive aldehyde groups (through periodate oxidation pre-treatment) into the 

cellulose backbone can significantly increase the facility for cellulose anionization. One 

approach is based on the bisulfite addition to dialdehyde cellulose (DAC) that allows the 

creation of sulphonates. Liimatainen et al.277 developed four water-soluble, anionic derivatives 

of dialdehyde cellulose (ADAC). In a two-step reaction, bleached birch pulp underwent 

periodate oxidation, and then sulfonation with sodium metabisulfite at room temperature, 

during 24-72 h. The ADACs exhibited 2.1-3.2 mmol/g of charged groups and showed broad 

pH stability (from pH 3 to 9). This periodate oxidation and further sulphonation of cellulose 

led to obtaining an effective flocculant for kaolin suspensions. Hou et al.271 also modified by 

oxidation/sulfonation bleached softwood kraft pulp, using sodium bisulfite. In another study, 

by Rajalaxmi et al.,267 DAC obtained from periodate oxidation of hardwood kraft pulp was also 

modified by sodium bisulfite. It was reported that the solubility of ADAC strongly depends on 

the sulfonic acid groups content, which is driven by the aldehyde groups content of the  

pre-obtained dialdehyde cellulose. Obtained products showed good water solubility provided 

that the sulfonic acid content was above 0.16 mmol/g. Zhang et al.268 modified bleached 

hardwood kraft pulp and nanocellulosic structures through periodate oxidation/sulfonation 

sequence. The sulfonation of DACs was carried out with sodium bisulfite, at 22 °C during 2 h. 

The resulting ADAC products showed significant morphological changes, losing their original 

spherical shapes with the increase of oxidation/sulfonation. 
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Fig. 2.22. Periodate and chlorite oxidation of cellulose, where DAC is dialdehyde cellulose and DCC is dicarboxyl 
acid cellulose 310. 

On the other hand, Liimatainen et al.310 reported synthesis of anionic dicarboxylic acid cellulose 

(DCC) derivatives with variable charge densities using regioselective and sequential oxidation 

with periodate and chlorite (Fig. 2.22) of hardwood cellulose pulp. Reactive aldehyde groups in 

2,3-dialdehyde cellulose were selectively oxidized to acids to form the chemically stable  

2,3-dicarboxylic acid cellulose (DCC). The periodate/chlorite oxidized samples exhibited 

carboxyl contents that ranged from 0.38 to 1.75 mmol/g. Kim et al.266 also reported modification 

of Cladophora cellulose in a two-step reaction using NaIO4 followed by NaClO2 oxidations.  

The oxidation with NaClO2 was carried out in acetate buffer during 260 hours leading  

to a product with a degree of oxidation of 0.3. 

 

Fig. 2.23. Synthesis of dicarboxylic acid cellulose (DCC) via Schiff-based route, where BPC is bamboo cellulose 
pulp; DAC is dialdehyde cellulose and DCC is dicarboxylic acid cellulose (DCC, reaction time 5 and 48 hours).311  

Zhu et al.311,312 reported a synthesis of anionic dicarboxylic acid cellulose via Schiff-based route 

(Fig. 2.23), starting from bamboo cellulose pulp. The functionalization was carried out in 

a solvent such as NaOH/urea solution. The positive influence of the NaOH/urea medium 

effectively promoted the dialdehyde cellulose (DAC) conversion to dicarboxylic acid cellulose 

(DCC). Additionally, in a broad pH range of 4 to 10, DCC with carboxyl groups content of 

more than 1 mmol/g showed good flocculation performance for kaolin clay suspension. 

Amphoteric natural polyelectrolytes also come into focus as potential effective flocculation agents. 

In a polymeric backbone, the presence of both cationic and anionic charged groups improves the 

solubility of the polyelectrolyte across the entire pH range, which enables a wide range of 

applicability. It was demonstrated by Kono and Kusumoto313 that amphoteric cellulose with a high 

degree of cationic substitution presented excellent flocculation ability in a wide pH range towards 

kaolin suspensions. The product was obtained based on the reaction of carboxymethylcellulose 
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(containing anionic groups) with EPTMAC (2,3-epoxypropyltrimethylammonium chloride; with 

cationic groups), in NaOH solution at 60 ºC. 

Cellulose derivatives are very attractive molecules as flocculation agents for effluent treatment. 

There are still numerous potential chemical modifications that can be applied for cellulose 

molecules in order to obtain cationic, anionic or amphoteric polyelectrolytes with desired 

properties. Therefore, development of new natural-based biopolymers as environmentally 

friendly flocculants is still highly pursued. Compared with the traditional inorganic flocculants 

and synthetic organic flocculants, the modified natural biopolymers are generally nontoxic,  

eco-friendly and biodegradable, which is essential from a sustainability point of view. 

2.7. TANNINS AS RAW MATERIAL 

Tannins are the secondary polyphenolic metabolites, that protect plants against infections and 

insects314. They have been found worldwide in many different families of the higher plants, 

though their wide distribution in leaves, wood, bark, fruits, roots and seeds315. These natural 

products have not yet been isolated from lower plants such as algae, or from the fauna. Typically, 

commercial tannins are obtained from Quebracho wood (Schinopsis balansae and S. lorentzii)316,  

as well as from the bark of Mimosa (Acacia Mearnsii), Pinus, and Eucalyptus species317. 

Tannin structure complexity, properties, or chemistry are highly influenced by their origin, role 

in plant life, location, and surrounding vegetation. Tannins appear as light yellow or white 

amorphous powders or, alternatively shiny, nearly colourless. Additionally, the relatively large 

molecular weight of tannins (up to 20000 Da) can cause darkness in the colour of the sample, 

and a characteristic smell or astringent taste318. 

Till recent times, tannins were not yet well understood and lot of work was required  

to apprehend their complete nature. Additionally, even the nomenclature is full of confusions, 

erroneous interpretations, and keeps changing caused by advances in this field319. Several tannins 

do not possess tanning properties but they belong to this group because of their structural 

characteristics (not all tanning compounds are tannins).  

2.7.1. Structure and chemical composition of tannins 

High tannin concentrations are found in nearly every part of the plant. Their structure varies 

from location to location, depending on the vegetation in the area, origin and the role in plant 

life. 
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In the early beginning of the study of tannins, the plant tannins were defined as water soluble 

phenolic compounds with a molar mass between 300 and 3000, showing the usual phenol 

reactions (e.g. blue colour with iron (III) chloride) and ability to precipitate alkaloids, gelatins 

and other proteins319. However, this definition cannot be any longer valid since it does not 

include all tannins characteristics and structures. Nowadays, on the basis of molecular structures, 

molecules with a molar mass of up to 20000 Da have been isolated and classified as tannins. 

Another classical description defines tannins as “macromolecular phenolic substances” and 

divides them in two major groups, the ‘hydrolysable’ and ‘condensed’ tannins320. This definition 

of the tannins ignores the low molecular weight and monomeric tannins with a molar mass 

below 1000 Da. It is rather difficult to define in a concise way the term “tannin” that will cover 

a whole range of constituents, in terms of molecular structures of the currently known tannins 

(over 1000 natural products) that vary a lot. The following definition is now more commonly 

used and is of a wider nature: “Tannins are polyphenolic secondary metabolites of higher plants, 

and are either galloyl esters and their derivatives, in which galloyl moieties or their derivatives 

are attached to a variety of polyol-, catechin- and triterpenoid cores (gallotannins, ellagitannins 

and complex tannins), or they are oligomeric and polymeric proanthocyanidins that can possess 

different inter-flavanyl coupling and substitution patterns (condensed tannins)”318. 

Many tannins can be extracted and fractionated hydrolytically, for example by treatment with 

hot water, which led to classify such tannins as ‘hydrolysable tannins’. Non-hydrolysable 

oligomeric and polymeric proanthocyanidins have been classified as condensed or  

non-hydrolysable tannins. Therefore, the term ‘hydrolysable tannins’ includes both the 

gallotannins and from historical reasons also the not hydrolysable ellagitannins, through  

the C–C coupling of their polyphenolic residue with the polyol unit321. 

 
Fig. 2.24. Classification of the tannins318. 
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On the basis of their structural characteristics it is therefore possible to divide those chemical compounds 

into four major groups: gallotannins, ellagitannins, complex tannins, and condensed tannins (Fig. 2.24).  

The gallotannins are the simplest hydrolysable tannins, containing a polyphenolic and a polyol 

(sugar) structure. In all those tannins the galloyl units are bound to diverse polyol-, catechin-, or 

triterpenoid units. A great variety of polyol residues are possible, with most of the gallotannins 

isolated from plants containing a polyol residue derived from D-glucose. The hydroxyl functions 

of the polyol residues may be partly or fully substituted with galloyl units318. 

The Ellagitannins create the largest group of known tannins, with more than 500 examples of 

natural products322. This chiral compound structure is made up with at least two galloyl units 

that are C–C coupled to each other, and do not contain a glycosidically linked catechin unit.  

Complex tannins are tannins in which a catechin unit is bound glycosidically to a gallotannin or 

an ellagitannin unit. The structures of the complex tannins are built up from a gallotannin unit 

or an ellagitannin unit, and a catechin unit323. 

Condensed tannins are oligomeric and polymeric proanthocyanidins containing coupled  

flavan-3-ol (catechin) units (oligomeric or polymeric proanthocyanidins = condensed 

proanthocyanidins = condensed tannins), formed by linkage of C-4 of one catechin with C-8 or 

C-6 of the next monomeric catechin. Oligomers and polymers consisting of two to ten catechin 

units are also known as flavolans. Biosynthetically, the condensed tannins are shaped by 

condensation of the single building blocks, with a degree of polymerization between two and 

greater than fifty blocks. The coupling pattern of the catechin units in condensed tannins can 

vary considerably. The condensed tannins may also be found in red wine (and to a lesser extent 

in white wine). The properties of these tannins, and especially their importance to winemaking, 

depend on their specific reaction with proteins, which in turn is directly related to their degree 

of polymerization324,325. 

2.7.2. General applications of tannins 

Tannins have been used in tanning processes for millennia (since ca. 1500 BC). They also have 

been widely applied in several industries326: food industry327,  ink manufacture,  resins328, water 

purification329, adhesives manufacture330-332, gallic acid synthesis, plastics, surface coatings333, etc. 

Recently, it started to become clear that tannins often are the active principles of plant-based 

medicines. In Asian (Japanese, Chinese and Indian) natural medicine, they are well known from 

their extensively healing properties and antibacterial properties315. The tannin-containing plant 
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extracts have astringent properties and thus were applied to treat tonsillitis, pharyngitis and skin 

eruptions. Successfully, they are used against diarrhoea334, as diuretics335, against stomach and 

duodenal tumours336, and as anti-inflammatory, antiseptic, anti-viral and haemostatic 

pharmaceuticals337,338,339. As tannins can precipitate heavy metals and alkaloids (except 

morphine), they have also been used as an antidote for metallic, alkaloidal, and glycosidic 

poisons, with which they form insoluble precipitates60,340. During the last twenty years many 

representatives of different tannin class compounds have been successfully isolated and 

characterized318. In extensive biological tests many representatives of these classes were found 

to have antiviral, antibacterial, and, especially, antitumour activity315,341-339. 

Bing soluble in water, tannins with iron salts form dark blue or dark green solutions, a property 

utilized in the production of inks (iron gallate ink). In the food industry, tannins are used as 

antioxidants and to clarify wine, beer, and fruit juices327. They also find other industrial 

application as coagulants in rubber production.  

Over last year’s there has been a continuous interest in using tannins as adhesives. The 

structure of these compounds suggests that they can be successfully utilised as substituents 

for phenol in phenol-formaldehyde resins well known for their toxicity, by releasing 

formaldehyde. The complex polyphenolic structures of condensed tannins show a higher 

reactivity towards formaldehyde than phenol331. 

In addition to their principal applications in leather manufacture and dyeing, tannins are used 

as a constituent to reduce viscosity of drilling mud for oil wells, and in water boilers to prevent 

scale formation318. Furthermore, they have been used to treat drinking water, wastewater and 

industrial wastewater. Their application as natural coagulants for the water treatment is based 

on the presence of phenolic groups of anionic nature in tannin chemical structure, which can 

be deprotonated and form phenoxides stabilized by resonance. The effectiveness of tannins as 

coagulants when applied to the clarification of drinking water, wastewater, or industrial effluents 

is highly influenced by the chemical structure, which in turn is dependent on the plant from 

which it was extracted, and on the degree of modification329 

2.7.3. Tannin-based coagulation agents 

Typically, condensed tannins are not used directly as flocculation or coagulation agents in effluent 

treatment, even though they exhibit anionic character due to the structure deprotonation and 

creation of phenoxides342. To improve their application in effluent treatment, the tannins can be 

modified by aldehydes, amines, or other cationic reagents, but most of the modification methods 

http://www.britannica.com/topic/leather
http://www.britannica.com/science/water
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and performance data are patented343. The conventional modification is based on the introduction 

of positively charged groups into the tannin structure. The cationization usually follows the Mannich 

aminomethylation. Through this reaction, positively charged groups (namely protonated tertiary 

nitrogen groups) are introduced in the complex tannin matrix344,345. In this process, several 

characteristics of obtained product can be tuned, such as the solubility and stability at different pH 

levels. 

Fig. 2.25 presents the mechanism of the Mannich reaction, carried out in aqueous medium. 

The two-step reaction requires the previous preparation of the Mannich reagent (formaldehyde 

adduct with dimethylamine), followed by the cationization of the tannin. Furthermore, the order 

of the reagents addition used in the reaction, the temperature, and the reaction time, influence 

the Mannich reaction and products properties346. Subsequent polymerization between tannin 

molecules is also claimed to occur, thus, increasing the molecular weight of obtained 

products347,348. Many variations of this reaction have been reported349-351,332. 

 

Fig. 2.25. Schematic of the Mannich reaction to modify the tannin (Adapted from346,352). 

Modified tannins, via Mannich reaction, exhibit dual nature: cationic (due to tertiary ammonium) 

and anionic (ionized phenols), which is beneficial in a coagulation/flocculation system343. 

Typically, the positively charged modified tannin products are able to destabilize anionic 

impurities in wastewaters. Moreover, modified tannins can work as flocculants and be used 

alone to remove impurities or can exhibit coagulant-type features and be used to treat effluents 

with another additive (e.g. flocculants) in coagulation-flocculation mechanism. The process of 

coagulation/flocculation is followed by settling, enabling separation and removal of 

contaminants (dyes, organic matter, and surfactants)343. 
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Beltrán-Heredia et al.353 reported production of new Acacia mearnsii tannin-based coagulants by 

using ammonium chloride and formaldehyde. The reaction was carried out during 24h at room 

temperature. It was reported that the ratio of used NH4Cl to tannin had a strong influence on 

the cationization process. The obtained product showed good performance in the colour 

removal of Alizarin Violet 3R, clarification of surface river water and sewage water collected 

from municipal WWTP. Another study of Beltrán-Heredia et al.343 focused on cationization of 

two different condensed tannins: Acacia mearnsii and Schinopsis balansae with three different types 

of amine compounds (ammonium chloride, glycidyltrimethylammonium chloride and 

diethanolamine) in the presence of formaldehyde. The reactions also proceeded at room 

temperature during 24h. The resultant modified tannins were tested in dye removal (Palatine 

Fast Black WAN) as well as in clarification of surface river water and simulated laundry 

wastewater. Products obtained with diethanolamine exhibited the best performance in the 

WWT over those obtained with glycidyltrimethylammonium or ammonium chloride.  

The turbidity removal of river water increased with the increase of bio-coagulant dosage (40 %  

at 3 mg/L of modified tannin to 99 % while using 15 mg/L of bio-coagulant). 

Beltrán-Heredia et al.354 also tested tannin molecules from different sources (hydrolysable 

tannins: Tara, chestnut; and condensed tannins: Acacia mearnsii, Qebracho Schinopsis balansae), 

modified by etherification using glycidyltrimethylammonium chloride and formaldehyde.  

The obtained modified tannins have been applied in the removal of model coloured wastewaters 

(Alizarin Violet 3R, Palatine Fast Black WAN, Direct Red 28, New Coccine, Chicago Sky Blue 

6B, Tartrazine, Carmine Indigo, Patent Blue V and Amaranth). The performance of obtained 

bio-coagulants varied, mainly due to the dye characteristics and the tannin nature. Modified 

hydrolysable tannins showed lower efficiency in decolouration compared to the modified 

condensed tannins. Moreover, modified Acacia mearnsii tannin presented the highest colour 

removal in all tested dyes (removing up to 99 % of Chicago Sky Blue 6B and Direct Red 28). 

Sánchez-Martín et al.355 tested commercially available Schinopsis balansae tannin-based coagulant, 

under the name Silvafloc, for surface water treatment. Silvafloc is a cationized product obtained 

from the Mannich reaction of monoethanolamine, formaldehyde and tannin. The bio-based 

coagulant showed good water clarification, based on the turbidity reduction (up to 80 %). 

Moreover, it was described, that temperature and pH did not have influence on the coagulation 

process. Graham et al.347 also studied a commercial available tannin-based cationic coagulant in 

kaolin clay suspension. Amphoteric nature of bio-coagulant was suggested, at low pH being 

positively charged due to protonated tertiary amine groups, and at high pH with amine 

deprotonation and ionization of phenol groups, revealing its anionic character. Tested  
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bio-coagulant appeared to have moderate to high molecular weight, ~600,000 g/mol  

(1000 - 2000 repeating units), with narrow molecular weight distribution. In coagulation of 

kaolin suspension, modified tannin showed to destabilise kaolin particles by charge 

neutralization. However, at pH 7, compared to alum or polyDADMAC, the tested natural-based 

coagulant showed lower clarification of kaolin suspension, due to its lower charge and smaller 

molecular size. Tannin performance improved significantly with the increase of dosage and pH 

(8 - 9), displaying greater turbidity removal than alum or polyDADMAC. Additionally, Quamme 

and Kem356 observed that the tannin-based products were more effective in the treatment  

of river water to remove turbidity and colour than alum and ferric chlorides. Commercially 

available tannin-based coagulant (Tanfloc) was tested in municipal wastewater treatment at pilot 

plant scale, by Hameed et al.357. Results for moderated polluted wastewater revealed high 

turbidity removal, up to 90 %, while BOD and COD reduction were ~60 %. Furthermore, flocs 

obtained with the tannin-based coagulant were larger in size (90 % of flocs were smaller than 

144 micron and 50 % of flocs were smaller than 56 micron) compared to those obtained with 

polyaluminium chloride (90 % of flocs were smaller than 96 micron and 50 % of flocs were 

smaller than 27 micron). It was suggested, while using Tanfloc, that charge neutralisation and 

flocculation (bridging or patching) take place in the WWT. 

A different study by Sánchez-Martín et al.358 described the modification in a formaldehyde-

sodium hydroxide system of Schinopsis balansae tannin and its application as cationic dye 

(Methylene Blue) adsorbent. Tannin powder was dissolved in NaOH aqueous solution, followed 

by the addition of formaldehyde. The polymerisation was carried out at 80 °C for 8 h, yielding 

a product with “gummy appearance”. After water evaporation, modified tannin was crushed 

and sieved. With the increase of temperature or pH (4-10) the adsorption capacity of  

the modified tannin also increased.  

Modified tannins have shown high potential as wastewater treatment agents. Using tannins  

as coagulants may significantly reduce usage of synthetic flocculation aids, which has positive 

impact on reducing the production of sludge and on decreasing significantly the process costs. 

Their versatile application as coagulants/flocculants as well as adsorbents, together with their 

natural origin, biodegradability, and the demonstration of clarification results comparable with 

traditional WWT agents are just some of the advantages while using these eco-friendly 

components. 
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2.8. FINAL REMARKS 

Wastewater treatment and colour removal involve very complex methodologies that require 

several treatment stages to achieve the desired quality and purity of water. Among possible 

techniques, the coagulation and flocculation seem to be suitable solutions to treat colour 

containing effluents from different industries and do not require expensive, sophisticated 

installations. However, several factors need to be taken into account while selecting the right 

PEL for a desired process: the nature of suspended particles (organic/inorganic, solids content, 

net surface charge density, pH and temperature of the system) and the end result to be achieved 

(fast phase separation of solid-liquid system, clarity of separated liquid, among others). Even if 

treated water does not meet the desired water quality criteria for direct water discharge, these 

pre-treated effluents are usually prepared for biological treatment, since the toxic dye 

compounds can be partially removed in the coagulation/flocculation process. 

As it was discussed previously, several works have been published in  

the coagulation/flocculation area of dye containing wastewaters using mainly mineral-based or 

synthetic organic compounds. However, most of them are carcinogenic, toxic, harsh to  

the environment and often generate unexpected by-products with even higher toxicity. Some 

of the research work has been aiming to more eco-friendly solutions and material alternatives. 

Definitely, the bio-based coagulants or flocculants are the most promising for the replacement 

of traditional WWT agents. Their environmental friendly behaviour, biodegradability, non-

toxicity, natural origin, easy availability and no secondary by-products pollutants creation,  

are just some of their advantages for potential application. 

The development of bio-based WWT agents, that are effective, reliable and economic attractive 

is in strong need. Still, valorisation of natural wastes as wastewater treatment agents is still rare 

and underdeveloped. 

 
.
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3.1. INTRODUCTION 

Recently, cellulose became one of the main focus in academic and industrial research. It is also 

considered as a very attractive potential feedstock for various industrial applications. Wood 

wastes or bleached wood pulp as an overproduction are very attractive sources of lignocellulosic 

and cellulosic materials for more valuable products. The main focus in this section will be on 

Eucalyptus lignocellulosic wastes and Eucalyptus bleached kraft pulp taking into account that 

Eucalyptus is one of the most important hardwood species grown in Portugal. The pre-treatment 

of these raw materials aimed at increasing their cellulose content and improving their reactivity 

in the further chemical modifications of the cellulose backbone which are required to produce 

polyelectrolytes, will be presented in this chapter. 

3.2. GENERAL THEORETICAL ASPECTS OF KRAFT 

PULPING 

The kraft pulping is by far the most used process for the pulping of wood. It represents around 

95 % of the chemical pulp production and around 70 % of all the virgin pulp production.  

This process, discovered at the end of the 19th century, consists of the removal of lignin 

(although not completely) by the action of a mixture of sodium hydroxide and sodium sulphide 

at high temperatures (typically in the range of 150-170 ºC). The NaOH is the primary cooking 

chemical but the presence of Na2S also facilitates the lignin depolymerization. The lignin 

depolymerization and removal into the liquor provides the final material, called the kraft pulp, 

in which cellulose in first place and hemicelluloses in second place are dominant. The residual 

lignin that stays in the pulp after the cooking and gives the characteristic brown colour  

to the kraft pulp can be removed by an appropriate bleaching step, if the purpose is to use pulp 

to produce printing and writing paper. 

3.2.1. Variables and chemicals in the kraft cooking process 

The kraft cooking is majorly the reaction of lignin with sodium hydroxide and sodium sulphide. 

Several factors may govern the efficiency and yield of the process and the chemical  

and mechanical properties of the obtained pulp. These are the type and origin of the raw 

material, the size and impregnation of the wood chips, the liquid-to-wood weight ratio,  

the alkalinity, the sulfidity, as well as the temperature and the time of the reaction. A detailed 
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discussion of the influence of these variables is out of the scope of the present thesis and can 

be found elsewhere359. A few definitions, however, should be provided for a better 

understanding of the influence of the chemicals in the kraft cooking process. As mentioned,  

the main chemicals, which form the basis of the white liquor, are the sodium hydroxide and 

sodium sulphide. While sodium hydroxide provides OH- anions to the medium, sodium 

sulphide, under the pH conditions of the liquor (pH ~14) is hydrolysed to HS-. The hydrolysis 

of Na2S generates NaOH: from one mol of Na2S (78 g), one mol of NaOH (40 g) is produced.  

Thus, the effective alkali charge (EAC) is defined as: 

EAC = (([NaOH].V + ½.[Na2S].V)/w) *100   Eq. 3.1 

where concentrations are expressed in g/L units, V is the volume of white liquor and w is the 

wood weight (in a dry basis) 

And the active alkali charge (AAC) is defined as:  

AAC = (([NaOH].V + [Na2S].V)/w) *100   Eq. 3.2 

The sulfidity (S) of the cook is then defined as the ratio (in percentage) of Na2S and the active 

alkali: 

S = ([Na2S]/([NaOH] + [Na2S])) *100   Eq. 3.3 

Typically, in kraft cooking, sulfidity varies between 25 and 40 %.  

As a way of expressing the quantities of the various chemicals present in the white liquor in a 

common unit, the values are typically expressed in g/L of Na2O. NaOH is converted into the 

corresponding quantity of Na20 after multiplying by 0.775. Similarly, Na2S is converted into 

Na20 after multiplying by 0.795. In kraft cooking, it is also controlled the liquor-to-wood ratio 

which is defined as the ratio between the weight of cooking liquor and the weight of wood  

(as dry matter). The typical ratios used are in the range of 3 to 4.  

3.2.2. Reactions between lignin and kraft cooking liquor in the delignification 

The reactions occurring in the delignification process during kraft cooking are complex. It is 

believed that the wood delignification occurs mainly by the cleavage of the aryl ether bonds  

(-O-4 and -O-4). The carbon-carbon bonds in lignin are considered to be stable and less 

prone to the action of the chemicals used in the kraft cooking. The most common linkages 

between phenylpropane units in wood lignin are shown in Fig. 3.1. It should be noted that 
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hardwood lignin contains less carbon-carbon bonds and more ether (C-O-C) bonds between 

units than softwood lignin. For this reason, hardwood lignin is easier to delignify than softwood 

lignin because of the higher facility in cleaving the -O-4 bonds. Another reason for the easier 

delignification of hardwoods is their lower content in lignin. 

 

Fig. 3.1. The most common linkages between phenylpropane units in wood lignin (typical percentages in hardwood 
lignin are also shown)360. 

Free phenolic units in lignin  

Under the pH conditions of the kraft cooking (pH~14), the phenolic groups (present in some 

of the lignin monomeric units), which have a pKa of 9-5-10.5, are fully ionized. This enables  

a sequence of reactions starting with the formation of a quinone methide (Fig. 3.2).  

 

Fig. 3.2. Reactions of the lignin free phenolic units during kraft cooking361. 

In the first step, the quinone methide is then formed by the elimination of the OH group  

at the C position or cleavage of the -aryl ether bond. The quinone methide readily reacts with 

the HS- anion (nucleophile). Note here that, being the HS- more nucleophile than the OH-  

the former promotes this type of reaction. The ionized form of the thiol attacks the C carbon 

and causes the cleavage of the -0-4 linkage. In the whole mechanism, the rate determining step 

is the formation of the quinone methide, which means that the rate of this reactions sequence 

does not depend on the concentration of OH-, provided that the pH is high enough to ionize 
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the phenolic groups and does not depend on the concentration of HS- either, provided that 

there is enough concentration of HS- anions. In this process, elemental sulphur is formed,  

as well as a styrene derivative at the end. The elemental sulphur may be further combined with 

hydrogen sulphide to give polysulfides. 

Non-phenolic units in lignin  

For the non-phenolic units of lignin, the hydroxyl groups present in the C position (benzylic) 

of the aliphatic chain of the phenylpropane unit may be ionized at the elevated temperatures 

and high alkaline conditions prevailing. These have however a lower acidity (pKa of ca. 16) than 

the abovementioned phenolic groups. After the ionization of the C hydroxyl groups, there is 

a nucleophilic substitution on the C carbon leading to the cleavage of the -0-4 bond and 

generation of a phenolate moiety. An epoxide is formed on the reacting unit which is opened 

immediately by the action of hydroxyl anions (Fig. 3.3). The same type of reactions does not 

occur (or occur in a very small extent) in non-phenolic units with -0-4 bonds to other units. 

This is because the acidity of hydroxyl group bound to C is very low and insufficient.  

The acidity of C-OH is also lower than that of C-OH. Overall, the cleavage of the -0-4 

linkages in non-phenolic units, is not affected by the hydrogen sulphide anion but depends on 

the OH- concentration. 

 

Fig. 3.3. Reaction of the lignin non-phenolic units (adapted from361). 

Condensation reactions in lignin  

The addition of external nucleophiles such as HS- to the quinone methide, promotes the lignin 

degradation by facilitating the cleavage of -0-4 aryl ether bonds (and -O-4 in phenolic units). 

However, external nucleophiles compete with internal nucleophilic species, e.g., carbanions 

from phenolic structures, for quinone methide intermediates. In opposition to the reaction with 

HS-, the reaction with carbanions will promote a condensation of lignin, as illustrated in  

Fig. 3.4. In this reaction, there is a reversible addition of an internal nucleophile to the quinone 

methide, followed by an irreversible abstraction of a proton from the primary addition product 

with re-aromatization. The lignin condensation reactions are detrimental to the efficiency of the 
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delignification because the resultant type of structures is not soluble and will remain in the final 

pulp. However, the presence of HS-, although not avoiding, it limits the extent of the 

condensation reactions. 

 

Fig. 3.4. Condensation reaction of lignin. Reaction between a quinone derivative and a carbanion361.  

Formation of sulphur-containing compounds and quinones 

During the kraft cooking, sulphur-containing compounds such as mercaptans and sulphides are 

produced, which are responsible for the obnoxious odours found in the vicinity of the pulp 

mills. In fact, methyl mercaptan (CH3SH) is formed by a nucleophilic attack of the hydrogen 

sulphide anions on the methoxyl substituent groups present in the aromatic rings of lignin.  

If the resultant CH3SH attacks another methoxyl group, dimethyl sulphide (CH3SCH3) is formed 

(Fig. 3.5). For phenolic units, the reaction with HS- yields catechol which is further oxidised to 

quinone by air. The quinones provide the characteristic brown colour of the residual lignin after 

kraft cooking. 

 

Fig. 3.5. Formation of mercaptans and coloured groups during kraft cooking362,363. 

3.2.3. Reactions between polysaccharides and cooking liquor in the delignification 

In the process of kraft cooking, besides the reactions of the cooking liquor with lignin, celluloses 

and hemicelluloses are also affected. In particular, cellulose is substantially depolymerized, being 

the degree of polymerization reduced from up to 10000 in the wood to less than 2000 in the 

final kraft pulp. Hemicelluloses, suffer even more drastic transformations and can be almost 

completely degraded and dissolved into the liquor, being this responsible, together with the 

removal of lignin, for the low yields achieved in the overall kraft process (50 - 55 % or less). 

Among hemicelluloses, xylans are, however, more resistant to the alkaline cooking than 

glucomannans. 
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Peeling reactions of reducing end groups of cellulose and hemicelluloses 

For the polysaccharides, under the kraft cooking conditions, there is terminal degradation of 

the chain by a peeling process (Fig. 3.6). This occurs because of the presence of reducing 

aldehyde group in the end of a polysaccharide chain (an acyclic aldose in equilibrium with  

the respective hemiacetal). In this process, an enediol is firstly formed through keto-enol 

isomerization. This enediol, is in equilibrium with a ketone, but can go through a -alkoxy 

elimination, thus cleaving the glycosidic linkage. The end unit then goes through a sequence of 

reactions yielding carboxylic acids (e.g., isosaccharinic acid), which are released into the medium 

and also consume alkali. This peeling process is repeated several times and can remove up  

to 50 units of monosaccharides in the chains of cellulose or hemicelluloses. The reaction is 

stopped when the reducing end group is converted to a carboxylic acid. 

 

Fig. 3.6. Peeling reaction of carbohydrates in alkaline medium364,365. 

Alkaline hydrolysis of cellulose and hemicelluloses 

Alkaline hydrolysis accounts for most of the depolymerization observed in cellulose.  

In the highly alkaline conditions and high temperature of the kraft cooking, the alcoholic 

hydroxyl groups may partly ionize. The alkoxide (nucleophile) at the C2 position can then attack 

the electrophile C-l atom in the glycosidic unit, forming an oxirane structure involving C-1 and 

C-2, while the glycosidic bond is cleaved (Fig. 3.7). The further hydrolysis of the oxirane forms 

a new reducing end group. Acetyl groups of hemicelluloses also hydrolyse under alkaline 
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conditions providing acetic acid to the medium, which is further neutralized by sodium 

hydroxide. 

 

Fig. 3.7. Alkaline hydrolysis of carbohydrate chains361,364. 

The case of xylans: formation of hexenuronic acid groups 

In opposition to the glucomannans, the xylans are more resistant to the kraft cooking 

conditions. This is because the xylans contain 4-O-methyl--D-glucuronic (MeGlcA) side 

groups on the C-2 position (one per 5-10 xylose units) which limit the peeling reactions 

described before. In fact, these peeling reactions require the presence of a hydroxyl group at the 

C-2 position and therefore stop once a MeGlcA group appears in a unit at the end of the xylan 

chain (after previous peelings), what happens after a maximum of 10 units of xylan have left. 

The same is valid for the alkaline hydrolysis. Thus, after the kraft cooking, the xylans are not so 

degraded (depolymerized) and a significant amount stays in the pulp. The remaining amount 

gets dissolved in solution as oligomers with a degree of polymerization from 5 to 20. 

Interestingly, the MeGlcA groups of xylans are transformed to hexenuronic acids (HexA) by 

the -elimination of methanol with hydroxyl anions (Fig. 3.8). Their presence in the kraft pulps 

obtained from hardwoods (e.g. eucalypt) is not to be despised, since HexA groups contribute 

to the consumption of bleaching chemicals and play an important role in the brightness 

reversion of bleached pulp. It should be mentioned that they also contribute to the kappa 

number, which is considered a rough measure of the lignin content in an unbleached pulp. 

 

Fig. 3.8. Formation of hexenuronic acid groups on xylans during kraft cooking366. 

3.2.4. General considerations on the composition and properties of kraft pulps 

The kraft cooking is still the best procedure to obtain pulps for paper production. It is efficient, 

because almost all lignin from wood is removed by this method (around 90 %) and it is selective 

because only a small fraction of cellulose is lost during the process (less than 10 %). The kraft 
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pulps produced show a content of residual lignin between 2 and 6 %. The amount of residual 

lignin is less in the hardwood pulps than in the softwood pulps, due to the lower amount of 

lignin in hardwood and less condensed structures in the hardwood lignin (which are more 

difficult to degrade). Due to further re-condensation reactions in the kraft cooking, the residual 

lignin is always richer in carbon-carbon linkages than the original lignin in wood. On the other 

hand, cellulose accounts for more than 65 % of the kraft pulp. Due to the peeling reactions and 

especially the alkaline hydrolysis, cellulose shows a degree of polymerization in the kraft pulp 

considerably lower than in the wood raw material. As for the hemicelluloses, while glucomannans 

are substantially removed, a significant amount of xylans stays in the kraft pulps: for hardwood 

kraft pulps, xylans can even account for near 30 % of the all pulp weight (on dry basis).  

After the cooking, the kraft pulp needs to be characterized by its properties. Two determinations 

are usually carried out. One is the determination of the kappa number and the other is the 

determination of the viscosity of the solution of the pulp in cupric ethylenediamine. The former 

provides a measure of the lignin content, and the latter is an indication of the degree of 

polymerization of cellulose. Typically, the higher the kappa number, the higher the amount of 

lignin in pulp; the higher the viscosity in cupric ethylenediamine, the higher the degree of 

polymerization of cellulose. The target is thus to obtain pulps with the best compromise 

between a low kappa number and a high intrinsic viscosity. High degree of polymerization of 

cellulose will impart high strength properties on the fibres.  

3.3. MATERIALS 

Eucalyptus globulus industrial wood chips wastes, with a high size heterogeneity, supplied by  

The Navigator Company (Portugal), were used as a cellulose rich raw material. These were further 

processed using hot water extractions and kraft pulping. The typical chemical composition 

(wt%, on a dry weight basis) is summarised in  

Table 3.1. 

Table 3.1. Eucalyptus globulus chemical composition (range of values)367. 

 
Glucans 
(wt%) 

Xylans 
(wt%) 

Mannans 
(wt%) 

Cellulose 
(wt%) 

Insoluble 
lignin (wt%) 

Soluble 
lignin (wt%) 

Total lignin 
(wt%) 

Extractives 
(wt%) 

Max. 53.4 16.8 2.6 51.3 23.2 6.1 28.5 6.0 

Min 41.7 11.7 0.7 40.6 18.2 3.5 21.9 1.3 

The mild kraft cookings (with NaOH, Na2S and Na2CO3) and hot water extractions of Eucalyptus 

wood chips wastes were performed at RAIZ, Instituto de Investigação da Floresta e Papel, Portugal.  
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Eucalyptus globulus industrial bleached kraft pulp, used as cellulose fibre source, was supplied by 

The Navigator Company (Portugal). This pulp (hereafter mentioned as cellulosic pulp or Cp) 

contained about 85 wt% (on oven-dry pulp weight) of cellulose, 14 wt% of glucuronoxylan 

(hemicellulose) and about 1 wt% of other components (ashes, extractives) where lignin content 

is below 0.1 wt%. The bleached kraft pulp was alkali-extracted, in order to increase its cellulose 

content, using sodium hydroxide (in pearls) purchased from PRONALAB. All alkaline 

extractions were carried out at the University of Coimbra, Chemical Engineering Department. 

3.4. EXPERIMENTAL PROCEDURES 

3.4.1. Alkaline extraction of Eucalyptus bleached pulp 

The alkaline extraction of bleached pulp comprised a previous disintegration step: a mass of  

15 g of Eucalyptus bleached kraft pulp, obtained as air-dry sheets, was placed in a 2 L beaker. 

The disintegration was carried out with distilled water at 1 % consistency, using a magnetic 

stirrer at room temperature, overnight. The pulp slurry was filtered in a large Buchner funnel. 

Alkaline extraction of Eucalyptus bleached pulp after disintegration was carried out at room 

temperature for 2 h with 1 M NaOH at 5 % consistency, using mechanical stirring (70 rpm). 

After alkaline extraction, the pulp slurry was filtered in a large Buchner funnel, and the extracted 

pulp was washed with a large amount of distilled water and air-dried.  

Precipitation of hemicellulose was performed by lowering the pH of the previous filtrate to 7 

by the addition of 2 M nitric acid aqueous solution. This provided a milky white liquid, which 

was centrifugated at 5000 rpm for 30 min. The resultant hemicellulose solid was then oven-

dried at 35 ºC.  

The final extracted cellulosic pulp and the hemicelluloses solid were characterized by sugars 

analysis using high-performance liquid chromatography (HPLC) and for the ashes content.  

3.4.2. Hot water extraction of Eucalyptus wood chips wastes 

Eucalyptus wood chips wastes were submitted to hot water extraction in a rotary digester 

equipped with 4 independent 1.5-L vessels (Apineq). Each vessel was loaded with 200 g of wood 

chips (dry basis) and 800 mL of water (water : wood ratio =4:1). The reactor heating rate was 

1ºC/min, the maximum temperature was 160ºC, the time to reach maximum temperature  

143 min, and the time at maximum temperature 30 min. After cooling, the hot water extracted 
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chips were washed with a large amount of water and air-dried. The extracted chips were further 

used for kraft pulping. 

3.4.3. Kraft cooking 

The cooking liquor used in the kraft pulping was made by introducing into a flask 8 g of Na2CO3, 

46 g of sodium hydroxide and 29.5 g of sodium sulphide (with 64 % purity), followed by the 

dilution with 800 mL of deionized water.  

Eucalyptus wood chips wastes were submitted to kraft pulping in the same rotary digester referred 

above, equipped with 4 independent 1.5-L vessels (Apineq). Each vessel was loaded with 200 g 

of wood chips (dry basis) and 700 mL of cooking liquor (liquor : wood ratio =3.5). The reactor 

heating rate was 1ºC/min, the maximum temperature was 160ºC, the time to reach maximum 

temperature 141 min, and the time at maximum temperature 60 min. In the end of cooking, the 

produced pulps were thoroughly washed with a large amount of water and dried. Two different 

alkaline charges were used in the cookings. Cookings of previously hot water extracted wood 

chips were also performed. For the extracted chips, the kraft cooking was done after air-drying 

the extracted samples. kappa numbers of the final pulps were measured according to TAPPI 

Standard T236 om-99. The most relevant conditions and results of the cooking experiments are 

summarized in Table 3.2. 

Table 3.2. Kraft cooking experiments. 

Name 
Liquor-to-
wood ratio 

Active alkali 
charge (%) 

Temperature 
(ºC) 

Time at maximum 
temperature (min) 

Kappa 
number 

Hot water extracted Eucalyptus wood chips wastes 

D2 3.5 19 % 160 ºC 60 10.2 
D3 3.5 14 % 160 ºC 60 13.9 

Unextracted Eucalyptus wood chips wastes 

D1 3.5 19 % 160 ºC 60 16.1 
D4 3.5 14 % 160 ºC 60 26.7 

The kraft pulps were analysed for the sugars, lignin, extractives and ashes content. 

3.4.4. Characterisation techniques  

Moisture content 

The moisture of the cellulosic and lignocellulosic materials was determined by drying a sample 

of approximately 2 g, overnight, in the oven at 105°C. The wet and the dry samples were 

weighed. Moisture of each sample was determined as an average of 3 measurements. 
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Ash content  

The ashes content of the cellulosic and lignocellulosic materials was determined by heating the 

sample in a muffle at 525ºC during 12h, following TAPPI Standard T 211 om-02 

Chemical characterization of kraft pulps 

Extractives (E): 10-12 g of milled to 40 mesh kraft pulp was extracted in a Soxhlet apparatus 

(120 mL) with 150 mL of acetone at reflux during 5 h. Afterwards, the extracted pulp and 

acetone liquor were oven-dried at 105°C during 12h. All analyses described in this section were 

performed in triplicate for each sample. The extractives content was calculated based on the 

following equation: 

𝐸(%) =
𝑚𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒𝑠 (𝑔)

𝑚𝑑𝑟𝑦 𝑝𝑢𝑙𝑝(𝑔)
∙ 100     Eq. 3.4 

Where mextractives is the mass of extractives after drying of acetone liquor, mdry pulp is the mass of 

initial sample (dry basis). 

Klason Lignin (KL): 1 g (dry basis) of extractive free pulp was used for the subsequent 

chemical analysis. The sample was hydrolysed in a 50 mL beaker with 15 mL of 72 % H2SO4 at 

20°C during 2h. Every 15 min the sample was stirred with stirring rod to assure complete mixing 

and wetting. After 2h of hydrolysis, the residual solids along with the hydrolysis liquor was 

transferred to a 1-L Erlenmeyer flask and diluted with 440 mL of water. The Erlenmeyer flask 

was placed in a heating plate, and then the sample heated at 95 °C during 4h. The volume was 

always kept at 440 mL during a 4h cycle. Afterwards, the sample was cooled down to room 

temperature and then left settling overnight. The next day the sample was filtered using paper 

filter (Macherey-Nagel, 25 Rundfilter MN GF-1). The sediment (insoluble lignin) was washed 

with distilled water and then oven-dried at 105°C during 12h. All analyses described in this 

section were performed in triplicate for each sample. The Klason lignin (insoluble lignin) was 

calculated based on the following equation: 

𝐾𝐿(%) =
𝑚𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 (𝑔)

𝑚𝑑𝑟𝑦 𝑝𝑢𝑙𝑝(𝑔)
∙ 100     Eq. 3.5  

Where msediment is the mass of sediment (insoluble lignin) after drying, mdry pulp is the mass of initial 

sample (dry basis). 
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Soluble Lignin (SL): The volume of supernatant obtained from the procedure used for 

determination of Klason lignin was measured in a volumetric cylinder. The supernatant was 

diluted till the absorbance (Abs) at 205 nm was in the range between 0.2 and 0.8. All analyses 

described in this section were performed in triplicate for each sample. The soluble lignin was 

then calculated based on the following equation (TAPPI UM 250): 

𝑆𝐿(%) =
𝐴𝑏𝑠∙𝐹𝐷

110(
𝑔

𝐿
)

∙
𝑉𝑇𝑜𝑡𝑎𝑙(𝐿)

𝑚𝑑𝑟𝑦 𝑝𝑢𝑙𝑝(𝑔)
∙ 100   Eq. 3.6 

Where VTotal is the volume of supernatant (soluble lignin), mdry pulp is the mass of initial sample 

(dry basis), Abs is the absorbance value of diluted supernatant at 205 nm, FD is the dilution 

factor to obtain an absorbance of supernatant at 205 nm in the range between 0.2 and 0.8, and 

110 is a special extinction coefficient for lignin. 

Sugars composition: The undiluted sample of supernatant used for the determination of 

soluble lignin was neutralized with calcium carbonate to a pH between 5 and 6 and then filtered 

with a 0.2 µm filter directly to an eppendorf tube. This solution was used for the determination 

by HPLC of the cellulose (based on glucose) and hemicelluloses (based on xylose and other 

sugars) contents of the initial material, as described below.  

The HPLC equipment used for the sugar analysis was from Knauer (Berlin, Germany).  

The models of used pump and detector were Smartline pump 1000 and Smartline RI Detector 

S2300, respectively. An Agilent Hi-Plex Ca, 300x7.7 mm column from Agilent Technologies 

was used. Ultra-pure water without any added buffer or other compounds was used as a mobile 

phase. The pH of water was 5.9. The stationary phase was a strong cation exchange resin 

consisting of sulfonated crosslinked styrene-divinylbenzene copolymer in the calcium form, with  

a particle size of 8 µm. For microporous resins, the crosslink content controls the pore size and 

hence the molecular weight range of the analysis, determining the size exclusion properties of 

the resin. The lower the crosslink content, the higher the molecular weight that can be analysed. 

The 8 % crosslinked resin is used for oligosaccharides with a degree of polymerization (DP) less 

than 5. The flow rate was 0.6mL/min and the run time of 60 min. 

In the case of the alkali-extracted bleached pulp, the hydrolysis was performed as follows.  

A mass of 0.3 g of sample (cellulose-rich fraction) was placed in a 16x100mm test tube. Then, 

3.0 mL of 72 % H2SO4 was added. The mixture was stirred until the sample was thoroughly 

wetted, by using a glass stirring rod. The test tube was placed in a water bath set at 30 ± 1°C 
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and the sample hydrolysed for 2 hours. Every 15 min the sample was stirred to assure complete 

mixing and wetting. After 2h of hydrolysis, the residual solids along with the hydrolysis liquor 

was transferred to a serum bottle and diluted to a 4 % acid concentration by adding 84.0 mL of 

deionized water (pH 5.7), being the total volume of solution 87 mL. The bottle was closed and 

placed in an autoclave, set in a liquid cycle for 1h at 121 ± 3°C. After the autoclave cycle, the 

sample was cooled for about 20 min at room temperature, before removing the stoppers.  

A 20 mL aliquot was transferred to a 50 mL Erlenmeyer flask. Then, this was slowly neutralized, 

with frequent swirling, with calcium carbonate to a pH between 5 and 6. The pH of the solution 

was monitored with a laboratory pH meter (inoLab, WTW from Weilheim, Germany).  

A portion of 1 mL of the neutralized hydrolysate was filtered directly to an eppendorf tube, by 

using a 1 mL syringe with a 0.2 µm filter attached. This sample was then used for the HPLC 

analysis.  

For the hemicelluloses fraction separated from the bleached pulp by alkaline extraction, 2.0 mL 

of 0.5 M H2SO4 was added to a suspension of 0.1 g of hemicellulose in 8 mL of deionised water, 

and the mixture stirred for 5 minutes. The hydrolysis was performed further in an autoclave for 

40 minutes at 120°C and 0.12 MPa. The resulting solution was filtered using 0.2 µm syringe 

filters before the HPLC analysis. 

3.5. RESULTS AND DISCUSSION 

This work may be divided in two sections: the alkaline extraction of Eucalyptus bleached pulp 

and the kraft cooking of Eucalyptus wood wastes with or without previous hot water extraction. 

The aim of these processes was to increase the cellulose content of the evaluated raw materials 

in order to improve their reactivity in the further modifications. Different chemical 

compositions of the obtained cellulosic and lignocellulosic materials (namely the cellulose, 

hemicelluloses and lignin content) should be translated into different reactivity in the reactions 

of cationization or anionization of the cellulose backbone. 

3.5.1. Alkaline extraction of Eucalyptus bleached pulp  

Many methods have been used and described in the literature to separate hemicellulose and 

cellulose from holocellulose (cellulose with hemicellulose) by variations of the alkaline method. 

In general, this pre-treatment uses reagents such as sodium hydroxide368, ammonia369 or lime 

(i.e., calcium hydroxide; Ca(OH)2)
370. All of these alkaline pre-treatments have a common effect: 

they increase the digestibility of the lignocellulosic or cellulosic material, due to the changes in 
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the complex lignin–hemicellulose network or by increasing hemicellulose removal. However, 

treatment with sodium hydroxide (NaOH) is the most common, due to the high effectiveness 

and relatively low price. Moreover, NaOH treatment works well at reduced temperatures368 and 

mild conditions371. 

Table 3.3. Alkaline extraction procedure of Eucalyptus bleached pulp.  
 1 2 3 4 5 6 7 8 9 10* 

Alkaline extraction conditions: 
NaOH Concentration (M) 0.8 1 1 1 4 1 2 2 1 1 
Time (h) 2 2 2 15 2 2 2 4 4 2 
Temperature RT RT RT RT RT 50°C RT 50°C 50°C RT 
Ash content in xylan 
fraction (wt%) 

10 11 15 12 10 16 14 17 12 - 

Ash content in cellulose-
rich fraction (wt%) 

2 1 1 1 12 7 12 6 2 2 

Hydrolysis conditions: 72 % H2SO4 2h, autoclave 1h  
Xylan in xylan fraction 
(wt%) 

48 50 55 24 36 35 45 36 31 _ 

Cellulose in cellulose-rich 
fraction (wt%) 

88 90 99 41 81 94 88 90 93 94 

Xylan in cellulose-rich 
fraction (wt%) 

7 8 9 5 6 10 7 3 6 2 

Hydrolysis conditions: 0.5M H2SO4 5min, autoclave 40 min 
Xylan in xylan fraction 
(wt%) 

- - - 56 - - 62 54 54 70 

*Cellulose obtained in Entry 3 was re-extracted; RT, room temperature 

The alkaline extraction of Eucalyptus bleached pulp under different conditions (concentration of 

NaOH and extraction time) was performed in order to develop the most efficient procedure 

(Table 3.3). During the studies the best results were obtained at room temperature while using 

1 M NaOH, 5 % consistency and stirring with mechanical stirrer for 2h. After alkaline 

extraction, the pulp was filtered off and washed thoroughly to remove the remaining alkali.  

The alkaline extract (containing hemicellulose) was then further precipitated with 2 M HNO3. 

The isolated cellulose and hemicellulose (xylan) fractions were analysed for their sugars content 

after hydrolysis: cellulose was determined based on glucose content and hemicellulose based on 

xylose. The composition shown in the HPLC chromatogram of the xylan fraction after 

hydrolysis (Fig. 3.9, B) indicates that the major component is xylose (i.e. xylan free from 

cellulose and other hemicelluloses components). However, the cellulose fibers after alkaline 

extraction still had remaining’s of hemicellulose (Fig. 3.9, A). In order to improve the purity of 

cellulose several different conditions were tested. Increasing extraction time from 1h to 15 h as 

well as using higher temperature or higher concentration of NaOH, did not allow increasing 

the cellulose purity or the amount of extracted hemicellulose. 

Hydrolysis of hemicellulose and cellulose fractions with 72 % H2SO4 during 2 h, followed by  

1 h in an autoclave was applied in the analytical procedure of sugars determination. In the case 

of xylan fraction, these conditions were probably too harsh, leading to low values of 
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monosaccharides. Using lower concentration (0.5 M) of sulphuric acid during 5min, followed 

by 40 min in the autoclave allowed increasing the xylan content values in about 50 %  

(Table 3.3) However, the obtained values were still too low meaning that the conditions of 

hydrolysis were not the most appropriate for the xylan fraction analysis. 

 

Fig. 3.9. HPLC chromatograms of cellulose (A) and hemicellulose (B) fractions obtained from alkaline extraction 
of Eucalyptus bleached pulp after hydrolysis. H2SO4 corresponds to the residual sulfuric acid from acid hydrolysis 
and C6H12O7 corresponds to gluconic acid. 

The (inorganic) salt content found in the xylan extracts was very high, especially in precipitations 

from tests 6-8, what raised the possibility of having been used impropriate conditions for 

alkaline extraction. It was also noticed that hemicellulose extracted from bleached pulp was very 

sensitive and easy to decompose during air and oven drying, since the product becomes dark 

brown. When completely dry using freeze-drying, it appears as a crispy product with a white-

slightly yellowish colour. 

3.5.2. Kraft cooking of Eucalyptus wood wastes 

The Eucalyptus wood wastes were treated using two different routes, as described in Fig. 3.10. 

The first one involved two steps: hot water extraction and kraft cooking. In hot water 

extraction, mainly hemicelluloses are partially removed together with water soluble 

constituents. Kraft pulping, as detailed in previous section, allows for the delignification 

(lignin removal) of wood material. The second route was a one-step treatment involving 

only kraft cooking. It was expected that the two-step procedure (Fig. 3.10, 1) would allow 

for products with lower chemical complexity and higher cellulose content compared to the 

one-step procedure (Fig. 3.10, 2). 
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Fig. 3.10. Scheme of Eucalyptus wood wastes treatment. 

The use of diverse concentrations of cooking liquor allows to obtain cellulosic materials with 

different lignin content. In fact, higher concentration of cooking liquor (aqueous solution of 

Na2CO3, NaOH and Na2S) led to products with higher cellulose purity and lower lignin content 

(Table 3.4, D2 compared to D3). The same tendency was also observed in case of the samples 

D1 and D4 (without previous hot water pre-treatment) where with the increase of cooking 

liquor concentration used in the kraft pulping, sample with lower kappa number was obtained. 

Additionally, the hot water extraction together with kraft cooking yielded pulps with a 

significantly lower hemicelluloses content (as expected) and a larger cellulose content (Table 3.4). 

Table 3.4. Results on the chemical characterization of kraft pulps produced from Eucalyptus wood wastes and 
further used for the synthesis of dialdehyde cellulose samples. 

Name 
Kappa 

number 

Cellulose 

(wt%) 

Hemicelluloses 

(wt%) 

Soluble 

lignin (wt%) 

Insoluble 

lignin (wt%) 

Total lignin 

(wt%) 

Extractives 

(wt%) 

Ashes 

(wt%) 

D2 10.2 87 5 0.9 2.1 3.0 1.1 7.9 

D3 13.9 83 6 1.0 4.0 5.0 1.4 8.8 

D1 16.1 77 14 1.3 4.7 6.0 1.9 9.7 

D4 26.7 70(a) 20(a)   8(a) 2(a)  

Kappa number is a rough indication of the lignin content or bleaching ability of the pulp. (D2 and D3) hot water extracted 
material followed by kraft cooking; (D1 and D4) kraft cooked material. (a) values obtained based on the literature survey 

 

Fig. 3.11. HPLC chromatograms of kraft pulps after hydrolysis. (D2) hot water extracted material followed by 
kraft cooking; (D1) kraft cooked material. 

The HPLC chromatograms of the pulps after acid hydrolysis (Fig. 3.11) showed the presence 

of three main components, whose amounts depended on the type of material. Thus, cellulose 

(based on glucose), xylan (based on xylose) and arabinan (based on arabinose) were found. 

Hot water extraction Kraft pulping

Black liquor 

(hemicellulose and 

lignin extract)

Hemicellulose 

extract

Kraft pulp 

(cellulose-rich 

fraction)

Wood chips
1

2



FINAL REMARKS 

105 

3.6. FINAL REMARKS 

In this chapter, the results of the pre-treatment of two different raw materials (Eucalyptus 

bleached pulp and Eucalyptus wood wastes) were reported.  

The first procedure involved alkaline extraction of Eucalyptus bleached pulp, preferentially, with 

1 M NaOH, for 2h at room temperature followed by intensive washing to remove the excess of 

NaOH. In this process, even if a significant increase in cellulose content was observed, still a 

fraction of unremoved hemicellulose was present in the alkali-extracted cellulose (Cc). Changes 

of NaOH concentration as well as of the time and temperature of the extraction procedure, 

always led to cellulosic products with a small fraction of hemicellulose.  

The second procedure involved kraft pulping of Eucalyptus wood wastes. Two different routes 

allowed to obtain lignocellulosic pulps with different chemical complexity (different contents of 

lignin, hemicelluloses and cellulose). The first one involved hot water extraction as a pre-

treatment beforehand of the kraft pulping. Pulps obtained in this way were characterised by 

lower hemicelluloses content, due to hemicelluloses removal during the hot water pre-treatment. 

On the other hand, performing extraction without hot water pre-treatment allowed to obtain 

pulps with higher hemicelluloses and lignin contents (higher kappa number). 

The overall results showed that chemical composition of Eucalyptus bleached pulp can be altered 

by alkaline pre-treatment leading to obtain cellulosic product with improved purity. 

Furthermore, kraft pulping or hot water extraction/kraft cooking, using different cooking liquor 

concentrations, while keeping other parameters constant, resulted in various chemical 

compositions and lignin levels in obtained pulps. As a result, four pulps with different kappa 

numbers were prepared that apparently exhibit adequate features to be applied as raw materials 

in the production of flocculation agents. The final evaluation of the most suitable pulp for the 

desired application is going to be described in the following chapters. 
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4.1. INTRODUCTION 

As presented in Chapter 2, there are numerous techniques that allow for effective wastewater 

treatment making use of an extensive variety of synthetic materials for this purpose. However, 

due to low biodegradability, being harsh to the environment or to the health, there is a strong 

need for replacement of oil-based materials by more eco-friendly solutions. This was the main 

motivation of this research. The first goal being to modify cellulosic-rich materials (bleached 

Eucalyptus pulp or Eucalyptus wood wastes) and produce cellulose-based polyelectrolytes. Due to 

their nature, high biodegradability, and low or non-toxicity, cellulose-based PELs are a more 

environmental friendly option. Moreover, valorisation of cellulosic wastes itself to provide end 

products with higher added value is also an important aspect of this investigation. 

Since the desired functionality that is being needed for the effective wastewater treatment, 

through the flocculation methodology, is the charged group spread among the polymeric 

backbone, the sulfonate (negatively charged) or quaternary ammonium (positively charged) 

groups were chosen to be introduced in the cellulose backbone, as they are widely present  

in successfully applied synthetic flocculants. This was a key step in the production of the  

bio-based PELs for the desired application. As it was presented (section 2.6.2), it is possible to 

introduce those groups by performing reactions with appropriate chemicals. Considering several 

existing possibilities, the main objective was to allow the introduction of high content of ionic 

groups to obtain a sufficient charge of the cellulose-based material. The route based on the  

pre-modification to dialdehyde cellulose, due to its wide use, biocompatibility and efficiency279 

was chosen. In this reaction, a high modification degree can be achieved, since two aldehyde 

groups are introduced per AGU unit, that allows to obtain highly modified end products. 

For this purpose, selective oxidation with periodate has been often applied as the first step 

(section 2.6.2), in which the crystalline cellulose structure is partially destroyed, associated, 

nevertheless, with a decrease of polymerisation degree261,266. However, this gentle reaction keeps 

reasonably the mechanical and morphological properties of the starting material263. This 

methodology introduces highly reactive aldehyde groups in the chain (two per AGU unit  

at C-2 and C-3 positions), by opening the anhydroglucose unit at C2-C3 linkage, yielding thus 

the dialdehyde cellulose (DAC). Several reaction parameters, such as: concentration  

of periodate, temperature261, pH, oxidation time or even exposure to the light (as periodate 

oxidation in a highly light sensitive process) may influence the properties of obtained DAC. 

This process can be also affected by the raw material composition and its particle size263. 
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Nevertheless, several improvements to the reaction kinetics have been described, such as the 

introduction of metal salts (LiCl, ZnCl2, CaCl2, MgCl2 or NaCl)269 allowing work at higher 

temperatures and thus reducing the reaction time or the simultaneous use of ultra-sonication 

leading to faster kinetics and highly oxidised products. However, it is very important to bear in 

mind that uncontrolled reaction conditions may cause over-oxidation (oxidation of cellulose 

end groups), which leads to obtain a water-soluble product or non-effective production of 

dialdehyde groups (DAC with low aldehyde content). Both cases are undesired in the 

production of cellulose-based flocculants. In this work, the first choice was to study the influence 

of reaction parameters such as time and temperature, since, based on literature review (section 2.6.2), 

they have the main influence on the obtained aldehyde groups content in DAC. Metal salt (LiCl) 

was used to increase the reaction kinetics and to obtain higher aldehyde content in a shorter time. 

Finally, for the cationization, reaction of DAC with Girard´s reagent T was selected. In this type 

of modification, the positively charged quaternary ammonium groups are introduced into the 

cellulose backbone by a formation of an imine bond. This treatment allows to introduce more 

than one cationic group per AGU unit, yielding highly charged end products. Moreover, the 

end material, due to its high ionic character (high degree of substitution) solubilises in water at 

room temperature. In addition, the charge density and DS of end product depend not only on 

the cationization conditions (temperature, time, pH, molar ratio of used GT/aldehyde) but also 

on the properties of pre-treated (through the periodate oxidation) cellulosic sample, used as the 

starting material.276 This path of cationization was already used to produce highly charged water 

soluble cellulose based materials in different studies of Sirviö et al.276 and in the work of Liimatainen 

et al.284. Both studies reported the modification of bleached pulp from softwood, which typically, 

due to its nature, is easier to manipulate than our initial material, a Eucalyptus globulus hardwood. 

In contrast to various methods for cellulose functionalization through cationization, 

anionization is still insufficiently developed and infrequently used. As it is known, the properties 

of cellulose strongly depend on the types of substituent groups and on their DS, as well as on 

their distribution in the cellulose backbone. It was decided to confer the anionic character to 

cellulose through the introduction of sulphonate groups (-SO3
-) in the chain. This modification 

can follow the direct sulphonation of cellulose in N,N-dimethylformamide (DMF)305 or can be 

based in the anionization of DAC with e.g. sodium metabisulfite in aqueous medium (section 

2.6.2). The latter way can provide anionic cellulose-based PELs with higher charge, due to the 

substitution of more than one negatively charged sulfonate group per AGU unit, which 

significantly increases the DS and provides water solubility at room temperature. The latter route 
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was the one followed in the present work. The characteristics of anionic derivatives of 

dialdehyde cellulose depend, not only on the modification conditions (temperature, time, molar 

ratio of used sodium metabisulfite/aldehyde), but also on the properties of the initial pre-treated 

(in periodate oxidation) cellulosic sample (namely its aldehyde groups content). It was reported 

that the solubility of ADAC strongly depends on the sulfonate groups (-SO3
-) content, 267 that 

is driven by the aldehyde content of the previously produced dialdehyde cellulose. Typically, the 

resulting periodate oxidation/sulfonation sequence products show significant morphological 

changes, with increase of oxidation/sulfonation. Similar paths were already described in different 

studies developed by Liimatainen et al.277 (using bleached birch (Betula verrucosa and pendula) chemical 

pulp), Hou et al.271 (with bleached softwood kraft pulp) or Rajalaxmi et al.267(using commercial bleached 

hardwood kraft pulp).  

Several studies have been found in the literature about cationization or anionization of cellulose 

(section 2.6.2), but as far as we know, these reactions have never been performed starting from 

highly complex cellulosic materials, with a low degree of purity (high kappa number). Also, the 

obtained products have not been used to valorise cellulosic wastes and neither for real industrial 

wastewater treatment application. 

The aim of the study reported in this chapter is to establish a cationization and anionization 

procedure to successfully prepare cellulose-based flocculation agents, with different charge and 

substitution degree, from more complex cellulosic-based raw materials of different kappa 

numbers (with higher content of lignin and lower content of cellulose itself). A sequence of two 

reactions: oxidation followed by cationization or oxidation followed by anionization was 

proposed. For that, preliminary tests were carried out starting from raw material with very high 

cellulose content (the highest one tested), and by changing and tuning some of the experimental 

parameters, such as reaction time, temperature or molar ratio of used chemicals. Afterwards, 

optimised conditions were then applied for other initial cellulosic materials with gradual increase 

of kappa number, and with or without hot water pre-treatment. The prepared cationic and 

anionic natural-based PELs were then fully characterised. 

4.2. MATERIALS 

A series of cellulosic materials were used for the production of natural-based PELs (Table 4.1): 

Eucalyptus bleached kraft pulp with or without alkaline extraction pre-treatment, and a series of 

Eucalyptus wood chips wastes after mild cooking preceded by pre-treatment with hot water 
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extraction (pulps with kappa numbers of 10.2 and 13.9), or without any pre-treatment (pulps 

with kappa numbers of 16.1 and 26.7). The cooking’s as well as the hot water extractions of 

wood chips were carried out using the facilities provided by RAIZ, Instituto de Investigação da 

Floresta e Papel, Portugal. The bleached pulp was obtained from the Navigator Company-Cacia 

and used for further modifications. 

Table 4.1. Raw materials used for synthesis of dialdehyde cellulose followed by the cationization or anionization 
step and their characterization results. 

Name 
Kappa 

number 

Cellulose 

content (wt%) 

Hemicellulose 

content (wt%) 

Total lignin 

content (wt%) 
Others (wt%) 

Eucalyptus bleached kraft pulp 

Cc _ 93 6 <0.1 1 

Cp _ 85(a) 14(a) <0.1(a) 1(a) 

Eucalyptus wood chips wastes 

D2 10.2 87 5 3 1 

D3 13.9 83 6 4 1 

D1 16.1 77 14 6 2 

D4 26.7 70(a) 20(a) 8(a) 2(a) 

Kappa number is an indication of the lignin content or bleaching ability of the pulp; (Cc) alkali-extracted Eucalyptus bleached 
pulp; (Cp) Eucalyptus bleached pulp; (D2 and D3) pulps obtained by hot water extraction followed by kraft cooking; (D1 and 

D2) pulps obtained by kraft cooking; (a) values obtained based on the literature survey. 

The chemicals used for production of cationic cellulose-based derivatives in alkaline conditions 

were urea, purchased from AppliChem Panreac, sodium hydroxide (in pearls), purchased from 

PRONALAB, and CHPTAC (N-(3-chloro-2-hydroxypropyl)trimethylammonium chloride) 

aqueous solution (60 wt%), obtained from Sigma-Aldrich. All chemicals were used without 

further purification. 

All chemicals used for production of dialdehyde cellulose by periodate oxidation (NaIO4 and 

LiCl) were obtained as p.a. grade from Sigma-Aldrich and used without further purification. 

Furthermore, chemicals used for aldehyde groups content determination of DACs 

(NH2OH·HCl, CH3COOH and CH3COONa·3H2O) were also obtained as p.a. grade from 

Sigma-Aldrich and used without further purification. 

Chemicals used for preparation of water soluble cationic cellulose-based PELs such as (2-

hydrazinyl-2-oxoethyl)-trimethylazanium chloride (Girard´s reagent T or GT) and AgNO3 were 

obtained as p.a. grade from Sigma-Aldrich and used without further purification. Hydrochloric 

acid (37 %) and 2-propanol were supplied by VWR. 

Sodium metabisulfite used for preparation of water soluble anionic cellulose-based PELs was 

obtained as p.a. grade from Sigma-Aldrich and used without further purification. 



EXPERIMENTAL PROCEDURES 

113 

4.3. EXPERIMENTAL PROCEDURES 

All All the experimental procedures of the modification of cellulosic materials to obtain the 

cationic or anionic polyelectrolytes were performed at the laboratory scale, at the University of 

Coimbra, Chemical Engineering Department. Two different routes for the introduction of 

positively charged groups into the cellulose backbone were evaluated. The first one based on 

reaction of CHPTAC (N-(3-chloro-2-hydroxypropyl)trimethylammonium chloride) with 

bleached cellulosic material, while the second one focused on the two-step modification 

procedure with dialdehyde cellulose as an intermediate product followed by cationization 

reaction with Girard’s reagent T (GT).  

The former cationization route was an adaptation of the work described by Zhang et al.372, where 

the authors used  crystalline cellulose, while in the present work alkali-extracted Eucalyptus 

bleached cellulosic pulp (Cc) was modified.  

The oxidation procedure reported in this section is an adaptation of the work developed by 

Sirviö et al.269. Moreover, the cationization procedure described in the following section is an 

adaptation of a procedure reported by Sirviö et al.276 and Liimatainen et al.284. Additionally, the 

anionization trials were performed by adapting and optimizing procedures described by 

Liimatainen et al.277, Hou et al.271 and Rajalaxmi et al.267. The different nature of the starting 

material and its chemical composition (variation of hemicelluloses and lignin contents) in 

comparison to the raw materials reported in the referred studies required several modifications 

in order to carry out the derivatisations and maintain the objectives of the project: produce 

water soluble cationic and anionic cellulose-based polyelectrolytes for flocculation purpose. 

4.3.1. Synthesis of cationic cellulose-based polyelectrolytes with CHPTAC 

A cationization procedure with CHPTAC, which follows the reactions described in the Fig. 4.1 

was applied. This procedure can be divided into two stages: first alkalinisation of cellulose (Fig. 

4.1, b), followed by the cationization step (Fig. 4.1, c). The introduction of positively charged 

groups occurs in alkaline conditions due to the importance of formation of 2,3-

epoxypropyltrimethylammonium chloride (EPTMAC) from N-(3-chloro-2-

hydroxypropyl)trimethylammonium chloride (CHPTAC), which further reacts with the 

cellulose backbone (one charged group per AGU unit). Also, the unfavourable hydrolysis of 

EPTMAC (Fig. 4.1, d) to its diol, assists the cationization process.  
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Fig. 4.1. Cationization of cellulose with CHPTAC. (a) Formation of 2,3-epoxypropyltrimethylammonium chloride 
(EPTMAC) from N-(3-chloro-2-hydroxypropyl)trimethylammonium chloride (CHPTAC), (b) alkalization of 
cellulose, (c) cationization of cellulose, and (d) hydrolysis of EPTMAC (Adapted from288). 

Alkalization of cellulose  

In the first modification step (Fig. 4.1; b), an increase of cellulose dissolution in water was 

obtained with an alkaline pre-treatment. In a round-bottom flask, 13 wt% of cellulose was 

dispersed in pre-cooled to 0 °C, NaOH aqueous solution. The cellulose-NaOH solution was 

then stirred for 1 hour. The molar ratio between NaOH and cellulose was fixed at 12.9 (mol 

NaOH/mol AGU. 

Cationization with CHPTAC 

Afterwards, cationization with CHPTAC (Fig. 4.1; c) was performed in a round-bottom flask, 

using the alkali pre-treated cellulose suspension, placed in pre-heated (at 60°C) oil bath. The 

CHPTAC aqueous solution (9.0 molar ratio between CHPTAC and AGU) was then added 

dropwise to the reaction mixture, continuously stirred with a magnetic stirrer for the desired 

period of time from 2h to 7h (see Table 4.2). Moreover, the flask was closed with a rubber 

stopper during the entire process. After cooling to room temperature, the mixture was 

neutralized with 1 M acetic acid and further transferred into centrifuge tubes. Mild 

centrifugation (2500 rpm for 10 min) allowed to separate the dissolved cationized cellulose (CC) 

from the undissolved part (CCu). The supernatant containing the dissolved CC was then further 

precipitated with ethanol and centrifuged again at 9000 rpm for 5 min. The CCu was filtered 

with a 1 µm paper filter by adding 300 mL of distilled water. The CC and CCu were finally oven-

dried at 60°C and stored in sealed containers. 
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4.3.2. Oxidation of cellulosic material 

Highly oxidized cellulose was first produced (Fig. 4.2) by weighing 100 g of cellulose 

suspension* with a consistency of 4 % and putting it into a 500 mL flask to witch 300 mL of 

distilled water were added, followed by the addition of 7.2 g of LiCl and 8.2 g of NaIO4. The 

reaction vessel was covered with aluminium foil to prevent the photo-induced decomposition 

of periodate and placed in an oil bath. The reaction mixture at pH 3.0 (measured at 25°C) was 

stirred with a magnetic stirrer and kept heated at the desired temperature (e.g. 75°C). After the 

desired period of time (e.g. 3 h), the dialdehyde cellulose product (DAC) was filtered and washed 

several times with distilled water to remove iodine-containing compounds. 

 

Fig. 4.2. The schematic formation of dialdehyde cellulose through the sodium metaperiodate oxidation of cellulose 
(Adapted from291). 

The influence of reaction parameters such as the temperature (65-75°C) and the reaction time (3-5 

h) was evaluated, only for the alkali-extracted cellulose sample from Eucalyptus bleached kraft pulp. 

The non-dried DAC products were stored in the fridge and used later for further modifications 

and aldehyde content determination. Moreover, DAC samples oven-dried at 60°C were used 

for FTIR-ATR measurements 

4.3.3. Synthesis of cationic cellulose-based polyelectrolytes  

The synthesis of cationic cellulose-based polyelectrolytes followed the reaction described in 

Fig. 4.3. Non-dried DAC (0.8 g on a dry basis) was weighed into a 100 mL flask with addition of 

80 mL of distilled water and Girard’s reagent T. The pH of the reaction mixture was adjusted to 4.5 

with diluted HCl and the mixture was stirred for 1 h at 70°C. After cooling to room temperature, 

the mixture was transferred into centrifuge tubes and isopropanol was added to each tube to 

precipitate the soluble products. The mixtures were then centrifuged for 30 min at 4500 rpm, after 

which the supernatants were removed. The product was washed with a water/isopropanol solution 

(1/9, v/v) and the centrifugation was repeated few times more. Removal of the GT was monitored 

                                                 

* A mass of 4 g (dry basis) of Eucalyptus-based cellulosic material was placed in a 2 L beaker. The disintegration/swelling of 

cellulosic fibers was carried out with distilled water at 4% consistency, using a magnetic stirrer at room temperature, overnight. 
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by adding a small amount of AgNO3 to the supernatant. When no AgCl precipitate formation was 

observed the washing was considered complete. Finally, the cationic product was oven-dried at 60°C 

and then stored in a desiccator. The GT/aldehyde ratio was varied from 0.975 to 3.9, in order to 

obtain cationic celluloses with different degrees of cationization. 

 

Fig. 4.3. Cationization of cellulose dialdehyde with Girard reagent T - production of cationic cellulose - based 
polyelectrolytes. 

In DACs from alkali-extracted bleached pulp, the first ones to be produced, GT/aldehyde molar 

ratios of 5.0, 0.78 or 0.65 were also evaluated. Also, different reaction times (1 to 6 h) were tested. 

The final cationic celluloses were characterized by FTIR-ATR, 1H NMR, elemental analysis, 

hydrodynamic diameter and polydispersity index (PDI) determinations using DLS (Dynamic Light 

Scattering), and by their zeta potential by ELS (Electrophoretic Light Scattering). 

4.3.4. Synthesis of anionic cellulose-based polyelectrolytes 

The synthesis of anionic cellulose-based polyelectrolytes followed the reaction described in Fig. 

4.4. Non-dried DAC (1.5 g on a dry basis) was weighed into a 200 mL round-bottom flask with 

addition of 60 mL of deionized water. Then, sodium metabisulfite was added into the mixture 

in a ratio of 14 mmol bisulfite/g DAC. The reaction mixture was stirred with a magnetic stirrer 

for 24, 34, 72 or 144 h at room temperature (25°C). 

 

Fig. 4.4. Anionization of cellulose dialdehyde (DAC) with sodium metabisulfite - production of anionic cellulose 
- based polyelectrolytes. 

The flask was closed with a rubber stopper during the reaction to avoid any changes of 

concentration. After reaction, the transparent solution was mixed with isopropanol to 

precipitate the soluble product, and then the mixture was transferred to centrifuge tubes, where 
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it was centrifuged at 4500 rpm for 45 min; the separated solid was then washed several times 

with a water/isopropanol solution (1/9, v/v), as explained above for the production of cationic 

cellulose derivatives. The precipitated anionic DAC (ADAC) was oven-dried at 60°C and then 

stored in a desiccator. The reaction time was varied from 24 to 144 h, in order to obtain anionic 

celluloses with different degrees of anionization. The final anionic celluloses were characterized 

by the same techniques abovementioned for the characterization of cationic celluloses. 

4.3.5. Characterization techniques 

Moisture content 

The moisture of the cellulosic materials used in the modifications was determined by drying a 

sample of approximately 2 g, overnight, in the oven at 105°C. The wet and the dry samples were 

weighed. Moisture of each sample was determined as an average of 3 tests. 

Determination of the aldehyde content of DAC 

The aldehyde content of DAC was determined based on the oxime reaction between aldehyde 

groups and NH2OH·HCl (Fig. 4.5). The never-dried periodate oxidized cellulose (0.1 g on a 

dry basis) was placed in a 250 mL beaker containing 1.39 g of NH2OH·HCl dissolved in 100 mL of 

0.1 M acetate buffer. The beaker was covered with a para-film and the mixture was stirred for 48 h 

at room temperature with a magnetic stirrer. The product was filtered off and washed with 600 mL 

of distilled water, after which it was dried in a freeze-dryer or oven-dried at 50°C. Since 1 mol 

of aldehyde reacts with 1 mol of NH2OH·HCl giving 1 mol of the oxime product, the aldehyde 

content in DAC can be calculated directly from the nitrogen content of the product. 

 

Fig. 4.5. The reaction pathway between dialdehyde cellulose and hydroxylamine hydrochloride. 

Fourier transform infrared spectroscopy (FTIR-ATR) 

FTIR-ATR spectra of produced DACs, CDACs and ADACs were obtained on a Bruker Tensor 

27 spectrometer, equipped with an attenuated total reflection (ATR) MKII Golden Gate 

                                                 

Acetate buffer (pH 4.5) solution used in the oxime reaction was made by introducing in a 2 L volumetric flask 
27.4 g of sodium acetate trihydrate and adding 15 mL of glacial acetic acid to the flask, followed by the dilution of 
the resulting mixture to 2 L, with deionized water. 
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accessory with a diamond crystal 45° top plate. The spectra were recorded using 128 scans and 

a resolution of 4 cm-1, in the range of 200–4000 cm-1. Each sample before performing FTIR was 

oven-dried at 60°C to ensure no moisture. 

1H NMR spectroscopy 

1H NMR spectra of selected cationic and anionic cellulose-based samples were collected at room 

temperature in a Bruker Avance III 400 MHz NMR spectrometer using a Bruker standard pulse 

programme. Sodium 3-(trimethylsilyl) propionate-d4 (TMSP) was used as an internal standard. 

Each sample was dissolved in D2O (10 mg/mL) directly in the NMR tube to prevent any 

contaminations. The deuterium oxide and the NMR tubes were purchased from Sigma-Aldrich. 

Elemental analysis 

Elemental analyses of the oxime derivative of DAC samples and of the cationic/anionic 

cellulose-based PELs were performed using an element analyser EA 1108 CHNS-O from 

Fisons. The 2,5-Bis(5-tert-butyl-benzoxazol-2-yl)thiophene was used as a standard. A tin 

capsule with a weighed amount of sample was introduced into a vertical quartz tube reactor, 

heated at 900ºC, with a constant flow of helium stream. Before the sample drops into de 

combustion tube, the helium stream was enriched with a measured amount of oxygen to achieve 

a strong oxidizing environment which guarantees complete combustion/oxidation. The 

resulting four components of the combustion mixture were eluted into a chromatographic 

column and then analyzed by a thermal conductivity detector, in the sequence N2, CO2, H2O 

and SO2. The nitrogen content was used to obtain the corresponding degree of cationization of 

cellulose in CDAC samples as well as to calculate the aldehyde content in DAC based on the 

analysis of the corresponding oxime derivative. The sulphur content was used to determine the 

degree of anionization of cellulose in the ADAC samples. Each value (N% or S%, w/w) is an 

average of 3 measurements. The mathematical operations used for the calculations are as follows. 

Mathematical operations involved to obtain aldehyde content and DS in DAC. 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑖𝑜𝑥𝑖𝑚𝑒 𝑢𝑛𝑖𝑡𝑠 (𝐴𝑜) =
%𝑁

100
×190

14×2
 [/𝑔]   Eq. 4.1 

𝑚𝑜𝑙𝑎𝑟 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑑𝑖𝑜𝑥𝑖𝑚𝑒 𝑢𝑛𝑖𝑡𝑠 =
𝑚𝑜𝑙 𝑜𝑓 𝑑𝑖𝑜𝑥𝑖𝑚𝑒 𝑢𝑛𝑖𝑡𝑠

𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙
=

𝐴𝑜

190
𝐴𝑜

190
+

1−𝐴𝑜

162

  Eq. 4.2 

𝐷𝑆 =
𝑚𝑜𝑙 𝑜𝑓 𝑑𝑖𝑜𝑥𝑖𝑚𝑒 𝑢𝑛𝑖𝑡𝑠×2

𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙
=

2×
𝐴𝑜

190
𝐴𝑜

190
+

1−𝐴𝑜

162

   Eq. 4.3 

𝐴𝑙𝑑𝑒ℎ𝑦𝑑𝑒 𝑔𝑟𝑜𝑢𝑝𝑠 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
𝐴𝑜

160
× 2 × 1000 [𝑚𝑚𝑜𝑙/𝑔]  Eq. 4.4 
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Where 162 (g/mol) corresponds to the molar mass of anhydroglucose unit, 160 (g/mol) is the molar 

mass of dialdehyde cellulose unit and 190 (g/mol) is the molar mass of dioxime unit obtained from 

dialdehyde cellulose unit. It was also assumed that in the final product only anhydroglucose and 

dialdehyde cellulose are present. 

Mathematical operations involved to obtain cationicity index and DS in CDAC. 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑎𝑡𝑖𝑜𝑛𝑖𝑐 𝑢𝑛𝑖𝑡𝑠 (𝐴𝑐) =
%𝑁

100
×458.9

14×6
[/𝑔]   Eq. 4.5 

𝑚𝑜𝑙𝑎𝑟 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑎𝑡𝑖𝑜𝑛𝑖𝑐 𝑢𝑛𝑖𝑡𝑠 =
𝑚𝑜𝑙 𝑜𝑓 𝑐𝑎𝑡𝑖𝑜𝑛𝑖𝑐 𝑢𝑛𝑖𝑡𝑠

𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙
=

𝐴𝑐

458.9
𝐴𝑐

458.9
+

1−𝐴𝑐

162

  Eq. 4.6 

𝐷𝑆 =
𝑚𝑜𝑙 𝑜𝑓 𝑐𝑎𝑡𝑖𝑜𝑛𝑖𝑐 𝑢𝑛𝑖𝑡𝑠×2

𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙
=

2×
𝐴𝑐

458.9
𝐴𝑐

458.9
+

1−𝐴𝑐

162

   Eq. 4.7 

𝐶𝑎𝑡𝑖𝑜𝑛𝑖𝑐𝑖𝑐𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 =
𝐴𝑐

458.9
× 2 × 1000 [𝑚𝑚𝑜𝑙/𝑔]   Eq. 4.8 

Where 162 (g/mol) corresponds to the molar mass of anhydroglucose unit and 458.9 (g/mol) 

corresponds to the molar mass of cationic unit. It was also assumed that in the final product 

only anhydroglucose and cationic units are present (no dialdehyde cellulose) 

Mathematical operation involved to obtain anionicity index and DS in ADAC. 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑛𝑖𝑜𝑛𝑖𝑐 𝑢𝑛𝑖𝑡𝑠 (𝐴𝑎) =
%𝑆

100
×368.1

32.06×2
[/𝑔]   Eq. 4.9 

𝑚𝑜𝑙𝑎𝑟 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑛𝑖𝑜𝑛𝑖𝑐 𝑢𝑛𝑖𝑡𝑠 =
𝑚𝑜𝑙 𝑜𝑓 𝑎𝑛𝑖𝑜𝑛𝑖𝑐 𝑢𝑛𝑖𝑡𝑠

𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙
=

𝐴𝑎

368.1
𝐴𝑎

368.1
+

1−𝐴𝑎

162

  Eq. 4.10 

𝐷𝑆 =
𝑚𝑜𝑙 𝑜𝑓 𝑎𝑛𝑖𝑜𝑛𝑖𝑐 𝑢𝑛𝑖𝑡𝑠×2

𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙
=

2×
𝐴𝑎

368.1
𝐴𝑎

368.1
+

1−𝐴𝑎

162

   Eq. 4.11 

𝐴𝑛𝑖𝑜𝑛𝑖𝑐𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 =
𝐴𝑎

368.1
× 2 × 1000 [𝑚𝑚𝑜𝑙/𝑔]   Eq. 4.12 

Where 162 (g/mol) corresponds to the molar mass of anhydroglucose unit and 368.1 (g/mol) 

corresponds to the molar mass of anionic unit. It was also assumed that in the final product 

only anhydroglucose and anionic units are present (no dialdehyde cellulose). 

ζ-potential measurements 

Zeta potential measurements were obtained by electrophoretic light scattering (ELS). This 

technique applies an electric field to the sample due to which the charged particles present in 

the medium move to the electrode of opposite charge. The migration velocity is associated with 

the electrophoretic mobility, which depends on several factors such as the strength of applied 
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electric field, dielectric constant, viscosity of the medium and the zeta potential of the particles. 

The zeta potential is calculated by applying the Henry equation373: 

𝑈𝐸 =
2𝜀𝑧𝑓(𝑘𝑎)

3𝜇
     Eq. 4.13 

Where UE is the electrophoretic mobility; 𝜀 is the dielectric constant; z is the zeta potential; f(ka) 

is the Henry´s function and μ is the medium viscosity. In aqueous medium, f(ka) is equal to 1.5, 

and refers to the Smoluchowski approximation. 

The zeta potential of the cellulose-based PELs (cationic and anionic) were determined in a 

Zetasizer NanoZS, ZEN3600, from Malvern Instruments, with temperature set up to 25°C. 

Zeta potential measurements were performed using a 0.1 % stock solution prepared in ultrapure 

water. Samples were prepared at least half an hour prior to the measurement and kept under 

stirring in a magnetic stirrer. With a syringe, 1 mL of sample for analysis was carefully injected 

directly into the disposable folded plastic capillary cell with the code DTS1070. The 

measurements were performed following the data processing mode “General Purpose”. Each 

sample was measured at least 5 times using the runs automatic mode. 

Hydrodynamic diameter measurements and polydispersity index 

The continuous interaction of particles in the solution leads to Brownian motion, its velocity 

being driven by the particle size and viscosity of the medium for constant temperature. In DLS 

(dynamic light scattering), laser beam interacts with the particles in the solution leading to light 

scattering373. The fluctuation of the scattered light intensity is driven by the particle movement, 

and the fluctuation frequency can be related to the size of particles. It is important to point it out 

that smaller particles move faster leading to a higher rate of scattered light intensity fluctuation. 

Furthermore, the oscillation in scattering intensity is processed in the digital correlator that provides 

the correlogram. This correlogram is further treated with the adequate model (according to the 

particles features) to extract information about the particle size distribution373. 

Hydrodynamic diameter of the cellulose-based PELs (cationic and anionic) were determined by 

DLS in a Zetasizer NanoZS, ZEN3600, from Malvern Instruments, with backscatter detection 

at a 173° angle and with a temperature set up of 25 °C. For the hydrodynamic diameter, a stock 

solution, in ultrapure water, of 0.01 % was prepared, stirred for 1 h, sonicated for 2 min and 

then kept under stirring in a magnetic stirrer. After that process, the PEL solution was passed 

through a 0.45 μm nylon syringe filter (Teknokroma) directly to the glass cell (code PCS1115), 

prewashed with ultrapure water and dried. Using automatic measurements duration, with at least 
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5 repetitions of the measurement and the “CONTIN” data processing model, the average 

hydrodynamic diameter (nm) of the polymer in solution and the PDI (polydispersity index) of 

the hydrodynamic diameter distribution were obtained. 

4.4. CHARACTERIZATION RESULTS 

It was evaluated an alternative way of obtaining cellulose-based PELs by cationization reaction with 

CHPTAC of alkali-extracted bleached cellulosic pulp. The modification reaction (Fig. 4.1) can be 

summarized as a two-step procedure: dissolution of cellulose in NaOH aqueous solution, followed 

by the reaction with CHPTAC. However, the focus of this thesis is on obtaining highly charged 

cellulose-based materials, which can only be possible by introducing two or more charged groups 

per AGU unit, as shown in the Fig. 4.6. Cationization with CHPTAC cannot provide highly charged 

products due to the limitation of functionalization at only one position (C-6) of the AGU unit. 

Derivatisations of six different Eucalyptus-based cellulosic materials (see Table 4.1), in order to 

obtain cationic or anionic PELs, were carried out following the route described in the Fig. 4.6. 

Initially, DAC was synthesized by periodate oxidation of the cellulose-rich material. The 

resultant DAC was reacted with Girard’s reagent T yielding the cationic derivative (CDAC), or 

with sodium metabisulfite producing the anionic derivative (ADAC). 

 

Fig. 4.6. Production of positively and negatively charged, cellulose-based PELs, by periodate oxidation (DAC) followed 
by cationization of DAC with Girard´s reagent T (CDAC) or anionization with sodium metabisulfite (ADAC).  

This two-step cationization path was reported by Sirviö et al.276 and Liimatainen et al.284, however, 

in both cases using bleached birch (Betula verruscosa) cellulosic pulp, which contained 74.8 % of 

cellulose, 23.6 % of xylan and 1.1 % of glucomannan, as hemicelluloses276,284. Moreover, the 

lignin content of the pulp used was 0.4 %. The two-step anionization reaction was also reported 
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by Liimatainen et al.277 using the same bleached birch (Betula verruscosa) cellulosic pulp. A bleached 

softwood (Radiate pine) kraft pulp from Chile, has been also anionized following this path by 

Hou et al.271. Likewise, Rajalaxmi et al.267 reported sulfonation of commercial bleached hardwood 

kraft pulp, but instead of using sodium metabisulfite (Na2S2O5) they applied sodium bisulfite 

(NaHSO3). 

In the context of the present work, it is important to consider the chemical composition of the 

original cellulosic material (i.e., the content of each chemical component, namely the cellulose, 

hemicelluloses, and lignin, see Table 4.1), which may certainly influence not only the 

characteristics of the final polyelectrolytes but also their potential application as flocculants. It 

was decided to use different Eucalyptus-based cellulosic materials, produced as referred before 

in Chapter 3. Higher heterogeneity in the distribution of the molecular size of the polymers 

was obtained in this way. 

4.4.1. Synthesis and characterisation of cationic cellulose-based polyelectrolytes 

with CHPTAC 

For the cationization of cellulose with CHPTAC, the temperature was fixed at 60°C and the 

CHPTAC/AGU molar ratio at 9.0 (based on the total amount of initial cellulose raw material). 

Reaction time was changed between 2 and 7 h. Table 4.2 summarises the reaction conditions 

and some of the characteristics of the obtained cationic cellulose-based derivatives in the 

modification with CHPTAC  

Table 4.2. Reaction conditions and characterisation results of cationic cellulose obtained throught the reaction 
with CHPTAC. 

Name 
Time 

(h) 

Temp 

(°C) 

CHPTAC/AGU 

(molar ratio) 
DS 

ζ-potential 

(mV) 

Z-Av. 

diameter 

(nm) 

PDI Yield (%) 

CC1 2 60 9 0.92 47±1 212 0.51 3.64 

CCu1 2 60 9 0.93     

CC2 3 60 9 1.05 47±2 128 0.37 3.82 

CCu2 3 60 9 0.60     

CC3 6 60 9 0.87 51±3 144 0.41 2.03 

CCu3 6 60 9 1.10     

CC4 7 60 9 0.94 54±2 134 0.47 3.02 

CCu4 7 60 9 0.81     

* Time- reaction time; DS- degree of substitution based on the nitrogen content from elemental analysis; PDI- 
polydispersity index of the hydrodynamic diameter distribution; CC- cationic cellulose water-soluble fraction; CCu- 
cationic cellulose unsoluble fraction; Yield was calculated considering the CCu amount as: Yield=(mass of CC *100 
%)/(mass of CC +mass of CCu). 

As shown in Table 4.2, in all the performed trials with alkali pre-treated cellulose, always two 

fractions of cationic celluloses were obtained: the dissolved (CC) and the undissolved (CCu). It 

could be also noticed, that with the increase of reaction time, both zeta potential and the DS 
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also increase (samples CC1-CC4). However, reaction time longer than 5h led to an opposite 

trend, as can be seen in the Fig. 4.7 (A). Reaction times longer than 5h tend to favour the 

degradation of the dissolved fraction of cationic cellulose (CC), what prevents the increase in 

the DS or zeta potential. In addition, in all experiments, the reaction yield was relatively low, 

and large amount of insoluble fraction of cationic cellulose was obtained. Also, for all cases 

(except one), the DS of CC differs from that of CCu, being obtained lower values for CCu 

fractions. 

 

Fig. 4.7. a) DS and zeta potential of cationic cellulose samples CC1-CC4 as a function of reaction time. b) DS, 
zeta potential and average hydrodynamic diameter of cationic cellulose samples CC5-CC5” as a function of used 
cellulose raw material, while keeping constant the molar ratios between chemicals and reaction parameters.  

The reproducibility of cationization reactions with CHPTAC was not confirmed, as shown in 

the Fig. 4.7 (B). Repeating the modification with the same reaction time did not lead to the 

same DS, zeta potential and average hydrodynamic diameter of the obtained CC (e.g. CC5-

CC5”). Products CC5, CC5´ and CC5” obtained during 4h of cationization, with the only 

difference being the amount of used starting material (from 1 g to 3 g), showed somewhat 

different characteristics (DS, zeta potential and average hydrodynamic diameter). Note that with 

the increase of used raw material other reagents were up-scaled in accordance to the relative 

molar ratios. The heterogeneity of reaction mixture (CC and CCu) and difficulties during the 

separation due to the presence of CCu can explain the low reproducibility of the results. This 

effect can be even more pronounced while working at larger scale with higher amounts of 

cellulose raw material and larger fractions of insoluble cationic cellulose. The relatively low 

degree of substitution, lack of reproducibility, and the production of high amount of water 

insoluble cationic material were the main reasons for not focusing on the cationization route 

based on the use of CHPTAC, taking into account that the target is to obtain PELs for 

flocculation purposes. 

4.4.2. Oxidation of cellulosic materials to dialdehyde cellulose 

The The dialdehyde cellulose (DAC) was obtained by a selective oxidation with NaIO4 (Fig. 4.2). 

This process involves the two secondary hydroxyl groups rather than the primary hydroxyl 
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group. During the procedure, the C2-C3 bond of the AGU unit is selectively cleaved, and two 

aldehyde groups are formed via cyclic iodate diester, as presented in the Fig. 4.2. Furthermore, 

the NaIO3 is also formed as a reaction by-product. The high reactivity of DAC aldehyde groups 

enables to form other structures rather than the free aldehyde form (A), as shown in Fig. 4.8. 

An aqueous medium is favourable for the creation of aldehyde hydrates or transitions to 

hemiacetal linkages within its own elements, between neighbouring parts or between chains374. 

The four potential forms of AGU derived units in DAC are: free aldehyde (Fig. 4.8: A), 

hydrated aldehyde (Fig. 4.8: B), hemialdol (Fig. 4.8: D), and intra- or inter-molecular hemiacetal 

forms (Fig. 4.8: C and E, respectively). Additionally, the development of those structures is pH 

dependent, considering the instability in acidic medium of the double bonded carbonyls or, in 

alkaline conditions, the hydrates and hemiacetals forms predominance374. Notwithstanding, 

hemiacetal, hydrated aldehyde and hemialdol can undergo reversible reactions to free aldehyde 

structure and create an equilibrium with form A. Form A will be thus the one which will be 

considered in further reactions. 

 

Fig. 4.8. The potential structures of DAC: (A) free aldehyde, (B) hydrated aldehyde, (C) intramolecular hemiacetal (2,6 
or 3,6- hemiacetal form), (D) hemialdol (2,3-hemialdal form), (E) intermolecular hemiacetal (Adapted from375,376). 

The efficiency of periodate oxidation is highly dependent on the temperature and cellulose- 

oxidising agent ratio. However, periodate itself can undergo photochemical degradation or 

thermal decomposition at temperatures above 55°C. It is then essential to consider the reaction 

limitations. One of the possibilities to increase the reaction rate, without periodate 

decomposition is to use higher temperatures with addition of metal salts such as lithium 

chloride, which enhance the reaction kinetics. The measure of the success of the reaction usually 

is based on the quantification of oxidation degree, which corresponds to the number of C2-C3 

bonds that undergo the cleavage and are converted into aldehyde groups in relation to the total 

number of C2-C3 bonds. In this context, the oxime reaction (Fig. 4.5) of DAC with 
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hydroxylamine hydrochloride (NH2OH·HCl) followed by the determination of the nitrogen 

content of the dioxime product, as explained in the experimental section (4.3.5), allows 

determining the oxidation degree. 

Periodate oxidation of alkali-extracted cellulose from Eucalyptus bleached pulp 

Using cellulose from bleached Eucalyptus pulp, previously alkali-extracted, increased the cellulose 

content in cellulosic material and reduced the content of hemicelluloses (see Table 4.1), which 

may have influence on the reaction kinetics to produce DAC and in the characteristics of 

obtained DAC. It was important to develop the oxidation procedure, by optimizing the reaction 

parameters, based on relatively pure material, to avoid any influence of other cellulosic 

constituents (lignin or hemicelluloses). 

 

Fig. 4.9. Temperature and time influence on substitution degree of aldehyde groups based on periodate 
oxidation of alkali-extracted cellulose from bleached pulp. 

Highly oxidized alkali-extracted cellulose (DACc) was synthesized by oxidation reaction using a 

NaIO4 (mmol)/cellulose (g) ratio of 9.58 with LiCl/cellulose weight ratio of 1.8. The influence of 

reaction time and temperature were studied, and DACcs (DACc1-DACc6) with different DS were 

obtained. The results of these reactions are presented in Fig. 4.9. The efficiency of the oxidation at 

75°C increased with the increase of reaction time from 2h to 3h, leading to DACcs (Fig. 4.9; 1 and 

2) with aldehyde contents from 9.60 to 9.95 mmol/g. However, longer oxidation time gave an 

oxidised cellulose product (DACc3) with lower aldehyde content (9.64 mmol/g). The “over-

oxidation”, which means that the end-groups were also oxidized, producing a soluble reaction 

mixture unsuitable for further modification, with lower molecular weight chains270, was observed at 

75°C for a long reaction time of 5h. It is important to point it out that oxidized cellulose stays 

insoluble in water, even though the crystallinity decreases, appearing as thinner and more flexible 

fibres. These oxidised fibres are the adequate material for further modifications.partially  
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The efficiency of the reaction showed to be highly temperature dependent, leading to oxidised 

cellulose products with different aldehyde contents. Although decreasing slightly the 

temperature from 75° to 71°C but increasing the reaction time from 3h to 3h 30min did not 

have a major influence on the DS of aldehyde groups, leading to obtain degrees of substitution 

(DS) of 1.60 (9.95 mmol/g aldehyde content; DACc2) and 1.61 (9.97 mmol/g aldehyde content; 

DACc4), at lower temperatures the influence was more prominent. The periodate oxidation at 

65°C or 68°C during 4h led to a significant decrease in the formation of aldehyde groups 

(aldehyde contents of 9.04 (DACc6) and 9.40 mmol/g (DACc5) were obtained), comparing to 

DACc3 (9.64 mmol/g in aldehyde content) obtained at 75°C. 

The reaction temperature and time showed thus to have an important impact on the degree of 

cellulose oxidation, and content of aldehyde groups in the product. It was then decided to use 

the reaction conditions developed for DACc2 and DACc3 in the other more heterogeneous raw 

materials, previously referred, as will be presented in the next two sections.  

Periodate oxidation of Eucalyptus bleached pulp  

It is important to mention here that using bleached Eucalyptus pulp without any previous pre-

treatment gives more heterogeneous cellulosic material since the pulp is a mixture of cellulose 

and hemicelluloses, with a still high content of hemicelluloses. However, excluding the alkali 

extraction step and producing the highly oxidised cellulose derivative (DACp) directly from the 

bleached pulp, can be very attractive from the economic or environmental point of view, since 

less chemicals are involved in the overall process. 

 

Fig. 4.10. Reaction time and disintegration of starting material influence on the DS of aldehyde groups by periodate 
oxidation of bleached pulp. 

Highly oxidized Eucalyptus bleached pulps (DACp) were produced by applying the optimised 

procedure developed for alkali-extracted cellulose (DACc2 and DACc3 samples). The reactions 

were carried out in complete darkness, at 75°C, with a NaIO4 (mmol)/pulp (g) ratio of 9.58 and 

7.8

8

8.2

8.4

8.6

8.8

9

9.2

9.4

9.6

1.4

1.45

1.5

1.55

1.6

1.65

1.7

1.75

1.8

3 3 4 4

A
ld

e
h

yd
e
 c

o
n
te

n
t (m

m
o

l/g
)

D
S

Reaction time (h) 

Well disintegrated sample

Poorly disintegrated sample

Aldehyde content1

2

3

4



CHARACTERIZATION RESULTS 

127 

LiCl/cellulose weight ratio of 1.8. The influence of oxidation time and disintegration/swelling 

of cellulosic material were studied, letting to obtain DACp1- DACp4 samples with different DS. 

The results of these reactions are presented in Fig. 4.10. 

The results of direct oxidation of bleached pulp showed that at 75°C, with the increase of the 

reaction time from 3h to 4h, the aldehyde groups content in DACp decreased (DACp1 and 

DACp3) in agreement with the results obtained in the case of oxidation of alkali-extracted 

cellulose from pulp (DACc). Examples of this can be obtained comparing the DACp1 and DACp3 

with DACc2 and DACc3. Using 3h reaction, a DACp1 with an aldehyde content of 10.96 mmol/g 

was obtained, compared to the oxidized alkali-extracted sample, DACc2 that presented 9.95 mmol/g. 

At longer reaction time, the modified bleached pulp, DACp3 showed 9.82 mmol/g while DACc3 

had an aldehyde content of 9.64 mmol/g. The obtained results show that the presence of 

hemicelluloses in the starting material has no significant influence on the oxidation process, and 

very similar degrees of aldehyde group substitutions are obtained. Additionally, the influence on 

periodate oxidation of the use of not well disintegrated/swelled bleached pulp was also 

investigated. The results show that high heterogeneity in the size of the swelled particles of raw 

material leads to a decrease in DS of aldehyde groups (DACp1 compared to DACp2 and DACp3 

to DACp4), due to a lower uniformity and wettability of the sample. Furthermore, the results 

show also that raising the reaction time from 3h to 4h in a not well swelled initial material 

(DACp2 and DACp4) does not enhance the aldehyde content as well.  

The results show clearly that not only the reaction conditions, as time or temperature, but also 

the preparation of the raw material (its particle size/swelling) may influence the characteristics 

and the oxidation degree of the final dialdehyde product. 

Periodate oxidation of cellulosic materials with different lignin contents obtained 

from Eucalyptus wood wastes 

Additionally, the oxidation procedure was applied for a set of lignocellulosic materials obtained by 

kraft cooking of wood wastes with and without previous hot water extraction (see Table 4.1), 

yielding DACwaq and DACw samples, respectively. The reactions were carried out, again, in 

complete darkness, at 75°C during 3h, with a 9.58 NaIO4/pulp ratio and 1.8 LiCl/pulp weight 

ratio, since this procedure showed to be the most effective for the previously studied oxidation 

of bleached pulp and alkali-extracted cellulose. 

Results for the periodate oxidation of the different raw materials with various lignin contents 

are shown in Fig. 4.11. Similar to the results for the DACc and DACp series, periodate oxidation 
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results also show that using more complex raw materials, with lower cellulose content and with 

higher content of hemicelluloses and lignin has no significant influence on the obtained cellulose 

dialdehyde derivatives. Using pulps prepared by hot water pre-treatment followed by soft 

cooking (series of DACwaq, samples 1-4) or pulps prepared applying only soft cooking (DACw, 

samples 5-7) also did not show any consistent effect on obtained product, letting to obtain 

DACwaq with an aldehyde content that varies from 10.35 to 10.47 mmol/g (DS of 1.66-1.68) 

and DACw with 10.19-10.40 mmol/g of aldehyde content and DS between 1.63 and 1.67. 

 

Fig. 4.11. Influence of different lignin content of the raw materials on the degree of aldehyde groups substitution during 
the periodate oxidation. The reaction conditions were kept constant in all experiments using 75°C during 3h. 

The presence of aldehyde groups at the C2-C3 positions in the obtained dialdehyde products 

was confirmed by FTIR spectroscopy (Fig. 4.12). Several differences between the cellulosic 

(lignocellulosic) pulp starting material and the prepared DAC samples were observed. However, 

all obtained dialdehyde cellulose products were in agreement with each other and showed similar 

footprints. 

In the DAC spectrum, due to the C=O stretching of aldehyde groups, a new band, comparing 

to the spectrum of the initial cellulosic material, appeared at 1730 cm-1. Furthermore, the 

characteristic C1-H bending band at 897 cm-1, of cellulose, was shifted to 882 cm-1 in the spectra 

of the obtained DACs. Besides, several differences in the region between 1000 and 1200 cm-1 

were also noted. In particular, the characteristic band of cellulose at 1162 cm-1, due to the 

asymmetric C-O-C stretching of the glycosidic bond, is not well defined in the DACs spectra. 

These new features are certainly the result of the ring opening and oxidation of OH groups at 

C2-C3 positions. New hemiacetal linkages can also be established between the formed aldehyde 

groups and the alcohol groups of different chains, which should be held responsible for the 
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observed spectroscopic changes276. Representative FTIR spectra are shown in Fig. 4.12. All the 

other FTIR spectra of the samples listed in Fig. 4.9-Fig. 4.11 are presented in Appendix A. 

 

Fig. 4.12. FTIR spectra of alkali-extracted cellulose, and dialdehyde cellulose samples produced (at 75°C during 
3h, with a 9.58 NaIO4/cellulose ratio) from different raw materials: alkali-extracted cellulose, bleached cellulosic 
pulp, Eucalyptus wood chips wastes with mild cooking together with hot water extraction pre-treatment with kappa 
numbers of 10.2 and 13.9, and without any hot water pre-treatment, with kappa numbers of 16.1 and 26.7, i.e., 
DACc2, DACp2, DACwaq1, DACwaq3, DACw5 and DACw7, respectively. 

The structural characterisation of the obtained dialdehyde cellulose derivatives performed by 

the FTIR analysis confirmed the success of modifications. Moreover, produced series of 

dialdehyde cellulose derivatives from different Eucalyptus-based raw materials presented high 

oxidation degree, which could be tuned based on temperature and reaction time as well as 

through swelling of initial material. 

In general, the periodate oxidation procedure was easy to implement in various types of 

Eucalyptus-based cellulosic materials with different chemical composition (differences in 

hemicelluloses, cellulose and lignin contents). The most effective oxidation was obtained while 

performing reaction in complete darkness, at 75°C during 3h, with a 9.58 mol/g 

NaIO4/cellulose ratio, and a 1.8 LiCl/cellulose weight ratio. Under these conditions, the 

obtained dialdehyde cellulose products showed to have a reasonably similar aldehyde groups 

content, in the range between 9.95 - 10.96 mmol/g. Furthermore, there was no significant 

influence of the chemical complexity of the raw material on the aldehyde content of the obtained 

products. However, preparation of starting material showed to affect the oxidation results, as 

poor swelling of raw material led to lower degrees of substitution. Moreover, oxidation times 
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longer than 3h, at 75°C, led to slow degradation of obtained product. On the other hand, 

carrying out the reaction at lower temperature, even for longer oxidation times, led to obtain 

products with lower aldehyde contents. 

4.4.3. Synthesis and characterization of cationic dialdehyde cellulose 

The highly oxidized dialdehyde cellulose derivatives (DACs) were cationized in order to obtain 

water soluble cellulose-based polyelectrolytes. The reaction occurred between the aldehyde 

functionalities and cationic Girard’s reagent T ((2-hydrazinyl-2-oxoethyl)-trimethylazanium 

chloride (GT)) in buffer solution (pH 4.5). The substitution of positively charged quaternary 

ammonium groups follows the path described in Fig. 4.6. The obtained products were 

characterized and further studied as flocculants with model and real effluents. It is more likely 

that if the aldehyde content of DAC is higher and a large excess of GT is used, a higher extent 

of derivatisation of aldehyde groups in DAC to imine groups, is going to be achieved and a 

higher cationic content will be obtained at lower temperatures. This was evaluated in the 

following sections. The variation of the cationization reaction parameters is the key step in order 

to obtain cellulose-based polyelectrolytes with different cationic content. 

Cationization of DAC from alkali-extracted bleached Eucalyptus pulp 

Three dialdehyde cellulose samples from alkali-extracted bleached Eucalyptus pulp, with different 

degree of substitution of aldehyde groups, were used in the cationization reaction with Girard’s 

reagent T. The reaction was carried out at pH 4.5, with the use of an acid catalyst (HCl). The 

initial DACs with different DS were obtained based on the periodate oxidation and these results 

have been presented in the Fig. 4.9. The cationicity index for the obtained PELs was adjusted 

based on the variation of reaction parameters such as temperature, reaction time and by using 

different GT/aldehyde groups molar ratios (between 0.65 and 3.9). It is expected that using 

DACc obtained from initially alkali-extracted pulp with higher cellulose content should have a 

major influence on the reaction kinetics and in the characteristics of obtained quaternary 

ammonium modified dialdehyde cellulose (CDACc). It was important to develop the 

derivatisation procedure and establish the right reaction parameters, based on a material with 

the lowest chemical complexity and better uniformity in the distribution of the molecular size 

of the components. The reaction parameters used for the CDACcs production, as well as the 

characterisation results are shown in Table 4.3. 
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Table 4.3. Reaction conditions for synthesis of cationic cellulose-based flocculants from DAC obtained from 
alkali-extracted Eucalyptus bleached pulp and characterization results*. 

Name 
Time 

(h) 

Temp 

(°C) 

GT/aldehyde 

(molar ratio) 
DS 

Cationicity 

Index 

(mmol/g) 

ζ-potential 

(mV) 

Z-Av. 

diameter 

(nm) 

PDI 

DACc4 3.30 70  1.61     

23-1a 1 70 3.9 1.46 3.85 70±2 249±28 0.33±0.02 

23-2 1 70 1.95 1.07 3.33 69±1 131±14 0.39±0.02 

23-3a 1 70 0.975 1.02 3.26 65±3 130±3 0.24±0.01 

23-5a 1 70 0.78 0.90 3.04 54±3 137±3 0.34±0.03 

23-4 6 50 1.95 1.12 3.41 58±1 158±4 0.28±0.03 

DACc5 4 68  1.51     

28-5 1 70 5 1.23 3.57 60±2 201±6 0.32±0.03 

28-1 1 70 3.9 1.13 3.43 58±1 154±12 0.31±0.08 

28-4 1 70 1.95 1.12 3.41 56±2 139±11 0.38±0.08 

28-2 1 70 0.975 0.96 3.16 51±1 129±11 0.39±0.02 

28-3 1 70 0.65 0.84 2.93 55±3 144±4 0.24±0.01 

DACc2 3 75  1.60     

38Aa 1 70 3.9 1.06 3.32 61±1 231±8 0.41±0.03 

38B 1 70 1.95 1.04 3.29 66±2 217±9 0.40±0.06 

38Ca 1 70 0.975 0.85 2.94 58±1 183±4 0.42±0.04 

Time= reaction time, DS= degree of substitution, PDI= polydispersity index of the hydrodynamic diameter 
distribution; asample was characterised by 1H NMR 

Several experiments were carried out for the synthesis of the cationic cellulose derivatives from 

DACc, namely by changing the GT/aldehyde molar ratio. The ratio influenced the degree of 

cationization and it was possible to control/vary the cationicity index of obtained products. If the 

DS of aldehyde groups in the initial DAC is lower it is possible to obtain still CDAC of high 

cationicity index, while using higher GT/aldehyde ratio. Typically, the increase of GT/aldehyde 

molar ratio yields higher cationicity, when comparing the results carried out at the same 

temperature, obtained from the same initial material (series obtained from DACc2, DACc4 or 

DACc5). Nevertheless, it was possible to obtain a relative high level of cationization while using 

only 0.65 or 0.78 GT/aldehyde ratios: CDACc28-3 and CDACc23-5 with cationicity indices of 2.93 

and 3.04 mmol/g, respectively. Additionally, a decrease in the temperature from 70°C to 50°C, 

while carrying the reaction with 1.95 ratio of GT/aldehyde, for longer time (6 h), could result in 

a slight increase of cationicity from 3.33 to 3.41 mmol/g, for CDACc23-2 and CDACc23-4, 

respectively. Furthermore, it was concluded that substitution kinetics of aldehyde groups by 

quaternary ammonium increases at higher temperatures, so that similar cationicity in CDACc could 

be achieved for shorter reaction times, e.g. CDACc23-2 with DS of 1.07 after 1h at 70°C compared 

to CDACc23-4 with DS of 1.12 after 6h at 50°C. The obtained results, and presented tendencies, 

showed to be in the agreement with the previously published work of Sirviö et al.276.  

Nevertheless, typically using raw material with lower aldehyde content, DACc5 compared to 

DACc4, while applying the same reaction conditions led to obtain cellulose-based PELs with 
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lower substitution degree, e.g. CDACc28-1 with 1.13 of DS compared to CDACc23-1 with 1.46 

of DS and CDACc28-2 with 0.96 of DS compared to CDACc23-3 with 1.02 of DS. However, 

if slight degradation of raw material is observed while performing periodate oxidation, this tends 

to have also its consequences in the further modification, which can tentatively explain the lower 

cationicity observed for the samples obtained from DACc2. 

 

Fig. 4.13. Example of CDACc38A characterisation results. The size distribution by intensity, on the left, and zeta 
potential, on the right 

The results presented in the Table 4.3 showed that is possible to obtain cationic PELs with 

different cationicity index (and DS). To evaluate the influence of the cationicity index on other 

polymer characteristics, several complementary studies were carried out, such as the 

determination of zeta potential or hydrodynamic diameter. Fig. 4.13 hows an example of the 

size distribution by intensity and zeta potential for the sample CDACc38A.  

The increase of cationicity of the CDACc, had a high impact on the results of zeta potential and 

hydrodynamic diameter, shown in Table 4.3. Zeta potential increased from 54±3 mV up to 

70±2 mV with the increase of DS from 0.90 to 1.46 for CDACc23-1 and CDACc23-5. Similar 

general tendencies were present in the series of cationic modified samples obtained from DACc5 

and DACc2. Nevertheless, for all the obtained CDACc samples the zeta potential showed to be 

high, in the range of 51±1 mV to 70±2 mV. Typically, with the increase of the cationic groups 

content an increase in the hydrodynamic diameter was observed. For CDACc23-1 to CDACc23-5 

the particle size decreased from 249±28 nm (for highly charged) to 137±3 nm (for less charged). 

Two factors may justify this behaviour: larger chains when the degree of substitution is higher 

and more coiled conformation of the polymer for lower cationicity. Moreover, all the cationic 

modified DACc samples showed to be water soluble at room temperature.  

Cationization of DACp from bleached Eucalyptus pulp 

It was expected that different composition of the initial raw material with lower content of 

cellulose and higher content of hemicellulose compared to the alkali-extracted cellulosic pulp, 

would have influence on the cationization reaction kinetics and on the characteristics of the 

obtained CDAC. Herein, it was evaluated the influence of different aldehyde groups contents 
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of DACs, while applying the procedure developed for cationic modification of DACc to DACp 

obtained from Eucalyptus bleached pulp. The reaction conditions used and the characterisation 

results obtained are summarised in Table 4.4. 

Table 4.4. Reaction conditions for synthesis of cationic cellulose-based flocculants from Eucalyptus bleached pulp 
and characterization results*. 

Name 
Time 

(h) 

Temp 

(°C) 

GT/aldehyde 

(molar ratio) 
DS 

Cationicity 

Index 

(mmol/g) 

ζ-potential 

(mV) 

Z-Av. 

diameter 

(nm) 

PDI 

DACp3 4 75  1.55     

35Aa 1 70 3.9 1.06 3.30 52±2 129±9 0.39±0.06 

35Ba 1 70 1.95 1.07 3.32 53±2 153±7 0.43±0.07 

35Ca 1 70 0.975 1.19 3.45 64±1 182±2 0.24±0.01 

DACp1 3 75  1.77     

37Aa 1 70 3.9 1.36 3.74 52±2 124±2 0.34±0.03 

37Ba 1 70 1.95 1.27 3.63 62±1 133±6 0.34±0.08 

37Ca 1 70 0.975 0.92 3.08 54±1 176±4 0.5±0.01 

Time= reaction time, DS= degree of substitution, PDI= polydispersity index of the hydrodynamic diameter 
distribution; asample was characterised by 1H NMR in DHO. 

The modification with GT reagent was applied for two dialdehyde cellulose samples from 

bleached pulp (DACp) with different degree of substituted aldehyde groups, 1.55 (DACp3) and 

1.77 (DACp1). The established cationization procedure for DACc was used also for DACp and 

a series of experiments were carried out at 70°C during 1h with addition of HCl as acid catalyst. 

By varying the GT/aldehyde groups molar ratio from 3.9 to 0.975 a series of CDACp products, 

with different cationicity index were obtained. 

 

Fig. 4.14. Example of CDACp37A characterisation results. The size distribution by intensity, on the left, and zeta 
potential, on the right.  

Fig. 4.14 shows an example of the size distribution by intensity and zeta potential for the highly 

cationized natural-based polyelectrolyte, CDACp37A, with DS of 1.36, cationicity index of 3.74 

mmol/g and ζ-potential of 52±2 mV. 

This study demonstrated that by increasing the DS of aldehyde groups while using a sufficient 

excess of Girard´s reagent T, products with higher cationicity index and DS of positively 

charged groups can be produced. However, even if results of elemental analysis showed 

significant difference in the DS and cationicity index between CDACp35A and CDACp37A, the 



CATIONIC AND ANIONIC CELLULOSE-BASED POLYELECTROLYTES 

134 

results obtained by performing the measurements of zeta potential and hydrodynamic diameter 

were very similar (52±2 mV and 129±9 nm for CDACp35A compared to CDACp37A with ζ-

potential of 52±2 mV and 124±2 nm). Moreover, if in the cationization reaction highly oxidised 

DAC is used without sufficient excess of GT reagent, this has an influence on the formation of 

the cationized product, which will have a poor substitution degree. These differences were observed 

between samples modified with 0.975 GT/aldehyde molar ratio: CDACp35C shows DS of 1.19 and 

ζ-potential of 64±1 mV and a hydrodynamic diameter of 182±2 nm, while CDACp37C, obtained 

from DACp with higher aldehyde content, shows DS of 0.92 and ζ-potential of 54±1 mV, with the 

hydrodynamic diameter being 179±5 nm. In some cases of DACp cationization, the produced PELs 

showed size dependency on the DS, however some degradation of obtained products also appeared, 

and was revealed by the hydrodynamic diameter values.  

It was observed that performing the cationization of DACp1 (DS of 1.77) with GT/aldehyde 

molar ratios of 3.9 to 0.975 led to obtain PELs with degree of substitution from 1.36 (for highly 

charged) to 0.92 (for poorly charged), while applying the same conditions on DACc2 (DS of 

1.60) obtained from alkali-extracted Eucalyptus bleached pulp led to obtain lower values of DS 

of cationic groups, from 1.06 to 0.85. These results indicate that besides cellulose, hemicellulose 

in DACp samples, was also possibly modified during the oxidation and cationization process, 

due to which the increase in DS was observed. Overall, all the cationic modified DACps 

presented water solubility at room temperature. 

Cationization of DAC from Eucalyptus wood wastes with different lignin content 

Finally, the quaternary ammonium cationization procedure was applied for modification of 

DACs obtained from more complex raw materials, i.e., pulps with different levels of kappa 

number (in the range between 10.2 and 26.7). The initial samples with kappa numbers of 10.2 

and 13.9 used in the production of DACwaq, underwent a hot water pre-treatment and mild 

cooking, while the materials with kappa numbers of 16.1 and 26.7, used for the production of 

DACw were only mildly cooked. It is expected that different composition of initial raw materials 

used in the production of DAC precursor for cationization with GT reagent, namely a lower 

content of cellulose and the presence of other constituents as lignin and hemicelluloses, should 

have influence not only on the reaction kinetics but also on the characteristics of obtained 

CDACs. The different reaction conditions used for the synthesis and the characterisation results 

of the obtained products are summarised in Table 4.5. The dependency of the characterization 

data on the GT/aldehyde molar ratio are presented in the Fig. 4.15. 
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Table 4.5. Reaction conditions for synthesis of cationic wood-based flocculants and characterization results*. 

Name 
Time 

(h) 

Temp 

(°C) 

GT/aldehyde 

(molar ratio) 
DS 

Cationicity 

Index 

(mmol/g) 

ζ-potential 

(mV) 

Z-Av. 

diameter 

(nm) 

PDI 

DACwaq1 3 75  1.64     

47Aa 1 70 3.9 1.27 3.62 55 ±1 293±7 0.38±0.03 

47B 1 70 1.95 1.02 3.26 56±1 244±7 0.49±0.09 

47Ca 1 70 0.975 0.96 3.15 51±2 212±10 0.45±0.04 

DACwaq3 3 75  1.7     

48Aa 1 70 3.9 1.09 3.37 52±1 253±7 0.28±0.01 

48B 1 70 1.95 1.02 3.26 51±2 237±18 0.37±0.05 

48Ca 1 70 0.975 0.97 3.17 50±3 249±20 0.67±0.07 

DACw5 3 75  1.67     

46Aa 1 70 3.9 0.84 2.88 52±1 175±1 0.44±0.01 

46B 1 70 1.95 0.87 2.98 58±1 186±6 0.56±0.08 

46Ca 1 70 0.975 0.74 2.95 53±1 190±9 0.42±0.05 

DACw6 3 75  1.67     

56Aa 1 70 3.9 1.22 3.56 46±1 247±8 0.43±0.02 

56B 1 70 1.95 1.01 3.24 44±1 244±4 0.35±0.03 

56Ca 1 70 0.975 0.79 2.84 40±3 292±10 0.45±0.02 

Time= reaction time, DS=degree of substitution, PDI=polydispersity index of the hydrodynamic diameter 
distribution; dialdehyde cellulose from: DACwaq1, from wood wastes pulp with Kappa N. 10.2, DACwaq3, from 
wood wastes pulp with Kappa N. 13.9, DACw5, from wood wastes pulp with Kappa N. 16.1, DACw6, from wood 
wastes pulp with Kappa N. 26.7; a-sample was characterised by 1H NMR in DHO. 

 

Fig. 4.15. Graphical representation of DS, PDI, zeta potential and hydrodynamic diameter results of cationic 
cellulose-based PELs (from different DAC precursors obtained from wood wastes pulps with kappa numbers 
between 10.2 and 26.7) for different GT/aldehyde molar ratios (3.9; 1.95; 0.975) 

Herein, it was evaluated the influence of different lignin content and pre-treatment of initial 

material used for the production of DACs, applying the successfully developed procedure for 

CDACs production previously described, using GT/aldehyde groups molar ratios between 3.5 

and 0.975 and carrying out the reaction for 1h at 70°C. In these tests the DS of initial DAC 

regarding aldehyde groups was always very similar. Fig. 4.16 shows an example of the size 

distribution by intensity and zeta potential for cationic-wood based PEL, CDACw56A. 
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Fig. 4.16. Example of CDACw56A characterisation results. The size distribution by intensity, on the left, and zeta 
potential, on the right. 

These experiments demonstrated that by increasing the excess of Girard´s reagent T used in the 

modification procedure, products with higher cationicity index (and DS) can be produced. 

However, even if the cationicity index (3.62-2.88 mmol/g) and DS (1.27 -0.74) between CDACs 

obtained from initial wood pulps with kappa number between 10.2 and 16.1 differed a lot, this 

did not show any significant influence in the zeta potential results that were between 50±3 mV 

and 58±1 mV. Moreover, in the CDACw obtained from the initial material with the highest 

kappa number (26.7) the measured zeta potential results were a lot lower, in the range of 40±3 

mV to 46±1 mV, which can be attributed to the negative impact of a high unmodified fraction 

of lignin that did not undergo the periodate oxidation and thus, influenced the average zeta 

potential value of the polymers. These agrees as well with the higher values of PDI obtained for 

these polymers, which must again be related to the higher heterogeneity of the produced 

polymers. Moreover, it was also noticeable a tendency related with the hydrodynamic diameter 

and the DS of cationic groups. Typically, in materials obtained from initial wood pulps with hot 

water extraction, with the increase in DS the hydrodynamic diameter also increases. Moreover, 

all the cationic modified DACs obtained from wood pulps with different kappa numbers, 

showed to be water soluble at room temperature, and thus could be strong candidates to be 

applied as flocculants in wastewater treatment. 

In general, the quaternary ammonium cationization procedure with Girard’s reagent T was easy 

to implement in various types of dialdehyde celluloses from different Eucalyptus-based cellulosic 

materials, which differ in chemical composition (hemicellulose, cellulose and lignin contents). 

Applying different GT/aldehyde molar ratios allows to obtain different substitution degrees for 

the cationic unit. There was a trend in the decrease of zeta potential with the increase of 

complexity of the raw material used for the periodate oxidation, and the lowest values were 

observed while performing cationization with wood pulp with the highest kappa number of 

26.7 (DACw6). Higher complexity of the raw material, larger lignin and hemicellulose content 

led to obtain cationic cellulose-based PELs with lower zeta potential that varied from 40±3 mV 
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(CDACw56C; obtained with 0.975 of GT/aldehyde molar ratio) to 46±1 mV (CDACw56A; 

using 3.9 of GT/aldehyde molar ratio). 

 

Fig. 4.17. FTIR spectra of dialdehyde cellulose and cationized cellulosic materials from different DAC sources. All 
presented cationic cellulose-based PELs were obtained while performing cationization with 3.9 GT/aldehyde 
molar ratio at 70°C, 1h.   

The structural characterisation of quaternary ammonium cellulosic derivatives from different 

sources was performed by the FTIR analysis. Fig. 4.17 shows the FTIR spectra of cationic 

celluloses with several new bands not present in the spectrum of DAC or cellulosic pulp. 

Formation of an imine bond between the oxidized cellulose chain and GT was confirmed by a 

very intense band at 1687 cm-1, which corresponds to the carbonyl stretching of amide bond 

(amide I band), accompanied by a less intense band at 1559 cm-1 due to the carbon-nitrogen 

stretching in the amide group (amide II band) New bands from the asymmetric and symmetric 

bending of methyl groups also appeared at 1475 and 1415 cm-1. The sharp band at 925 cm-1 was 

due to the asymmetric C4-N stretching of the alkylammonium groups.  

Also, the Fig. 4.18 shows the FTIR spectra of quaternary ammonium modified cellulosic 

materials (CDACc28 series) with different cationicity index based on dialdehyde cellulose 

obtained from alkali-extracted bleached pulp. The relative intensity of the bands of 

alkylammonium groups (at 1475, 1415 and 925 cm-1) of the different samples confirmed the results 

obtained by nitrogen elemental analysis. The intensity of these bands increases with the increase 

of cationicity, as would be expected. 
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Fig. 4.18. FTIR spectra of cationic cellulosic samples with different cationicity (3.57, 3.43, 3.41, 3.16 and 2.93 
mmol/g for 28-5, 28-1, 28-4, 28-2 and 28-3 samples, respectively) obtained from dialdehyde cellulose from alkali-
extracted bleached pulp 

The 1H NMR spectra of the water soluble quaternary ammonium cellulosic derivatives produced 

from DACs of different origin are presented in Fig. 4.19. The presence of high-intensity signals 

at 3.23–3.29 ppm, can be attributed to methyl protons (H3C) of alkylammonium moieties, 

protons linked to the carbon between the alkylammonium group and the C=O(NH) amide 

group, and protons linked to carbon in the HC=N- imine bond. A sharp signal at 3.97 ppm was 

also observed, probably due to protons linked to carbon C-6. 1H NMR spectroscopy did not 

show any difference associated with the different raw materials. However, the relative intensity 

of signals at 3.23-3.29 ppm were in agreement with the degree of quaternary ammonium groups 

substitution, based on the CDACp37 series (Fig. 4.19- right insert). The intensity of these signals 

tends to increase with the increase of DS, as it was also observed by the FTIR spectroscopy, 

based on CDACc28 series (Fig. 4.18).  
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Fig. 4.19. 1H NMR spectra of cationic cellulose-based polyelectrolytes. (Left)-CDACs obtained from different 
sources of dialdehyde cellulose with 3.9 GT/aldehyde molar ratio. (Right)-Influence of the GT/aldehyde molar 
ratio (3.9, 1.95 and 0.975) on the intensity of signals in the spectra of CDACp37 series with different DS (1.36, 1.27 
and 0.92 for 3.9, 1.95 and 0.975 GT/aldehyde molar ratio, respectively). 

Consequently, 1H NMR and FTIR spectroscopy gave clear evidence that cationization of 

cellulosic material through the formation of imine bonds by reaction of DAC with GT reagent 

occurred. Moreover, the results obtained by elemental analysis based on nitrogen content, 

namely the substitution degree (and cationicity index), were also confirmed by both 

spectroscopic techniques through the relative intensity of signals/bands associated with the 

quaternary ammonium unit.  

All the other graphics of zeta potential, size distribution by intensity as well as FTIR, for all the 

obtained cationic cellulose-based polyelectrolytes and 1H NMR spectra of selected samples 

listed in Table 4.3-Table 4.5 are reported in Appendix A. 

4.4.4. Synthesis and characterization of anionic dialdehyde cellulose  

The The synthesis of anionic cellulose-based polyelectrolytes (ADAC) followed the reaction 

described in Fig. 4.6. Table 4.6 shows the reaction conditions used to produce the ADAC 

samples and some of the characterization results. Different DAC-based initial materials 

(DACp2, DACwaq2, DACwaq4, DACw8, DACw7) were considered. The reaction time was varied 

from 24h to 144h, while keeping constant the molar ratio of used sodium metabisulfite to the 

aldehyde groups content of DAC and reaction temperature (room temperature, 25°C). The 
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metabisulfite anionization procedure was applied for modification of DACs obtained from 

Eucalyptus bleached pulp as well as from more complex raw materials, with different levels of 

kappa number in the range between 10.2 and 26.7 (Table 4.1). Once more, it is expected that 

different composition of initial raw materials used in the production of DAC precursor for 

anionization, namely a lower content of cellulose and the presence of other constituents as lignin 

and hemicelluloses, should have influence not only on the reaction kinetics but also on the 

characteristics of obtained ADACs. The influence of different reaction times (24-144 h) on the 

characterisation results of the final products (DS, PDI, zeta potential and hydrodynamic 

diameter) is graphically depicted in the Fig. 4.20.  

Table 4.6. Reaction conditions for synthesis of anionic wood-based flocculants and characterization results*. 

Name 
Time 

(h) 

Temp 

(°C) 
DS 

Anionicity 

Index 

(mmol/g) 

ζ-potential 

(mV) 

Z-Av. 

diameter 

(d.nm) 

PDI 

DACp2 3 75 1.64     

54Da 24 25 1.22 4.23 -44±2 157±10 0.59±0.08 

54A 34 25 1.33 4.44 -44±2 178±2 0.52±0.03 

54Ba 72 25 1.18 4.17 -50 ±1 127±6 0.52±0.02 

54C 144 25 1.42 4.60 -43±1 92±3 0.32±0.03 

DACwaq2 3 75 1.69     

52Aa 24 25 0.95 3.66 -41±2 151±4 0.44±0.01 

52Ba 34 25 1.12 4.03 -38±1 155±6 0.43±0.02 

52Ca 72 25 0.93 3.61 -38±1 135±7 0.48±0.02 

52Da 144 25 1.12 4.04 -36±1 108±8 0.42±0.01 

DACwaq4 3 75 1.69     

53Aa 24 25 1.43 4.62 -43±2 140±3 0.34±0.04 

53B 34 25 1.13 4.07 -42±3 138±3 0.28±0.01 

53Ca 72 25 1.32 4.44 -32±2 175±8 0.30±0.03 

53D 144 25 1.24 4.28 -44±1 114±4 0.29±0.03 

DACw8 3 75 1.45     

51Aa 24 25 1.18 4.17 -41±4 106±4 0.34±0.05 

51Ba 34 25 1.08 3.96 -42±3 170±7 0.43±0.05 

51Ca 72 25 1.15 4.11 -42±2 163±8 0.41±0.02 

51Da 144 25 1.12 4.03 -38±3 173±6 0.47±0.03 

DACw7 3 75 1.64     

55Aa 24 25 1.34 4.47 -45±1 137±8 0.47±0.02 

55B 34 25 1.49 4.72 -46±1 162±8 0.45±0.03 

55Ca 72 25 1.41 4.59 -39±1 157±5 0.37±0.03 

55D 144 25 1.60 4.90 -36±2 116±7 0.46±0.03 

*Time= reaction time, DS=degree of substitution, PDI=polydispersity index of the hydrodynamic diameter 
distribution; dialdehyde cellulose from: DACp2, from bleached pulp, DACwaq2, from wood wastes pulp with Kappa 
N. 10.2, DACwaq4, from wood wastes pulp with Kappa N. 13.9, DACw8, from wood wastes pulp with Kappa N. 
16.1, DACw7, from wood wastes pulp with Kappa N. 26.7; a-sample was characterised by 1H NMR in DHO. 

The polydispersity index of the hydrodynamic diameter distribution of anionic PELs was 

between 0.28±0.01 and 0.59±0.08. The high PDI values confirmed large heterogeneity of 

obtained materials even after anionization. This was also in agreement with the complexity of 
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the raw materials (lower cellulose content due to presence of hemicellulose and lignin fraction) 

used in the two-step modification procedure 

It should be noted, based on the visual inspection (e.g. in Fig. 4.21), that the appearance of 

obtained products while using the same metabisulfite/aldehyde ratio, differed with the reaction 

time. It was observed with the increase of reaction time a greater homogeneity in the product. 

The solubility was confirmed by the total transparency of the reaction solution at the end of the 

synthesis. With the increase of kappa number, using 24 h reaction time showed not to be 

enough. In fact, for the ADACs 53A, 51A and 55A it was noticed that the reaction mixture was 

still cloudy, due to partially unreacted DAC, so obtained products were not totally soluble and 

required further filtration, to obtain only the water-soluble fraction. 

 

Fig. 4.20. Graphical representation of DS, PDI, zeta potential and hydrodynamic diameter results of anionic 
cellulose-based PELs (from different DAC precursors obtained from Eucalyptus bleached pulp (B.P.) and wood 
wastes pulps with kappa numbers between 10.2 and 26.7) for different reaction times (24, 34, 72 and 144 h). 

 
Fig. 4.21. Visual representation of anionization products obtained from DACwaq4 before starting the reaction (time 
0), after 24 h (ADACwaq53A) and 144h (ADACwaq53D) of reaction time. 
 

Fig. 4.22. Example of ADACw55A characterisation results. The size distribution by intensity, on the left, and zeta 
potential, on the right. 

The results presented in the Table 4.6 and Fig. 4.20, have shown that is possible to obtain 

anionic flocculants with different characteristics: DS, zeta potential or hydrodynamic diameter. 
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Fig. 4.22 shows an example of the size distribution by intensity and zeta potential for anionic-

wood based PEL, ADACw55A. 

Results for the samples of anionic DAC derived from the same DAC, e.g. DAC p2 (ADACs: 

54A, 54B, 54C, 54D), have suggested that for reaction times longer than 72 h the product 

undergoes chemical degradation, which appears as a decrease in the hydrodynamic diameter of 

obtained flocculants. However, this was not applied to the ADACs obtained from DACw8. The 

reason why ADACw51D did not show decrease (compared to ADACw51C) in the hydrodynamic 

diameter can be due to the lower DS of aldehyde groups in the initial DAC, compared to other 

dialdehyde cellulose materials. Overall, 34 h-72 h of sulfonation showed to be an optimum reaction 

condition for DACp2, DACwaq2, DACwaq4 and DACw7, which offers the cellulose derivatives with 

the most promising characteristics (large hydrodynamic diameter and high zeta potential) for further 

application as flocculation agents. The degradation during the sulfonation seemed to be more 

pronounced while using DAC obtained from less heterogeneous raw materials. Larger fractions of 

lignin partially prevented the degradation of obtained anionic cellulose derivatives. 

The solubility was confirmed by the total transparency of the reaction solution at the end of the 

synthesis. With the increase of kappa number, using 24h reaction time showed not to be enough. 

For ADACs 53A, 51A and 55A it was noticed that the reaction mixture was still cloudy, due to 

partially unreacted DAC, so obtained products were not totally soluble and required further 

filtration, to obtain only the water soluble fraction. 

The structural modification of DAC samples by sulfonation was confirmed by FTIR and 1H NMR 

spectroscopy. Fig. 4.23 shows the FTIR spectra of anionic cellulosic derivatives. Appearance 

of several new bands at 1184 cm-1, 614 cm-1 and 518 cm-1 was associated with SO2 vibrations of 

sulfonic acid groups. Moreover, the disappearance of the DAC characteristic bands at 1730 cm-1 

and 882 cm-1, confirmed the success of the sulfonation. Additionally, the influence of reaction 

time (24 h -144 h) on DS was also verify by the relative intensity of FTIR spectrum, based on 

ADACw51 series. Fig. 4.24 confirmed the relation between the intensity of the characteristic 

SO2 related bands 1184 cm-1 and 614 cm-1, and the results obtained by the elemental analysis 

(DS). The intensity of those related bands increases with the increase of anionic content, as 

would be expected. 
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Fig. 4.23. FTIR spectra of dialdehyde cellulose and sulfonated cellulosic derivatives from different DAC sources. 
All products were obtained with the same metabisulfite/aldehyde ratio (14 mmol bisulfite/g DAC), at room 
temperature, during 34h reaction time.  

 

Fig. 4.24. FTIR spectra of anionic cellulose samples, series of modified DACw8 with different DS (1.27, 1.08, 1.15 
and 1.12 for 24, 34, 72 and 144h of reaction, respectively). 

Fig. 4.25 shows the 1H NMR spectra of water soluble sulfonated cellulosic samples produced from 

different DACs origin. The obtained signals were highly overlapped with the signal from water. 

However, based on the NMR characterisation performed previously by Rajalaxmi et al.267 it was 

possible to distinguish two main signals assigned to H-2´and H-3´ directly connected to the SO3
- 

groups. Moreover, due to the oxidation/sulfonation of C2-C3 the corresponding proton signals 

were shifted, and appeared at 5.3 and 4.8 ppm, respectively. 
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All the other graphics of zeta potential, size distribution by intensity, as well as FTIR and 1H NMR 

spectra of samples listed in Table 4.4-Table 4.6 are reported in Appendix A.  

Fig. 4.25 (left) shows the 1H NMR spectra of the water soluble sulfonated cellulose samples 

produced from different DACs origin. The 1H NMR spectra obtained are not very illustrative, 

obtained signals were highly overlapped with the signal from water. However, based on the 

characterisation performed by Rajalaxmi et al.267 it was possible to distinguished two main signals 

assigned to H-2´and H-3´ directly connected to the SO3
- groups. Moreover, due to the 

oxidation/sulfonation of C2-C3 the signals were shifted, and appeared at 5.3 and 4.8 ppm 

respectively. The relative intensity of signals H-2´and H-3´ was also in agreement with the DS values, 

based on the ADACw51 series (Fig. 4.25 - right insert). The intensity of those related signals tend 

to increase with the increase of DS, as was also observed by the FTIR spectroscopy. 

All the other graphics of zeta potential, size distribution by intensity as well as FTIR and 1H NMR 

spectra of samples listed in Table 4.4 - Table 4.6 are reported in Appendix A. 

 

Fig. 4.25. 1H NMR spectra of anionic cellulose-based PELs obtained from different sources of dialdehyde cellulose 
after 72h reaction. (Right)-Influence of the reaction time (24h-144h) on the intensity of signals in the spectrum of 
ADACw51 series with different DS (1.27, 1.08, 1.15 and 1.12 for 24, 34, 72 and 144h of reaction, respectively). 

DS 
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4.5. FINAL REMARKS 

In chapter, mainly, reported procedures to prepare anionic and cationic cellulose-based 

polyelectrolytes via two-step reaction. The periodate oxidation was selected as a first step, due 

to its selectivity and suitability for various further modifications. Also, in periodate oxidation 

two highly reactive aldehyde groups are introduced into the cellulose backbone allowing a high 

degree of substitution in the final products, not possibly to be achieved by other routes. During the 

oxidation process, dialdehyde celluloses with different aldehyde groups content were produced. 

Preliminary tests using four different temperatures (75°, 71°, 68° and 65°C) and five different 

reaction times (2 h, 3 h, 3h30, 4 h and 5 h), led to the conclusion that the product with the highest 

aldehyde content was obtained for 3 h treatment with sodium periodate and LiCl at 75 °C. The 

same experimental procedure was therefore applied for all tested raw materials with different 

characteristics, namely: Eucalyptus bleached kraft pulp pre-treated with alkaline extraction and 

without any pre-treatment, and Eucalyptus wood chips wastes after mild cooking together with 

previous hot water extraction with kappa numbers of 10.2 and 13.9, and without any hot water pre-

treatment, with kappa numbers of 16.1 and 26.7. Highly oxidized materials could be successfully 

produced with degree of substitution (DS) from 1.77 to 1.44. The characterisation by FTIR 

confirmed the presence of aldehyde groups, with C2-C3 cleavage in the AGU units of cellulose. 

Once periodate oxidation procedure was established, a series of cationization experiments for 

each DAC type was carried out with Girard´s reagent T, varying the GT/aldehyde groups ratio 

in order to obtain different charge densities. The reactions were carried out at 70°C during 1h. 

The GT/aldehyde molar ratios of 3.9, 1.95 and 0.975 were selected for tests performed with all 

tested DACs (from different origins). This study demonstrated that the charge density of the 

final product increases with the increase to a certain amount of used GT reagent. Elemental 

analysis (nitrogen content) results used to determine DS were in general confirmed by the zeta 

potential measurements that were in agreement, higher DS corresponding to higher zeta 

potential. Positively charged natural-based polyelectrolytes were produced in this way. Their 

high amount of substituted ionic groups (DS up to 1.46) and the large zeta potential (up to 

+70 mV), explained the easy solubilisation in aqueous medium at room temperature. 

Nonetheless, the hydrodynamic diameter of the polymers prepared showed the dependency on 

the starting material used for DAC production. The characterisation by FTIR and 1H NMR 

confirmed the substitution of quaternary ammonium groups and the modification of dialdehyde 

cellulose.  
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The anionic PELs were prepared by modification of DAC with sodium metabisulfite at room 

temperature (25 °C) and at different reaction times. Similar to the production of cationic PELs, 

DACs from different sources (Eucalyptus bleached pulp and pulps obtained by kraft cooking of 

Eucalyptus wood wastes with or without hot water pre-extraction) were used. It was 

demonstrated that the optimum reaction time was 34-72h, since longer reaction times seemed 

to promote the chemical degradation of the cellulose chains. Negatively charged natural-based 

polyelectrolytes with degree of substitution between 1.0 and 1.6 and zeta potential in the -32 to 

-50 mV range were obtained. In general, the anionic PELs were also easy solubilised in water at 

room temperature. The ADACs produced from different DAC origins presented similar 

structural features, as revealed by 1H NMR and FTIR.  

The overall results showed that highly charged, cellulose-based cationic and anionic polyelectrolytes 

can be prepared by a two-step modification: periodate oxidation/cationization or periodate 

oxidation/anionization sequence, using a variety of GT/aldehyde molar ratios (in case of 

cationization) or different reaction times (while performing anionization). As a result, a wide range 

of PELs with different charge densities were prepared that apparently exhibit adequate features to 

be applied as flocculation agents in wastewater treatment. The final evaluation of the most suitable 

product for the desired application is going to be described in the following chapters. 
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5.1. INTRODUCTION 

As presented in Chapter 2, section 2.7.3, there are numerous studies dealing with the synthesis 

of bio-based coagulants through modification of tannins, and an extensive variety of tannin 

sources have been applied. As discussed before, the effectiveness of modified tannins as 

coagulants, when used for the clarification of water, strongly depends on the degree of 

modification and their chemical structure, which in turn is dependent on the plant from which 

they were extracted329. However, to expand this product portfolio and to be adaptable to the 

market needs, it is important to tune the Mannich reaction variables and study their influence 

on the properties and shelf life of the new natural-based materials for wastewater treatment. 

This was the main motivation for this research, the first goal being to evaluate the influence of 

Mannich reaction parameters on the products shelf life time. 

The production of cationic tannin-based coagulants is usually carried out via Mannich 

aminomethylation reaction (Fig. 2.25). The introduction of positively charged groups (namely 

protonated tertiary nitrogen groups) to the complex tannin matrix344 followed by subsequent 

polymerization, increases the molecular weight347 of Mannich-tannins resulting from the described 

chemical treatment. Furthermore, the amphiphilic nature of the obtained products: cationic (tertiary 

ammonium) and anionic (ionized phenols), can be beneficiary for coagulation purposes343. 

As was previously presented (Chapter 2, section 2.7.3 and Fig. 2.25), the Mannich reaction is 

typically used for the production of tannin-based coagulants. Besides the choice of the Mannich 

base (dimethylamine hydrochloride) and amount of added Mannich solution (dimethylamine 

hydrochloride/formaldehyde/water), other parameters have to be chosen including: reaction 

temperature and time, Mannich solution (MS) activation time as well as the extra amount of 

added formaldehyde. Due to the crosslinking between tannin molecules, formaldehyde and 

Mannich solution, viscous tannin - based condensation/polymerization products may obtained 

if the reaction is allowed to proceed sufficiently. 

A schematic representation of the Mannich aminomethylation of the tannins, followed in the 

present work to produce bio-coagulants, is shown in Fig. 5.1, which consist in the following 

steps: 

-Dissolution of tannin in water; 

-Preparation of Mannich solution by mixing formaldehyde with dimethylamine hydrochloride; 

-Addition of Mannich solution to dissolved tannin, under agitation; 
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-The Mannich reaction progresses more rapidly if an excess amount of formaldehyde is added 

(extra addition of formaldehyde was considered in the present procedure), or by increasing the 

temperature; 

-Dilution and acidification of reaction mixture to obtain the desired product. 

 

Fig. 5.1. Representation of the procedure proposed to produce the tannin-based coagulants via Mannich 
aminomethylation. 

Considering the raw materials used to produce the natural-based cationic coagulation agents for 

wastewater treatment, different origins and sources of tannin were applied. The tannins selected 

for the modifications were bark tannin extracts of Acacia mearnsii from South Africa however 

from two different suppliers, one from New Zealand (called later as: Mimosa ME – SANZ) and 

another one supplied from the Netherlands (called later as: Mimosa ME – SA). Regarding the 

latter tannin, two batches were evaluated (Mimosa ME – SA: batch B1 and B2) in order to 

estimate the repeatability of obtained products as well as the quality of provided batches.  

The Mimosa ME extracts are classified as condensed tannins and consist of polymerized 

robinetinidol, fisetinidol, and gallocatechin units (Fig. 5.2)377. 

 

Fig. 5.2. Flavan-3-ol monomers that constitute the Acacia mearnsii tannin extract: fisetinidol (A); robinetinidol (B); 
and gallocatechin (C) 377.  

Typically, the monomers in tannin that create the proanthocyanidin polymer are linked by 

covalent C-C bonds between the C-4 of one flavanol unit and the C-8 or C-6 of another 

(Fig. 5.3)331,347, which classifies the material as a condensed tannin.  
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Fig. 5.3. Typical flavan-3-ol skeleton in condensed tannins347. 

The wood tannin extract from Schinopsis balansae tree, typically known as Quebracho tannin (also 

a class of condensed tannin), from Argentina, was as well selected for the Mannich reaction. This 

extract is a mixture that consists mostly of catechol, resorcinol and pyrogallol units330 (Fig. 5.4). As 

a consequence of the sources diversity, some adaptations in the developed production procedure 

according to the raw material (type and source of tannin) were evaluated during this study. 

 
Fig. 5.4. Units that constitute the Quebracho tannin extract: catechol (A); resorcinol (B) and pyrogallol (C).  

In this investigation, the natural-based coagulants produced were characterised by shear 

viscosity measurements. Tannin-based coagulants are condensation/polymerization products. 

Furthermore, the chain length and crosslinking between tannin molecules, formaldehyde and 

Mannich solution progresses over time. As a consequence, a thickening of the product, takes 

place. The viscosity parameter is then a useful metric in the determination of shelf life time. In 

some cases, the over crosslinking causes a gel-type product, unsuitable for coagulation purposes, 

so, determination of the parameters that cause over crosslinking stage is highly important. 

The aim of the study reported in this chapter is to establish a standard procedure to prepare 

tannin-based coagulants, via Mannich aminomethylation. For that, a sequence of preliminary 

tests were carried out changing some experimental parameters, such as FA/tannin ratio, heating 

rate, reaction time, MS activation time, and their influence on the shear viscosity and shelf life 
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of the resulting products was evaluated. Once established the Mannich modification procedure, 

attempts were made to up scale the production of modified Mimosa ME-SA tannin coagulants 

to a pilot plant scale, using intermediate 5-L and ultimately 75-L reactors. 

5.2. MATERIALS 

South African, Acacia mearnsii bark tannin extracts from two different suppliers, one provided 

by Fontis, New Zealand (later called as Mimosa ME – SANZ) and another provided by Extract 

Dongen B.V., Netherlands (Mimosa ME – SA: batch B1 and B2), were used without any further 

treatment. A batch of Schinopsis balansae wood tannin extract, commonly known as Quebracho 

(under the commercial name Tupafin ATO) was provided by INDUNOR S.A. Argentina, and 

was also used without any further treatment. The dimethylamine hydrochloride (DMA∙HCl, 

powder, 99 %) was purchased from Sigma-Aldrich (Steinheim, Germany). Formaldehyde (FA, 

aqueous solution of 37 wt%, inhibited with methanol) was supplied by Thommen-Führler 

(Switzerland). All the reactions were carried on in demineralised water with a conductivity below 

1 μS/cm. All the other chemicals were purchased from Sigma-Aldrich (Steinheim, Germany). 

5.3. EXPERIMENTAL PROCEDURES 

5.3.1. Synthesis of cationic tannin-based coagulants 

Laboratory scale  

Tannin-based coagulants were synthesized via Mannich aminomethylation,378 using DMA∙HCl 

and formaldehyde (FA). The reaction mechanism is presented in Fig. 2.25. Fig. 5.5 shows the 

modification strategy developed for the production of tannin-based coagulants using aqueous 

reaction medium. Briefly, a mixture of DMA∙HCl/FA/water with a mass ratio of 1:1:1 (Mannich 

solution, MS) was prepared (left resting overnight), and then a 10-stage modification procedure 

was followed. The MS was added (Fig. 5.5; 4) to the tannin aqueous solution that was dissolved 

at a defined temperature under agitation (Fig. 5.5; 1, 2, and 3). The cationization of the tannin 

was performed while cooking (Fig. 5.5; 8). To force the reaction of the tannin with iminium 

ion, an extra amount of FA was added suddenly to the reaction mixture (Fig. 5.5; 7). After 

cooking at desired temperature for a certain period of time, viscous cationic tannin-based 

products were obtained. 
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Fig. 5.5. Modification of the tannins using the Mannich reaction. The process steps were: 1- heating of the water, 
2- addition of the tannin powder, 3- tannin dissolution, 4- addition of MS, 5- heating, 6- activation of the MS, 7- 
FA addition, 8- cooking, 9- dilution, and 10- acidification. 

Fig. 5.6 shows the modification strategy developed at laboratory scale for the production of 

Mimosa ME-SA bio-coagulants in a two-step reaction. First, the MS was prepared in a conical 

flask: 50 g of DMA∙HCl were dissolved in 50 g of water (pH = 6). After full dissolution, 50 g 

of 37 wt% aqueous FA were added. The mixture was stirred with a magnetic stirrer for 20 min 

at 150 rpm and then left resting overnight. 

 

Fig. 5.6. Process of Mimosa ME tannin modification, developed at laboratory scale, for the production of cationic 
tannin-based coagulants.  

In a 2-L glass beaker that was covered with aluminium foil, a mass of 50 g of the Acacia mearnsii 

tannin powder was dissolved in 117.5 g of water for 1 h at 30 °C. Following this, 40.5 g of MS 

were added, the mixture was agitated at 30 °C during 10 min, and then it was heated to 85°C. 

At this temperature, a 5 g shot of 37 wt% aqueous FA was injected (e.g. this corresponds to 

0.037 FA/tannin ratio). The reaction mixture was cooked for 1 h at 85°C followed by the 

dilution with 100 g of deionized water (conductivity below 0.3 μS/cm), and subsequently 

acidification with hydrochloric acid. At the end of the procedure, the shear viscosity of the 

obtained tannin-based coagulant was determined. The changes to the shear viscosity over time, 

after production, for the obtained products were monitored, and the shelf life was, thereby, 

evaluated. 
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Several experiments were performed by changing the reaction parameter and using two batches 

of raw material Mimosa ME – SA raw material: batch B1 and B2. Batch B1 was modified with 

two different amounts of FA solution: 6 g corresponding to FA/tannin ratio of 0.044 leading 

to bio-coagulant TA and 3.5 g (FA/tannin ratio of 0.026) leading to the set of products TB. Four 

different reaction times were evaluated (45-120 min). The effect of pH reduction to different 

final values during the acidification step, was also tested. 

Batch B2 of Mimosa ME – SA was used to evaluate the influence of the MS activation time 

(period between reaction mixture reaching 85°C and the addition of the extra FA) and of 

different FA/tannin ratios (0, 0.037, and 0.06). For this batch, the coagulants of the TC series 

were prepared by using a heating rate of 0.9 °C/min and FA/tannin ratio of 0.06. The MS 

activation times were 15 min, 30 min, 45 min, 60 min, 90 min, and 120 min, which corresponded 

to the TC1, TC2, TC3, TC4, TC5, and TC6 samples, respectively. The products of the TD series 

were prepared by repeating the method used to prepare Tc, but with a 0.037 FA/tannin ratio. 

MS activation times of 60 min, 90 min, 120 min, 150 min, and 180 min corresponded to the 

TD1, TD2, TD3, TD4, and TD5 samples, respectively. The modified tannins of the TE series were 

obtained by using a FA/tannin ratio of 0.03 and a 1.8 °C/min heating rate, and MS activation 

times of 90 min, 120 min, 150 min, and 180 min which led to the TE1, TE2, TE3, and TE4 samples, 

respectively. A set of products (TF) was obtained without the addition of extra FA and with a 0.9 

°C/min heating rate, and MS activation times of 120 min, 160 min, 200 min, 220 min, and 240 min, 

which corresponded to the TF1, TF2, TF3, TF4, and TF5 samples, respectively. 

The modification procedure developed for Mimosa ME-SA was applied for the Mimosa ME – SANZ 

bio-coagulant production, without significant adjustments. The FA/tannin ratios of 0.026 and 0.044 

mentioned above, as well as three different reaction times (60, 90 and 120 min) were tested. Similarly, 

the progress of the Mannich reaction was monitored based on measurements of viscosity. 

Applying the cationization process optimised for Acacia mearnsii bark tannin extracts, directly, 

to the Schinopsis balansae wood tannin, did not lead to obtain the desired product, and insoluble 

tannin powder was still present at the bottom of the reactor. It was, therefore, necessary to 

optimise the reaction conditions for the latter tannin. In this case, it was achieved a complete 

dissolution of tannin (50 g) in water (117.5 g) with 1 h agitation at 60°C. Subsequently, by the 

MS (40.5 g) and FA addition, followed by dilution and acidification, viscous tannin-based 

products were obtained. The FA/tannin ratios of 0.026 and 0.044, as well as the reaction times 

of 60, 100, 135, 150 and 180 min were evaluated again in this case. 



EXPERIMENTAL PROCEDURES 

155 

Upscale of the laboratory procedure 

The synthesis performed at laboratory scale with Acacia mearnsii bark tannin extract from South 

Africa (batch B2) was scaled up to the 5- and 75-litre reactor sizes.  

a) Mannich reaction at the pilot scale using 5-L reactor 

In a 2-L beaker, 150 g of DMA∙HCl was dissolved in 150 g of water (pH = 6). After full 

dissolution, 150 g of 37 wt% aqueous FA solution were added. The MS mixture was stirred with 

a magnetic stirrer for 20 min at 200 rpm, and then left resting overnight. 

 
Fig. 5.7. Heating profile of the reaction of Mimosa ME-SA tannin with MS and FA, in a 5-L reactor. The 
modification steps were: 1-dissolution of the tannin powder in water, 2- addition of MS, 3- heating, 4- activation 
of the MS, 5- FA additional addition, 6- cooking, 7- dilution, and 8- acidification  

In a 5-L pressure vessel manufactured by ACME, 316-SS, Mannich modification of the Mimosa 

ME-SA (B2) tannin was carried out. In this reactor, temperature was controlled using a steam-

water mixture in an external jacket. A PID controller was used to regulate the steam input to 

the water loop. Temperature was measured with a PT-100 thermocouple in the reactor and in 

the heating loop. Agitation was achieved with a 2-stage impeller, one 4 pitched blade impeller 

at the bottom and a marine propeller at 50 % of the reactor height. The speed was set to the 

minimum of 100 rpm. For the reaction, 500 g of the tannin powder were dissolved in 1175 g of 

water under stirring for 1h at 30-34 °C. Then, 405 g of MS were added, and the mixture was 

stirred for 20 min before being heated to 85 °C ± 2 °C. Subsequently, 35 g of 37 wt% FA were 

added (FA/tannin ratio of 0.026). The reaction was then maintained and monitored for 105 

min, after that period the obtained product was diluted with 1000 g of water. Finally, 

acidification of the solution with hydrochloric acid to reduce the pH to 1.6 was performed. The 

heating profile of the production of the tannin-based coagulant is presented in Fig. 5.7. 
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b) Mannich reaction at the pilot plant scale using a 75-L reactor  

In a large container, 4.5 kg of DMA∙HCl were dissolved in 4.5 kg of water (pH 6). After full 

dissolution, 4.5 kg of 37 wt% aqueous FA solution were added. The MS mixture was stirred 

with a mechanical stirrer for 20 min at 200 rpm. 

 
Fig. 5.8. Heating profile of the reaction of the tannin with MS and FA at the pilot scale using a 75-L reactor. The 
modification steps were: 1- heating of the water, 2- addition of the tannin powder, 3- tannin dissolution, 4- addition 
of the MS, 5- heating, 6- activation of the MS, 7- FA additional addition, 8- cooking, 9- dilution, and 10- 
acidification. 

In a 75-L steel reactor manufactured by Hoppes INC, Springfield, USA, the production of bio-

based coagulant was performed. In this reactor, temperature was controlled using a steam-water 

mixture in an external jacket. A PID controller was used to regulate the steam input to the water 

loop. Temperature was measured with a PT-100 thermocouple in the reactor and in the heating 

loop. For the modification, 12.0 kg of the Mimosa ME-SA (B2) tannin powder were dissolved 

in 28.3 kg of water under stirring for 1 h at 30 °C. Following this, 9.7 kg of MS were added, the 

mixture was agitated for 20 min at 30 °C, and then it was heated to 85 °C. At this temperature, 

1.2 kg of 37 wt% FA were added. The reaction mixture was then maintained isothermally for 

90 min at 85 °C. The solution was subsequently diluted with 24.1 kg of water, followed by an 

acidification step, at 45 °C, with hydrochloric acid, which reduced the pH to 1.6. The heating 

profile of the reaction is presented in Fig. 5.8. 
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5.3.2. Characterization procedures 

Elemental analysis 

Elemental analyses of the tannin raw materials (Acacia mearnsii bark tannin extracts: Mimosa ME 

– SANZ, Mimosa ME - SA: batch B1 and B2 and Schinopsis balansae wood tannin extract: 

Quebracho) were performed using an element analyser EA 1108 CHNS-O from Fisons (Milano, 

Italy) (for the description of the technique see Chapter 4, section 4.3.5). The resulting four 

components of the combustion mixture were eluted into a chromatographic column and then 

analyzed by a thermal conductivity detector, in the sequence N2, CO2, H2O and SO2. However, 

only the carbon and hydrogen contents were used to verify differences between the different 

raw materials. Each component content value is an average of 3 measurement repetitions. The 

elemental characterization data of the unmodified tannins are provided in Table 5.1.  

Table 5.1. Elemental analysis characterization data of tannin extracts used in Mannich aminomethylation for 
production of bio-based coagulants. 

Tannin raw material C (wt %) H (wt %) 

Mimosa ME-SA B1 52.15 5.49 

Mimosa ME-SA B2 52.71 5.75 

Mimosa ME-SANZ 53.49 5.67 

Quebracho 56.24 5.68 

Note that Quebracho tannin is predominantly composed of fisetinidin while Mimosa tannin 

shows higher amounts of robinetinidin units which exist only in minor amounts in Quebracho 

tannins330. Some findings also reported that Quebracho tannin extract contains ent-fsetinidol-

4β-ol, while Mimosa extract does not. Still, in Mimosa tannin high content of leucorobinetinidin 

coupled either with catechin or gallocatechin can be found, while leucorobinetinidin coupled 

with catechin may be present only at minor amounts in Quebracho tannin and that 

leucorobinetinidin coupled with gallocatechin is not present. The main difference between the 

studied samples regarding the elemental analysis results was in the carbon content, with Mimosa 

tannin samples showing a lower content (52.1-53.5 wt%) than that of Quebracho tannin (56.2. 

wt%). This reflects the different chemical composition of the two types of tannins. Moreover 

the difference between the South African, Acacia mearnsii bark tannin extracts: Mimosa ME – 

SANZ, Mimosa ME - SA: batch B1 and B2 supplied from different companies can be related to 

the composition changes due to light exposure, soil composition, or influence of storage 

conditions. Refrigeratored storage is the most recommended, since room temperature and heat 

are the main factors influence the material composition and ageing, as already reported in the 

literature354,357. 
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Fourier transform infrared spectroscopy (FTIR) 

To characterize the tannins before and after modification, Fourier transform infrared (FTIR) 

spectroscopy was used. The spectra were obtained on a Bruker Tensor 27 spectrometer 

(Karlsruhe, Germany), using 128 scans and a resolution of 4 cm-1, in the range of 400 - 4000 cm-1. 

The samples were analysed in KBr pellets. Samples were previously oven-dried at 60 °C, before 

performing the FTIR analysis. 

Shear viscosity measurements 

The progress of Mannich aminomethylation was evaluated based on the determination of shear 

viscosity of the obtained bio-coagulants with a Brookfield Viscometer (LVDV-II+ Pro, 

Stoughton, USA) at 30 rpm. Each measurement was performed at a temperature of 24.5±0.5 °C 

using the appropriate spindle (1 to 6 depending on the product viscosity). The changes to the 

shear viscosity over time, after production, for the obtained products, were monitored and the 

shelf life times based on these changes were evaluated. 

5.4. RESULTS AND DISCUSSION 

This study may be divided into two sections: the synthesis and characterization of tannin-based 

coagulants from different sources at laboratory scale and the upscaling from laboratory to pilot 

scale (laboratory and pilot plant). The results in the first part of the work are grouped according 

to the source of raw material used: Acacia mearnsii bark tannin extracts, i.e. Mimosa ME-SA 

(batch B1 and B2) followed by Mimosa ME – SANZ, and Schinopsis balansae wood tannin extract. 

The influence of synthesis variables in the experiments carried out at laboratory scale, on the 

physical-chemical properties of the coagulants produced is presented and compared. The effects 

of different reaction parameters: heating rate, FA dosage, and MS activation time on the bio-

coagulant shelf life were evaluated. Afterwards, in the second part, the most promising 

procedure for modification of Mimosa ME-SA (batch B2), developed at laboratory scale was 

up scaled in two different reactors using a 5-L reactor as an intermediate scale and a 75-L reactor 

as an ultimate pilot plant scale. The results obtained are presented in the following sections. 
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5.4.1. Modification of different tannin sources by Mannich reaction 

Laboratory scale 

A. Modification of Acacia mearnsii bark tannin extracts: Mimosa ME-SA 

(batch B1) 

As a first step, an optimisation study of Mimosa ME-SA (B1) tannin modification at laboratory 

scale was carried out. Tannin-based coagulants are condensation/polymerization products. 

Furthermore, the chain length and crosslinking between tannins molecule, formaldehyde and 

Mannich solution progress over time. As a consequence, a thickening of the product, takes 

place. However, the final pH of the cationic tannin-based coagulant, in solution, can influence 

the extent to which the condensation reaction continues during the storage. It is thus an 

important parameter to evaluate. The influence of pH of the final product on shear viscosity 

was considered (Fig. 5.9). 

 
Fig. 5.9. Influence of pH on the final viscosity of the modified Mimosa ME-SA tannin. 

Cationic modified tannin-based coagulant (Mimosa ME-SA, B1), after dilution though without 

acidification step, had a pH of 3.4 and a viscosity (measured at a shear rate of 30 rpm and a 

temperature of 24.5 +/- 0.5 °C) of 339 cP (Fig. 5.9). Following reduction of pH (with 

hydrochloric acid) to 2.0 the viscosity significantly decreased to 131 cP. It was also observed 

that viscosity gradually decreased with the increase of acidity of the final product. Subsequently 

to this study, it was decided to acidify all the obtained products of tannin aminomethylation to 

pH 1.6 after the dilution step. 

In all the modification trials, Acacia mearnsii tannin powder from South Africa (Mimosa ME-SA, 

B1) was dissolved at 30 °C during 1 h, then the MS was added. The MS activation time (period 

between the mixture reaching 85 °C and the addition of the extra FA) was fixed at 10 min and 

the reaction was carried out at 85 °C. The influences on modification, of reaction time and 
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amount of FA added to the reaction mixture, were evaluated through the changes in shear 

viscosities of the final products (Fig. 5.10). 

 
Fig. 5.10. Shear viscosity (at 25°C) of the modified Mimosa ME-SA (B1) products for different FA/tannin ratios 
as a function of the reaction time. Series of TA products were achieved with 0.044 FA/tannin ratio, while products 
from the TB series corresponded to 0.026 FA/tannin ratio. The MS activation time was fixed at 10 min and the 
reaction was carried out at 85°C. 

Increasing the FA/tannin ratio from 0.026 till 0.044, led to an increase in the viscosity of the 

obtained products (experiments TA compared with TB). From Fig. 5.10, it can be inferred that 

products obtained from trials TB had lower molecular weights, compared to those from trials 

TA. The obtained viscosity decreased approximately 69 %, while performing a 60 min reaction, 

from TA2, obtained with FA/tannin ratio of 0.044 (viscosity 95 cP) to TB1 obtained with 

FA/tannin ratio of 0.026 (viscosity 29 cP). The viscosity decrease was less significant while 

increasing the reaction time up to 120 min letting to obtain products with a viscosities difference 

of 31 cP (80 cP for TB4 and 111 cP for TA4). During the modification, the formaldehyde and 

Mannich base (aldehyde/amine mixture) propagated crosslinking between the flavonoid units 

of tannin352,379, which led to an increase in the molecular weight and, correspondingly, to a higher 

shear viscosity of the final modified tannin products, for higher FA/tannin ratios. These 

changes in viscosity were much more significant when working at shorter reaction times. 

Subsequently, if the reaction time is longer than a certain threshold, or if simultaneously FA 

dosage is relatively high (long reaction time and high FA/tannin ratio), then crosslinking is 

predominant and tannin gelation occurs. In this case, the product is useless as a coagulation 

agent for wastewater treatment, due to its low or non-water solubility. 
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B. Modification of Acacia mearnsii bark tannin extracts: Mimosa ME-SA 

(batch B2) 

As a consequence of the results obtained in the initial tests with Mimosa ME SA-B1 tannin 

(Fig. 5.10), the influences of heating rate, MS activation time, and FA/tannin ratio were 

evaluated at the laboratory scale using Mimosa ME-SA B2 tannin. Dependent on modification 

parameters, different shear viscosities of the final products were obtained (Fig. 5.11). 

 
Fig. 5.11. Shear viscosity (at 25°C) of the modified Mimosa ME-SA (B2) products for different FA/tannin ratios 
and heating rates as a function of the MS activation time. Series of Tc products were obtained with 0.06 FA/Tannin 
ratio and 0.9°C/min heating rate, while products from TD series were obtained with 0.037 FA/tannin ratio and 
0.9°C/min heating rate, TE with 0.037 FA/tannin ratio and 1.8°C/min heating rate, TF without any addition of 
additional FA with 0.9°C/min heating rate. The reaction was maintained isothermally for 1 h at 85 °C. 

Fig. 5.11 illustrates the viscosity changes of modified Acacia mearnsii tannin powder from South 

Africa (Mimosa ME-SA, B2), with different FA/tannin ratio, MS activation time (period 

between reaction mixture reaching 85°C and the addition of the extra FA) and heating rate (trials 

TD and TE). The dissolution of tannin powder was performed at 30 °C during 1 h, followed by 

the MS addition. The reaction time (1 h) and temperature (85 °C) was maintained constant in 

all experiments. Decreasing the heating rate by approximately 50 % led to an increase in the 

viscosity of about 2- to 3-fold (TE1 compared with TD2, or TE2 compared with TD3). During 

the process, through the methylene bridge at reactive positions on the tannin molecules 

(flavonoid units), crosslinking occurs, which is propagated by formaldehyde and Mannich base. 

If the heating rate is low, the time for the reaction mixture to reach 85 °C is significant in the 

overall procedure (e.g. 110 min for TC with heating rate of 0.9 °C/min). Considering that after 

addition of MS, even at room temperature, crosslinking will start, increasing with the increase 

of temperature, thus, for the same FA/tannin ratio, if heating rate is slower, more cross-linking 
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occurs, due to the longer time during the heating, and viscosity increases. As expected, the 

increase in the molecular weight of the modified tannin was observed, revealed by the higher 

viscosity of the final products. The trials performed with the same heating rates and higher 

dosages of FA/tannin (TC and TD) compared with the trial performed without any extra FA (TF) 

yielded products with a remarkably higher shear viscosity when using the same MS activation 

time. Furthermore, applying a higher FA/tannin ratio required working at a lower MS activation 

time to prevent fast tannin gelation (over crosslinking). A longer MS activation time led, always, 

to products with higher shear viscosities. If the MS activation time is longer than a certain 

threshold, tannin over crosslinking (gelation) can occur, which renders the product useless as a 

coagulant for wastewater treatment. Thus, after this study, it was possible to find a strategy to 

control the viscosity and tune the reaction modification reaction time, the heating rate, 

FA/tannin ratio, and MS activation time. 

The repeatability of the modification procedures was also evaluated for the trial that produced 

the TC3 tannin-based coagulant. Three batches of the same product (TC3’ to TC3’’’) were 

obtained by following the previously developed procedure. The final viscosities of the obtained 

bio-based coagulants after dilution and acidification to pH 1.6 were in agreement with that of 

the previously developed TC3 (44 cP) product (42 cP, 43 cP, and 44 cP). 

 
Fig. 5.12. Changes in the shear viscosity of the modified tannin products obtained from the Tc trials (using 0.06 
FA/tannin ratio and 0.9°C/min heating rate, with different MS activation time) monitored over time (0 d, 14 d, 30 d, 
and 90 d) as a function of the MS activation time (15 min to 120 min). 

As mentioned, cationic tannin-based coagulants are products of condensation/polymerisation 

reactions, where the chain length and crosslinking progresses over time, after tannins product 

preparation which leads to a thickening of the product. It was then important to evaluate the 

relationship between the studied reaction conditions and the length of time that the obtained 

product can be stored without becoming unfit for final application. The shelf life time was 

evaluated by measuring changes to the shear viscosity (at 25 °C) after 14 d, 30 d, and 90 d (days) 
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from the production (Fig. 5.12), using samples selected from the TC trials (Fig. 5.11). It was 

possible to evaluate the influence of the MS activation time on the viscosity and shelf life by 

correlating Fig. 5.11 and Fig. 5.12. 

Samples TC1, TC2, and TC3, which had a starting shear viscosity below 50 cP, showed a small 

increase in the viscosity over time. Usually, if a tannin sample presents an initial viscosity above 

200 cP (e.g. TC6), then the material acquires a gel-type structure very fast, as is typical for this 

type of materials, which results in the insolubility of the product in aqueous medium and limits 

further application as coagulation agent. Moreover, as Fig. 5.12 illustrates, products with initial 

viscosities higher than 100 cP (e.g. TC5) had a shelf life much shorter while compared with those 

produced with a shear viscosity below 100 cP (e.g. TC4). When the initial shear viscosity was 

182 cP (TC5) and 480 cP (TC6), the shelf life time was shorter than two weeks. Additionally, the 

product with an initial viscosity of 84 cP (TC4), aged more slowly, even if the viscosity after 90 

days increased to 960 cP, which was the maximum viscosity value before it became solid and 

unfit for final use. This suggests that, to guarantee a long shelf life of more than 3 months of 

the bio-coagulant, the desired initial viscosity of modified tannin should be below 50 cP. For a 

shelf life of 1 year or more, stored at 20-25°C, an initial viscosity of 20 cP would be 

recommended, as it is shown in Fig. 5.13, based on TF1 results. 

 
Fig. 5.13. Changes in the shear viscosity of the modified tannin products (TF1, TC1, TC3´) monitored over time 
(months).  

The shelf life profile obtained for three selected tannin-based bio-coagulants (TF1, TC1, TC3´) 

monitored over a long period of 19 months, based on the shear viscosity changes, is represented 

in Fig. 5.13. Comparing the initial viscosities of each tested bio-coagulant, a higher initial shear 

viscosity leads to a decrease of the shelf life time. Bio-coagulants TC1 and TC3´, had initial 

viscosities of 28 cP and 42 cP, respectively, and showed more evident thickening after 3 months, 

especially in the case of TC3´. Additionally, TC3´ became a solid product after 9 months and TC1 
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after 11 months. Bio-coagulant TF1, with a lower (compared to the previously described ones) 

initial shear viscosity of 22 cP, after 19 months of ageing became only more viscous (100 cP), 

being still considered as a stable product. 

C. Modification of Acacia mearnsii bark tannin extracts Mimosa ME – SANZ 

In order to investigate if the developed Mannich modification procedure was valid for other Acacia 

mearnsii bark tannin extracts, the Mimosa ME-SA used previously (supplied from the Netherlands) 

was replaced by Mimosa ME – SANZ (supplied from New Zeeland). In Fig. 5.14 are represented 

the experiments carried out in this study (experiments TG and TH), together with the results obtained 

for Mimosa ME-SA (B1). These experiments were carried out following the procedure for 

experiments TA and TB, changing only the raw material. 

 
Fig. 5.14. Shear viscosity (at 25 °C) of the modified Mimosa ME-SA (B1) and Mimosa ME – SANZ tannin products 
for different FA/tannin ratios as a function of the reaction time. The MS activation time was fixed at 10 min and 
the reaction was carried out at 85°C while the heating rate was 0.9°C/min. 

Increasing the FA/tannin ratio from 0.026 till 0.044, led to an increase in the viscosity of the 

obtained Mimosa ME – SANZ products (TG compared with TH) in agreement with the results 

obtained for modified Mimosa ME-SA B1(TA compared with TB). However, the changes in viscosity 

with reaction time were much more significant when working with tannin supplied from New 

Zealand, especially at higher FA values. This trend could be probably connected to a somewhat 

different chemical characteristic of the latter (raw) tannin, which favoured polymerization. The main 

conclusion that can be withdrawn from these results is the fact that the raw material composition, 

related to batch as well as to the supplying source, plays an important role in the success of the 
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modification and influences the characteristics of the final tannin-based coagulants (namely the 

viscosity profile). 

From Fig. 5.14, it was inferred that products obtained from South Africa tannin (trials TA and 

TB) had lower molecular weights (lower viscosity), probably due to lower reactivity of this tannin 

in Mannich type of aminomethylation, compared to that from Mimosa ME – SANZ, tannin (trials 

TG and TH). The increase in the viscosity while using a FA/tannin ratio of 0.026 and 60 min of 

reaction time, between Mimosa ME-SA B1 (29 cP) and Mimosa ME – SANZ (37 cP), was 28 %. 

When the reaction time increased to 120 min, the increase was 81 % (80 cP for Mimosa ME-

SA B1 and 145 cP for Mimosa ME – SANZ). Due to uncontrolled way of storage (exposure to 

light and temperature) of tannin extract supplied by Fontis, as well as ageing process of this raw 

material, we experienced differences while performing modifications, compared to the freshly 

supplied batches B1 and B2 from Extract Dongen. 

D. Modification Of Schinopsis Balansae Wood Tannin Extract: Quebracho 

Tannin 

The process developed for the Mimosa ME-SA B1 tannin was directly applied to the Quebracho 

tannin raw material. However, some modifications to the procedure needed to be introduced, 

as described previously, since this type of tannin does not dissolve at 30°C. Note that 

Quebracho tannin differs from Mimosa ME-SA tannin, since it comes from a different species 

(Schinopsis balansae), and it is a tannin extracted from wood, which, additionally, has a different 

origin (Argentina). In particular, the poor cold water solubility of Quebracho tannin can be due 

to the fisetinidol (the main component of Quebracho tannin) structure, with one less OH group 

available for hydrogen bonding compared to robinetinidol (the main component of Mimosa 

tannin)380,381. Thus, having a different chemical composition, as was shown in Table 5.1, it was 

foreseen to obtain products with different viscosities compared to those from the Mimosa ME 

trials. A comparison of results of Quebracho (trials TI and TJ) and Mimosa-ME SA B1 (trials TA 

and TB) is shown in Fig. 5.15. 

The obtained Quebracho-based products were less viscous than the Mimosa ME-SA B1 ones 

(trials TA compared to TI, and TB to TJ). This trend indicated a lower reactivity of Quebracho 

tannin towards Mannich aminomethylation. To obtain Quebracho-based coagulants with higher 

viscosities, it would be important to work with higher dosages of FA to intensify the crosslinking 

between the FA, Mannich base and tannin molecules, in order to obtain products with higher 
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molecular weights. Once again, the viscosity curves showed a strong relation between the 

properties of obtained bio-based coagulants and the tannin raw materials used.  

 

Fig. 5.15. Shear viscosity (at 25 °C) of the modified Mimosa ME-SA (B1) and Quebracho tannin products for 
different FA/tannin ratios as a function of the reaction time. The MS activation time was fixed at 10 min and the 
reaction was carried out at 85°C while the heating rate was 0.9°C/min. 

Pilot scale results 

Tannin-based coagulants were synthesized via Mannich aminomethylation using as amine and 

aldehyde sources DMA∙HCl and FA, respectively. The procedure described and developed for 

Mimosa ME-SA bio-coagulant at laboratory scale Moreover, the described and developed 

procedure at laboratory scale (Fig. 5.6) was up scaled from 2-L reactor up to 5-L (Fig. 5.7) and 

75-L (Fig. 5.8) pilot plant scales using appropriate reactors. 

A. Mannich reaction using 5-L reactor 

The modification process of Mimosa ME bark tannin (from South Africa), optimised at 

laboratory scale in a 2-L reactor was up scaled to a 5-L reactor. The Mannich modification was 

performed at 85°C for 105 min reaction time with an extra dosage of 37 wt% aqueous 

formaldehyde (FA/tannin ratio of 0.026). The reaction procedure resulted in a bio-coagulant 

with a shear viscosity of 53 cP (after dilution and acidification till pH 1.6), measured at 25°C 

and 30 rpm, spindle 1. Therefore, it was possible to reproduce the 2-L reactor procedure 

(FA/tannin ratio of 0.026, 85°C, 100 min of reaction time), which yielded a bio-based coagulant 

with a viscosity of 49 cP, by introducing only minor adjustments and leading to a similar 

viscosity. 
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In order to decrease the viscosity of the final modified tannin-based coagulant, the Mannich 

aminomethylation at 5-L scale was reproduced with half the amount of extra added FA solution 

(37 wt%) (FA/tannin ratio of 0.013), while cooking at 84°C for 105 min. This led to obtain a 

product with a shear viscosity of 27 cP (after dilution and acidification till pH 1.6), measured at 

25°C and 30 rpm, spindle 1. Afterwards, the influence of lignosulfonates addition on the final 

physicochemical properties of the obtained bio-coagulants was tested as described below.  

Herein, lignosulfonates were evaluated as a potential de-gelling agent that would provide longer 

shelf life time. The sulfonated lignin is a by-product from the production of wood pulp in sulfite 

pulping. It shows good water-solubility, due to its anionic character, which could be beneficial 

for the life time of the bio-coagulant. Additionally, using this additive can also be beneficial in 

the coagulations processes, by providing a dual character to the obtained bio-based products. 

In this study, the modified tannin with initial viscosity of 27 cP was divided into four separate 

containers, and in each of them different amounts of lignosulfonates were added (0 - 0.5 wt%). 

Samples without any addition of lignosulfonates showed a shelf life time of 9 months. With the 

increase of the amount of used additive the shelf life of the modified tannin- lignosulfonate 

blend extended up to 12 months in the case of using 0.5 wt% of lignosulfonate (Fig. 5.16). This 

comparison confirms the potential of the lignosulfonates in the production of blends with 

tannin-based coagulants. 

 

Fig. 5.16. Changes in the shear viscosity of the modified tannin blends (tannin coagulant produced in the 5-L 
reactor with initial viscosity of 27 cP) with different amounts (0-0.5 wt%) of added lignosulfonates (Tembec 
Avebene SAS, Arbo N18) monitored over time (months). 

B. Mannich reaction at the pilot plant scale using 75-L reactor  

The process for obtaining bio-coagulants based on Mimosa ME bark tannin optimized at the 

laboratory scale (2-L scale) and in an intermediate 5-L reactor, was brought to a pilot plant scale 

using a 75-L reactor. The introduction of positively charged groups by the Mannich 
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modification was performed using MS at 85 °C for 1.5 h. The full 10-step procedure (Fig. 5.5) 

resulted in a product with a shear viscosity of 38 cP measured at 24.8 °C and 30 rpm, spindle 1. 

Additionally, the visual inspection of the reaction mixture showed that it thickened during the 

modification process; the shear viscosity, which was measured during the production process 

(without dilution or acidification) to monitor the progress of the modification reaction in the 

reactor, also increased. It was possible to control the process to obtain a product with the desired 

shear viscosity below 40 cP and a shelf life above 90 days. 

5.5. CHARACTERIZATION OF OBTAINED PRODUCTS  

The raw materials, as well as the modified tannins, were characterised by FTIR spectroscopy. 

The spectra of the two Acacia mearnsii tannins (South Africa and New Zealand origins) were 

similar to each other as it is illustrated in the Fig. 5.17. The FTIR spectrum of Quebracho tannin 

(Fig. 5.18)  was slightly different, reflecting a completely different source (wood from Schinopsis 

balansae). 

 

Fig. 5.17. FTIR spectra of (A) the Acacia mearnsii raw tannins (from South Africa: Mimosa ME SA- B1, B2, and 
from New Zealand: Mimosa ME – SANZ) and (B) the modified tannin (TD3) compared with Mimosa ME SA- B2 
raw material. 

The spectra of the Mimosa ME tannins, (Fig. 5.17, A) showed bands at approximately 3370 cm-1 

and 2927 cm-1, which were assigned to the O-H stretching of phenolic groups and asymmetric 

stretching of CH2 groups, respectively. Within the 1650 cm-1 to 1450 cm-1 region, bands at 1617 cm-1, 

1508 cm-1, and 1453 cm-1 from -C=C stretching vibrations were evident in the tannin spectrum. 
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Other bands were at 1341 cm-1, 1312 cm-1, 1234 cm-1, 1203 cm-1, 1158 cm-1, 1113 cm-1, 1069 cm-1, and 

1028 cm-1. These bands indicated absorption caused by O-H deformation vibration, C-O 

stretching in =C-O-H and =C-O-C bonds (asymmetric and symmetric modes), CH2 

deformation vibration, and in-plane C-H deformation vibration. Finally, below 1000 cm-1, 

several bands were also seen in the FTIR spectra of the Mimosa ME tannins, which were mainly 

due to the out-of-plane C-H deformation vibrations. These FTIR spectra were found to be 

similar to the one previously reported by Peña et al.382 for a tannin of the same species. 

After modification by the Mannich reaction, the FTIR spectrum (Fig. 5.17, B) was substantially 

different from that of the raw material. The bands were generally shifted, the relative intensities 

were changed, and new bands appeared in the spectra. In particular, a new band at 1716 cm-1 

emerged, which was assigned to the C=O stretching of new carbonyl bonds that formed during 

the reaction. Another new band was also evident at 934 cm-1, which arose from the C-N 

stretching in the alkylammonium groups that formed. The band formerly at 1453 cm-1 (-C=C 

stretching) was shifted to higher wavenumbers that were near 1470 cm-1 in the modified tannin 

spectra, indicating that overlapping with the asymmetric bending of CH3 groups occurred. 

These results confirmed the expected reaction of the Mimosa ME tannin with FA and amine, 

where positively charged groups were added to the tannin backbone382. 

 

Fig. 5.18. FTIR spectra of modified Quebracho tannin (TJ3) compared with Quebracho raw tannin. 

The FTIR spectrum of Quebracho tannin (Fig. 5.18) showed a slightly different fingerprint 

compared to those of the Acacia mearnsii tannins. This was expected since these tannins have 

diverse origins and were obtained from alternative tree species: Mimosa ME is a bark extract 

while Quebracho tannin is a wood extract. In the spectrum, the high intensity bands at 1615 
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cm-1, 1519 cm-1 and 1450 cm-1 were associated with the -C=C stretching vibrations. Other bands 

were observed at 1371 cm-1, 1284 cm-1, 1243 cm-1, 1204 cm-1, 1160 cm-1, 1114 cm-1, 1036 cm-1, 

975 cm-1, and 778 cm-1. These bands were related to O-H deformation, C-O stretching in 

=C-O-H and =C-O-C bonds (asymmetric and symmetric modes), CH2 deformation, in-plane 

and out-of-plane C-H deformations, as the most relevant vibrations. Furthermore, the 

differences in the predominant chemical composition of Quebracho and Mimosa tannin, such 

as fisetinidin units in the Quebracho and robinetinidin units in the Mimosa330, may also influence 

the intensity and position of bands in the obtained spectra of described tannin extracts. The 

presence of minor amounts of polysaccharides and sugars can also contribute to some of the 

absorption features observed in the spectrum of Quebracho tannin. However, due to the high 

complexity of these materials containing a large number of diverse structures, FTIR 

spectroscopy may only indicate some of the differences in the composition between those 

tannins. To better differentiate the components of Mimosa and Quebracho materials, it is 

recommended to perform characterisation with other techniques that provides higher 

resolution. These might include electrospray ionization (ESI-MS)383, matrix-assisted laser 

desorption ionization-mass spectrometry (MALDI –TOF MS)330 or HPLC-MS381. 

The FTIR spectrum of the Quebracho tannin modified by the Mannich reaction (Fig. 5.18) was 

significantly different from that of the raw material. Two new bands were seen at 1717 cm-1 and 

935 cm-1, assigned to the C=O stretching of the carbonyl bonds and the C-N stretching in the 

alkylammonium groups, respectively, that formed during the reaction. The band formerly at 

1450 cm-1 was shifted to 1470 cm-1 in the modified tannin spectrum, indicating overlapping with 

absorption coming from asymmetric bending of CH3 groups. The expected reaction of the 

Quebracho tannin with FA and amine, where positively charged groups were added to the 

tannin backbone, was thus confirmed. 

Finally, it was not possible to systematize the influence of the variation of different modification 

conditions as reaction time, FA dosage or MS activation time on the FTIR spectra of the 

modified tannins (Fig. 5.19). This would require the application of other complementary 

techniques, as mentioned above (e.g. mass spectrometry and HPLC), which was considered out 

of the scope of the present work). 
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Fig. 5.19. A few representative FTIR spectra of modified Mimosa ME tannins (TD3, TF3 and TH2) and modified 
Quebracho tannins (TJ1 and TJ3) 

5.6. FINAL REMARKS 

This chapter reported the attempts made to find a procedure to prepare tannin-based coagulants 

via Mannich aminomethylation with formaldehyde and dimethylamine hydrochloride. The raw 

materials selected were bark tannin extract of Acacia mearnsii from South Africa (supplied from: 

New Zealand and the Netherlands) as well as wood tannin extract of Schinopsis balansae. During 

the modification step different experimental conditions, namely the formaldehyde/tannin ratio 

and reaction time, heating rate and Mannich solution activation time were evaluated at a laboratory 

scale, and their influence on the shear viscosity of the final products was confirmed. Typically, 

with the increase of MS activation time, or addition of extra amount of formaldehyde, increase in 

viscosity was observed. Moreover, heating rate did also show an impact on the final properties of 

the modified tannin its increase leading to a significant decrease of viscosity. The effect of the 

final acidification step (the final pH) on the shear viscosity of the resulting products was also 

evaluated. With the acidity increase, a reduction in viscosity was observed. 

Once established the Mannich modification process that enabled to successfully produce bio-

coagulants from Acacia mearnsii, a series of experiments were carried out using tannin extract 

from Schinopsis balansae varying the formaldehyde dosage and reaction time, in order to 

determine the influence of the type of raw material used, and try to define a more universal 

procedure. This study demonstrated that with small adjustments it was possible to control the 

bio-coagulant viscosity and tune the reaction conditions for all tested raw materials. 

The shelf life of produced tannin-based coagulants was evaluated based on the shear viscosity 

measurements over time. From the presented data, it was possible to determine the relation 
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between the initial viscosity of yielded products and their corresponding shelf life. The viscosity 

data also suggested that when the viscosity is higher than 100 cP then the shelf life is much shorter 

while comparing to products with initial viscosity below 100 cP. Furthermore, the over crosslinking 

occurs very rapid in cases when the initial shear viscosity was above 180 cP, yielding products with 

shelf life below 14 days, what is unacceptable for potential commercialisation. The viscosity 

measurements revealed that the ideal initial viscosity to allow a long shelf life without creation of 

gel-type products should be as low as 20 cP, in order to obtain stable materials at least up to 19 

months of ageing. An increase of shear viscosity from the initial value of 22 cP to 100 cP after 19 

months was measured. However, it is important to stress that the shear viscosity is highly related to 

with the modification degree and molecular weight of obtained products (low shear viscosity, low 

molecular weight, and low modification degree). It is of interest to achieve an appropriate balance 

between shelf life time and an adequate molecular weight/modification degree, bearing in mind the 

final application. It is also expected that products with long shelf life time but with low modification 

degree would show lower the suitability and effectiveness in wastewater treatment. This relation is 

going to be evaluated for the desired application (coloured wastewater treatment) and is going to be 

addressed in the following chapters. 

The optimised modification conditions (0.026 FA/tannin ratio, 85°C, 105 min of reaction time) 

for Acacia mearnsii tannin from South Africa, at laboratory scale, were up-scaled successfully 

using 5-L reactor resulting in a product with shear viscosity of 53 cP, while at 2-L scale it was 

49 cP. The optimised lab procedure of tannin modification was then successfully implemented 

at a pilot plant scale using 75-L reactor. However, some minor adjustments were still required 

to go from a 5-L scale to the ultimate pilot plant scale, such as performing the modification 

at 85 °C during 90 min to obtain a product with a slightly lower viscosity than at 5-L scale. 

The full 10-step procedure performed at 75-L scale resulted in a product with a shear viscosity 

of 38 cP. 

From the aforementioned results, it can be concluded that promising products were obtained 

by using tannin Mannich aminomethylation. In addition, it was confirmed that the optimal 

viscosity should be around 20 cP to guarantee a sufficient modification, as well as a slow 

thickening and good stability of the product over a long period of time. Complementarily, it will 

be presented in Chapter 6 the evaluation of potential application of the obtained tannin-based 

coagulants, in wastewater treatment and of their influence on colour removal. The suggested 

eco-friendly coagulants, due to the positive results while performing up scaling can be 
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considered as a strong candidate for future pilot tests in wastewater treatment and possible 

commercialization.
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6.1. INTRODUCTION 

Colourants are one of the most common contaminants in water. These are derived from synthetic 

compounds in various industries such as textile, paper, cosmetics and pharmaceuticals384. Due to the 

variety of the molecules involved the effluent treatment is difficult. 

The textile industry produces the largest amount of coloured wastewater. Processes such as fiber 

dyeing and washing release effluents that contain 10 - 15 % of the total colorant used in the 

process, which need to be purified in order to discharge them to the environment, namely rivers. 

This is owing to non-specific binding. For example, in the production of jeans, there are many 

blue colours which adhere to cotton better than indigo, though the post-wash fading is part of 

the marketing. In addition to presenting a high value of biochemical oxygen demand, coloured 

effluents can also contain toxic components such as chlorinated organic compounds, dioxin in 

particular, aromatic amines, heavy metals, pH altering agents, sulfur or salts, and be considered 

as carcinogenic or mutagenic15. 

Due to the growth of the colouring industry since middle of XX century and environmental 

regulations, there is a strong need of developing inexpensive, effective and environmental 

friendly methods of decolouration and wastewater purification36. As an example, Bangladesh, 

one of the word’s largest producers of fabrics, now has legislation only requiring that sludge be 

stored for six months prior to disposal. The new laws will impose zero liquid discharge.  

Dyes may be classified according to their chemistry, by their end-use, or application class. 

However, it is their molecular structure and chemical composition that is important for 

flocculation/coagulation purposes. In the present work, only cationic and anionic dyes will be 

considered for the performance tests. Furthermore, although very interesting approaches have 

been proposed for effective colour removal, it is difficult to find a solution that works for the 

wide range of existing dyes and that is effective for the complex mixtures of some dyestuff 

effluents. Therefore, several factors (constraints) must be taken into account such as the type 

and concentration of dyes present, the eventual presence of other interfering substances, pH 

and the temperature of operation385. 

In this context, the use of cellulose-based polyelectrolytes (natural-based) of high ionic charge, 

obtained from cellulosic wastes from pulp and paper mills or other industries, as well as the 

modified tannin-based coagulants, could be promising solutions to consider possible to 

implement in the future, for the treatment of dyes containing wastewaters.  
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In the present work, the Eucalyptus pulps with distinct chemical composition, cationized or 

anionized by a two-step reaction (with periodate intermediated product) will be evaluated as 

natural flocculants in the treatment of several model coloured wastewaters. Modified tannins 

produced at lab scale, with different molecular weights, were also evaluated in the decolouration 

of model effluents. 

Numerous promising procedures were studied, and the results compared to those obtained 

using the most popular synthetic flocculants, cationic and anionic polyacrylamide type. 

6.2. MATERIALS 

Model coloured effluents were prepared using Methylene Blue (Fluka Chemie AG, Buchs, 

Germany), Crystal Violet (Feldkirch Inc., Feldkirch, Austria), Duasyn Direct Red (Feldkirch 

Inc., Feldkirch, Austria), Basic Green 1 (Alfa Aesar) and Acid Black 2 (Carl Roth, Karlsruhe, 

Germany) (Table 6.1). 

Table 6.1. Some useful characteristics of the dyes used to model wastewaters. 

Identification Chargea 
Wavelength 

(nm)b 

Methylene Blue (+) 663 

Acid Black 2 (-) 574 

Crystal Violet (+) 589 

Duasyn Direct Red (-) 511 

Basic Green 1 (+) 624 

aRefers to the organic dye charge; bWavelength of the visible absorption maximum 

The bentonite used in the coagulation tests with tannin-based materials was purchased from 

Riedel-de Haën (Steinheim, Germany), while bentonite used in flocculation tests with cellulose-

based PELs was purchased from Vermeer (Portugal) under the commercial name Cebo 

Premium (the characterisation of bentonite will be described in section 6.3.2). In some 

flocculation tests with ADACs, aluminium sulphate-18-hydrate (hereafter mentioned as aluminium 

sulphate or A.S.) of extra purity supplied by Riedel-de Haën (Steinheim, Germany) was used. 

Polyacrylamides (PAM), distributed under the brand name SnowFlake, namely cationic (cPAM) 

(BHMW with 80 wt% charge, FHMW with 40 wt% charge and E2 with 45 wt% charge) and anionic 

(aPAM) (X0 with 30 wt% or Z0 with 50 wt% charge), were provided by aquaTECH (Geneva, 

Switzerland). All the other chemicals were purchased from Sigma-Aldrich (Steinheim, Germany). 

The coagulants (tannin-based) and flocculants (cellulose-based, both cationic and anionic) 

developed in this work and described, respectively in Chapters 5 and 4, were used as novel 

water treatment agents, as will be presented in section 6.3.3. 
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6.3. EXPERIMENTAL PROCEDURES 

This study may be divided into two sections: the characterisation of dyes/model dye 

wastewaters and the colour removal performance of the modified tannin coagulants or cellulose-

based flocculants (cationic or anionic modified cellulosic materials). The results obtained are 

presented in the subsequent sections. 

6.3.1. Characterisation of dyes 

The dyes used for preparation of model wastewater were characterized for their different properties 

using DLS, ELS, conductivity measurements and UV-Vis spectroscopy, as described below. 

UV-VIS spectroscopy 

UV-Vis spectra and the corresponding absorption maxima were measured on a JASCO V650 

spectrophotometer, in the 800–200 nm wavelength range, with a scanning speed of 200 

nm/min. The equipment has two light sources: deuterium (D2) lamp, for use in the UV region 

(187 to 350 nm), and halogen (WI) lamp for use in the Vis/NIR region (350 to 2700 nm). The 

measurements were performed in high precision 10 mm cells made of quartz SUPRASIL 

(Hellma Analytics) at a controlled temperature (25°C). 

Conductivity measurements 

Conductivities of the dyes aqueous solutions at 1 wt% were measured with a Criston 

conductimeter, model Basic 30 (Criston Instruments S.A., Spain). All measurements were 

performed at room temperature in pre-agitated dyes aqueous solutions. 

Dye size distribution  

Hydrodynamic diameters of the dyes were determined by Dynamic Light Scattering (DLS), in a 

Zetasizer NanoZS, ZEN3600, from Malvern Instruments (the description of used parameters 

and technique features were given in section 3.5.7). For the hydrodynamic diameter, a stock 

solution in ultrapure water of 0.01 wt% was prepared, stirred for 1 h, sonicated for 2 min and 

then continuously stirred on a magnetic stirrer, till the measurement was performed. After that 

process, the dye solution was passed through a 0.45 μm nylon syringe filter (Teknokroma) 

directly to the glass cell (code PCS1115), prewashed with ultrapure water and dried. Using 

“CONTIN” data processing model, the average hydrodynamic diameter (nm) and the PDI of 

the hydrodynamic diameter distribution were obtained. 
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ζ-potential measurements  

The zeta potentials of the dyes solutions were determined by electrophoretic light scattering 

(ELS) in a Zetasizer NanoZS, ZEN3600, from Malvern Instruments (the description of used 

parameters and technique features were given in section 4.3.5). 

Zeta potential measurements were performed by using a stock solution of 0.01 wt%. The pre-

agitated dyes aqueous solutions at 0.01 wt% were adjusted to minimum three different pH 

values, using hydrochloric acid or sodium hydroxide aqueous solutions. The pH values were 

chosen in order to have a general overview of the zeta potential changes over a broad pH range. 

Samples were prepared at least half an hour prior to the measurement and continuously stirred 

on a magnetic stirrer till the measurement. 

6.3.2. Characterization of bentonite 

The homogeneity and particle size distribution of bentonite stock suspension at 5 wt% was 

monitored by using Laser Diffraction Spectroscopy (LDS) in a Malvern Mastersizer 2000. The 

bentonite suspension was added to 700 mL of distilled water in the equipment dispersion unit, 

until a fixed level of obscuration was obtained, that corresponded to an average concentration 

of 0.05 % (w/w). The measurements were carried out setting the pump speed to 1400 rpm, 

corresponding to an average shear rate of 312 s-1 in the flow tubes. The results of the analysis 

of bentonite by LDS are shown in Table 6.2. 

Table 6.2. Characteristics of the model bentonite and silica suspensions used in the flocculation trials.  

Suspension 

particles 
pH 

ζ-potential 

(mV) 
d(0.5) (μm) d(0.9) (μm) D[3.2] (μm) 

Bentonite 9.6 -43±1 2.3 3.38 2.05 

d(0.5) –Median particle size distribution; d(0.9)- 90% undersize percentile diameter of particle size distribution; 
D[3.2]- Surface weighted mean 

6.3.3. Flocculation and coagulation performance 

This study focused on two aspects: the application of tannin-based coagulants and application 

of the obtained cellulose-based flocculants (cationic and anionic) in colour removal of model 

wastewaters. The influence of several coagulation or flocculation process variables (as the 

wastewater treatment agent concentrations, dual or multiple systems, pH, etc.) on colour 

removal were also investigated. The results are presented in section 6.4. 

Cationic Mimosa ME-SA tannins-based coagulants 

Commercial interest and up scaling perspective, together with the simplicity of tannins 

modification procedure, were the main reasons of selecting cationic modified tannins for 
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evaluation in wastewater treatment. The jar-test was applied to evaluate the coagulation 

performance of the modified tannins with different viscosities (Table 6.3). A modified tannin 

solution at 1 wt% concentration was prepared by dissolution in water under stirring at 500 rpm 

for 60 min. The model effluents were prepared by adding an adequate amount of dye to water 

and stirring at 500 rpm. The dye concentration in the water was controlled by measuring the 

absorbance at 350 nm. Thus, depending on the dye type, different amounts were added to obtain 

an initial absorbance of approximately 0.250 at 350 nm. 

Table 6.3.Characteristics of the modified Mimosa ME-SA (B2) tannins tested as coagulants in colour removal. 

Identification Time (min)a Viscosity (cP)b pH of final product 

TD1 60 31 1.6 
TD2 90 61 1.6 
TD3 120 137 1.6 
TD4 150 204 1.6 
TD5 180 432 1.6 

arefers to the time of MS activation at 85°C; b final viscosity of modified tannin after acidification, measured at 
24.8-25.0°C, 30 rpm using appropriate spindle. 

For the flocculation experiment, 200 mL of the dye solution was placed in a beaker, and the pH 

was adjusted to the target value by adding H2SO4 or NaOH aqueous solutions. A suitable 

amount of bentonite was added to the model effluent, followed by the dropwise addition of the 

tannin coagulant, and the suspension was mixed manually for 30 s. A cationic (BHMW with 

80% charge) or anionic (X0 with 30% charge) PAM at a 0.1 wt% concentration was added after 

the bio-coagulant. Supernatant samples of approximately 2 mL were collected at about 75% 

height from the bottom of the beaker, to determine the colour removal over time (1 min, 30 

min, 1 h, 20 h, and 24 h). The decolouration was calculated based on the measurement (with at 

least three repetitions) of the supernatant absorbance at the optimised/universal wavelength of 

350 nm, according to Eq. 6.1. The deviation in decolouration between repetitions was always 

below 1%. 

𝐷𝑒𝑐𝑜𝑙𝑜𝑢𝑟𝑎𝑡𝑖𝑜𝑛 (%) =
𝐴0 − 𝐴𝑓

𝐴0
 ∗  100   Eq. 6.1. 

Where A0 is the absorbance of the initial model wastewater at time zero, and Af is the absorbance 

of the supernatant of the treated sample at a given time. 

Cationic cellulose-based flocculants 

Jar-tests were applied in order to evaluate the most effective decolouration procedures for each 

tested dye with cellulose-based flocculants. The cationic cellulose-based PEL solution for the 

flocculation tests was prepared by dissolving the cationic polymer at 0.1 wt% concentration in 

water and stirring at 500 rpm for 30 min. A model effluent was prepared by adding an amount 

of dye (the amount for each dye was the one leading to saturation and depended on the type of 



APPLICATION OF NEW WASTEWATER TREATMENT AGENTS IN MODEL COLOURED EFFLUENTS 

182 

dye) to water and stirring at 500 rpm. For the flocculation experiment, 150 mL of the pre-

agitated dye solution was placed in a beaker, and the pH was adjusted to the target value by 

adding HCl or NaOH aqueous solutions. To optimize the flocculation procedure for cationic 

cellulose-based flocculants, CDACc38A was used as a reference. A suitable dosage of this PEL 

was added dropwise to the model effluent, while mixing manually for 30 seconds; for most of 

the experiments, bentonite was also added before the cationic flocculant addition. A synthetic 

cationic (E2 at 45 wt% charge) cPAM at a 0.1 wt% concentration was used as a commercial 

reference for comparison purposes. Supernatant samples of approximately 2 mL were collected 

at about 75 % height from the bottom of the beaker, to determine the colour removal over time 

(1 min, 30 min, 1 h, 20 h, and 24 h). The decolouration was calculated based on the measurement 

(with at least three repetitions) of the supernatant absorbance at the wavelengths that 

correspond to the highest absorption for each dye (Table 6.1), according to Eq. 6.1. The 

deviation of decolouration between repetitions was always below 1.0 %. 

Table 6.4. Cationic cellulose-based flocculation agents used in the model wastewater treatment. 

Name 
GT/aldehyde 
(molar ratio) 

DS 
Cationicity 

Index (mmol/g) 
ζ-potential 

(mV) 
Z-Av. diameter 

(nm) 
PDI 

PELs obtained from alkali-extracted cellulose from bleached pulp 

CDACc38A 3.9 1.06 3.32 61±1 231±8 0.41±0.03 

CDACc 38C 0.975 0.85 2.94 58±1 183±4 0.42±0.04 

PELs obtained from bleached pulp 

CDACp37A 3.9 1.36 3.74 52±2 124±2 0.34±0.03 

CDACp37C 0.975 0.92 3.08 53±1 176±4 0.52±0.01 

PELs obtained from pulp with kappa number of 10.2 

CDACwaq47A 3.9 1.27 3.62 55 ±1 293±7 0.38±0.03 

CDACwaq47C 0.975 0.96 3.15 51±2 212±10 0.45±0.04 

PELs obtained from pulp with kappa number of 13.9 

CDACwaq48A 3.9 1.09 3.37 52±1 253±7 0.28±0.01 

CDACwaq48C 0.975 0.97 3.17 50±3 249±20 0.67±0.07 

PELs obtained from pulp with kappa number of 16.1 

CDACw46A 3.9 0.84 2.88 52±1 175±1 0.44±0.01 

CDACw46C 0.975 0.74 2.95 53±1 190±9 0.42±0.05 

PELs obtained from pulp with kappa number of 26.7 

CDACw56A 3.9 1.22 3.56 46±1 247±8 0.43±0.02 

CDACw56C 0.975 0.79 2.84 40±3 292±10 0.45±0.02 

* DS=degree of substitution, PDI=polydispersity index of the hydrodynamic diameter distribution 

As a second step the optimum procedure for colour removal with CDACc38A, was then applied 

and tuned in the jar-test in order to evaluate the flocculation performance of the water-soluble 

cationic celluloses from different sources, that possessed the highest and the lowest degree of 

cationization (Table 6.4). For the flocculation experiments, 150 mL of the pre-agitated dye 

solution was placed in a beaker and adjusted to a minimum of three different pHs, using 

hydrochloric acid or sodium hydroxide aqueous solutions. Comparison of CDACs (Table 6.4) 

was performed while using 3 different pHs, at two different bio-flocculant concentrations with 
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two different dosages of bentonite. Supernatant samples of approximately 2 mL were pipetted as 

above mentioned, for determination of colour removal over time (10 and 30 min, 1 h and 24 h). 

The decolouration was calculated by measuring absorbance at the visible absorption maximum 

of each dye (Table 6.1) and calculated based on the Eq. 6.1. The flocculation performance was 

also evaluated based on the changes in turbidity of the supernatant, measured (with at least three 

repetitions) using a Photometer MD600 (Lovibond, U.K.). The turbidity reduction was 

calculated based on the Eq. 6.2. The deviation in the repetitions of the measurements of 

turbidity was always below 1.0 %. Comparison was made with a commercial cationic cPAM 

(SnowFlake E2 with 45 wt% charge). 

𝑇𝑢𝑟𝑏𝑖𝑑𝑖𝑡𝑦 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) =
𝑇0 − 𝑇𝑓

𝑇0
 ∗  100   Eq. 6.2.  

Where T0 is the turbidity of the initial model wastewater at time zero, and Tf is the turbidity of 

the supernatant of the treated sample at a given time. 

Anionic cellulose-based flocculants 

The jar-test was applied in order to evaluate the flocculation performance of the water-soluble 

anionic celluloses from different sources, which were obtained for 24 h and 73 h of sulfonation 

reaction (Table 6.5). The anionic cellulose-based PEL solutions for the flocculation tests were 

prepared by dissolving the anionic polymer at 0.1 wt% concentration in water and stirring at 

500 rpm for 30 min. Model effluent was prepared by adding an amount of dye (the amount for 

each dye was the one leading to saturation and depended on the type of dye) to water and stirring 

at 500 rpm, during 30 min. For the flocculation experiment, 150 mL of the pre-agitated dye 

solution was placed in a beaker and adjusted to a minimum of three different pHs using 

hydrochloric acid or sodium hydroxide aqueous solutions. The pH values were chosen after a 

first pre-screening over a large pH range scanned. As the complexing agents for the flocculation, 

bentonite or aluminium sulphate-18-hydrate were used. Anionic polyacrylamide (aPAM - X0 

with 30 wt% charge) was also used as a commercial reference.  



APPLICATION OF NEW WASTEWATER TREATMENT AGENTS IN MODEL COLOURED EFFLUENTS 

184 

Table 6.5. Anionic cellulose-based flocculation agents used in the model wastewater treatment. 

Name 
Reaction 
time (h) 

DS 
Anionicity Index 

(mmol/g) 
ζ-potential 

(mV) 
Z-Av. diameter 

(nm) 
PDI 

PELs obtained from bleached pulp 

ADACp54D 24 1.22 4.23 -44±2 157±10 0.59±0.08 

ADACp54B 73 1.18 4.17 -50 ±1 127±6 0.52±0.02 

PELs from pre-hot water extracted and kraft cooked wood wastes with Kappa N. 10.2 

ADACwaq52A 24 0.95 3.66 -41±2 151±4 0.44±0.01 

ADACwaq52C 73 0.93 3.61 -38±2 135±7 0.48±0.02 

PELs pre-hot water extracted and kraft cooked wood wastes with Kappa N. 13.9 

ADACwaq53A 24 1.43 4.62 -43±2 140±3 0.34±0.04 

ADACwaq53C 73 1.32 4.44 -32±2 175±8 0.30±0.03 

PELs obtained from kraft cooked wood wastes with Kappa N. 16.1 

ADACw51A 24 1.27 4.33 -41±4 106±4 0.34±0.05 

ADACw51C 73 1.15 4.11 -42±2 163±8 0.41±0.02 

PELs obtained from kraft cooked wood wastes with Kappa N. 26.7 

ADACw55A 24 1.34 4.47 -45±1 137±8 0.47±0.02 

ADACw55C 73 1.41 4.59 -39±1 157±5 0.37±0.03 

DS=degree of substitution, PDI=polydispersity index of the hydrodynamic diameter distribution 

A suitable dosage of flocculant was added dropwise to the model effluent, while mixing 

manually for 20 s; for most of the experiments, bentonite or aluminium sulphate-18-hydrate 

were also added before the anionic flocculant addition. The comparison of ADACs (Table 6.5) 

performance was conducted while using 3 different pHs, at two different bio-flocculant 

concentrations with two different dosages of bentonite or aluminium sulphate-18-hydrate. 

Supernatant samples of approximately 2 mL were pipetted for determination of colour removal 

over time (10 and 30 min, 1 h and 24 h). The decolouration was calculated by measuring 

absorbance at the visible absorption maximum of each dye (Table 6.1), based on the Eq. 6.1. 

The flocculation performance was also evaluated based on turbidity measurements of the 

supernatant water, using a Photometer MD600 (Lovibond, U.K.). The turbidity reduction was 

calculated based on the Eq. 6.2. The deviation in the measurements of decolouration or 

turbidity was always below 1.0 %. Comparison was made with a commercial anionic PAM 

(SnowFlake X0 with 30 wt% charge). 

6.4. RESULTS AND DISCUSSION 

6.4.1. Characterization of model effluents 

The most important characterisation results of the used dyes are summarised in the Table 6.6. 

As known from their chemical structures (Error! Reference source not found., Fig. 2.2), some 

f the dyes have positively charged organic chromophores while others have negatively charged 

ones. The ionic conductivity of the 1 wt% dyes aqueous solutions was the highest for Duasyn 

Direct Red. This dye possesses two ionized sulphonic acid groups per molecule, contributing, 
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thus, for its higher ionic mobility and the corresponding higher ionic conductivity, while other 

dyes showed a lower conductivity Table 6.6. The full UV-VIS spectra of the dyes used in the 

flocculation and coagulation tests are reported in Appendix B (Fig. B.1), however theirs 

absorption maxima are listed in Table 6.6. 

Table 6.6. Characteristics of the dyes used in model wastewaters. 

Identification Chargea 
Zeta Potential 

(mV)b 
Conductivity 

(μs/cm, 25ºC)c 
pHc 

Wavelength 
(nm)d 

Methylene Blue (+) +3 11 7.0 663 

Duasyn Direct Red (-) -35 31 5.4 511 

Acid Black 2 (-) -20 10 5.5 574 

Crystal Violet (+) +46 15 6.8 589 

Basic Green 1 (+) +6 14 2.6 624 

aRefers to the organic dye charge; b refers to the zeta potential without pH adjustments; c1 % aqueous suspensions; 
dwavelength of the visible absorption maximum. 

The zeta potential distributions as a function of pH, for all tested dyes, are presented in Fig. 6.1. 

The initial charge for each dye was highlighted. As it was expected the charge of tested dyes 

showed to be pH dependent, due to their differences in the chemical structures (Chapter 2, 

Fig. 2.2) and tendency to hydrolysis of ionisable groups. Different performances for the tested 

coagulants or flocculants is then expected to be observed with the changes of pH. 

 
Fig. 6.1. Zeta potential distribution for different types of dyes as a function of pH. The initial zeta potential of the 
dye without pH adjustment is highlighted. 

6.4.2. Coagulation and flocculation performance in colour removal 

Cationic Mimosa ME-SA tannin-based coagulants 

Decolouration based on coagulation with modified tannin-based materials is typically referred 

to as “adsorption-like coagulation”352,355. The development of dye contamination removal 

procedures have been tested in this work, using bio-coagulants with different additives in dual 
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and a tertiary systems, with bentonite and/or with a synthetic flocculant. The addition, first, of 

the inorganic complexing agent together with the modified tannin product destabilizes colloids 

in the aqueous medium, based on chemical interactions between negatively charged dye and 

cationic bio-coagulant molecules. It allows creating the dye-bentonite-coagulant complex, while 

flocs begin to grow slowly through sorption mechanisms. Moreover, introduction to the system 

of a third component, as flocculant, enhances the flocs growth, due to bridging, improving their 

settling, and provides significant progresses in the quality of the purification process, namely 

colour removal. 

Development of colour removal procedures with modified tannins from Mimosa 

ME-SA 

A modified tannin-based coagulant obtained from Mimosa ME-SA (B1) TD3 (for details see 

Fig. 5.10, in section 5.4, of Chapter 5) was evaluated for its ability for colour removal of five 

different model effluents. The commercial dyes (Methylene Blue, Crystal Violet, Duasyn Direct 

Red, Acid Black 2 and Basic Green 1) dissolved in water were used as model effluents. Modified 

tannin-based coagulant was used in some cases in the presence of an inorganic complexing agent 

such as bentonite and a synthetic flocculant (cPAM with 80%, 40% charge, or aPAM with 30%, 

50% charge) as a tertiary clarification system. The development of decolouration procedure with 

the tannin-based coagulant, for each type of dye is described in the following sections. The 

objective is to optimise the treatment procedure, which will work as a reference for the other 

modified tannins tested. It is important to note that, due to differences in the characteristics of 

each dye, every decolouration procedure was developed and optimised separately and tested as 

a completely new case. 

a. Acid Black 2 

Table 6.7 summarizes the results achieved for Acid Black 2 with tested different decolouration 

conditions. Modified tannin-base coagulant without any additives, at the initial solution pH (5.5) 

was not able to successfully remove colour, reaching only 5% after 24 h (trial 2; Table 6.7). 

Additionally, bentonite (0.5 wt%) alone, without any addition of bio-coagulant or flocculant, 

would only be able to slightly remove the colour (19 %, after 24 h in trial 1; Table 6.7) ) based 

on adsorption of the dye on the surface of the particles. Still treated water would still be highly 

coloured. Moreover using only synthetic cationic PAM after 24 h, the tested system would be 

clarified in only 10% (trial 3; Table 6.7). To obtain higher percentages of decolouration without 
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changing pH of the model wastewater, it was required to apply a tertiary system, using bentonite, 

tannin-based coagulant followed by the addition of cPAM. With this procedure (0.5 wt% of 

bentonite, 36 mg/L of modified tannin and 20 mg/L of cPAM), trial 6 (Table 6.7) after 24 h, 

it was possible to remove up to 69 % of colour, compared to the dual system (modified tannin 

and cPAM, without any addition of bentonite) for which only 11% of dye was removed during 

24 h (trial 4; Table 6.7). 

Table 6.7. Decolouration results for Acid Black 2 (the initial absorbance of the dye effluent at 350 nm was 0.245) 
monitored by the changes of absorbance. The best decolouration procedures are highlighted. 

 
Trial pH 

Bentonite 
(wt%) 

Tannin 
(mg/L) 

Type of 
PAM 

PAM 
(mg/L) 

Colour Removal (%) 

10 min 1 h 24 h 

In
it

ia
l 

p
H

 

1 5.5 0.5 - - - turb turb 19 

2 5.5 - 70 - - turb 2 5 

3 5.5 - - BHMW 20 turb 5 10 

4 5.5 - 36 BHMW 20 2 7 11 

5 5.5 1 36 BHMW 20 31 54 58 

6 5.5 0.5 36 BHMW 20 45 59 69 

p
H

 a
d

ju
st

m
e
n

ts
 

7 1.7 0.5 - BHMW 20 31 42 49 

8 1.7 0.5 80 BHMW 10 48 71 95 

9 1.7 0.5 100 BHMW 10 67 93 95 

10 1.7 0.5 100 BHMW 30 75 94 95 

11 1.7 0.5 100 BHMW 20 74 95 96 

12 1.7 0.5 200 BHMW 20 32 93 94 

13 1.7 1 200 BHMW 20 79 95 97 

14 1.7 2 200 BHMW 20 72 90 94 

15 2.9 0.5 100 BHMW 10 74 95 96 

16 10.1 1 200 BHMW 70 turb 36 41 

17 11.5 1 200 BHMW 20 turb turb 30 

18 5.5 1 200 Z0 20 turb 21 57 

19 1.6 1 100 Z0 40 16 49 61 

20 11.5 1 100 Z0 50 turb 11 46 

* BHMW refers to cationic polyacrylamide (cPAM) with 80 wt% charge, and Z0 to anionic polyeacrylamide 
(aPAM) with 50 wt% charge. 

Furthermore, with only the addition of bentonite followed by addition of the commercial 

cationic polyacrylamide and changing pH to acidic conditions, allowed to increase the dye 

removal (trial 7; Table 6.7). Changing the procedure by adding to bentonite at acidic conditions 

an extra component as the tannin-based coagulant followed by cPAM, in most cases a significant 

increase of decolouration could be obtained, just after 10 min of treatment. Additionally, at 

pH 2.9, 95% of colour was removed after 1 h, while using of 0.5 wt% of bentonite, followed by 

100 mg/L of bio-coagulant and 10 mg/L of cPAM (trial 15; Table 6.7). Moreover, by increasing 

twice the amount of used components (bentonite, bio-coagulant and cPAM) at pH 1.7 (trial 13; 

Table 6.7) the difference in obtained results was not significant compared to trial 15. Under 

alkaline conditions (trial 16-17; Table 6.7), even with a higher dosage of modified tannin and 

in the presence of higher amounts of the other components (cPAM and bentonite), 

decolouration was always poor (lower than 50% after 24 hours). Testing the tertiary system but 

with an anionic PAM (trial 18-20; Table 6.7), poorer results, for the tested conditions, were 
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obtained, compared to the results with cPAM. Overall, it seems that the modified tannin 

coagulant works better as a decolouration agent of Acid Black 2 at acidic conditions, in a tertiary 

system with bentonite and a small addition of a synthetic cationic flocculation agent. 

Furthermore, the presence of bentonite, addition of cationic PAM and changes of pH, are 

crucial steps to achieve effective decolouration of Acid Black 2. The tannin coagulant alone was 

ineffective in colour removal, as it is observed generally in the case of small molecules. 

b. Basic Green 1 

The effective colour removal results of Basic Green 1 (Table 6.8) were obtained while using 

modified tannin in a multiple system with cationic PAM and bentonite under acidic (2.6; initial 

model wastewater pH) and alkaline (pH 10.7) conditions. Colour removal higher than 50% after 

1 h or 80% after 24 h of treatment were achieved for certain tested conditions: an alkaline pH 

(10.7), with the addition of 1 wt% of bentonite, followed by 50 mg/L of modified tannin and 

30 mg/L of cationic PAM removal of 59% of dye after 10 min, 83% after 1 h and 86% after 24 h 

(trial 17; Table 6.8) was obtained, using the same procedure under acidic conditions (pH 2.6) it 

was also possible to remove colour. However, the process was slower in the first minutes of 

treatment (16% after 10 minutes, 54% after 1h), although at the end the colour removal was 

96% after 24 hours (trial 7; Table 6.8). 

Table 6.8. Decolouration results for Basic Green 1 (the initial absorbance of the dye effluent at 350 nm was 0.259) 
monitored by the changes of absorbance. The best decolouration procedures are highlighted. 

 
Trial pH 

Bentonite 
(wt%) 

Tannin 
(mg/L) 

Type of 
PAM 

PAM 
(mg/L) 

Colour Removal (%) 

10 min 1 h 24 h 

In
it

ia
l 

p
H

 

1 2.6 1 - - - 7 10 19 
2 2.6 - - BHMW 50 15 19 34 
3 2.6 - 50 - - 0 15 22 
4 2.6 1 - BHMW 50 48 73 85 
5 2.6 1 50 - - 21 25 31 
6 2.6 1 50 X0 20 16 44 87 
7 2.6 1 50 BHMW 30 16 54 96 
8 2.6 1 50 BHMW 50 10 58 77 

p
H

 a
d

ju
st

m
e
n

ts
 

9 6.2 1 50 X0 10 35 73 79 
10 6.2 1 100 X0 10 7 38 78 
11 6.2 1 36 X0 20 12 56 84 
12 6.2 1 50 BHMW 10 42 75 75 

13 10.7 - - X0 50 turb turb 20 
14 10.7 - - BHMW 50 turb 10 21 
15 10.7 - 50 X0 50 turb turb 39 
16 10.7 - 50 BHMW 50 2 19 69 
17 10.7 1 - BHMW 50 turb turb 27 
18 10.7 1 50 X0 30 3 40 43 
19 10.7 1 50 BHMW 30 59 83 86 
20 10.7 1 50 BHMW 50 61 72 91 

* X0 refers to anionic polyacrylamide (aPAM) with 30 wt% charge, and BHMW to cationic polyacrylamide (cPAM) 
with 80 wt% charge. 
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Furthermore, increasing the amount of cPAM from 30 mg/L to 50 mg/L allowed for higher 

colour removal at the alkaline pH of 10.7 (trial 20; Table 6.8) permitting to obtain 91 % of dye 

removal after 24 h of treatment, while at the initial pH of 2.6, it had an opposite influence (trial 8; 

Table 6.8), colour removal decreasing from 96 % (trial 7) to 77 % after 24 h of treatment.  

For a pH of 6.2, dye removal achieved more moderate values (typically 75 - 84 % after 24 hours; 

trials 9 - 12; Table 6.8 ) while using the multiple system of bentonite, modified tannin and 

anionic or cationic PAM. At pH 6.2, the highest decolouration was obtained while using 1 wt% 

of bentonite, 36 mg/L of modified tannin and 20 mg/L of aPAM, which allowed to remove  

84 % of the dye after 24 h (trial 11; Table 6.8), compared to trial 9 with 50 mg/L or trial 10 

with 100 mg/L of tannin-based coagulant, both using 10 mg/L of aPAM, resulting after 24 h, 

in 78 - 79 % of dye removal. In general, results were better when using polyacrylamide than 

using the bio-coagulant in mono or dual systems, for the same conditions (trial 2 compared to 

trial 3 and trial 4 compared to trial 5; Table 6.8). Due to the higher molecular weight of the 

synthetic component (for details see386,387) compared to the bio-coagulant, a higher efficiency in 

colour removal could be achieved. Nevertheless, single or dual systems showed lower efficiency 

in colour removal compared to tertiary systems, using always a lower amount of the synthetic 

PAM 

c. Duasyn Direct Red 

Several different procedures that include pH adjustment, use of different amounts of bentonite, 

use of cationic PAM (BHMW with 80 wt% charge) or anionic PAM (X0 with 30 wt% charge), 

together with bio-coagulant at different dosages, were evaluated for this colour removal. 

At the initial pH of the dye (5.4), modified tannin-based coagulant alone, without any additives, 

was not able to successfully remove colour, reaching only 16 % decolouration after 24 h (trial 3; 

Table 6.9). Also, bentonite (1 wt%) alone, without any addition of bio-coagulant or synthetic 

flocculant, could only be able to slightly remove the colour (4 %, after 24 h in trial 1; Table 6.9). 

Moreover, using only synthetic cationic PAM, after 24 h, only 20 % of the colour was removed 

(trial 2; Table 6.9).  

To obtain higher decolouration efficiencies without changing the pH of the model wastewater, 

it was required to apply a tertiary system, using bentonite, tannin-based coagulant followed by 

the addition of cPAM. With this procedure (2 wt% of bentonite, 50 mg/L of modified tannin 

and 10 mg/L of cPAM), it was possible to remove up to 83 % of colour after 24 h (trial 9; 



APPLICATION OF NEW WASTEWATER TREATMENT AGENTS IN MODEL COLOURED EFFLUENTS 

190 

Table 6.9). Performing this procedure with the same amounts of bio-coagulant and cPAM but 

with a lower amount of bentonite, i.e., 0.5 wt% (trial 6) or 1 wt% (trial 7), decreased the 

efficiency of colour removal. In the first 10 min, the removal of 67 % with 2 wt% of bentonite 

dropped till 11 % when 0.5 wt% of bentonite was used 

Table 6.9. Decolouration results for Duasyn Direct Red (the initial absorbance of the dye effluent at 350 nm  was 
0.222) monitored by the changes of absorbance. The best decolouration procedures are highlighted 

 
Trial pH 

Bentonite 
(wt %) 

Tannin 
(mg/L) 

Type of 
PAM 

PAM 
(mg/L) 

Colour Removal (%) 
10 min  1 h 24 h 

In
it

ia
l 

p
H

 

 

1 5.4 1 - - - turb turb 4 
2 5.4 - - BHMW 10 0 5 20 
3 5.4 - 10 - - 0 4 16 
4 5.4 1 - BHMW 10 turb 20 31 
5 5.4 1 10 - - turb 17 21 
6 5.4 0.5 50 BHMW 10 11 29 47 
7 5.4 1 50 BHMW 10 46 61 80 
8 5.4 1 50 BHMW 5 51 62 77 
9 5.4 2 50 BHMW 10 67 82 83 

p
H

 a
d

ju
st

m
e
n

ts
 10 2.5 0.5 50 X0 10 31 44 49 

11 2.5 0.5 50 BHMW 10 69 82 86 

12 2.5 1 50 BHMW 10 72 87 90 

13 2.5 1 100 BHMW 10 70 81 87 

14  10.6 0.5 50 BHMW 10 turb turb 27 

15 10.6 1 50 BHMW 10 turb turb 20 

16 10.6 0.5 50 BHMW 30 turb turb 34 

17 10.6 2 50 BHMW 30 turb turb 19 

* BHMW refers to cationic polyacrylamide (cPAM) with 80 wt% charge, and X0 to anionic polyeacrylamide 
(aPAM) with 30 wt% charge. 

For a pH of 2.5, the dye removal achieved relatively high values (nearly 70 %) in the first 10 

minutes of treatment, in all the tests with cPAM (trials 11 - 13; Table 6.9), while using a tertiary 

system. At this acidic condition, it was also observed, that with the increase of used bentonite from 

0.5 wt% (trial 11) to 1 wt% (trial 12), while using 50 mg/L of bio-coagulant followed by the addition 

of 10 mg/L of cPAM, only a slight increase in the performance was observed (69 % compared to 

72 % in the first 10 minutes and 86 % compared to 90 % of removal after 24 h). 

It was also observed that under alkaline conditions poor colour removal was obtained in all tests 

with different amounts of bentonite and synthetic flocculation agent (trials 14 - 17; Table 6.9): 

from 19 % to 34 % of colour removal after 24 h 

d. Crystal Violet 

In the case of Crystal Violet, typically a longer treatment period (>10 min) was required in order 

to obtain a colour removal over 50 % (Table 6.10). Using single system (bentonite) without pH 

adjustment, up to 45 % of colour was removed after 24 h of treatment (trial 1; Table 6.10). 

However, applying either the bio-coagulant or aPAM at 50 mg/L, in both cases allowed to 

remove around 80 % of the dye (trials 2 and 3; Table 6.10).  
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In dual system, using modified tannin (50 mg/L) with bentonite (0.3 wt%), let to remove colour 

in 95 % after 24 h and 89 % after 1 h of settling (trial 4; Table 6.10). Furthermore, decreasing the 

amount of added modified tannin (25 mg/L) while still using 0.3 wt% of bentonite, proved not 

to be effective in this application, letting to remove only 6 % of dye after 24 h of treatment 

(trial 5; Table 6.10). Moreover, applying bentonite (0.3 wt%) with aPAM (trial 6; Table 6.10) 

showed a poorer performance removing only 73 % (24 h) of the dye compared to the dual system 

of bentonite with bio-coagulant, where 95 % of the dye was removed (trial 4; Table 6.10). 

Table 6.10. Decolouration results for Crystal Violet (the initial absorbance of the dye effluent at 350 nm was 0.201) 
monitored by the changes of absorbance. The best decolouration procedures are highlighted. 

 
Trial pH 

Bentonite 
(wt%) 

Tannin 
(mg/L) 

Type of 
PAM 

PAM 
(mg/L) 

Colour Removal (%) 
10 min  1 h 24 h 

In
it

ia
l 

p
H

 

 

1 6.8 0.3 - - - turb turb 45 
2 6.8 - 50 - - 15 40 80 
3 6.8 -  X0 50 32 57 82 
4 6.8 0.3 50 - - turb 89 95 
5 6.8 0.3 25 - - turb turb 6 
6 6.8 0.3 - X0 50 turb 54 73 
7 6.8 0.3 25 X0 25 13 61 81 
8 6.8 0.3 25 BHMW 25 turb turb 41 

p
H

 a
d

ju
st

m
e
n

ts
 

9 3.5 0.3 - - - 21 32 55 
10 3.5 - 20 - - 9 57 59 
11 3.5 0.3 20 - - turb 38 69 
12 3.5 0.3 50 - - turb 44 94 
13 3.5 0.3 20 BHMW 25 turb turb 59 
14 3.5 0.3 50 BHMW 25 turb 65 73 
15 3.5 - - X0 25 7 52 69 
16 3.5 0.3 50 X0 25 turb 75 98 

17 10.1 0.3 - - - turb turb 54 
18 10.1 - 70 - - 5 7 11 
19 10.1 - - BHMW 70 0 8 13 
20 10.2 - 70 BHMW 25 11 24 28 
21 10.1 0.3 25 BHMW 25 turb 10 14 
22 10.1 0.3 50 BHMW 25 turb 12 19 
23 10.2 0.3 - X0 70 turb 29 31 
24 10.2 0.3 50 X0 50 turb 28 35 
25 10.1 0.3 15 X0 30 turb 11 43 

* X0 refers to anionic polyacrylamide (aPAM) at 30 wt% charge, and BHMW to cationic polyacrylamide (cPAM) 
at 80 wt% charge. 

Applying a pH of 6.8 with a multiple system of bentonite, modified tannin and synthetic 

flocculation agent, either aPAM or cPAM (trial 7 and 8; Table 6.10), lower colour removals 

were observed, 81 % and 41 % after 24 h, respectively, compared to the dual system of bentonite 

and bio-coagulant. At acidic pH (3.5), bentonite alone, was able to remove 55 % (24 h) and 

modified tannin alone 59 % (24 h) of Crystal Violet dye (trial 9 and 10; Table 6.10). Still at pH 

3.5, in dual system with bentonite and bio-based coagulant the colour removal results 

significantly increased from 69 % to 94 %, with the increase of added modified tannin (20 mg/L 

to 50 mg/L) (trial 11 compared to trial 12; Table 6.10). However, the colour removal kinetics 

was even faster, and a more effective clarification result was obtained, while using a tertiary 

system with the addition of aPAM, bentonite and modified tannin (trial 16; Table 6.10). In this 
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procedure, while using 0.3 wt% of bentonite, followed by 50 mg/L of modified tannin and  

25 mg/L of aPAM, a colour removal of 75 % after 1 h and 98 % after 24 h was achieved.  

Under alkaline pH, poor Crystal Violet colour removals (11 - 54 %) were observed for all tested 

conditions, also in a tertiary system with anionic or cationic synthetic flocculant (trials 17 - 25; 

Table 6.10). For this dye, bentonite alone at all tested pHs led to a moderate colour removal of 

45 - 55 %, after 24 hours (trials 1, 9 and 17). However, only after applying other components, 

as for instance the natural-based coagulant, a significant increase in clarification was observed. 

The only exception was while applying the tertiary systems for alkaline pH conditions. 

e. Methylene Blue 

Methylene Blue treatment procedures and decolouration results are summarised in Table 6.11. 

Poor colour removal was observed at pH 7.0 (initial pH of the dye), while using only bentonite 

(36 % after 24 h, trial 1 in Table 6.11), while applying only synthetic flocculants cPAM or aPAM 

(40 mg/L), a significant increase in the performance was observed, reaching 59 % or 65 % (24 h) of 

dye removal, respectively (trial 2 and trial 3; Table 6.11). However, while using only the tannin-

based coagulation agent (36 mg/L), decolouration reached 60 % in 1 h and 62 % after 24 h (trial 4; 

Table 6.11). Furthermore, applying tertiary system at pH 7.0, with 2 wt% of bentonite, 15 mg/L 

of tannin-based coagulant and 3 mg/L of aPAM, a colour removal of 29 % in the first  

10 minutes of treatment and 89 % after 24 h (trial 5; Table 6.11) was achieved. 

However, decreasing the bentonite dosage till 0.5 wt%, and increasing the dosage of used 

natural-based coagulant (100 mg/L), together with 10 mg/L of aPAM (trial 10; Table 6.11), 

showed to be the most effective procedure leading to 99 % decolourisation of the tested model 

wastewater, after 24 h. Moreover, also high dye removal, up to 98 %, was observed while 

applying 1 wt% of bentonite with 200 mg/L of modified tannin followed by the addition of 

10 mg/L of cPAM (trial 15; Table 6.11). Repeating this procedure with lower amounts of 

modified tannin (35 mg/L or 100 mg/L), while the other parameters were kept constant, let to 

decrease the colour removal, which was 51 % or 87 % (trial 12 and 13; Table 6.11). This 

illustrates the importance of using the tannin-based coagulant in the Methylene Blue wastewater 

treatment. Furthermore, while using 100 mg/L of bio-coagulant followed by 10 mg/L of 

cationic PAM and changing the amount of used bentonite as complexing agent, it was shown 

that with the increase of bentonite dosage from 1 wt% to 2 wt%, there was an increase in the 

decolouration results from 87 % to 93 % after 24 h (trial 13, 16 and 17; Table 6.11). 
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Table 6.11. Decolouration results for Methylene Blue (the initial absorbance of the dye effluent at 350 nm was 
0.238) monitored by the changes of absorbance. The best decolouration procedures are highlighted. 

 
Trial pH 

Bentonite 
(wt%) 

Tannin 
(mg/L) 

Type of 
PAM 

PAM 
(mg/L) 

Colour Removal (%) 
10 min  1 h 24 h 

In
it

ia
l 

p
H

 

 

1 7.0 1 - - - 10 27 36 

2 7.0 - - BHMW 40 19 57 59 

3 7.0 - - X0 40 21 63 65 

4 7.0 - 36 - - 17 60 62 

5 7.0 2 15 X0 3 29 87 89 

6 7.0 2 15 X0 1.5 19 85 86 

7 7.0 1 36 X0 4 15 77 85 

8 7.0 1 53 X0 10 11 77 83 

9 7.0 1 70 X0 8 14 74 81 

10 7.0 0.5 100 X0 10 49 69 99 

11 7.0 0.5 100 BHMW 10 53 75 80 

12 7.0 1 35 BHMW 10 10 43 51 

13 7.0 1 100 BHMW 10 47 79 87 

14 7.0 1 100 BHMW 20 50 76 88 

15 7.0 1 200 BHMW 10 60 81 98 

16 7.0 1.5 100 BHMW 10 57 82 90 

17 7.0 2 100 BHMW 10 64 92 93 

p
H

 a
d

ju
st

m
e
n

ts
 

18 2.2 1 50 X0 10 70 97 98 
19 2.2 1 100 X0 10 69 96 96 
20 2.2 1 50 BHMW 10 44 51 87 
21 2.2 1 100 BHMW 10 57 67 89 

22 12.1 1 30 BHMW 10 69 82 85 
23 12.2 1 50 BHMW 10 65 84 85 
24 11.7 1 100 BHMW 10 68 86 95 
25 12.3 1 50 X0 10 43 76 80 
26 12.3 1 100 X0 10 49 79 92 

* X0 refers to anionic polyacrylamide (aPAM) with 30 wt% charge, and BHMW to cationic polyacrylamide (cPAM) 
with 80 wt% charge. 

At acidic pH, trial 18 provided dye removal of up to 98 % while using bentonite followed by 

the additions of 50 mg/L of modified tannin and 10 mg/L of aPAM. Repeating the procedure 

of trial 18 with a double amount of bio-coagulant did not lead to increase the decolouration 

results (trial 19; Table 6.11). Using the same conditions developed in trials 18 and 19, but 

changing the type of synthetic flocculant, i.e., applying a cationic PAM instead of an anionic, led 

to obtain slightly lower decolouration results, of 87 - 89 % (trials 20 and 21; Table 6.11), 

compared to 96 - 98 % with aPAM, which were however stil high. In addition, Methylene Blue 

decolouration procedures were evaluated at alkaline pH (trials 22 to 26; Table 6.11). In this case, 

slightly better results were obtained with cPAM compared to trials performed with aPAM. While 

adding 1 wt% of bentonite and 10 mg/L of cationic polyacrylamide, increasing the amount of 

bio-coagulant from 50 mg/L to 100 mg/L led to an improvement in the dye removal from 

85 % to 95 % after 24 h (trials 23 and 24; Table 6.11). Similar trend was observed with aPAM 

although the results were slightly worse (trials 25 and 26; Table 6.11). 

In general, the modified tannin-based coagulant was not able to reach high colour removal on 

its own, without addition of other components to the clarification system. This may be 

indicative of low molecular weight of the obtained modified tannin or/and low charge density. 
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However, removal of all tested dyes was possible by applying dual or tertiary systems 

corresponding to multiple decolouration procedures, depending on the dye. Typically, by pH 

adjustment, addition of a small amount of bentonite together with a minor amount of cationic 

or anionic polyacrylamide flocculant, combined with the natural-based coagulant, high 

decolouration of the model coloured waters was achieved. We are aveare that the very acidic 

conditions can be problematic and should be avoided, even if the original dye effluent pH is 

already acidic due to the dyeing process. However, this is a common problem to most reported 

procedures in the literature388,389 regarding this type of effluents. 

The prevailing decolouration mechanism in all the tests with tertiary system was assumed to be 

dye complexation with bentonite, followed by the destabilization by addition of tannin-based 

coagulant and then bridging through the polymer chains (synthetic polyacrylamide and dye-

bentonite-tannin complex). Generally, in the case of the positively charged dyes, they also 

adsorbed electrostatically on the surface of the bentonite, which did then complexate with the 

cationic modified tannin, followed by bridging flocculation promoted by the synthetic PAM. 

Still, it is important to stress that bentonite alone could never achieve reasonable colour removal 

for all the dyes tested. It is worth mentioning also, that for all the dyes tested, better or similar 

results of dye removal were always achieved with a very low amount of synthetic flocculation 

agent in the tertiary system, comparing to single systems with only PAM or to dual systems with 

bentonite and PAM. 

Performance of modified tannins with different viscosities on colour removal 

Modified tannin-based coagulants obtained from the Mimosa ME-SA (B2) tannin in the TD test 

trials (produced at lab scale with different viscosities, Table 6.3; for the details of products see 

section 5.4 of Chapter 5) were evaluated for their ability for colour removal of four different 

model effluents (Methylene Blue, Crystal Violet, Duasyn Direct Red and Acid Black 2). 

Modified tannins were evaluated in the presence of an inorganic complexing agent, bentonite, 

and a synthetic flocculant (cPAM at 80 wt% charge or aPAM at 30 wt% charge) as a tertiary 

clarification system. The tannin-based coagulants alone were ineffective in colour removal, as it 

is observed generally in the case for small molecules and described in the previous section. 

Additionally, bentonite alone, without any addition of bio-coagulant or flocculant, could be able 

to only slightly remove the colour, based on adsorption on the surface of the particles. However, 

treated water would still be highly coloured or even turbid. 
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Table 6.12. Summary of colour removal conditions for all tested model coloured waters.  

 Identification Initial Absorbance 
at 350 nm 

pHs Bentonite 
(wt %) 

Modified tannin 
(mg/L) 

PAM mg/L 
(type) 

I Methylene Blue 0.410 2.9 0.3 50 7.5 (anionic)b 

II Duasyn Direct Red 0.360 3.4 0.3 50 10 (cationic)c 

III Acid Black 2 0.419 2.8 0.4 100 10 (cationic)c 

IV Crystal Violet 0.420 2.2 1.4 100 10 (anionic) b 
arefers to the model effluent after pH adjustment, brefers to anionic polyacrylamide (X0) at 30 wt% charge, crefers 
to cationic polyacrylamide (BHMW) at 80 wt% charge. 

During the tests it was noticed that changing pH may promote the treatment and lead to better 

color removal, due to variation of the dye charge with pH, as it was shown in Fig. 6.1, and of 

the charge of modified tannin and bentonite. The goal was to eliminate color and turbidity. The 

performance on color removal was evaluated over time of settling as before, after 1, 30 and 60 

minutes as well as after 20 and 24 hours. For each tested dye, the optimal procedure (further 

described below) had to be tuned (pH, bentonite, tannin and polyacrylamide concentrations) 

for maximum removal (Table 6.12), depending in the optimal conditions found in the previous 

section and in account for a higher concentration of dye used in the present study. Note that 

the concentrations of dyes in real industrial effluents vary a lot, thus, to mimic these differences, 

higher initial concentrations of dyes were studied. It was also important to evaluate the 

performance of tannin-based coagulants in more polluted model systems. For the negatively 

charged dyes (Acid Black 2 and Duasyn Direct Red) cationic PAM had to complement the 

modified tannin coagulant, while for the positively charged dyes (Methylene Blue and Crystal 

Violet) an anionic PAM was added. 

a. Acid Black 2 

For Acid Black 2, a pH 2.8, 0.4 wt% of bentonite, followed by the addition of 100 mg/L of 

tannin-based coagulant and 10 mg/L of cationic flocculant, were the perfect conditions to 

obtain high colour removal. The results for the different tannins tested are summarised in Fig. 6.2. 

The best decolouration results, up to 83 % after 24 h (74 % after 30 minutes), were obtained 

with the TD5 bio-coagulant of the highest shear viscosity (432 cP). Moreover, the lowest 

decolouration after 30 min (57 %) and just 72 % after 24 h, was achieved while using the 

modified tannin (TD1) with the lowest viscosity (31 cP), which must correspond to a lower 

degree of substitution and/or lower molecular weight. Additionally, 66 % of decolouration after 

only 1 minute was observed when using the modified tannins with a shear viscosity of 204 cP 

(TD4) and 432 cP (TD5). 
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Fig. 6.2. Acid Black 2 colour removal using modified tannins with different viscosities over time (1 min, 30 min, 
1 h, 20 h and 24 h). 

b. Duasyn Direct Red 

Fig. 6.3 reports the colour removal results of Duasyn Direct Red (at pH 3.4) with 0.3 wt% of 

bentonite, 50 mg/L of bio-coagulant and 10 mg/L of cationic PAM. TD5 was found, again, to be 

the most effective in the decolouration of this dye, and an efficiency of 76 % after 1 minute of 

treatment was achieved; in addition, up to 89 % after 24 h of settling was observed. Using TD1, 60 % 

of the dye was removed during the first minute. For TD2 – TD4, the dye removal was similar for the 

three coagulants during the monitored settling time: 71 - 74% after 1 min, up to 85 - 86 % after 24 

h. In general, the trends detected were very similar to the ones observed for the Acid Black 2 dye. 

 
Fig. 6.3. Duasyn Direct Red colour removal using modified tannins with different viscosities over time (1 min, 
30 min, 1 h, 20 h and 24 h). 

c. Methylene Blue 

The modified tannins with different viscosities (TD1-TD5) were also tested on Methylene Blue 

(Fig. 6.4). Using model effluent at pH 2.9, followed by the addition of bentonite (0.3 wt%), 

modified tannin (50 mg/L) and the synthetic anionic flocculant (7.5 mg/L), allowed for good 

purification after the first minute of treatment. After 1 min of settling, the lowest colour removal 
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(54 %) was obtained while using TD1 (lowest viscosity). While for TD2 up to 65 % of colour 

removal was achieved and for TD3-TD5, 70 - 72 % of the dye was removed during the first 

minute of the process. Nevertheless, for all of the tested tannins (TD1-TD5), decolouration 

became similar after 1 h of treatment: 79 - 84 %. The same trend (90 - 95 %) was observed for 

20 h and 24 h of treatment. 

 

Fig. 6.4. Methylene Blue colour removal using modified tannins with different viscosities over time (1 min, 30 min, 
1 h, 20 h and 24 h). 

d. Crystal Violet 

In the case of Crystal Violet model dye, pH 2.2, with addition of 1.4 wt% of bentonite, 100 mg/L 

of tannin coagulant and 10 mg/L of anionic PAM, allowed for a decolouration above 90 % after 

24 h of the treatment while using TD4 modified tannin with shear viscosity of 204 cP (Fig. 6.5), 

even if the TD2–TD5 modified tannins showed similar performance for the same settling time. 

During the first minute of settling, TD4 and TD3 (137 cP) were able to remove an equal amount 

of dye (70 %). The first minute of treatment with TD5 led to 75 % colour removal.  

 
Fig. 6.5. Crystal Violet colour removal using modified tannins with different viscosities over time (1 min, 30 min, 
1 h, 20 h and 24 h). 

The lowest but still relatively high removal after 1 minute, 61 %, was achieved while using 

modified tannin with the lowest shear viscosity (TD1), while TD2 provided moderate results (66 %). 
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Large differences between the different tannins were also observed up to 30 minutes of 

treatment, the colour removal efficiency increasing with the viscosity of the used tannin-based 

coagulant. After 1h of settling, the performance of TD2–TD5 tannins was similar (77 - 82 % 

removal), as well as after 24 h (88 - 93 % removal). For TD1, only 82 % of decolouration was 

observed after 24 h. 

In general, the viscosity of modified tannins had a strong impact on dye removal results, 

especially for low removal times. Higher viscosities, which must correspond to a higher degree 

of modification and/or molecular weight, led to higher removal efficiency. For longer settling 

times, the performance levelled-off and similar decolouration outcomes were obtained among 

the tested tannin-based coagulants. This must be taken into consideration, since tannins with 

higher viscosity usually present a shorter shelf life time. Thus, the balance between increase in 

colour removal and shelf life time must be taken into consideration, when selecting the modified 

tannin for the treatment process. 

pH influence on colour removal 

Previous studies have shown how important the pH is in decolouration processes358. A change in 

pH affects the process through the dissociation of functional groups from dyes, modified tannin 

and bentonite. This information led us to perform several assays with the selected four dyes (Acid 

Black 2, Duasyn Direct Red, Methylene Blue and Crystal Violet) by varying the pH between 1 and 

14, while keeping the other conditions tuned for each dye (Table 6.12) and using the TD2 modified 

tannin from Mimosa ME-SA, with an intermediate viscosity. Fig. 6.6 - Fig. 6.9 show the 

experimental results, expressed as the percentage of dye removal versus pH, for all of the tested dyes. 

a. Acid Black 2 

The pH was a very important variable in colour removal of Acid Black 2, as shown in Fig. 6.6. 

Increasing the pH from 3 to 5 led to dramatic losses in the decolouration efficiency, especially 

for low treatment times, an increase in the turbidity having even been observed for pH 5. 

However, the dye removal increased with pH in the range from 5 to 12. The highest colour 

removal (84 - 90 % after 24 h) was obtained in very acidic conditions (pH 1-3). However, in 

very basic conditions (pH 12 and 13), it was also possible to remove up to 80 % of the dye. 
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Fig. 6.6. pH influence on removal of Acid Black 2 using the TD2 modified tannin. 

b. Duasyn Direct Red 

For Duasyn Direct Red, the removal of dye typically increased with the decrease of pH (Fig. 6.7). 

The highest efficiency (83 – 88 % after 24 h) was obtained for dye solutions with pH 2 to 4. A high 

basicity of the effluent (pH of 11 and higher) decreased the performance of the tested tertiary system, 

leading to highly turbid suspensions even 24 h of settling (an increase in turbidity compared to the 

initial model effluent was observed for these cases). It is very important to mention that less protons 

are expected to adsorb onto the surface of bentonite as the solution pH increases, resulting in an 

increase in its negative surface potential390. Thus, when applied for the treatment of the already 

negatively charged dye (Duasyn Direct Red), the dye molecules failed to adsorb onto the surface of 

the bentonite. As referred previously, bentonite followed by the addition of modified tannin and 

cationic synthetic flocculant showed to work well in acidic conditions removing 60 % of the dye just 

after the first minute of treatment. 

 
Fig. 6.7. pH influence on removal of Duasyn Direct Red dye using the TD2 modified tannin 

-100

-80

-60

-40

-20

0

20

40

60

80

100

1 2 3 4 5 6 7 8 9 10 11 12 13 14

C
o

lo
u

r 
R

e
m

o
v
a

l 
(%

) 

pH

1min

30min

1h

20h

24h

-150

-125

-100

-75

-50

-25

0

25

50

75

100

1 2 3 4 5 6 7 8 9 10 11 12 13 14

C
o
lo

u
r 

R
e
m

o
v
a

l 
(%

)

pH

1min

30min

1h

20h

24h



APPLICATION OF NEW WASTEWATER TREATMENT AGENTS IN MODEL COLOURED EFFLUENTS 

200 

c. Methylene Blue 

For Methylene Blue (positively charged dye), increasing pH from 2 to 6 led to a moderate loss 

in the colour removal efficiency (Fig. 6.8), which was more pronounced for shorter contact 

times (1 hour and less). As the basicity of the effluent increases, it was expected that the cationic 

dye removal would increase due to the increase of the negative surface charge of bentonite390. 

However, Methylene Blue could be easily removed not only at basic conditions but also in acidic 

pH values after 24 h, even if some loss of efficiency was observed for the pH range of 4-6. This 

loss could be caused by the neutral or slightly positive charge of the adsorbent (bentonite)390, 

which for these conditions may not be the most adequate additive for the initial destabilisation 

of the low positively charged dye molecules in the solution. Addition of the positively charged 

modified tannin followed by the negatively charged flocculant helped in the colour removal. 

 

Fig. 6.8. pH influence on removal of Methylene Blue dye using the TD2 modified tannin. 

d. Crystal Violet 

As for Crystal Violet (positively charged dye), there was not a great variation (from 60 % to 82 

%) in the colour removal efficiency over the 1-12 pH range for 24 hours of settling (Fig. 6.9), 

although some loss of efficiency was observed in the pH range of 2 to 5. This latter trend was 

confirmed for the shorter contact times, especially for 1 minute of settling. At the very alkaline 

pH values (pH >12), the interactions between the positively charged dye molecules, negatively 

charged bentonite surface, cationic bio-coagulant and anionic flocculant, during the first hour 

of treatment, were very weak, so that no colour removal was observed. It would be 

recommended to use in such alkaline pH´s a lower amount of bentonite or a higher amount of 

tannin-based coagulant.. 
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Fig. 6.9. pH influence on removal of Crystal Violet dye using the TD2 modified tannin. 

Typically, the performance on colour removal while applying a tertiary system (bentonite, tannin-

based coagulant and cationic or anionic synthetic flocculant) was found to depend strongly on pH, 

and some of the dyes were more sensitive to this parameter than others, mainly Acid Black 2 and 

Duasyn Direct Red. This influence is usually more notorious for low contact times. 

Cationic cellulose-based polyelectrolytes 

The decolouration tests using the cationic cellulose-based polyelectrolytes, for the five tested 

commercial dyes, will be presented herein and discussed individually for each dye. This section 

will be divided into two separate parts: the first one will focus on the development of an effective 

flocculation procedure with cellulose-based cationic PEL (CDACc38A), while the second part 

will focus on evaluation of the performance on flocculation while applying different CDACs 

from different sources, with the highest and the lowest substitution degree. 

Development of colour removal procedures with CDACc 

Table 6.13 summarizes the results (based on absorbance measurements) obtained for 

Methylene Blue, under various experimental conditions, using the cationic cellulose-based 

flocculation agent, CDACc38A, produced from alkali-extracted bleached pulp. To obtain high 

percentages of colour removal it was required the addition of bentonite (dual system) and 

working at neutral or acidic pH conditions. Under these conditions, more than 95 % of colour 

removal could be attained just after 10 min of treatment. At high pH, even with a higher dosage 

of cationic cellulose and in the presence of bentonite, decolouration was always lower than 80% 

after 24 hours. Without bentonite it was possible to remove colour but the process was slow 

(88 % removal after 24 hours and 24 % after 10 minutes at pH 7). 
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Table 6.13. Decolouration test results for Methylene Blue with CDACc38A. 

pH 
Bentonite 

(wt %) 
cPAM 

(mg/L) 
CDACc38A 

(mg/L) 
Colour Removal (%) 

10min  1 h 24 h 

7.0 0.3 - - 18 34 48 
7.0 - - 2.67 24 47 88 
7.0 - 2.67 - 17 77 82 
10.2 0.3 - 10.67 48 62 77 
7.0 0.3 - 2.67 47 80 87 
7.0 0.3 2.67 - 70 79 83 
5.6 0.3 2.67 - turb 48 61 
5.6 0.2 - 2.67 98 99 99 
5.6 0.2 - 1.34 88 88 98 
5.6 0.2 - 2.13 97 98 98 
2.3 0.07 2.67 - 96 96 96 
2.3 0.07 - 2.67 96 96 97 
4.0 0.07 - 2.67 97 98 99 
7.0 0.07 - 2.13 97 99 99 

Slightly worse results were in general obtained with only polyacrylamide, when compared with the 

use of only CDACc38A. Overall, it seems that the cationic cellulose, in the presence of bentonite, is 

efficient for the decolouration of Methylene Blue, even when compared with the reference cationic 

polyacrylamide (Snow Flake E2). Moreover, there was no need to consider the use of a tertiary 

system combining the cationic cellulose-based product with a synthetic polyelectrolyte. 

Table 6.14 summarizes the results (based on absorbance measurements) for the Duasyn Direct 

Red dye removal. Once more, very good results (95% removal after 10 minutes) were obtained 

in acidic conditions (pH around 2) with the dual system bentonite/cationic cellulose. Without 

bentonite the results were significantly worse, and no more than 50 % of decolouration was 

obtained after 24 hours. Increasing the pH, still under acidic conditions, till the initial pH of the 

model effluent, also decreased the efficiency of colour removal. The results with cationic cellulose 

were comparable to those obtained by substituting it by cationic polyacrylamide at 80% charge. 

Table 6.14. Decolouration test results for Duasyn Direct Red with CDACc38A. 

pH 
Bentonite 

(wt %) 
cPAM 

(mg/L) 
CDACc38A 

(mg/L) 
Colour Removal (%) 

10 min  1 h 24 h 

5.4 0.3 - - turb turb turb 
5.4 - 2.67 - 41 42 47 
5.4 - - 2.67 33 38 47 
5.4 0.3 - 1.76 turb turb turb 
2.9 0.3 - 1.76 turb 94 93 
4.4 0.3 - 1.74 79 87 86 
2.1 0.5 2.67 - 96 96 97 
2.1 0.5 - 2.67 95 95 95 

For Acid Black 2 (Table 6.15), more time (at least 1 h) was typically required to achieve a high 

decolouration level (>85 %). This was the case applying either CDACc38A or cPAM, both under 

acidic conditions and requiring the use of a dual system with bentonite. For pHs of 4.1 and 5.8 

and using a dual system with bentonite, 95-99 % of colour removal could be achieved after 1 

hour. Also, after 24 h of CDACc38A addition, colour removal was very high. Under basic 
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conditions colour removal was low. It is important to bear in mind that Acid Black 2 is negatively 

charged dye among the tested pH range (Fig. 6.1). Addition of low amount of slightly positively 

charged bentonite at acidic pH, destabilizes the system due to the neutralization mechanism. 

Addition of flocculant bridges the particles and significantly increases the clarification rate. 

Overall, the results were better than those obtained with cationic polyacrylamide under the same 

tested conditions. 

Table 6.15. Decolouration test results for Acid Black 2 with CDACc38A. 

pH 
Bentonite 

(wt %) 
cPAM 

(mg/L) 
CDACc38A 

(mg/L) 
Colour Removal (%) 

5 min 1 h 24 h 

5.5 0.3 - - turb turb 26 
2.2 0.3 - 2.67 turb 85 97 
2.2 0.3 2.67 - turb 86 97 
1.9 0.1 - 2.67 turb 84 98 
1.9 0.1 2.67 - turb turb 90 
4.1 0.6 - 1.75 turb 99 100 

5.8 0.6 - 1.74 turb 95 100 

11.4 0.3 - 2.67 turb 9 30 

11.4 0.3 2.67 - turb turb 8 

1.8 0.2 - 1.34 turb turb 97 

1.8 0.2 1.34 - turb turb 65 

The data obtained for Crystal Violet (based on absorbance measurements) were always very 

good (Table 6.16). The dual system was very efficient in the colour removal of this dye, colour 

removal efficiencies close to 100% having been obtained just after 5 minutes, even under near 

neutral pH conditions. For this dye, bentonite alone led to a reasonable colour removal of 73 % 

after 5 min (and 87 % after 24 hours). The same type of behavior was observed with cPAM 

combined with bentonite. 

Table 6.16. Decolouration test results for Crystal Violet with CDACc38A. 

pH 
Bentonite 

(wt %) 
cPAM 

(mg/L) 
CDACc38A 

(mg/L) 
Colour Removal (%) 

5 min 1 h 24 h 

6.8 0.11 - - 73 82 87 
6.8 0.11 - 0.51 96 96 98 
6.8 0.06 - 2.67 98 98 98 
6.8 0.06 2.67 - 98 98 99 
1.8 0.11 - 0.51 97 97 100 

10.2 0.57 - 0.51 86 96 95 
3.5 0.06 - 1.34 98 99 99 
3.5 0.06 1.34 - 97 98 99 
10.1 0.06 - 2.67 95 98 99 
10.1 0.06 2.67 - 98 98 99 

As for Basic Green 1 (Table 6.17), CDACc38A was also found to be effective in the colour 

removal of this dye, if the adequate conditions were used. Decolourations higher than 85 % 

after 5 minutes of treatment were achieved for certain experimental conditions, e.g. pH 3.3 

with 0.1 wt% of bentonite followed by 2.67 mg/L of CDACc38A, or pH 6.4 with 0.3 wt% of 

bentonite followed by 2.67 mg/L of CDACc38A. For pHs of 7 and higher, dye removal achieved 
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modest values (typically less than 60% after 5 minutes). The best results were obtained for a pH 

of 6.4 using the dual system. In general, results were better with CDACc38A than those obtained 

with cationic polyacrylamide for the same conditions. 

Table 6.17. Decolouration test results for Basic Green 1 with CDACc38A. 

pH 
Bentonite 

(wt%) 
cPAM 

(mg/L) 
CDACc38A 

(mg/L) 
Colour Removal (%) 

5 min  1 h 24 h 

7.2 0.3 - - turb 4 43 
8.2 0.3 - 2.67 42 54 52 
7.8 0.3 2.67 - 37 55 52 
6.4 0.3 - 2.67 98 99 99 
6.4 0.3 2.67 - 86 95 93 
7.2 0.3 - 1.34 59 67 69 
7.2 0.3 1.34 - 24 25 33 
7.2 0.3 - 2.67 56 62 64 
7.2 0.3 2.67 - 28 31 46 
3.4 0.1 2.67 - 85 96 96 
3.3 0.1 - 2.67 86 99 99 

The prevailing flocculation mechanism in all the tests conducted was complexation with 

bentonite and bridging of the inorganic material with adsorbed dyes caused by the polymer 

chains. In the case of the positively charged dyes, the dye is first adsorbed on the surface of 

bentonite particles, and then complexates with the cationic cellulose. With the negatively 

charged dyes dyes first the charge neutralization occurs due to the addition of positively charged 

bentonite, and then the particles bridging in destabilized system occurs with positively charged 

PEL. However, bentonite alone could never achieve reasonable colour removal for all the dyes 

tested. Furthermore, this mechanism may justify the better removal of the positive dyes. Also, 

Crystal Violet was the positive dye exhibiting a higher removal, namely for low contact times, 

and for all pH tested (acidic, neutral and basic), which agrees with the mechanism described, 

since it is the dye with the highest charge (Fig. 6.1). Looking at the results for the negative dyes 

(Duasyn Direct Red and Acid Black 2), Duasyn Direct Red was the dye for which a higher 

colour removal, for low contact time, was achieved, which can again be related to its higher 

charge (Fig. 6.1). 

It is worth underlining that for all the dyes tested, removal was always achieved with a very low 

amount of CDAC and also with low amount of bentonite. Moreover, in general, CDAC 

exhibited better performance than a standard cationic polyacrylamide quite common in colour 

removal processes. Worth stressing, also, that there was no need to make use of tertiary systems, 

combining natural and synthetic flocculants. 
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Performance of CDACs from different raw materials and with different charges  

Cationic cellulose-based flocculation agents, obtained from different sources of raw materials, 

with the highest and the lowest charge (Table 6.4), were evaluated for their ability for colour 

removal of five different model effluents (Methylene Blue, Crystal Violet, Duasyn Direct Red, 

Acid Black 2 and Basic Green 1). The developed and optimised procedures for colour removal, 

based on the previously described screening results were applied for all five model dyes 

containing wastewaters. In this part of the work, each water was evaluated at three different 

pHs, two different concentrations of CDAC and with addition of two different amounts of 

inorganic complexing agent (bentonite). Since the CDACs alone were ineffective in colour 

removal, as shown previously, dual systems were deeply evaluated here with several CDACs. 

Additionally, bentonite alone, without any addition of bio-coagulant or flocculant, was able to 

only slightly remove the colour, based on adsorption of the dyes on the surface of the particles. 

However, treated water would still be highly coloured or even turbid, for this procedure. 

Furthermore, a commercial cationic polyacrylamide (cPAM; SnowFlake E2) was used as a 

reference in all performed tests. 

a. Methylene Blue 

Fig. 6.10 to Fig. 6.13 summarize the results (based on turbidity reduction) obtained for the 

Methylene Blue model effluent, using cationic cellulose-based flocculation agents, obtained 

from Eucalyptus-based raw materials of different cellulose, lignin, and hemicellulose contents. 

Note that all the results based on turbidity measurements are reported in Appendix C, Table C.1. 

All the other results obtained, based on absorbance measurements, are reported in Appendix C, 

Table C.2. Even if the values based on absorbance were slightly different from those based on 

turbidity, the overall tendencies were the same. 

 

Fig. 6.10. Methylene colour removal using single flocculation agent (2.67 mg/L of synthetic cPAM or cellulose-
based CDACp 37A) at two different pH levels, 2.5 and 7.0. 
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For a controlled dye concentration (0.01 wt% dye content) the addition of 2.67 mg/L of 

CDACp37A (product obtained from modified bleached pulp) at pH 2.5 allowed to remove only 

34% of colour after 24 h treatment (Fig. 6.10). Using an identical procedure with the same 

cellulose-based polyelectrolyte, however at neutral pH 7.0, a lower extent of decolouration was 

observed (27% after 24 hours). A comparison was also made with the synthetic cationic PAM, 

which led to obtain slightly higher colour removals of 49% and 34% at the tested pH levels (2.5 

and 7.0, respectively). As it was described in the previous section, this test revealed again the 

necessity to use dual systems with bentonite in order to obtain high percentages of colour 

removal. 

Fig. 6.11 shows results obtained at pH 2.5 while using two different concentrations of 

flocculation agent: 1.33 mg/L (procedures A and B) or 2.67 mg/L (procedures C and D) and 

two different amounts of bentonite: 0.07 wt% (procedures A and C) or 0.14 wt% (procedures 

B and D). Additionally, all procedures A-D were compared with the treatment run only with 

bentonite. In all the presented cases A-D, reasoanble colour removals were obtained after 24 h 

of treatment, while using dual system. In the majority of the cases, the use of the dual system 

led to substantially better results than when using bentonite alone. 

Although methylene Blue is a positively charged dye and bentonite at pH levels from 1 till 8 

tends to have slightly positive surface charge390, the results suggest that it was still possible at 

pH of 2.5 to create a dye-bentonite complex and observe decolouration of this dye only with 

bentonite. However, with the addition of flocculation agents the decolouration process was 

faster, reaching higher removals. Moreover, using higher amount of bentonite, 0.14 wt%, 

followed by the lower dosage of flocculation agent, 1.33 mg/L (procedure B), provided the 

worst colour removal performance. Additionally, polymers with higher charge densities  

(e.g. CDACs: 37A, 38A, 47A and 48A) showed higher efficiency for the conditions described. 

CDACw56A, a polymer obtained from raw material with the highest lignin content, worked 

quite well, similar to the equivalent polymers obtained with higher cellulose content (CDACs: 

37A, 38A, 47A and 48A). 
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Fig. 6.11. Methylene Blue colour removal (based on turbidity) with time using cellulose-based flocculation agents 
from different sources in dual system with bentonite at pH 2.5. Procedure A: 0.07 wt% of bentonite followed by 
1.33 mg/L of flocculant. Procedure B: 0.14 wt% of bentonite and 1.33 mg/L of flocculant. Procedure C: 0.07 wt% 
of bentonite and 2.67 mg/L of flocculant. Procedure D: 0.14 wt% of bentonite and 2.67 mg/L of flocculant. 
Cationic synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite 
(0.07 wt% in A and C procedures; 0.14 wt% in B and D procedures) are also reported.  

Fig. 6.12 and Fig. 6.13 summarize the results obtained at pH 4.0 and pH 7.0 for the Methylene 

Blue removal with two different concentrations of flocculation agent: 1.33 mg/L (procedures 

A and B) or 2.67 mg/L (procedures C and D) and two different amounts of bentonite: 0.07 wt% 

(procedures A and C) or 0.14 wt% (procedures B and D). Additionally, as before, all procedures 

A-D were compared with the treatment performed only with bentonite. At a pH of 4.0, the dye 

system revealed to be more stable compared to the pHs of 2.5 or 7.0. In all the presented cases, 

A-D at pH 4.0 (Fig. 6.12), a lower decolouration was obtained, compared to results presented 

in Fig. 6.11 (pH 2.5). 

0

10

20

30

40

50

60

70

80

90

100

1 10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

A; pH 2.5 PAM

Bentonite

37A

38A

46A

47A

48A

56A

37C

38C

46C

47C

48C

56C
-70

-50

-30

-10

10

30

50

70

90

1 10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

B; pH 2.5 PAM

Bentonite

37A

38A

46A

47A

48A

56A

37C

38C

46C

47C

48C

56C

-80

-60

-40

-20

0

20

40

60

80

100

1 10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

C; pH 2.5 PAM

Bentonite

37A

38A

46A

47A

48A

56A

37C

38C

46C

47C

48C

56C
-125

-100

-75

-50

-25

0

25

50

75

100

1 10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

D; pH 2.5 PAM

Bentonite

37A

38A

46A

47A

48A

56A

37C

38C

46C

47C

48C

56C



APPLICATION OF NEW WASTEWATER TREATMENT AGENTS IN MODEL COLOURED EFFLUENTS 

208 

 

Fig. 6.12 Methylene Blue colour removal (based on turbidity) with time using cellulose-based flocculation agents 
from different sources in dual system with bentonite at pH 4.0. Procedure A: 0.07 wt% of bentonite followed by 
1.33 mg/L of flocculant. Procedure B: 0.14 wt% of bentonite and 1.33 mg/L of flocculant. Procedure C: 0.07 wt% 
of bentonite and 2.67 mg/L of flocculant. Procedure D: 0.14 wt% of bentonite and 2.67 mg/L of flocculant. 
Cationic synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite 
(0.07 wt% in A and C procedures; 0.14 wt% in B and D procedures) are also reported. 

At pH 4.0, Methylene Blue showed to be more positively charged (Fig. 6.1). Thus, addition of 

positively charged bentonite390 and cationic flocculant was less favourable for this dye removal. 

However, at pH 7.0 (Fig. 6.13), the dye seemed to be more unstable (only slightly positive values 

of zeta potential, Fig. 6.1) than at pH 4.0. Also, at pH 7.0, bentonite is almost neutral. Thus, an 

improvement in colour removal could be obtained for pH 7.0 compared to pH 4.0 using 

bentonite and CDAC. At the highest tested pH, the best decolouration was obtained while using 

CDACs 38A and 56A with the highest DS as well as CDACs 37C or 48C with lower substitution 

degree but higher molecular weight. The flocculation agent obtained from pulp with the highest 

kappa number, CDACw56A, showed also good colour removal results similar to what was 

achieved with CDACc38A, and in some cases even slightly better. Typically, at pH 7.0, colour 

removal was always lower than at pH 2.5. 
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Fig. 6.13. Methylene Blue colour removal (based on turbidity) with time using cellulose-based flocculation agents 
from different sources in dual system with bentonite at pH 7.0. Procedure A: 0.07 wt% of bentonite followed by 
1.33 mg/L of flocculant. Procedure B: 0.14 wt% of bentonite and 1.33 mg/L of flocculant. Procedure C: 0.07 wt% 
of bentonite and 2.67 mg/L of flocculant. Procedure D: 0.14 wt% of bentonite and 2.67 mg/L of flocculant. 
Cationic synthetic PAM in dual system with bentonite was used as reference.  Results obtained only with bentonite 
(0.07 wt% in A and C procedures; 0.14 wt% in B and D procedures) are also reported.. 

Typically in this coloured model effluent, bentonite reacts with dye (especially at pH 7.0), 

permitting the formation of a dye-bentonite complex. Subsequently, the addition of polymer 

allows bridging between dye-bentonite particles. The decolouration efficiency obtained with 

cationic cellulose-based flocculation agents showed to be better than while using the synthetic 

reference. The best result was obtained under acidic pH (2.5), with 0.07 wt% of bentonite 

followed by the addition of 1.33 mg/L of flocculant. However, for the neutral conditions, 

addition of 0.07 wt% of bentonite and 2.67 mg/L of flocculant showed to be the most effective 

procedure resulting in a final colour removal from 75 % to 88 %. 

b) Acid Black 2 

Fig. 6.14 - Fig. 6.17 summarize the results (based on turbidity reduction) obtained for the Acid 

Black 2 model effluent, using cationic cellulose-based flocculants, obtained from Eucalyptus-

based raw materials of different cellulose, lignin, and hemicellulose contents. All the results 

obtained based on turbidity measurements are reported in Appendix C, Table C.3; the other 

results, based on absorbance measurements, are summarised in Appendix C, Table C.3. Even 
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if the values based on absorbance were slightly different from those based on turbidity, the 

overall tendencies were very similar. 

 

Fig. 6.14. Acid Black 2 colour removal using single flocculation agent (2.67 mg/L of synthetic cPAM or cellulose-
based CDACp 37A) at two different pH levels, 2.5 and 7.0. 

Fig. 6.14 shows the colour removal results at two different pHs (2.5 and 7.0) for 2.67 mg/L of 

CDACp37A or synthetic cPAM, in single systems. The decolouration results were always better 

at acidic conditions for both cellulose-based and synthetic flocculation agents. Moreover, cPAM 

was more effective in the Acid Black 2 removal letting to remove 39 % and 10 % at pH 2.5 and 

7.0, respectively, while with CDACp 37A, removals of only 27 % and 5 %, respectively, were 

achieved. 

Poor Acid Black 2 removal, while using the flocculation agent alone was the reason to apply 

dual system with bentonite. Fig. 6.15 - Fig. 6.17 show the results obtained at pH 2.5, 4.0 and 

7.0, while using two different concentrations of flocculation agent: 1.33 mg/L (procedures A 

and B) or 2.67 mg/L (procedures C and D) and two different amounts of bentonite: 0.13 wt% 

(procedures A and C) or 0.53 wt% (procedures B and D). Additionally, all procedures A-D were 

compared with the treatment performed only with bentonite. In all the presented cases, A-D, 

better colour removal was obtained after 24 h of treatment, while using dual system compared 

to procedure using only bentonite. Bentonite adsorbs the dye molecules and further addition of 

polymer allows for faster and more effective flocculation, as well as more rapid settling. 

However, just at low pHs this is the predominant mechanism, while with the increase of 

alkalinity the settling became more difficult and slower, what is illustrated by the poor overall 

removal results shown in Fig. 6.16 and Fig. 6.17. It should be noted that the negative values of 

colour removal correspond to poor settling of bentonite, and thus an increase in turbidity and 

poor or none colour removal. With the increase of alkalinity (pH 4.0 or 7.0 compared to pH 

2.5), the bentonite surface becomes less positively charged (isoelectric point at 8.0)387, and 

neutralization and complexation of the negatively charged dye by bentonite becomes more 

-5

0

5

10

15

20

25

30

35

40

1 10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

2.67 mg/L
pH 2.5; 37A

pH 7.0; 37A

pH 2.5; cPAM

pH 7.0; cPAM



RESULTS AND DISCUSSION 

211 

limited. Thus, a significant reduction in the clarification results was observed, while changing 

slightly the pH conditions from 2.5 to 4.0. 

The most effective Acid Black 2 removal was obtained while using procedure C (0.13 wt% of 

bentonite followed by 2.67 mg/L of flocculant), at pH 2.5. However, increasing the dosage of 

bentonite up to 0.53 wt%, while using 2.67 mg/L of flocculant (procedure D) did not increase 

the final colour removal, even if it led to a faster kinetics for removal. Moreover, in the described 

procedure D, all tested cellulose-based flocculants (high and low charge) were more effective 

when compared to the synthetic reference.  

 
Fig. 6.15. Acid Black 2 removal (based on turbidity) with time, using cellulose-based flocculation agents from 
different sources in dual system with bentonite at pH 2.5. Procedure A: 0.13 wt% of bentonite followed by 1.33 
mg/L of flocculant. Procedure B: 0.53 wt% of bentonite and 1.33 mg/L of flocculant. Procedure C: 0.13 wt% of 
bentonite and 2.67 mg/L of flocculant. Procedure D: 0.53 wt% of bentonite and 2.67 mg/L of flocculant. Cationic 
synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite (0.13 
wt% in A and C procedures; 0.53 wt% in B and D procedures) are also reported. 
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Fig. 6.16. Acid Black 2 removal (based on turbidity) with time, using cellulose-based flocculation agents from 
different sources in dual system with bentonite at pH 4.0. Procedure A: 0.13 wt% of bentonite followed by 1.33 
mg/L of flocculant. Procedure B: 0.53 wt% of bentonite and 1.33 mg/L of flocculant. Procedure C: 0.13 wt% of 
bentonite and 2.67 mg/L of flocculant. Procedure D: 0.53 wt% of bentonite and 2.67 mg/L of flocculant. Cationic 
synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite (0.13 
wt% in A and C procedures; 0.53 wt% in B and D procedures) are also reported. 

 
Fig. 6.17. Acid Black 2 removal (based on turbidity) with time, using cellulose-based flocculation agents from 
different sources in dual system with bentonite at pH 7.0. Procedure A: 0.13 wt% of bentonite followed by 1.33 
mg/L of flocculant. Procedure B: 0.53 wt% of bentonite and 1.33 mg/L of flocculant. Procedure C: 0.13 wt% of 
bentonite and 2.67 mg/L of flocculant. Procedure D: 0.53 wt% of bentonite and 2.67 mg/L of flocculant. Cationic 
synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite (0.13 
wt% in A and C procedures; 0.53 wt% in B and D procedures) are also reported.  
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Typically, bentonite alone did not show good performance in the removal of the Acid black 2 

dye. This was also the case for flocculants alone, as might be expected (Fig. 6.14). However, in 

dual system with bentonite, higher dosages of flocculant allow to reach better results and faster 

flocculation of Acid Black 2 removal, at pH 2.5. The best procedure was for acidic pH (2.5), 

0.13 wt% of bentonite followed by the addition of 2.67 mg/L of flocculant. However, for the 

other tested pH levels, poor or no decolouration was observed, due to higher stability of the 

treated system. This happened both when using the cellulose-based flocculants or the reference 

cPAM. Compared to the performance of CDACs on Methylene Blue removal, also in Acid 

Black 2 there was no significant difference in performance between tested polymers. Those 

CDACs obtained either from raw material with high lignin content (e.g. 56A and 56C) or those 

with high cellulose purity (38A or 38C), allow to obtain high colour removals for optimized 

specific conditions. 

c) Basic Green 1 

The results (based on turbidity reduction) obtained for the Basic Green 1 model effluent, while 

using cationic cellulose-based flocculation agents obtained from Eucalyptus-based raw materials 

of different cellulose, lignin, and hemicellulose contents, are summarised in Fig. 6.18 - Fig. 6.21. 

All the results obtained, based on turbidity measurements, are reported in Appendix C, Table C.5; 

the results based on absorbance measurements are reported in Appendix C, Table C.6. Even 

if the values based on absorbance were slightly different from those based on turbidity, they 

follow a similar trend when compared with results based on turbidity. 

 

Fig. 6.18. Basic Green 1 colour removal using the flocculation agent alone (4.0 mg/L of synthetic cPAM or 
cellulose-based CDACp 37A) at two different pH levels, 1.6 and 10.6. 

Fig. 6.18 shows the colour removal results at two different pHs (1.6 and 10.6) for 4.0 mg/L of 

CDACp37A or synthetic cPAM, in single systems. The decolouration results were always better 

at acidic conditions for both cellulose-based and synthetic flocculation agents. At pH 1.6, 
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CDACp37A was more effective in the Basic Green 1 removal in the first hour of the treatment 

letting to remove 45 % (after 30 min) and 55 % (after 1 h), while cPAM removed 41 % and 49 %, 

respectively, after 30 min and 1 h of treatment. However, for a 24 h period of settling it was 

possible to obtain similar, up to 60 % of decolouration, for both synthetic and natural-based 

flocculants. For alkaline conditions (pH 10.6), even if the colour removals obtained with 

CDACp37A and cPAM were poorer, the CDACp37A performed better (CDACp37A removed 

34% of dye after 24 h while cPAM removed 27%). 

Basic Green 1 colour removal was also tested in dual system with bentonite. Fig. 6.19 - Fig. 6.21 

show the results obtained at pH 1.6, 3.0 (very similar to the model effluent initial pH) and 10.6, 

while using two different concentrations of flocculation agent: 1.33 mg/L (procedures A and B) 

or 4.0 mg/L (procedures C and D), and two different amounts of bentonite: 0.14 wt% 

(procedures A and C) or 0.2 wt% (procedures B and D). Additionally, procedures A-D were 

compared with the treatment performed only with bentonite. In all the presented cases, A-D, 

better colour removal was obtained after 24 h of treatment, while using dual system compared 

to procedure using only bentonite, at the same pH. Furthermore, in dual systems, results 

obtained with natural-based flocculants were very similar to the ones obtained with the synthetic 

reference cPAM. Bentonite destabilises the dye, and the turbidity of the system increases, 

whereas the addition of polymer allows for faster, more effective flocculation due to bridging 

mechanisms and then after to rapid settling. In all the tested procedures, for different pH levels, 

the underlying mechanism must be the same. However, Basic Green 1, at pH 1.6 and 10.6 shows 

to be negatively charged, while at pH 3.0 it is positively charged (Fig. 6.1), what influence the 

colour removal efficiency. At alkaline pH the system, even if it possess a negative charge, is 

more stable, what decreases the treatment efficiency. Furthermore, bentonite itself at acidic pH 

levels tends to have slightly positive surface charge390, but, with at pH 8.0 the surface charges 

reaches equilibrium between positively and negatively charges, while at alkaline conditions it 

tends to be negatively charged. This does also influence the colour removal results for the tested 

procedures, as shown in Fig. 6.19 - Fig. 6.20; making removal more effective at pH 1.6 and 

less effective at pH 3.0. 
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Fig. 6.19. Basic Green 1 colour removal (based on turbidity) with time, using cellulose-based flocculation agents 
from different sources in dual system with bentonite at pH 1.6. Procedure A: 0.14 wt% of bentonite followed by 
1.33 mg/L of flocculant. Procedure B: 0.2 wt% of bentonite and 1.33 mg/L of flocculant. Procedure C: 0.14 wt% 
of bentonite and 4.0 mg/L of flocculant. Procedure D: 0.2 wt% of bentonite and 4.0 mg/L of flocculant. Cationic 
synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite (0.14 
wt% in A and C procedures; 0.2 wt% in B and D procedures) are also reported. 

.  
Fig. 6.20. Basic Green 1 colour removal (based on turbidity) with time, using cellulose-based flocculation agents 
from different sources in dual system with bentonite at pH 3.0. Procedure A: 0.14 wt% of bentonite followed by 
1.33 mg/L of flocculant. Procedure B: 0.2 wt% of bentonite and 1.33 mg/L of flocculant. Procedure C: 0.14 wt% 
of bentonite and 4.0 mg/L of flocculant. Procedure D: 0.2 wt% of bentonite and 4.0 mg/L of flocculant. Cationic 
synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite (0.14 
wt% in A and C procedures; 0.2 wt% in B and D procedures) are also reported. 

-300

-250

-200

-150

-100

-50

0

50

100

1 10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

A; pH 1.6 cPAA

Bentonite

37A

38A

46A

47A

48A

56A

37C

38C

46C

47C

48C

56C
-650
-600
-550
-500
-450
-400
-350
-300
-250
-200
-150
-100

-50
0

50
100

1 10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

B; pH 1.6 cPAM

Bentonite

37A

38A

46A

47A

48A

56A

37C

38C

46C

47C

48C

56C

-250

-200

-150

-100

-50

0

50

100

1 10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

C; pH 1.6 cPAA

Bentonite

37A

38A

46A

47A

48A

56A

37C

38C

46C

47C

48C

56C
-1100

-900

-700

-500

-300

-100

100

1 10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

D; pH 1.6
cPAM

Bentonite

37A

38A

46A

47A

48A

56A

37C

38C

46C

47C

48C

56C

-350

-300

-250

-200

-150

-100

-50

0

50

100

1 10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

A; pH 3.0 cPAM

Bentonite

37A

38A

46A

47A

48A

56A

37C

38C

46C

47C

48C

56C -600

-500

-400

-300

-200

-100

0

1 10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

B; pH 3.0 cPAM

Bentonite

37A

38A

46A

47A

48A

56A

37C

38C

46C

47C

48C

56C

-300

-250

-200

-150

-100

-50

0

50

100

1 10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

C; pH 3.0 cPAM

Bentonite

37A

38A

46A

47A

48A

56A

37C

38C

46C

47C

48C

56C -1140

-940

-740

-540

-340

-140

60

1 10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

D; pH 3.0 cPAM

Bentonite

37A

38A

46A

47A

48A

56A

37C

38C

46C

47C

48C

56C



APPLICATION OF NEW WASTEWATER TREATMENT AGENTS IN MODEL COLOURED EFFLUENTS 

216 

 
Fig. 6.21. Basic Green 1 colour removal (based on turbidity) with time, using cellulose-based flocculation agents 
from different sources colour removal (based on turbidity) with time, using cellulose-based flocculation agents 
from different sources in dual system with bentonite at pH 10.6. Procedure A: 0.14 wt% of bentonite followed by 
1.33 mg/L of flocculant. Procedure B: 0.2 wt% of bentonite and 1.33 mg/L of flocculant. Procedure C: 0.14 wt% 
of bentonite and 4.0 mg/L of flocculant. Procedure D: 0.2 wt% of bentonite and 4.0 mg/L of flocculant. Cationic 
synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite (0.14 
wt% in A and C procedures; 0.2 wt% in B and D procedures) are also reported.. 

The most effective removal of Basic Green 1 was obtained at pH 1.6, preferentially at lower 

dosages of bentonite and flocculant (procedure A with 0.14 wt% of bentonite followed by 

1.33 mg/L of flocculant). However, in all the performed tests (A-D), at pH 1.6, the decolouration 

results were high, and flocculation occurred rapidly independently of the amount of used bentonite 

and flocculant. In general, the best flocculants for this colour removal tended to be CDACs 37C, 

38A, 46C and 48A. In addition, polymers obtained from pulp with high lignin content, such as 56A, 

showed to work very well, and be very effective in the decolouration of Basic Green 1. One can 

conclude that cationic cellulose-based flocculants work well for this purpose. 

d) Duasyn Direct Red 

Colour removal results (based on turbidity reduction) obtained for the Duasyn Direct Red 

model effluent, using cationic cellulose-based flocculation agents obtained from Eucalyptus-

based raw materials of different cellulose and lignin contents, are summarised in Fig. 6.22 - 

Fig. 6.25. All the results of turbidity measurements are reported in Appendix C, Table C.7; 

the results of absorbance measurements are reported in Appendix C, Table C.8. Even if the 
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values based on absorbance were slightly different from those of turbidity, the overall tendencies 

were alike. 

 

Fig. 6.22. Duasyn Direct Red colour removal using single flocculation agent (2.67 mg/L of synthetic cPAM or 
cellulose-based CDACp37A) at two different pH levels, 2.0 and 5.5. 

Fig. 6.22 shows the colour removal results at two different pHs (2.0 and 5.5, the latter being 

the initial dye pH) for 2.67 mg/L of CDACp37A or synthetic cPAM, in single systems. The 

decolouration performance of CPAM was always slightly higher when compared to that of the 

cellulose-based polymer, for the same pH level. Moreover, for all performed tests using only 

flocculant, the colour removal after 24 h was less than 50%. This was the main reason to use 

the flocculation agents in dual systems with bentonite (see Fig. 6.23 - Fig. 6.25). 

Fig. 6.23 - Fig. 6.25 show the results obtained at pH 2.0, 4.0 and 5.5, while using two different 

concentrations of flocculation agent: 1.33 mg/L (procedures A and B) or 2.67 mg/L 

(procedures C and D), and two levels of bentonite: 0.25 wt% (procedures A and C) or 0.5 wt% 

(procedures B and D). Additionally, procedures A-D were compared with the treatment 

performed only with bentonite. In all the presented cases, A-D, only for the lowest pH of 2.0, 

an adequate colour removal was achieved. At this pH, decolouration values from 70 to 81 % 

with procedure A, or from 70 to 85 % with procedure C were obtained. Typically, at the tested 

pHs (below pH 8.0)390, bentonite is positively charged, which allows its interaction with the 

negatively charged molecules of Duasyn Direct Red (Fig. 6.1). This interaction is favoured for 

lower pH due to the increase of positive charge of the bentonite surface. Further addition of 

polymer allows bridging between bentonite-dye complexes, growth of flocs and their faster 

settling over time, comparing to the single system presented in Fig. 6.22, even if for pH 2.0, 

dye removal of 44 % with only CDACp37A and 50 % with cPAM was achieved. In addition, 

better results were obtained while using smaller dosages of bentonite (procedures A and C), 

higher amounts decreasing the clarification efficiency, especially in the initial moments, since 
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excess of bentonite remains suspended in the system. For the same amount of dye, lower 

bentonite surface is, thus, required to adsorb the dye molecules. 

In summary, summary, the most effective Duasyn Direct Red removal was obtained while using 

lower amount of bentonite (0.25 wt%). After the bentonite complexation with the dye, some 

sites were still left for polymer adsorption and effective flocculation. Moreover, changing the 

concentration of used PEL from 1.33 mg/L to 2.67 mg/L (procedure A compared to C), did 

not show any significant influence on decolouration efficiency. These procedures were effective 

at pH 2, as referred previously. The best PELs for this model effluent treatment were CDACs 

38A, 47A, and 48C, with higher molecular weight. Overall, cationic cellulose-based flocculants 

worked well on a Duasyn Direct Red model effluent. 

 

Fig. 6.23. Duasyn Direct Red colour removal (based on turbidity) with time, using cellulose-based flocculation 
agents from different sources in dual system with bentonite at pH 2.0. Procedure A: 0.25 wt% of bentonite followed 
by 1.33 mg/L of flocculant. Procedure B: 0.5 wt% of bentonite and 1.33 mg/L of flocculant. Procedure C: 0.25 
wt% of bentonite and 2.67 mg/L of flocculant. Procedure D: 0.5 wt% of bentonite and 2.67 mg/L of flocculant. 
Cationic synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite 
(0.25 wt% in A and C procedures; 0.50 wt% in B and D procedures) are also reported. 
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Fig. 6.24. Duasyn Direct Red colour removal (based on turbidity) with time, using cellulose-based flocculation 
agents from different sources in dual system with bentonite at pH 4.0. Procedure A: 0.25 wt% of bentonite followed 
by 1.33 mg/L of flocculant. Procedure B: 0.5 wt% of bentonite and 1.33 mg/L of flocculant. Procedure C: 0.25 
wt% of bentonite and 2.67 mg/L of flocculant. Procedure D: 0.5 wt% of bentonite and 2.67 mg/L of flocculant. 
Cationic synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite 
(0.25 wt% in A and C procedures; 0.50 wt% in B and D procedures) are also reported. 

 
Fig. 6.25. Duasyn Direct Red colour removal (based on turbidity) with time, using cellulose-based flocculation 
agents from different sources in dual system with bentonite at pH 5.0. Procedure A: 0.25 wt% of bentonite followed 
by 1.33 mg/L of flocculant. Procedure B: 0.5 wt% of bentonite and 1.33 mg/L of flocculant. Procedure C: 0.25 
wt% of bentonite and 2.67 mg/L of flocculant. Procedure D: 0.5 wt% of bentonite and 2.67 mg/L of flocculant. 
Cationic synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite 
(0.25 wt% in A and C procedures; 0.50 wt% in B and D procedures) are also reported. 
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e) Crystal Violet 

Fig. 6.26 - Fig. 6.29 summarize the results (based on turbidity reduction) obtained for the 

Crystal Violet model effluent with cationic cellulose-based flocculation agents from Eucalyptus-

based raw materials of different cellulose and lignin contents. All the results of turbidity 

measurements are reported in Appendix C, Table C.9 and those of absorbance measurements 

are in Appendix C, Table C.10. Even if the values based on absorbance were slightly different 

from those based on turbidity, the overall tendencies were alike. These are the same conclusions 

as were observed for Duasyn Direct Red dye in the previous section. 

 

Fig. 6.26. Crystal Violet colour removal using single flocculation agent (2.67 mg/L of synthetic cPAM or cellulose-
based CDACp37A) at two different pH levels, 1.5 and 7.0. 

Fig. 6.26 shows the colour removal results at two different pHs (1.5 and 7.0, the latter being 

the initial dye pH), for 2.67 mg/L of CDACp37A or synthetic cPAM, in single systems. The 

decolouration results were always better at acidic conditions, for both cellulose-based and 

synthetic flocculation agents, even if decolouration was still relatively low. Moreover, cPAM was 

more effective in the Crystal Violet removal, letting to remove 51% and 35% at pH 1.5 and 7.0, 

respectively, while CDACp37A removed only 40% and 28%, respectively. 

Fig. 6.27 - Fig. 6.29 show the results obtained at pH 1.5, 3.0 and 7.0, while using dual system 

with two different concentrations of flocculation agent: 0.67 mg/L (procedures A and B) or 

1.33 mg/L (procedures C and D), and two different amounts of bentonite: 0.07 wt% 

(procedures A and C) or 0.14 wt% (procedures B and D). Additionally, all procedures A-D were 

compared with the treatment performed only with bentonite. In all the presented cases, colour 

removal increased with the progress of time, letting to obtain the best results after 24 h of flocs 

settling. At all tested pH levels, Crystal Violet is positively charged, however, at the neutral pH 

(initial pH of the model effluent, without adjustment) the dye system seemed to presented 

higher stability, and, inversely, lower stability at pH 1.5 (Fig. 6.1). In fact, while applying dual 

systems, the colour removals were the most efficient at the lowest pH level, and the highest 
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decolouration values were obtained, after 24 h. Additionally, at the lowest pH, independently of 

the treatment procedure, in all cases, similar good results were obtained. After the first minute 

of treatment around 50% of colour was removed, which increased over time to almost full 

colour removal (96-99%), after 24 h. When the acidity decreased, from pH 1.5 to 7.0, due to 

highly positively charged molecules of dye in the system, addition of also positively charged 

bentonite, followed by cationic PEL, did not improve the colour removal while comparing to 

the tests performed at pH 1.5 (Fig. 6.27 compared to Fig. 6.29). However, at pH 3.0 or 7.0, 

working with lower amounts of bentonite (0.07 wt%) followed either by 0.67 mg/L (procedure A) 

or 1.33 mg/L (procedure C) of flocculant resulted in better results compared to those obtained 

with double amount of bentonite (procedures B and D). 

 
Fig. 6.27. Crystal Violet colour removal (based on turbidity) with time, using cellulose-based flocculation agents 
from different sources in dual system with bentonite at pH 1.5. Procedure A: 0.07 wt% of bentonite followed by 
0.67 mg/L of flocculant. Procedure B: 0.14 wt% of bentonite and 0.67 mg/L of flocculant. Procedure C: 0.07 wt% 
of bentonite and 1.33 mg/L of flocculant. Procedure D: 0.14 wt% of bentonite and 1.33 mg/L of flocculant. 
Cationic synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite 
(0.07 wt% in A and C procedures; 0.14 wt% in B and D procedures) are also reported 
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Fig. 6.28 Crystal Violet colour removal (based on turbidity) with time, using cellulose-based flocculation agents 
from different sources in dual system with bentonite at pH 3.0. Procedure A: 0.07 wt% of bentonite followed by 
0.67 mg/L of flocculant. Procedure B: 0.14 wt% of bentonite and 0.67 mg/L of flocculant. Procedure C: 0.07 wt% 
of bentonite and 1.33 mg/L of flocculant. Procedure D: 0.14 wt% of bentonite and 1.33 mg/L of flocculant. 
Cationic synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite 
(0.07 wt% in A and C procedures; 0.14 wt% in B and D procedures) are also reported. 

 
Fig. 6.29. Crystal Violet colour removal (based on turbidity) with time, using cellulose-based flocculation agents 
from different sources in dual system with bentonite at pH 7.0. Procedure A: 0.07 wt% of bentonite followed by 
0.67 mg/L of flocculant. Procedure B: 0.14 wt% of bentonite and 0.67 mg/L of flocculant. Procedure C: 0.07 wt% 
of bentonite and 1.33 mg/L of flocculant. Procedure D: 0.14 wt% of bentonite and 1.33 mg/L of flocculant. 
Cationic synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite 
(0.07 wt% in A and C procedures; 0.14 wt% in B and D procedures) are also reported. 
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Using bentonite alone in the treatment of Crystal Violet at pH 1.5 led to obtain similar colour 

removal results as those achieved with bentonite/PEL dual systems. However, with the decrease 

of acidity from pH 1.5 to 3.0 or 7.0, using bentonite alone did not allow for more effective 

treatment of this model effluent comparing to the tested bentonite/PEL dual systems. 

Notwithstanding, in dual systems, flocculation with tested PEL showed to be more effective 

and faster, compared to use of flocculant alone (Fig. 6.30). Furthermore, the order of 

components in the dual system strongly influences the decolouration results, as it is presented 

in Fig. 6.30. Dye molecules interact with bentonite, what destabilises the system, which, 

followed by interactions with the added polymer, allows for better, Crystal Violet removal. Using 

the opposite procedure, by adding first the polymer to interact with dye molecules followed 

then by the addition of bentonite, decreases the efficiency of decolouration (Fig. 6.30). Still, in 

this case, higher removal was obtained when comparing it to the single system with PEL. 

 

Fig. 6.30. Crystal Violet colour removal at pH 1.5, using two different procedures: single system only with 
bentonite (0.07 wt%) or CDACw56A (0.67 mg/L) and dual system with CDACw56A (0.67 mg/L) and bentonite 
(0.07 wt%). Different order of addition of components in dual system was tested: bentonite followed by flocculant 
and flocculant followed by bentonite. 

In general, it is difficult to select the best procedure and identify the most effective 

polymer/polymers while considering results at pH 1.5. All of tested polymers at low pH worked 

very well and very similar to the synthetic reference. However, at pH 3.0, the procedure with 

low dosages of bentonite and PEL caused higher instability of the tested dye system, and higher 

decolouration results were obtained, in comparison to other procedures. Also, at pH 3.0, 

natural-based cationic PELs showed to be more effective in colour removal than synthetic 

cPAM (namely in procedures A, B and C). The most effective removal was obtained while using 

PELs 38A, 47A and C, 48A and C, which had higher molecular weight. However, flocculants 

obtained from raw materials with higher lignin content, such as CDACw56A, can also be 

considered as reasonable candidates for the Crystal Violet colour removal, in acidic conditions.. 
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Anionic cellulose based polyelectrolytes 

Color Color removal tests with anionic cellulose-based polyelectrolytes were performed on the 

five commercial available dyes referred to previously: Methylene Blue, Acid Black 2, Basic 

Green 1, Crystal Violet, and Duasyn Direct Red. It should be noted that the concentrations of 

dyes in the model effluents were equal to those tested with cationic cellulose-based flocculants 

from different raw materials. This section can be divided into two separate parts: the first one 

will focus on the development of an effective flocculation procedure with ADACp54D, while 

the second part will focus on evaluation of the performance on flocculation of ADACs obtained 

after 24 h and 72 h of modification of cellulosic materials with different chemical composition 

(namely content of cellulose). 

The preliminary tests were carried with ADACp54D (anionic cellulose-based PEL, obtained 

from bleached pulp). In the performed trials, bentonite or aluminium sulphate were used as 

complexing agents (Fig. 6.31). Due to the different charge of the dyes and anionic character of 

the applied PELs, the features of complexing agents needed to be adapted to work in 

destabilising the dye system. As it was described in the previous section, bentonite can be either 

positively or negatively charged depending on the pH levels (below pH 8.0 it is positively 

charged, at pH 8.0 is neutral, while above pH 8.0 is negatively charged)387. 

 

Fig. 6.31. Preliminary decolouration results while using bentonite (0.25 wt%) or aluminium sulphate (0.25 wt%) 
as complexing agents and ADACp54D (4.0 mg/L) at the described pH conditions, after 24 h of treatment- 
development of the most effective colour removal procedure for each tested dye.  

Moreover, aluminium sulphate can present in water, different ionic species, such as Al3+, 

[Al(OH)2]
+ and [Al(OH)4]

- (Fig. 6.32). Therefore, below pH 3, it is positively charged due to 

the predomination of Al3+ species. The complex [Al(OH)]2+ is predominant at the pH range  

4 - 5. The formation of polymeric aluminium species begins approximately at pH 4.5. Above 
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pH 8, the aluminate anion, [Al(OH)4]
-, is the dominant species388, corresponding to a negative 

charge. This will influence the complexation of the dye and flocculation performance of the 

tested PELs. 

 
Fig. 6.32. An example of the distribution of the different aluminium species in an aluminium sulphate solution as 
a function of pH388. 

The preliminary screening results for Methylene Blue, Basic Green 1 and Crystal Violet  

(Fig. 6.31), showed better decolouration while using dual system with bentonite over the 

aluminium sulphate. This procedure was then further evaluated at different pH levels, bentonite 

dosages as well as for different ADACs types and concentrations. Additionally, opposite results 

were observed while treating Acid Black 2, where good clarification was obtained using the 

procedure with aluminium sulphate. Moreover, neither the procedure with bentonite or 

aluminium sulphate was effective in the removal of Duasyn Direct Red (Fig. 6.31). Using 

bentonite in the treatment of this model coloured effluent, only an increase in turbidity and no 

colour removal was observed in dual system with ADACp54D. The same happened when using 

aluminium sulphate. 

It was then decided to test in the detail the colour removal for Methylene Blue, Basic Green 1 

and Crystal Violet, in a dual system with bentonite, and Acid Black 2 in a dual system with 

aluminium sulphate. The performance is described in the following sections. The anionic PAM 

used as reference was Snow Flake X0, with charge density of 30 wt%. 
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a) Methylene Blue 

Fig. 6.33 - Fig. 6.36 and Table C.11 in Appendix C present the results (based on turbidity 

reduction) obtained for the Methylene Blue model effluent with anionic cellulose-based 

flocculation agents from Eucalyptus-based raw materials of different cellulose content.  

The results of absorbance measurements are reported in Appendix C (Table C.12). Even if 

the values based on absorbance were slightly different from those of turbidity, the overall 

tendencies were alike. 

Fig. 6.33 shows the colour removal results at two different pHs (1.0 and 2.5) for 2.67 mg/L of 

ADACp54D or synthetic aPAM, in single systems. The decolouration results at pH 1.0 or at pH 

2.5 were reasonably similar for the cellulose-based and synthetic flocculation agents. Moreover, 

either aPAM or ADACp54D were able to remove the dye in more than 60% at pH 1.0 and in 

more than 55% for pH 2.5. Nevertheless, to increase the colour removal results, dual systems 

with bentonite were tested, since, as it was described previously, aluminium sulphate was not 

effective in the treatment of Methylene Blue dye (Fig. 6.31). 

 

Fig. 6.33. Methylene Blue colour removal using single flocculation agent (2.67 mg/L of synthetic aPAM or 
cellulose-based ADACp 54D) at two different pH levels, 1.0 and 2.5. 

Fig. 6.34 - Fig. 6.36 show the results obtained at pH 1.0, 1.6 and 2.5, while using two different 

concentrations of flocculation agent: 1.33 mg/L (procedures A and B) or 2.67 mg/L 

(procedures C and D), and two different amounts of bentonite: 0.07 wt% (procedures A and C) 

or 0.14 wt% (procedures B and D). Additionally, procedures A-D were compared with the 

treatment performed only with bentonite. In all the presented tests, colour removal increased 

with the progress of time, letting to obtain the best results after 24 h of treatment. Although 

Methylene Blue is typically positively charged, for lower pH values (pH <3) the dye seemed to 

be more unstable (Fig. 6.1). This was the reason for the selection of such low pH levels to 

perform this study. Still, at pH 2.5, while applying dual systems with bentonite followed by the 
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anionic cellulose-based flocculants, higher colour removal when compared to the treatments 

with CDACs (described in the previous section, see Fig. 6.11) was observed. 

 

Fig. 6.34. Methylene Blue colour removal (based on turbidity) with time, using anionic cellulose-based flocculation 
agents from different sources in dual system with bentonite at pH 1.0. Procedure A: 0.07 wt% of bentonite followed 
by 1.33 mg/L of flocculant. Procedure B: 0.14 wt% of bentonite and 1.33 mg/L of flocculant. Procedure C: 0.07 wt% 
of bentonite and 2.67 mg/L of flocculant. Procedure D: 0.14 wt% of bentonite and 2.67 mg/L of flocculant.  
Anionic synthetic PAM in dual system with bentonite was used as reference.  Results obtained only with bentonite 

(0.07 wt% in A and C procedures; 0.14 wt% in B and D procedures) are also reported. 

At the tested pHs, bentonite alone was not enough to achieve adequate removal. This was 

particularly true for low settling times, as can be seen in Fig. 6.34 - Fig. 6.36. Dual system with 

ADAC significantly improved the flocculation rate and colour removal. Furthermore, the best 

results were obtained for the lowest pH, even if at pH 2.5 good decolouration could also be 

obtained for longer settling times (at 24 h of treatment results were similar for pH 1.0 and 2.5). 

Additionally, increasing the amount of used bentonite did not improve the decolouration results. 

Even if the procedure with 0.07 wt% bentonite followed by 1.33 mg/L of ADAC showed good 

decolouration, the most effective procedure  for most polymers, was the addition of low amount 

of bentonite (0.07 wt%) followed by a higher dosage of flocculant (2.67 mg/L), which was more 

evident for pH 2.5. Addition of bentonite destabilises the system and then addition of polymer 

bridges the destabilised particles allowing their growth and effective flocculation and settling. 
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Fig. 6.35. Methylene Blue colour removal (based on turbidity) with time, using anionic cellulose-based flocculation 
agents from different sources in dual system with bentonite at pH 1.6. Procedure A: 0.07 wt% of bentonite followed 
by 1.33 mg/L of flocculant. Procedure B: 0.14 wt% of bentonite and 1.33 mg/L of flocculant. Procedure C: 0.07 wt% 
of bentonite and 2.67 mg/L of flocculant. Procedure D: 0.14 wt% of bentonite and 2.67 mg/L of flocculant. 
Anionic synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite 
(0.07 wt% in A and C procedures; 0.14 wt% in B and D procedures) are also reported. 

 

Fig. 6.36. Methylene Blue colour removal (based on turbidity) with time, using anionic cellulose-based flocculation 
agents from different sources in dual system with bentonite at pH 2.5. Procedure A: 0.07 wt% of bentonite followed 
by 1.33 mg/L of flocculant. Procedure B: 0.14 wt% of bentonite and 1.33 mg/L of flocculant. Procedure C: 0.07 wt% 
of bentonite and 2.67 mg/L of flocculant. Procedure D: 0.14 wt% of bentonite and 2.67 mg/L of flocculant. 
Anionic synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite 
(0.07 wt% in A and C procedures; 0.14 wt% in B and D procedures) are also reported. 
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Typically, in this coloured effluent, decolouration efficiency obtained with anionic cellulose-

based flocculation agents showed to be as good as with the synthetic aPAM reference. 

Moreover, the most effective natural-based polymers were ADACs 53C, 51C and 52C with high 

molecular weight. However, ADACs obtained from pulp with the highest kappa number (lignin 

content) also provided reasonable colour removal results.. 

b) Basic Green 1 

The results (based on turbidity reduction) obtained for the Basic Green 1 model effluent, while 

using anionic cellulose-based flocculation agents obtained from Eucalyptus-based raw materials 

of different chemical composition, are summarised in Fig. 6.37 - Fig. 6.40. All the results of 

turbidity measurements are reported in Appendix C, Table C.13 and those of absorbance 

measurements are in Appendix C, Table C.14. Even if the removal values based on absorbance 

were slightly different from those based on turbidity, the results based on absorbance followed 

similar trends. This was also the case in section 6.4.2 for cationic dyes and seems, therefore, a 

general conclusion. 

 

Fig. 6.37. Basic Green 1 colour removal using single flocculation agent (2.67 mg/L of synthetic aPAM or cellulose-
based ADACp 54D) at two different pH levels, 1.0 and 2.5. 

Fig. 6.37 shows the colour removal results at two different pHs (1.0 and 2.5) for 2.67 mg/L of 

ADACp54D or synthetic aPAM, in single systems. The decolouration results were always better 

at pH 1.0, for both the cellulose-based and synthetic flocculation agents. Moreover, at these 

conditions, ADACp54D was more effective letting to remove 62 % after 24 h of treatment, 

while aPAM removed 57%. Inversely, at pH 2.5, aPAM presented higher colour removal 

efficiency than ADACp54D (23 % after 24 h of treatment for ADACp54D and 29 % for aPAM). 

Again, dual systems with bentonite were studied, since, as it was described previously, 

aluminium sulphate was not effective in the treatment of Basic Green 1 dye (Fig. 6.31). 
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Fig. 6.38 - Fig. 6.40 show the results obtained at pH 1.0, 1.9 and 2.5, while using two different 

concentrations of flocculation agent: 1.33 mg/L (procedures A and C) or 2.67 mg/L 

(procedures B and D), and two different amounts of bentonite: 0.07 wt% (procedures A and B) 

or 0.14 wt% (procedures C and D). Additionally, procedures A-D were compared with the 

treatment performed only with bentonite. In all the presented cases, colour removal increased 

with the settling time, letting to obtain the best results after 24 h of treatment. Since Basic Green 1 

is a positively charged dye, it was expected better colour removal using anionic cellulose-based 

flocculants. In fact, better decolouration results were obtained while applying dual systems with 

bentonite followed by the anionic cellulose-based flocculants, comparing to the analogous 

treatments with CDACs (described in the previous section). 

 
Fig. 6.38. Basic Green 1 colour removal (based on turbidity) with time using anionic cellulose-based flocculation 
agents from different sources in dual system with bentonite at pH 1.0. Procedure A: 0.07 wt% of bentonite followed 
by 1.33 mg/L of flocculant. Procedure B: 0.07 wt% of bentonite and 2.67 mg/L of flocculant. Procedure C: 0.14 wt% 
of bentonite and 1.33 mg/L of flocculant. Procedure D: 0.14 wt% of bentonite and 2.67 mg/L of flocculant. 
Anionic synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite 
(0.07 wt% in A and B procedures; 0.14 wt% in C and D procedures) are also reported. 
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Fig. 6.39. Basic Green 1 colour removal (based on turbidity) with time using anionic cellulose-based flocculation 
agents from different sources in dual system with bentonite at pH 1.9. Procedure A: 0.07 wt% of bentonite followed 
by 1.33 mg/L of flocculant. Procedure B: 0.07 wt% of bentonite and 2.67 mg/L of flocculant. Procedure C: 0.14 wt% 
of bentonite and 1.33 mg/L of flocculant. Procedure D: 0.14 wt% of bentonite and 2.67 mg/L of flocculant. 
Anionic synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite 
(0.07 wt% in A and B procedures; 0.14 wt% in C and D procedures) are also reported. 

 
Fig. 6.40. Basic Green 1 colour removal (based on turbidity) with time using anionic cellulose-based flocculation 
agents from different sources in dual system with bentonite at pH 2.5. Procedure A: 0.07 wt% of bentonite followed 
by 1.33 mg/L of flocculant. Procedure B: 0.07 wt% of bentonite and 2.67 mg/L of flocculant. Procedure C: 0.14 wt% 
of bentonite and 1.33 mg/L of flocculant. Procedure D: 0.14 wt% of bentonite and 2.67 mg/L of flocculant. 
Anionic synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite 
(0.07 wt% in A and B procedures; 0.14 wt% in C and D procedures) are also reported. 
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The fastest flocculation kinetics were obtained for pH 1.0, however, for pH 2.5 at longer contact 

times, also high colour removals were achieved. After 24 h of treatment, for all tested pHs, high 

colour removal, in the 86 - 100 % range, was observed. Additionally, increasing the amount of 

used bentonite did not improve the decolouration. Even if the procedure with 0.07 wt% 

bentonite followed by 2.67 mg/L of ADAC provided good decolouration, the most effective 

procedure was, in general, the addition of low amount of bentonite (0.07 wt%) followed by a 

low dosage of flocculant (1.33 mg/L) (procedure A), which was more evident at pH 2.5 

(removals between 99 - 100 %). 

Typically, decolouration efficiency obtained with anionic cellulose-based flocculation agents 

showed to be as good as with the synthetic aPAM reference. Moreover, the most effective 

natural-based polymers were ADACs 54D, 53C, 53A, and 51C with high molecular weight or 

substitution degree. It is important to highlight that ADACs 55A and 55C obtained from pulp 

with the highest kappa number, did also provide good results, and can be considered as strong 

candidates for Basic Green 1 removal. 

c) Crystal Violet 

Fig. 6.41 - Fig. 6.44 summarize the results (based on turbidity reduction) obtained for the 

Crystal Violet model effluent, while using anionic cellulose-based flocculation agents obtained 

from Eucalyptus-based raw materials with different lignin contents. All the results of turbidity 

measurements are reported in Appendix C, Table C.15 and those of absorbance measurements 

are in Error! Reference source not found., Table C.16. Even if the values based on absorbance 

ere slightly different from those based on turbidity, the overall tendencies were alike. 

Fig. 6.41 shows decolouration results at two different pHs (2.0 and 10.6) for 2.67 mg/L of 

ADACp54D or synthetic aPAM, without addition of any complexing agent. The decolouration 

results were always better at pH 2.0 for both cellulose-based and synthetic flocculation agents. 

Moreover, aPAM was more effective in the treatment of this dye for acidic conditions, removing 

42% of colour, while ADACp54D removed only 39%, after 24 h of treatment. However, for the 

alkaline conditions, better colour removal was observed with ADACp54D comparing to aPAM 

(after 24 h of decolouration, 26 % and 20 % of colour removal, respectively). Once more, dual 

systems with bentonite were studied, since, as it was described previously, aluminium sulphate 

was not effective for the decolouration of Crystal Violet (Fig. 6.31). 
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Fig. 6.41. Crystal Violet colour removal using single flocculation agent (2.67 mg/L of synthetic aPAM or cellulose-
based ADACp 54D) at two different pH levels, 2.0 and 10.6. 

 
Fig. 6.42. Crystal Violet colour removal (based on turbidity) with time using anionic cellulose-based flocculation 
agents from different sources in dual system with bentonite at pH 2.0. Procedure A: 0.07 wt% of bentonite followed 
by 2.67 mg/L of flocculant. Procedure B: 0.14 wt% of bentonite and 2.67 mg/L of flocculant. Procedure C: 0.07 
wt% of bentonite and 1.33 mg/L of flocculant. Procedure D: 0.14 wt% of bentonite and 1.33 mg/L of flocculant. 
Anionic synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite 
(0.07 wt% in A and C procedures; 0.14 wt% in B and D procedures) are also reported. 

Fig. 6.42 - Fig. 6.44 show results obtained at pH 2.0, 6.0 and 10.6, while using two different 

concentrations of flocculation agent, 1.33 mg/L (procedures A and B) or 2.67 mg/L 

(procedures C and D), and two different amounts of bentonite 0.14 wt% (procedures A and C) 

or 0.07 wt% (procedures B and D). Additionally, procedures A-D were compared with the 

treatment performed only with bentonite. In all the tests thecolour removal increased with  time, 

with thethe best results after 24 h. Crystal Violet is positively charged for all pHs examined 

herein (Fig. 6.1). However, at pH 6.0 the system showed to be the most stable, what agrees 

with the worst decolouration results, obtained for this pH. At the lowest pH, while applying 
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dual systems, the colour removals were the most efficient and the highest decolouration values 

(removals between 91-100%) were obtained. Typically, at pH 2.0 (below pH 8.0)387 bentonite is 

positively charged, which allows destabilising the system. Further, the addition of an anionic 

polymer allows bridging between bentonite-dye complexes, flocs became larger, and faster 

settling over time occurs. Additionally, in dual system flocculation, with tested PELs, at pH 2.0, 

after 30 min of treatment (procedures A-D), showed to be rapid and effective, removing from 

70% to 90% depending on procedure and polymer. Moreover, at pH 10.6 the negatively charged 

bentonite was not completely neutralized by the positively charged dye molecules, and ADAC 

(anionic PEL) was not as effective as for pH 2.0. Thus, at alkaline pH, while using dual system 

lower colour removal was achieved, comparable to removal in single system with adding only 

bentonite (see Fig. 6.44). This agrees with the fact that at pH 10.6 better results were obtained 

when decreasing the amount of used bentonite (procedures A and C). At higher pH levels aPAM 

presented worse decolouration results when compared to the tested anionic natural-based 

flocculants. As mentioned previously the worse results were obtained at pH 6.0 (Fig. 6.43), 

maximum decolouration being 23% for procedure B, due to the higher stability of the dye, 

according to Fig. 6.1. 

 

Fig. 6.43. Crystal Violet colour removal (based on turbidity) with time using anionic cellulose-based flocculation 
agents from different sources in dual system with bentonite at pH 6.0. Procedure A: 0.07 wt% of bentonite followed 
by 2.67 mg/L of flocculant. Procedure B: 0.14 wt% of bentonite and 2.67 mg/L of flocculant. Procedure C: 0.07 wt% 
of bentonite and 1.33 mg/L of flocculant. Procedure D: 0.14 wt% of bentonite and 1.33 mg/L of flocculant. 
Anionic synthetic PAM in dual system with bentonite was used as reference. Results obtained only with bentonite 
(0.07 wt% in A and C procedures; 0.14 wt% in B and D procedures) are also reported. 
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Fig. 6.44. Crystal Violet colour removal (based on turbidity) with time using anionic cellulose-based flocculation 
agents from different sources in dual system with bentonite at pH 10.6. Procedure A: 0.07 wt% of bentonite 
followed by 2.67 mg/L of flocculant. Procedure B: 0.14 wt% of bentonite and 2.67 mg/L of flocculant. Procedure 
C: 0.07 wt% of bentonite and 1.33 mg/L of flocculant. Procedure D: 0.14 wt% of bentonite and 1.33 mg/L of 
flocculant. Anionic synthetic PAM in dual system with bentonite was used as reference. Results obtained only with 
bentonite (0.07 wt% in A and C procedures; 0.14 wt% in B and D procedures) are also reported. 

The most effective Crystal Violet removal was obtained while working at pH 2.0 with a lower 

amount of bentonite (0.07 wt%), followed by a lower concentration (1.33 mg/L) of polymer 

(ADACp54D or aPAM), which allows for effective flocculation and maximum colour removal 

of >99.9% and faster flocculation kinetics. Furthermore, in general, with the increase of acidity 

of the effluent, the system tends to be more unstable, allowing to reach higher decolouration 

levels. The best PEL for this model effluent treatment was ADACp54D due to its high 

substitution degree combined with a higher molecular weight. Nevertheless, flocculants 

obtained from raw materials with high lignin content (ADACw55A and 55C) also presented 

good performance as flocculation agents, with colour removals between 93 - 97 %. 

d) Acid Black 2 

Fig. 6.45 - Fig. 6.48 summarize the results (based on turbidity reduction) obtained for the 

decolouration of Acid Black 2 model effluent using anionic cellulose-based flocculants 

(ADACs), obtained from Eucalyptus-based raw materials with different lignin contents. All the 

results of turbidity measurements and absorbance measurements are reported in Appendix C, 
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Table C.17 and Table C.18, respectively. Even if the values based on absorbance were slightly 

different from those based on turbidity, the overall tendencies were very similar. 

 

Fig. 6.45. Acid Black 2 colour removal using only flocculation agent (2.67 mg/L of synthetic aPAM or cellulose-
based ADACp 54D) at two different pH levels 4.0 and 9.1. 

Fig. 6.45 presents the decolouration results at two different pHs, an alkaline pH of 9.1 and an 

acidic pH of 4.0, using 2.67 mg/L of ADACp54D or synthetic aPAM, without addition of any 

complexing agent (either bentonite or aluminium sulphate). The decolouration results after 24 h 

were better at pH 9.1 for both anionic cellulose-based polymer or synthetic flocculation agent. 

Moreover, even if aPAM was slightly more effective in the treatment of this dye at alkaline 

conditions, poor colour removal (14%) was achieved after 24 h of treatment. ADACp54D 

removed only 11 % for the same period. At acidic conditions, worse colour removals were 

observed with ADACp54D and aPAM, after 24 h of decolouration (8% and 10%, respectively). 

In the following figures, results of the tests using a dual system with aluminium sulphate are 

presented, since, as it was described previously, bentonite was not effective in the Acid Black 2 

decolouration (Fig. 6.31). 

Fig. 6.46 - Fig. 6.48 illustrate the results obtained at pH 4.0, 6.3 and 9.1, while using two 

different concentrations of flocculation agent: 1.33 mg/L (procedures A and B) or 2.67 mg/L 

(procedures C and D), and two different amounts of aluminium sulphate: 0.07 wt% (procedures 

A and C) or 0.03 wt% (procedures B and D). Additionally, all procedures A-D were compared 

with the treatment performed only with aluminium sulphate. Overall, better results were 

obtained while performing firstly the destabilisation with the inorganic complexing agent, 

followed by the addition of the anionic flocculant, than while using the polymer first, to interact 

with the dye molecules, and then adding the aluminium sulphate. In all the presented cases, 

colour removal increased with time, letting to obtain the best results after 24 h of treatment. At 

all tested pH levels, Acid Black showed to be negatively charged (Fig. 6.1). However, at the 

tested pHs, aluminium sulphate typically presents different ionic species (see Fig. 6.32), which 
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will interact with the dye molecules. At pH 4.0, the mixture of cationic species (Al3+, [AlOH]2+ 

and a very small fraction of [Al(OH)2]
+) successfully destabilised the dye system. Furthermore, 

for all tested pHs, after addition of anionic flocculant good colour removal was observed. The 

polymers tested were found to be very effective in bridging the destabilised particles for all 

evaluated pH values. However, at pH 6.3, slightly better results were obtained due to better 

destabilisation of the system by addition of complexing agent, in spite of the mixture of 

cationic and anionic species of aluminium, since the dye itself seems to be more unstable at 

this pH (Fig. 6.1). Also, at pH 9.1, the worst results were obtained, especially for the initial 

moments, since the aluminium ion is present in the form of [Al(OH)4]
-, a negatively charged 

species. 

 

Fig. 6.46. Acid Black 2 colour removal (based on turbidity) with time using anionic cellulose-based flocculation 
agents from different sources in dual system with aluminium sulphate (A.S.) at pH 4.0. Procedure A: 0.07 wt% of 
A.S. followed by 1.33 mg/L of flocculant. Procedure B: 0.03 wt% of A.S. and 1.33 mg/L of flocculant. Procedure 
C: 0.07 wt% of A.S. and 2.67 mg/L of flocculant. Procedure D: 0.03 wt% of A.S. and 2.67 mg/L of flocculant. 
Anionic synthetic PAM in dual system with A.S. was used as reference. Results obtained only with A.S (0.07 wt% 
in A and C procedures; 0.03 wt% in B and D procedures) are also reported. 
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Fig. 6.47. Acid Black 2 colour removal (based on turbidity) with time using anionic cellulose-based flocculation 
agents from different sources in dual system with aluminium sulphate (A.S.) at pH 6.3. Procedure A: 0.07 wt% of 
A.S. followed by 1.33 mg/L of flocculant. Procedure B: 0.03 wt% of A.S. and 1.33 mg/L of flocculant. Procedure 
C: 0.07 wt% of A.S. and 2.67 mg/L of flocculant. Procedure D: 0.03 wt% of A.S. and 2.67 mg/L of flocculant. 
Anionic synthetic PAM in dual system with A.S. was used as reference. Results obtained only with A.S (0.07 wt% 
in A and C procedures; 0.03 wt% in B and D procedures) are also reported. 

 
Fig. 6.48. Acid Black 2 colour removal (based on turbidity) with time using anionic cellulose-based flocculation 
agents from different sources in dual system with aluminium sulphate (A.S.) at pH 9.1. Procedure A: 0.07 wt% of 
A.S. followed by 1.33 mg/L of flocculant. Procedure B: 0.03 wt% of A.S. and 1.33 mg/L of flocculant. Procedure 
C: 0.07 wt% of A.S. and 2.67 mg/L of flocculant. Procedure D: 0.03 wt% of A.S. and 2.67 mg/L of flocculant. 
Anionic synthetic PAM in dual system with A.S. was used as reference. Results obtained only with A.S (0.07 wt% 
in A and C procedures; 0.03 wt% in B and D procedures) are also reported. 
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The dual flocculation system with the aPAM (synthetic reference) at pH 4.0 and 6.3 was as good 

as those with the natural, cellulose-based flocculants (ADACs). However, at pH 9.1, the 

decolouration efficiency tended to be slightly worse with the synthetic reference, compared to 

the ADACs. After 30 min of treatment (procedures A-D for all tested pHs), the decolouration 

with ADACs showed to be effective, removing, in general, from 70 % to 90 %. Furthermore, 

using aluminium sulphate alone, led also to high colour removals for all tested pHs, and similar 

decolourations to those obtained using dual systems were achieved.  

The most effective Acid Black 2 colour removal was obtained while using, at pH 6.3, a lower 

amount of aluminium sulphate (0.03 wt%), followed by a lower concentration (1.33 mg/L) of 

polymer (procedure B), which allowed for a colour removal in the range between 92 and 97 %. 

Furthermore, with the increase of added polymer to 2.67 mg/L (procedure D) while keeping 

the other parameters from procedure B constant, also high decolouration levels could be 

obtained (colour removal in the 94 - 97 % range). In general, PELs with high degree of 

substitution (ADACs 51A, 53A, 54D) were the most effective for this model effluent treatment. 

Nevertheless, flocculants obtained from raw materials with high lignin content (ADACw55A 

and ADACw55C) also revealed good performance as flocculation agents. 

Application to CDACs of procedure developed for ADACs  

The best procedures developed for anionic cellulose-based flocculation agents (addition of low 

amount of aluminium sulphate (0.03 wt%), followed by addition of polymer at low (1.33 mg/L) 

and high concentration (2.67 mg/L)) were tested for three pH levels with addition of cationic 

cellulose-based flocculation agents, CDACs: 37A, 38A and C, 56A and C (Table 6.18) for the 

treatment of the model effluent based on Acid Black 2 dye. Simultaneously, cPAM was always 

used as a synthetic reference. The results obtained indicate aluminium sulphate to be more 

appropriate and more effective in the destabilisation of this model effluent than bentonite, when 

using CDACs, letting to obtain higher colour removal after addition of the flocculant. 

Furthermore, the procedure using bentonite is limited to acidic conditions, since with the 

increase of alkalinity, the bentonite positive charge decreases, and the complaxation with 

negatively charged dye is limited, thus the decolouration performance in dual systems 

significantly decreases (see Fig. 6.15 - Fig. 6.17). Dual systems with aluminium sulphate present 

good performance at a broader pH range (Table 6.18). In general, developed cationic cellulose-

based PELs with higher degree of substitution worked better in colour removal for this 

situation. Procedure A showed good performance at lower pH, however better decolouration 

results were obtained for pH 6.3. Procedure B worked better at pH 9.1 and pH 6.3, due to the 
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higher instability of the system. Indeed, for pH 6.3 the mixture of ionic species ([Al(OH)4]
- and 

[Al(OH)2]
+) in aluminium sulphate successfully destabilised the dye system, followed by the addition 

of polymer enhance the flocculation process. With the increase of alkalinity, aluminium sulphate 

became more negatively charged, and enhance a larger addition of polymer leads to better 

flocculation and decolouration results. Furthermore, natural-based flocculation agents were more 

effective in the colour removal than the synthetic, commercial available cPAM reference. 

Table 6.18. Acid Black 2 colour removal using cationic cellulose-based flocculation agents (CDACs) from different 
sources, in dual systems with aluminium sulphate (A.S.), at pH 4.0. Procedure A: 0.03 wt% A.S. followed by 1.33 
mg/L of flocculation agent. Procedure B: 0.03 wt% A.S. followed by 2.67 mg/L of flocculation agent. Cationic 
synthetic cPAM (used in dual systems) was used as a reference. A.S. alone was also used as a reference. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 4.0 pH 6.3 pH 9.1 

1 30 60 1440 1 30 60 1440 1 30 60 1440 

Procedure A: 0.03 wt% aluminium sulphate followed by 1.33 mg/L of flocculation agent 

cPAM 50 85 91 94 75 84 88 96 35 40 41 70 
37A 17 77 89 97 36 78 89 98 63 63 64 77 
38C 27 76 88 97 85 89 96 98 57 58 62 71 
38A 46 77 90 97 74 82 82 98 63 65 68 75 
56A 24 79 89 97 82 88 93 98 54 64 65 77 
56C 42 75 90 96 80 86 90 97 55 60 67 70 
Procedure B: 0.03 wt% aluminium sulphate followed by 2.67 mg/L of flocculation agent 

cPAM 56 85 91 94 69 81 89 93 81 84 86 96 
37A 21 80 90 90 70 84 93 97 65 82 87 98 
38C 32 78 90 96 77 86 93 98 62 82 84 97 
38A 51 76 88 95 41 68 81 98 86 89 92 97 
56A 26 79 91 97 81 85 93 98 87 87 91 98 
56C 24 69 88 94 82 85 91 97 71 80 87 96 
Procedure C: 0.03  wt% aluminium sulphate followed by 0 mg/L of flocculation agent 

A.S. 17 67 81 95 13 88 85 96 1 41 51 85 
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6.5. FINAL REMARKS 

In this chapter, the preliminary decolouration results with anionic and cationic cellulose-based 

flocculation agents as well as with tannin-based coagulants on model dye efluents were 

evaluated. The first step involved the characterisation of model dyes in order to understand the 

features of each of them, at different pHs. Then, tests to develop the most effective 

decolouration procedure for each dye were concluded. 

Modified tannins produced at lab scale, with five distinct shear viscosities, were evaluated in the 

colour removal of cationic (Methylene Blue and Crystal Violet) and anionic (Acid Black 2 and 

Duasyn Direct Red) dyes. With a ternary system employing tannin, bentonite and a 

polyacrylamide, it was evident an improvement in the decolouration performance with the 

increase of the bio-coagulant viscosity. However, the progress over time of 

condensation/polymerization reactions in the modified tannin, after its preparation, leads to a 

continuous thickening of the product, that shortens its shelf life. For the modified tannins with 

the lower intial viscosities (30-60 cP), reasonable removals efficiencies were achieved for all of 

the dyes tested, using ternary systems, and if settling is allowed to progress for a time larger than 

1 hour. The influence of pH on the performance of a modified tannin for the dyes removal was 

also studied. Performance was found to depend upon the pH, and some of the dyes were more 

sensitive to this parameter than others, mainly Acid Black 2 and Duasyn Direct Red. This 

method can be included in the group of environmentally friendly treatment strategies, since the 

modified tannin coagulant used is biodegradable, thus generating limited sludge. 

Regarding the use of modified cellulose in model coloured effluent treatment, it was observed 

that, cationic and anionic cellulose-based polyelectrolytes, synthesized from Eucalyptus pulps 

with different cellulose and lignin content, can be used as flocculation agents. The development 

of the method included the study of the influence of polyelectrolyte dosage, the incorporation 

of a dual system with addition of inorganic complexing agents (bentonite or aluminium 

sulphate), as well as the assessement of the influence of pH on the clarification efficiency and 

colour removal. The dual system with addition of the inorganic complexing agent, followed by 

the flocculant, was generally required to obtain high colour removals. Additionally, working at 

acidic pH conditions, allowed to obtain higher colour removals and rapid flocculation kinetics. 

Overall, it can be concluded that polymers with high substitution degree/molecular weight 

showed better performance in the decolouration compared to the lower charged ones. 

Additionally, flocculants obtained from pulp with high kappa number (high lignin content) 
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provided good results, similar to the ones obtained from raw materials with higher homogeneity 

and cellulose purity. However, cationic PELs presented, in general, higher efficiency on colour 

removal, over the anionic ones (except Acid Black 2 and Basic Green 1). Also, typically, better 

results were obtained while using the natural-based flocculants than with the commercial 

polyacrylamides (cationic or anionic) normally used for this purpose (at the same pH and 

flocculant dosage). 

The results presented in this chapter showed the potential for the application of cationic or 

anionic natural-based PELs in the treatment of coloured effluents. In the future, using the 

proposed bio-flocculants as wastewater treatment agents, can be considered as a very attractive 

valorisation of natural wastes (surplus of Eucalyptus fibres or Eucalyptus wood wastes). If a sludge 

is biodegradable, then one would expect there would be a lower environmental burden. To 

quantify environmental advantages, or disadvantages, continuous testing over a period of 

approximately one month should be carried out, on a pilot/full-scale. 
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7.1. INTRODUCTION 

Coloured effluents can be extremely challenging to treat, due to the diverse dye structures.  

Several industries such as textile, paper, pharmaceutical plastic and rubber face issues in 

removing soluble impurities from aqueous streams. Furthermore, the direct discharge of dye 

wastes into natural water reservoirs can significantly affect the environment and living 

organisms, due to a reduction of the dissolved oxygen, a change of pH, as well as blocking 

sunlight. The properties of dye wastewaters may vary significantly, due to the process itself and 

dyes composition, as well as presence of inorganic/organic-based additives used in the process15. 

In coloured wastewater it is common to find metals, salts, surfactants, sulphides or 

formaldehyde39, which are known for their high toxicity. Furthermore, the textile industry 

typically requires large amounts of water in the dyeing process, and consequently generates 

significant qualities of wastewaters. Dye molecules discharged without proper treatment are 

stable and remain in the environment for long periods of time (e.g. for hydrolysed Reactive Blue 

19 (RB19) the half-life at pH 7 and 25°C was reported to be 46 years)40. Effective, economical 

and environmentally friendly treatments are, therefore, required. 

Dye molecules are typically small and stable in the aqueous medium, requiring addition of 

inorganic compounds to stimulate the destabilization of the colloidal mixtures and promote the 

agglomeration of sub-millimetre particles. Further addition of flocculation agent 

(polyelectrolyte) promotes the creation of flocs that are able to settle over a period of seconds 

to hours, as it was also observed in the tested model coloured waters treatment process (see 

Chapter 6).  

The use natural-based flocculation agents, in model coloured effluent treatment, described in 

the previous chapter, has shown considerable reduction in turbidity and colour. This provided 

a high degree of clarification of the treated model waters. Usually, a combination of both 

inorganic additives and polyelectrolyte was required. However, typical coloured wastewaters 

from textile industries, due to their complex composition, may affect the performance of 

natural-based polyelectrolytes. Typically, coloured water treatment, with metal based coagulants 

or synthetic polyelectrolytes generate large amounts of sludge. The transport of this sludge for 

disposal, is the main cost and environmental burden. Therefore, the minimization of sludge 

production is important considering the costs related with subsequent sludge treatment and 

handling. A biodegradable coagulant could reduce the sludge generated. 



APPLICATION OF NEW CELLULOSE-BASED FLOCCULANTS IN INDUSTRIAL EFFLUENTS 

246 

This chapter describes the application of developed novel cationic and anionic cellulose-based 

polyelectrolytes as flocculants (presented and characterized in Chapter 4) to treat real industrial 

coloured effluents (single colour-Turquoise Blue and multicolour wastewaters). Their 

performance was studied in terms of turbidity removal and chemical oxygen demand reduction 

at several pHs, concentrations, and in dual systems with bentonite or aluminium sulphate. 

Turbidity is closely related with colour removal based on absorbance as discussed in Chapter 6. 

Moreover, the influence of the composition of raw material used in the synthesis of PELs, was 

evaluated, and tested to define the optimum conditions of PEL concentration, complexation 

agent dosages, and pH for best removal were conducted. 

7.2. PROCEDURE TO EVALUATE PERFORMANCE OF 

CELLULOSE-BASED FLOCCULATION AGENTS IN 

INDUSTRIAL EFFLUENTS 

For each cellulose-based PELs (see Chapter 6: Table 6.4 and Table 6.5) developed and studied 

in the treatment of model coloured effluents, a stock solution of 100 mL at 0.1 wt% of polymer, 

in distilled water, was prepared using a magnetic stirrer at 500 rpm for 30 min. A synthetic 

cationic cPAM (SnowFlake E2 with 45 wt% charge) or anionic aPAM (SnowFlake X0 with 30 

wt% charge) at a 0.1 wt% concentration (obtained stirring with a magnetic stirrer for 1h) was 

used as a reference. A volume of 100 mL of pre-agitated coloured effluent (Turquoise Blue or 

Multicolour) was adjust to minimum three different pH´s using hydrochloric acid (HCl) or 

sodium hydroxide (NaOH) aqueous solutions, using a pH meter SCAN3BW (Scansci). A 

suitable dosage of cellulose-based flocculant was then added dropwise to the effluent, while 

mixing manually for 30 s. For most of the experiments, bentonite or aluminium sulphate was 

also added before the cationic or anionic PEL addition. Samples of supernatant, of 

approximately 5 mL were collected at about 75% height from the bottom of the beaker, to 

determine the clarification over time (1 min, 30 min, 1 h, 20 h, and 24 h). The clarification was 

calculated based on the measurement (with at least three repetitions) of the supernatant turbidity 

using a Photometer MD600 (Lovibond, UK) (Chapter 6, Eq. 6.2). The variation of turbidity 

measurements was always below 1 %. The chemical oxygen demand (COD) of the treated 

supernatant was measured for selected trials (polymers and procedures) after 24h of settling. 

COD test was performed with 2 mL of supernatant, added directly to the COD test tube (COD 

Kit, Lovibond, UK) and allowed to remain at 150°C for 2h in the thermo-reactor (VELP 
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Scientifica). After reaching room temperature, and resting for 12 h in dark conditions, the COD 

value was measured in the Photometer MD600 (Lovibond, UK). 

The zeta potential of the initial industrial coloured effluents (Turquoise Blue and Multicolour) 

was measured using electrophoretic light scattering in a Malvern Zetasizer Nano ZS, model 

ZEN3600 (Malvern Instruments Ltd, UK). 

7.3. INITIAL INDUSTRIAL COLOURED EFFLUENTS 

CHARACTERIZATION 

The coloured industrial effluent samples used in this study (supplied by Rosarios4, Portugal) were 

characterised in terms of COD, pH and turbidity, and the obtained results are summarised in 

Table 7.1. All the flocculation tests were performed using these wastewater samples. 

Table 7.1. Characteristics of the industrial coloured effluent samples. 

Parameter Turquoise Bluea Multi-colourb 

pH 12.0 4.5 

COD (gO2/L) 1.475 0.687 

Turbidity (NTU) 177 57 

aEffluent collected from single dyeing session, that contains one shade dye mixture of Turquoise Blue. bEffluent 
collected from several dyeing sessions, at the end of the dying process, that contains a mixture of different shades 
and dyes. 

The stability of dye effluents is determined mainly by the charge of the particles, which is 

significantly affected by the pH of the medium, as it was also observed in model colour systems 

described previously. 

The zeta potential of the effluents (Turquoise Blue and multi-colour), after adjustment for the 

pH´s to be used in the performance jar-tests, was measured, and the obtained values, with 

standard deviations, are presented in Fig. 7.1. For both effluents, the particles surfaces are 

mainly negatively charged. With the increase of alkalinity, a significant increase in negative 

charge was also observed. The highly negatively charged suspended dye molecules of these 

systems promotes the stabilisation of the effluent, due to the repulsion effect, making it more 

difficult to destabilise and treat the effluent at alkaline pH levels. It is then expected that better 

colour removals are going to be obtain at acidic conditions where the effluents present lower 

charges. At neutral pH 7, the zeta potential was clearly in the stable zone, -49 mV in the case of 

Turquoise Blue and -45 mV for multi-coloured effluent. 
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Fig. 7.1. Zeta potential distributions for the coloured industrial effluents. The initial zeta potential of each industrial 
effluent without pH adjustment is highlighted. 

7.4. SINGLE COLOURED INDUSTRIAL EFFLUENT 

The results of the decolouration tests for the Turquoise Blue industrial effluent will be presented 

in this section and discussed individually, for each type of natural-based polyelectrolyte (cationic 

or anionic). The first section will focus on the performance of twelve cationic cellulose-based 

flocculation agents (CDACs), from different sources, with the highest and the lowest 

substitution degree. The last part focus on evaluation of the performance of ten different anionic 

cellulose-based flocculation agents (ADACs), from different sources, obtained after 24 h and 

72 h of modification. All performed tests were compared with an adequate synthetic reference, 

either cationic or anionic PAM 

7.4.1. Flocculation performance using new cationic cellulose-based PELs 

Cationic cellulose-based flocculants, hold positively charged groups, which are fundamental for 

the neutralisation of negatively charged suspended dye molecules. Also, due to the relatively 

long chains of the polymers with medium charge densities, bridging mechanism between the 

particles will be involved. The adsorbed polymer chain can extend from the particle surface and 

interact with other particles.  
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Fig. 7.2. Turquoise Blue industrial coloured effluent treatment (based on turbidity reduction) using only a single 
cationic flocculation agent (5.34 mg/L of synthetic cPAM or cellulose-based CDACp37A) at two different pH 
levels, 1.5 and 7.0. 

The anionic ADACp54D and a synthetic aPAM, both at 5.34 mg/L concentration, were tested 

in single system, for the turbidity reduction of the Turquoise Blue industrial coloured effluent, 

at two different pH levels, 1.5 and 7.0 (Fig. 7.7). As mentioned before for the cationic PELs, 

also with the anionic polyelectrolytes, the best results (19 % turbidity reduction after 24 h) were 

obtained when pH was adjust to 1.5, due to the lower effluent stability (Fig. 7.1). When comparing 

performance of synthetic aPAM to natural-based ADACp54D, lower turbidity reductions were 

always obtained for the later one, for the same pH levels, due to the lower charge density and 

molecular weight of the anionic natural-based PEL compared to the synthetic one. Although, some 

turbidity removals were obtained while using described procedures (single systems), the clarification 

results were poor and the removals were never higher than 20 % after 24 h of treatment. 

Considering the poor results obtained only with the negatively charge flocculants, and since it 

is as expected that they could not be very suitable to treat negatively charged effluents, the 

introduction of a positively charge complexating agent (bentonite) should significantly improve 

flocculation kinetics. Turquoise Blue industrial effluent was then tested in dual system with 

bentonite. Fig. 7.8 - Fig. 7.10 show the results obtained at pH 1.5, 3.0 and 7.0 (the initial 

effluent pH was 12.0) while using two concentrations of flocculation agent (either anionic 

natural-based ADAC or synthetic aPAM), 2.67 mg/L (procedures A and B) or 5.34 mg/L 

(procedures C and D) and two different amounts of bentonite 0.3 wt% (procedures A and C) 

or 0.6 wt% (procedures B and D). Additionally, procedures A-D at all tested pH levels were 

compared with the treatment performed only with bentonite. In all cases, A-D, and tested pH 

levels (1.5, 3.0 and 7.0), better colour removals were obtained after 24 h of treatment, when 

using dual system bentonite-anionic PEL, compared to single system, only with polyelectrolyte, 

at the same pH (Fig. 7.7). As mentioned before for the cationic polyelectrolytes, also with 

anionic polyelectrolytes the best results, after 24 h, were obtained when the pH was adjusted to 
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1.5, due to lower effluent stability. In addition, bentonite positive charge increases with the 

increase of acidity level, which can significantly influence the interactions with negatively 

charged Turquoise Blue. Furthermore, in a dual system with bentonite, the results obtained with 

natural-based anionic flocculants are always better when compared to the one obtained with the 

synthetic aPAM reference. When used alone, bentonite destabilises the effluent, leading initially, 

to significant increase in the system turbidity, which is, indeed, a form of pre-coagulation. 

 
Fig. 7.3. Turquoise Blue turbidity removal as a function of the time of settling, using cationic cellulose-based 
flocculation agents from different sources, in a dual system with bentonite, at pH 1.5. Procedure A: 0.3 wt% 
bentonite followed by 2.67 mg/L of flocculant. Procedure B: 0.6 wt% bentonite and 2.67 mg/L of flocculant. 
Procedure C: 0.3 wt% bentonite and 5.34 mg/L of flocculant. Procedure D: 0.6 wt% bentonite and 5.34 mg/L of 
flocculant. A cationic synthetic cPAM (in dual system with the same concentrations described in procedures A-D), 
was used as reference. The results obtained only with bentonite (procedures A and C; 0.3 wt%, procedures B and 
D; 0.6 wt%) are also reported. 
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Fig. 7.4. Turquoise Blue turbidity removal as a function of the time of settling, using cationic cellulose-based 
flocculation agents from different sources, in a dual system with bentonite, at pH 3.0. Procedure A: 0.3 wt% 
bentonite followed by 2.67 mg/L of flocculant. Procedure B: 0.6 wt% bentonite and 2.67 mg/L of flocculant. 
Procedure C: 0.3 wt% bentonite and 5.34 mg/L of flocculant. Procedure D: 0.6 wt% bentonite and 5.34 mg/L of 
flocculant. A cationic synthetic cPAM (in dual system with the same concentrations described in procedures A-D), 
was used as reference. The results obtained only with bentonite (procedures A and C; 0.3 wt%, procedures B and 
D; 0.6 wt%) are also reported.. 

 
Fig. 7.5. Turquoise Blue turbidity removal as a function of the time of settling, using cationic cellulose-based 
flocculation agents from different sources, in a dual system with bentonite, at pH 7.0. Procedure A: 0.3 wt% 
bentonite followed by 2.67 mg/L of flocculant. Procedure B: 0.6 wt% bentonite and 2.67 mg/L of flocculant. 
Procedure C: 0.3 wt% bentonite and 5.34 mg/L of flocculant. Procedure D: 0.6 wt% bentonite and 5.34 mg/L of 
flocculant. A cationic synthetic cPAM (in dual system with the same concentrations described in procedures A-D), 
was used as reference. The results obtained only with bentonite (procedures A and C; 0.3 wt%, procedures B and 
D; 0.6 wt%) are also reported. 
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As can be seen, Table D.1 (Appendix D) and in Fig. 7.3, at pH 1.5, due to the highest instability 

of the Turquoise Blue industrial effluent, the highest turbidity removals were obtained. Also at acidic 

pH bentonite tends to have the highest positively charged surface (compared then to pH 3.0 or 7.0). 

Complexation of the dye with the particles, allows PELs to interact with those complexes and 

flocculate. Moreover, with the increase of bentonite or flocculant dosage, the performance did not 

improve, and procedure A at pH 1.5 showed to be the most effective. Additionally, for the best 

treatment conditions, CDACp37A and CDACp37C presented superior efficiency in the reduction 

of turbidity 44 % (30 min), 77 % (1 h), and 94 % (24 h) for CDACp37A and 60 % (30 min), 74 % 

(1 h), and 94 % (24 h) for CDACp37C due to their high cationicity index and substitution degree, 

followed by CDACc38C (turbidity removal of 47 % (30 min), 76 % (1 h), and 93 % (24 h)) and 

CDACwaq47C (turbidity removal of 44 % (30 min), 81 % (1 h), and 93 % (24 h)). Which are natural-

based polyelectrolytes obtained from relatively more homogenous raw materials compared to other 

tested cellulose-based PELs. Polymers with the highest performance in the treatment of this effluent 

were produced from extracted bleached pulp (CDACc38C), bleached fibers (CDACp37A and C) 

or pulp with the lowest kappa number (CDACwaq47C) (for details, see Chapter 4 or Table 6.4). 

For these polymers, faster flocculation kinetics was also achieved. Comparing Fig. 7.3 and Fig. 7.4, 

it is also clear that good but slightly lower turbidity reductions, compared to performance at pH 1.5, 

were obtained at pH 3.0. The worst results, especially for low settling times, even if still reasonable, 

were obtained for pH 7. This indicates a higher stability of the effluent at this pH. Furthermore, in 

dual system, results obtained with natural-based flocculants are very similar or slightly higher to the 

one obtained with the synthetic reference cPAM. Bentonite destabilises the dye, and the turbidity of 

the system increases. Further addition of polymer allows to rapid settling and faster, more effective 

flocculation due to the charge neutralisation and bridging mechanisms. In all tested procedures, at 

different pH levels, the same flocculation mechanisms were involved. 

 

Fig. 7.6. COD reduction and turbidity removal for treatment of Turquoise Blue effluent with CDAC 37A, 37C, 
56A, 56C and reference Snow Flake E2 (cPAM), at pH 3.0, after 24 h of treatment, in two conditions: A-0.3 wt% 
bentonite followed by 2.67 mg/L of flocculation agent and D- 0.6 wt% bentonite followed by 5.34 mg/L of 
flocculation agent. 
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For the cationic natural-based PELs from modified bleached pulp, with the highest 

(CDACp37A), and the lowest (CDACp37C) substitution degree, as for the cationic PELs from 

wood wastes, with the highest lignin content, CDACw56A (high cationicity index) and 

CDACw56C (low cationicity index), and for the reference polymer cPAM (Snow Flake E2), 

COD reduction and turbidity removals efficiencies were measured, after 24 hours of treatment, 

at pH 3.0, for two conditions: with minimum dosages of bentonite and flocculant, which 

corresponds to procedure A (0.3 wt% bentonite followed by 2.67 mg/L of flocculation agent) 

and with maximum dosage of the two components, procedure D (0.6 wt% bentonite followed 

by 5.34 mg/L of flocculation agent) (Fig. 7.6). The COD reduction is closely related with the 

turbidity removal, and with the increase of effluent clarification higher COD reduction was 

observed. For the procedure with low addition of wastewater treatment components (procedure 

A), the COD reduction obtained was in the range of 78 - 81 %, for the new natural-based 

flocculation agents, while for the synthetic reference was 77 %. Moreover, procedure D, with 

double amounts of added components, when compared to procedure A, presents only slightly 

higher turbidity removals and COD reductions. In this case, the COD reduction obtained was 

in the range of 79 - 83 %, for the new natural-based flocculation agents, while for the synthetic 

reference only 61 % of COD reduction was achieved. Considering the overall results, natural-

based flocculation agent CDACp37A, seems to be the cellulose-based flocculant that has the 

best performance in the treatment of Turquoise Blue industrial effluent (higher turbidity 

reduction, with low dosage, and high COD reduction). 

In general, the cationic cellulose-based flocculation agents, namely series of CDACp37 and 

CDACwaq47, showed superior performance in turbidity removal over the synthetic cPAM 

reference. Furthermore, natural-based PELs presented also better COD reduction. It is worth 

noticing that the use of procedure A, with low addition of bentonite (0.3 wt%), followed by a 

low dosage of CDAC (2.67 mg/L) showed good results, similar to the ones for increased 

dosages of used components, which is a positive aspect, since using lower dosage of bentonite 

and flocculant can significantly reduce the costs associated to the treatment process. 

7.4.2. Flocculation performance using new anionic cellulose-based PELs 

Anionic cellulose-based flocculation agents hold negatively charged groups, which are able to 

established strong interactions between opposite charged particles dispersed in the effluent. The 

developed anionic cellulose-based flocculants (see Table 6.5) were tested in turbidity reduction 

of Turquoise Blue industrial coloured effluent. The variation of supernatant water turbidity, 

over time (1 min, 30 min, 1 h and 24 h), was used to evaluate the PELs performance in the 
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treatment of this industrial effluent. The mono system, as well as a dual system with inorganic 

complexation agent (bentonite or aluminium sulphate), were tested. The summarised results are 

presented in Table D.2 (Appendix D) and their graphical representation using single system 

are given in Fig. 7.7, while results for dual system are supplied in Fig. 7.8 - Fig. 7.10.  

 

Fig. 7.7. Turquoise Blue industrial coloured effluent treatment (based on turbidity reduction) using only a single 
anionic flocculation agent (5.34 mg/L of synthetic aPAM or cellulose-based ADACp54D) at two different pH 
levels, 1.5 and 7.0. 

The anionic ADACp54D and a synthetic aPAM, both at 5.34 mg/L concentration, were tested 

in single system, for the turbidity reduction of the Turquoise Blue industrial coloured effluent, 

at two different pH levels 1.5 and 7.0 (Fig. 7.7). As mentioned before for the cationic PELs, 

also with the anionic polyelectrolytes, the best results (19% turbidity reduction after 24 h) were 

obtained when pH was adjust to 1.5, due to the lower effluent stability (Fig. 7.1). When 

comparing performance of synthetic aPAM to natural-based ADACp54D, lower turbidity 

reductions were always obtained for the later one, for the same pH levels, due to the lower 

charge density and molecular weight of the anionic natural-based PEL compared to the 

synthetic one. Although, some turbidity removals were obtained while using described 

procedures (single systems), the clarification results were poor and the removals were never 

higher than 20 % after 24 h of treatment. 

Considering the poor results obtained only with the negatively charge flocculants, and since it 

is as expected that they could not be very suitable to treat negatively charged effluents, the 

introduction of a positively charge complexation agent (bentonite) should significantly improve 

flocculation kinetics. Turquoise Blue industrial effluent was then tested in dual system with 

bentonite. Fig. 7.8 - Fig. 7.10 show the results obtained at pH 1.5, 3.0 and 7.0 (the initial 

effluent pH was 12.0) while using two different concentrations of flocculation agent (either 

anionic natural-based ADAC or synthetic aPAM), 2.67 mg/L (procedures A and B) or 5.34 mg/L 

(procedures C and D) and two different amounts of bentonite 0.3 wt% (procedures A and C) 

or 0.6 wt% (procedures B and D). Additionally, all procedures A-D at all tested pH levels were 

0

2

4

6

8

10

12

14

16

18

20

1 10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

5.34 mg/L
pH 1.5; 54D

pH 7.0; 54D

pH 1.5; aPAM

pH 7.0; aPAM



SINGLE COLOURED INDUSTRIAL EFFLUENT 

255 

compared with the treatment performed only with bentonite. In all the presented cases, A-D, 

and tested pH levels (1.5, 3.0 and 7.0), better colour removals were obtained after 24 h of 

treatment, when using dual system bentonite-anionic PEL, compared to single system, only with 

polyelectrolyte, at the same pH (Fig. 7.7). As mentioned before for the cationic polyelectrolytes, 

also with anionic polyelectrolytes the best results, after 24h, were obtained when the pH was 

adjusted to 1.5, due to lower effluent stability. In addition, bentonite positive charge increases 

with the increase of acidity level, which can significantly influence the interactions with 

negatively charged Turquoise Blue. Furthermore, in dual system with bentonite, results obtained 

with natural-based anionic flocculants are always better when compared to the one obtained 

with the synthetic aPAM reference. When used alone, bentonite destabilises the effluent, leading 

initially, to significant increase in the system turbidity. 

 
Fig. 7.8. Turquoise Blue turbidity removal as a function of the time of settling, using anionic cellulose-based 
flocculation agents from different sources, in a dual system with bentonite, at pH 1.5. Procedure A: 0.3 wt% 
bentonite followed by 2.67 mg/L of flocculant. Procedure B: 0.6 wt% bentonite and 2.67 mg/L of flocculant. 
Procedure C: 0.3 wt% bentonite and 5.34 mg/L of flocculant. Procedure D: 0.6 wt% bentonite and 5.34 mg/L of 
flocculant. An anionic synthetic aPAM (in dual system with the same concentrations described in procedures A-
D), was used as reference. The results obtained only with bentonite (procedures A and C; 0.3 wt%, procedures B 
and D; 0.6 wt%) are also reported. 
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Fig. 7.9. Turquoise Blue turbidity removal as a function of the time of settling, using anionic cellulose-based 
flocculation agents from different sources, in a dual system with bentonite, at pH 3.0. Procedure A: 0.3 wt% 
bentonite followed by 2.67 mg/L of flocculant. Procedure B: 0.6 wt% bentonite and 2.67 mg/L of flocculant. 
Procedure C: 0.3 wt% bentonite and 5.34 mg/L of flocculant. Procedure D: 0.6 wt% bentonite and 5.34 mg/L of 
flocculant. An anionic synthetic aPAM (in dual system with the same concentrations described in procedures A-
D), was used as reference. The results obtained only with bentonite (procedures A and C; 0.3 wt%, procedures B 
and D; 0.6 wt%) are also reported. 

 
Fig. 7.10. Turquoise Blue turbidity removal as a function of the time of settling, using anionic cellulose-based 
flocculation agents from different sources, in a dual system with bentonite, at pH 7.0. Procedure A: 0.3 wt% 
bentonite followed by 2.67 mg/L of flocculant. Procedure B: 0.6 wt% bentonite and 2.67 mg/L of flocculant. 
Procedure C: 0.3 wt% bentonite and 5.34 mg/L of flocculant. Procedure D: 0.6 wt% bentonite and 5.34 mg/L of 
flocculant. An anionic synthetic aPAM (in dual system with the same concentrations described in procedures A-
D), was used as reference. The results obtained only with bentonite (procedures A and C; 0.3 wt%, procedures B 
and D; 0.6 wt%) are also reported. 

-30

-10

10

30

50

70

90

10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

A; pH 3.0 aPAM

Bentonite

54D

52A

53A

51A

55A

54B

52C

53C

51C

55C
-10

0

10

20

30

40

50

60

70

80

90

10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

B; pH 3.0 aPAM

Bentonite

54D

52A

53A

51A

55A

54B

52C

53C

51C

55C

-90

-70

-50

-30

-10

10

30

50

70

90

10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

C; pH 3.0 aPAM

Bentonite

54D

52A

53A

51A

55A

54B

52C

53C

51C

55C
-10

0

10

20

30

40

50

60

70

80

90

10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

D; pH 3.0 aPAM

Bentonite

54D

52A

53A

51A

55A

54B

52C

53C

51C

55C

-50

-30

-10

10

30

50

70

10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

A; pH 7.0 aPAM

Bentonite

54D

52A

53A

51A

55A

54B

52C

53C

51C

55C
-50

-30

-10

10

30

50

70

10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

B; pH 7.0 aPAM

Bentonite

54D

52A

53A

51A

55A

54B

52C

53C

51C

55C

-50

-30

-10

10

30

50

70

10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

C; pH 7.0 aPAM

Bentonite

54D

52A

53A

51A

55A

54B

52C

53C

51C

55C
0

10

20

30

40

50

60

70

10 100 1000

C
o

lo
u

r 
R

em
o

va
l (

%
)

log Time (min)

D; pH 7.0 aPAM

Bentonite

54D

52A

53A

51A

55A

54B

52C

53C

51C

55C



SINGLE COLOURED INDUSTRIAL EFFLUENT 

257 

In general, positively charged bentonite surface interacts with the negatively charged system, 

further addition of polymer allows faster and more effective flocculation, due to the charge 

neutralisation and bridging mechanisms, and rapid settling. In all tested procedures, at different 

pH levels, the same flocculation mechanisms were involved. However, with the increase of 

alkalinity, bentonite surface became less and less positively charged, treated system was more 

stable, and less COD/turbidity removal was observed.  

As can be seen, Table D.2 (Appendix D) and in Fig. 7.8 - Fig. 7.10, due to the low positive 

charge of bentonite, and relatively high negatively charged system, better clarification results 

were obtained at higher dosages of bentonite (procedures B and D). Also, at pH 1.5 (Fig. 7.8), 

due to the higher instability of the Turquoise Blue effluent, the highest turbidity removals were 

obtained. Furthermore, at pH 1.5, when comparing treatments conducted with natural-based 

polyelectrolytes and the reference synthetic PEL, overall better clarification results after 24 h of 

settling, were achieved with ADACs (procedures A, C, D). 

For pH 3.0, addition of 0.6 wt% of bentonite followed by 5.34 mg/L of flocculant (Fig. 7.9; 

procedure D) tends to have the highest clarification efficiency for this pH. Low positive charge 

of bentonite requires working at higher dosages for both bentonite and flocculant. A higher 

amount of flocculant, allows successfully flocculating all suspended particles and further 

improving the clarification performance. 

Additionally, at the best treatment conditions (pH and dosages of bentonite and flocculant) 

ADACaqw53A and ADACaqw53C as well as ADACw51A and ADACw51C presented superior 

efficiency in the reduction of turbidity, due to their higher molecular weight, which leads to 

more efficient aggregation of the particles Nevertheless, good, even if slightly lower turbidity 

reductions were obtained with the polyelectrolytes derived from raw material with high lignin 

content, compared to ADACaqw53A. Moreover, cellulose-based polyelectrolytes showed similar 

performance to aPAM in the initial moments of flocculation. Also, for longer contact times (>1 h), 

ADACs presented superior performance over tested synthetic aPAM.  

For the anionic natural-based PELs obtained from modified bleached pulp, ADACp54D, 

obtained after 24 h of sulfonation, and ADACp54B obtained after 72 h of reaction, for the 

anionic PELs derived from the modified pulp with the highest lignin content, ADACw55A (24 

h reaction) and ADACw55C (74 h reaction), and for the reference polymer aPAM, COD 

reduction and turbidity removal efficiencies were measured at pH 3.0, for two conditions: with 

lower dosages of bentonite and flocculant, which corresponds to procedure A (0.3 wt% 
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bentonite followed by 2.67 mg/L of flocculation agent), and with maximum dosages of the two 

components, procedure D (0.6 wt% bentonite followed by 5.34 mg/L of flocculation agent) 

(see Fig. 7.11). Once again, as it was observed with the cationic PELs (Fig. 7.6), the COD 

reduction was closely related with the turbidity removal. With the increase of effluent 

clarification, higher COD reduction was observed. For the procedure with a low addition of 

bentonite and flocculant components (procedure A), the COD reduction obtained was in the 

range of 65 - 69 % (for CDACs it was 78 - 81 %) for the new anionic natural-based flocculation 

agents produced, while for the synthetic reference it was 61 % (with cPAM 77 %). Compared 

to the CDAC (results previously described, section 7.4.1) ADAC shows lower performance in 

turbidity and COD reduction. Moreover, procedure D, with double levels of added when 

components compared to procedure A, presents slightly higher turbidity reductions, which 

results also in higher values of COD reduction, in the range of 69 – 77 %, while for the synthetic 

reference 66 % of COD reduction was achieved. Considering the overall results, natural-based 

flocculation agent ADACw55C, seems to be the anionic cellulose-based flocculant that has the 

best performance in the treatment of Turquoise Blue industrial effluent, higher turbidity 

removal, with low dosage, and high COD reduction, for the described operation conditions at 

pH 3, procedures A and D. 

 

Fig. 7.11. COD reduction and turbidity removal for treatment of Turquoise Blue effluent with ADAC 54D, 54B, 
55A, 55C and reference Snow Flake X0 (aPAM), at pH 3.0, after 24h of treatment, in two conditions: A-0.3 wt% 
bentonite followed by 2.67 mg/L of flocculation agent and D- 0.6 wt% bentonite followed by 5.34 mg/L of 
flocculation agent. 

The procedures established with anionic cellulose-based flocculation agents and bentonite were 

tested using aluminium sulphate as a complexation agent. Fig. 7.13 shows the results obtained 

at pH 1.5, 3.0 and 7.0, while using two concentrations of flocculation agent (either anionic 

natural-based ADACp54D or synthetic aPAM) 2.67 mg/L (procedures A and B) or 5.34 mg/L 

(procedures C and D) and two different amounts of aluminium sulphate 0.3 wt% (procedures 

A and C) or 0.6 wt% (procedures B and D). Furthermore, all procedures A-D, at all tested pH 

levels were compared with the treatment performed only with aluminium sulphate. In all the 
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presented cases A-D and tested pH levels (1.5, 3.0 and 7.0), better colour removal was obtained 

after 24 h of treatment, when using the dual system aluminium sulphate/anionic PEL, compared 

to single system only with aluminium sulphate at the same pH (Fig. 7.13). Additionally, 

aluminium sulphate, showed not to be effective in the clarification of this effluent, at all tested 

pH levels. As mentioned before for the dual system with bentonite, also for the dual system 

with aluminium sulphate/anionic polyelectrolyte, the best results were obtained when the pH 

was adjusted to 1.5, due to the lower effluent stability. In addition, ADACp54D was more 

effective in the treatment of Turquoise Blue, in the present conditions, when compared to 

aPAM. 

 
Fig. 7.12. Turquoise Blue turbidity removal as a function of the time of settling, using anionic cellulose-based 
flocculation agent ADACp54D, in a dual system with aluminium sulphate (A.S.), at different pHs. Procedure A: 0.3 wt% 
A.S. followed by 2.67 mg/L of flocculant. Procedure B: 0.6 wt% A.S. and 2.67 mg/L of flocculant. Procedure C: 
0.3 wt% A.S. and 5.34 mg/L of flocculant. Procedure D: 0.6 wt% A.S. and 5.34 mg/L of flocculant. An anionic 
synthetic aPAM (in dual system with the same concentrations described in procedures A-D) was used as reference. 
The results obtained only with A.S. (procedures A and C; 0.3 wt%, procedures B and D; 0.6 wt%) are also reported. 

The procedures established with anionic cellulose-based flocculation agents and bentonite were 

tested using aluminium sulphate as a complexation agent. Fig. 7.13 shows the results obtained 

at pH 1.5, 3.0 and 7.0, while using two concentrations of flocculation agent (either anionic 

natural-based ADACp54D or synthetic aPAM) 2.67 mg/L (procedures A and B) or 5.34 mg/L 

(procedures C and D) and two different amounts of aluminium sulphate 0.3 wt% (procedures 

A and C) or 0.6 wt% (procedures B and D). Furthermore, all procedures A-D, at all tested pH 

levels were compared with the treatment performed only with aluminium sulphate. In all the 
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presented cases A-D and tested pH levels (1.5, 3.0 and 7.0), better colour removal was obtained 

after 24 h of treatment, when using the dual system aluminium sulphate/anionic PEL, compared 

to single system only with aluminium sulphate at the same pH (Fig. 7.13). Additionally, 

aluminium sulphate, showed not to be effective in the clarification of this effluent, at tested pH 

levels. As mentioned before for the dual system with bentonite, also for the dual system with 

aluminium sulphate/anionic polyelectrolyte, the best results were obtained when the pH was 

adjusted to 1.5, due to the lower effluent stability. In addition, ADACp54D was more effective 

in the treatment of Turquoise Blue, in the present conditions, when compared to aPAM. 

In general, a superior performance in turbidity reduction was exhibited by the dual system with 

bentonite and anionic cellulose-based flocculation agents, compared to the dual system 

aluminium sulphate/anionic polyelectrolyte. Due to smaller molecules of aluminium sulphate, 

when compared to bentonite, smaller complexes of effluent impurities/aluminium sulphate 

were obtained. Additionally, due to larger particles bentonite creates larger complexes with 

effluent impurities, heavier and easier to flocculate. 

Furthermore, natural-based PELs presented, in general, better turbidity and COD reductions, 

compared to the synthetic reference. It is worth noticing that use of a procedure D with high 

dosages of bentonite (0.6 wt%) and ADAC (5.34 mg/L), at pH 3.0, showed also good turbidity 

reduction. Adjustment of pH from 12.0 (initial effluent pH) until 3.0, rather than 1.5, can 

significantly reduce the costs associated to the process and usage of acid, as well as the 

equipment requirements. 

7.5. MULTI-COLOURED FINAL EFFLUENT 

The evaluation of natural-based PELs for the treatment of the multi-coloured industrial effluent 

will be presented here and discussed individually for each type of natural-based polyelectrolyte 

(cationic or anionic). First, the performance of twelve cationic cellulose-based flocculation 

agents (CDACs), from different sources with the highest and the lowest substitution degree, 

were evaluated and results will be presented. The last part of this section focus on the 

flocculation ability of ten different anionic cellulose-based flocculation agents (ADACs), from 

different sources, obtained after 24 h and 72 h of sulfonation reaction. 

7.5.1. Flocculation performance using new cationic cellulose-based PELs 

Cationic cellulose-based polyelectrolytes were applied in the treatment of the real multi-coloured 

effluent from the textile industry. Considering the zeta potential values, for the pH levels tested 
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(see Fig. 7.1), it was anticipated that positively charged PELs would promote the flocculation, 

since the effluent presented negatively charged particle surfaces. 

 
Fig. 7.13. Multi-colour industrial effluent treatment (based on turbidity reduction) using only a single cationic 
flocculation agent (5.34 mg/L of synthetic cPAM or cellulose-based CDACp37A), at two different pH levels, 1.5 
and 4.5 (initial effluent pH). 

Initial, performance tests were conducted using CDACp37A for a concentration of 5.34 mg/L, 

at two different pH levels, 1.5 and 4.5 (initial effluent pH) (Fig. 7.13). The results were 

compared with cPAM. Even if the natural-based flocculant showed poorer performance at 

shorter contact times, compared to the synthetic one, for longer treatment times (e.g. more than 

1h in the case of pH 1.5) CDACp37A presented superior performance over cPAM. Adjustment 

of pH until 1.5 increased the clarification performance, allowing to remove 51 % of colour (24 

h of treatment) with CDACp37A and 45 % (after 24 h) with the use of cPAM. At the initial 

effluent pH, 4.5, the system showed to be more stable, and 34 % and 31 % of impurities were 

removed, with CDACp37A and cPAM, respectively. 

Furthermore, to improve the performance of the treatment and increase the clarification rate, 

the dual system of cellulose-based polyelectrolytes with an inorganic flocculation aid, such as 

bentonite, was tested (see Table D.3, Appendix D). The influence of pH and dosage of 

inorganic complexation agent (bentonite), as well as the dosages of cellulose-based flocculants 

obtained from Eucalyptus-based raw materials, with different features, were tested and results are 

summarised in Table D.3, (Appendix D), while their graphical representations are in the 

following figures (Fig. 7.14 - Fig. 7.17). In all the presented conditions, the supernatant water 

turbidity was used to evaluate the PELs performance in the treatment of the multi-colour real 

industrial effluent. 
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Fig. 7.14. Multi-coloured industrial effluent treatment based on turbidity removal as a function of time of settling, using cationic 
cellulose-based flocculation agents from different source, in a dual system with bentonite, at pH 1.5. Procedure A: 0.3 wt% 
bentonite and 2.67 mg/L of flocculant. Procedure B: 0.1 wt% bentonite and 2.67 mg/L of flocculant. Procedure C: 0.3 wt% 
bentonite and 5.34 mg/L of flocculant. Procedure D: 0.1 wt% bentonite and 5.34 mg/L of flocculant. A cationic synthetic 
cPAM (in dual system with the same concentrations described in procedures A-D), was used as reference. The results obtained 
only with bentonite (procedures A and C; 0.3 wt%, procedures B and D; 0.1 wt%) are also reported. 

 
Fig. 7.15. Multi-coloured industrial effluent treatment based on turbidity removal as a function of time of settling, 
using cationic cellulose-based flocculation agents from different source, in a dual system with bentonite, at pH 3.0. 
Procedure A: 0.3 wt% bentonite and 2.67 mg/L of flocculant. Procedure B: 0.1 wt% bentonite and 2.67 mg/L of 
flocculant. Procedure C: 0.3 wt% bentonite and 5.34 mg/L of flocculant. Procedure D: 0.1 wt% bentonite and 
5.34 mg/L of flocculant. A cationic synthetic cPAM (in dual system with the same concentrations described in 
procedures A-D), was used as reference. The results obtained only with bentonite (procedures A and C; 0.3 wt%, 
procedures B and D; 0.1 wt%) are also reported. 
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Fig. 7.16. Multi-coloured industrial effluent treatment based on turbidity removal as a function of time of settling, using 
cationic cellulose-based flocculation agents from different source, in a dual system with bentonite, at pH 4.5. Procedure A: 
0.3 wt% bentonite and 2.67 mg/L of flocculant. Procedure B: 0.1 wt% bentonite and 2.67 mg/L of flocculant. Procedure 
C: 0.3 wt% bentonite and 5.34 mg/L of flocculant. Procedure D: 0.1 wt% bentonite and 5.34 mg/L of flocculant. A cationic 
synthetic cPAM (in dual system with the same concentrations described in procedures A-D), was used as reference. The 
results obtained only with bentonite (procedures A and C; 0.3 wt%, procedures B and D; 0.1 wt%) are also reported. 

 
Fig. 7.17. Multi-coloured industrial effluent treatment based on turbidity removal as a function of time of settling, using 
cationic cellulose-based flocculation agents from different source, in a dual system with bentonite, at pH 7.0. Procedure A: 
0.3 wt% bentonite and 2.67 mg/L of flocculant. Procedure B: 0.1 wt% bentonite and 2.67 mg/L of flocculant. Procedure 
C: 0.3 wt% bentonite and 5.34 mg/L of flocculant. Procedure D: 0.1 wt% bentonite and 5.34 mg/L of flocculant. A cationic 
synthetic cPAM (in dual system with the same concentrations described in procedures A-D), was used as reference. The 
results obtained only with bentonite (procedures A and C; 0.3 wt%, procedures B and D; 0.1 wt%) are also reported. 
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In general, applying the dual system (bentonite-flocculant) allows one to increase significantly 

the clarification of treated effluent, compared to procedures with using only bentonite or single 

system with flocculant at the same pH and dosages (Fig. 7.13). Furthermore, in dual systems, 

the results obtained with natural-based flocculants were better when compared to those with 

the synthetic reference (cPAM). For all tested pH levels (1.5; 3.0; 4.5 and 7.0) bentonite destabilises 

the particles in the effluent, due to its slightly positively charged surface, that allows to interact with 

the negatively charged suspended particles in the wastewater. One can also note that the addition of 

the polymer allows to flocs to grow and a more effective and rapid settling. The main mechanisms 

involved must be the charge neutralisation and bridging induced by the polymers. 

As can be seen, Table D.3 (Appendix D) and Fig. 7.14- Fig. 7.17, in general, the best 

performance was observed at initial effluent pH 4.5, as well as at pH 3.0 and even pH 7.0 

(slightly slower kinetics in this case). At the pH 1.5, lower extents of turbidity reduction were 

obtained. Moreover, working at neutral pH, for which the effluent shows to be highly negatively 

charged, using lower dosages of bentonite (0.1 wt%) which destabilises the system, requires 

working, afterwards, with higher dosages of polymers (5.34 mg/L) to successfully bridge the 

particles, allowing the growth of the flocs, and then after that allows to obtain good clarification. 

However, at the initial pH 4.5, the system shows to be slightly less negatively charged compared 

to what was observed at neutral pH, due to which the most effective conditions correspond to 

the addition of 0.3 wt% bentonite followed by only 2.67 mg/L of flocculant.  

Additionally, all tested cationic natural-based flocculants were shown to have better 

performance on the treatment of this industrial coloured effluent, especially at higher pHs, than 

the reference cPAM. Furthermore, the pH level also influences the selection of the most 

effective cellulose-based PELs, which appears to be different according to the pH conditions. 

This can be related with the flocculation mechanisms involved, either neutralisation, bridging 

or their combination.  

At more acidic pH levels, when the effluent appears to be less negatively charge, a better 

clarification was obtained while using higher amount of bentonite (0.3 wt%) with low dosage of 

PELs (2.67 mg/L) (procedure A). This indicates the involvement of charge neutralisation 

mechanism, due to which all tested polyelectrolytes showed high and similar clarification results 

after 24h. Moreover, with the increase of alkalinity of the system (negative charge of suspended 

particles in the effluent increases), and involvement of neutralisation-bridging mechanisms 

became more important, due to which polymers with higher molecular weight and substitution 

degree present better performance in the turbidity reduction.  
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In general, flocculants obtained from a Eucalyptus-pulp with the highest kappa number (higher 

lignin content) and larger hydrodynamic diameter showed the best performance among twelve 

tested PELs. Also, polymers with high degree of substitution combined with a high molecular 

weight, such as CDACp37A or CDACwaq47C, presented good turbidity reductions, as it was also 

observed in the previously described single colour industrial effluent treatment. Still, the 

composition of the raw material used in the modification seems not to have a crucial influence 

on the final performance as flocculation agent, but the characteristics of the PEL, such as zeta 

potential, substitution degree, and molecular weight affect the clarification efficiency. 

 

Fig. 7.18. COD reduction and turbidity removal for treatment of multi-coloured effluent with CDAC 37A, 37C, 
56A, 56C and reference Snow Flake E2 (cPAM), at pH 4.5, after 24h of treatment, in two conditions: A-0.3 wt% 
bentonite followed by 2.67 mg/L of flocculant and D- 0.1 wt% bentonite followed by 5.34 mg/L of flocculant. 

Cationic natural-based PELs from modified bleached pulp with the highest (CDACp37A), and 

the lowest (CDACp37C) substitution degree, as well as cationic PELs obtained from pulp with 

the highest lignin content: CDACw56A (high cationicity index) and CDACw56C (low cationicity 

index), and the reference polymer Snow Flake E2 (cPAM), were tested for COD reduction and 

turbidity removal. Experiments were carried out at pH 3.0, for two conditions (Fig. 7.18). This 

corresponded to the maximum dosage of bentonite and minimum concentration of flocculant 

which showed previously to be the most effective conditions for this pH, corresponding to 

procedure A (0.3 wt% bentonite followed by 2.67 mg/L of flocculation agent) and minimum 

dosage of complexation agent and maximum concentration of PEL, procedure D (0.1 wt% 

bentonite followed by 5.34 mg/L of flocculation agent). 

As it was also observed in the previous tests performed with single coloured industrial effluent 

(see Fig. 7.6 and Fig. 7.11) the COD reduction is correlated with the turbidity removal, 

increased effluent clarification leading to higher COD reduction. For the procedure with low 

addition of PEL (procedure A), the COD reduction obtained was in the range of 60 - 66 % for 

the new natural-based flocculation agents CDACp37A and C, while 27 - 36 % of COD reduction 

was obtained with CDACw56A and C. For the cationic synthetic reference an intermediate COD 
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reduction of 59 %, was observed. Moreover, procedure D, with double concentration of added 

PEL and low dosage of complexation agent, compared to procedure A, presents significantly 

lower and insufficient turbidity removal and COD reduction. In this case the COD reduction 

was in the range of 31 - 33 % for the natural-based flocculation agents CDACw56A and C. 

Considering the overall results, natural-based flocculation agent CDACp37C, seems to be the 

cellulose-based flocculant that has the best performance in the treatment of multi-coloured 

industrial effluent (higher turbidity removal, and high COD reduction), when using procedure 

A. Even if the zeta potential of CDACp37A and C is similar, it is anticipated, CDACp37C 

showed better performance in the treatment of this effluent due to its higher hydrodynamic 

diameter when comparing to CDACp37A, and significantly higher zeta potential when 

comparing to CDACw56A and C. 

In general, the cationic cellulose-based flocculation agents, namely series of CDACp37 and 

CDACwaq47, presented a superior performance in turbidity reduction, over the synthetic 

reference. Furthermore, natural-based PELs presented also better COD reduction. It is worth 

noticing that good clarification results were obtained at initial effluent pH, with the use of 

procedure A, with higher dosage of bentonite (0.3 wt%) followed by a low dosage of CDAC 

(2.67 mg/L). This wastewater treatment procedure that does not require pH adjustment and, 

simultaneously allows high clarification, has the advantage of eliminating a step in the entire 

process, and thus can significantly reduce the costs associated to the process. 

7.5.2. Flocculation performance using new anionic cellulose-based PELs 

The newly developed anionic cellulose-based flocculation agents (see Table 6.5) were also 

tested in the treatment of the real multi-coloured effluent from the textile industry. Moreover, 

the supernatant water turbidity reduction over time (1 min, 30 min, 1 h and 24 h) was used 

to evaluate the PELs performance in the treatment of this industrial effluent. The negative 

zeta potential of the multi-coloured effluent at different pH levels, suggests there will be 

poor flocculation while using also negatively charged PELs. This was confirmed while 

performing tests with anionic natural-based (ADACp54D) or synthetic (aPAM) 

polyelectrolytes, at 5.34 mg/L concentration, in single system, for two different pH levels 1.5 

and 4.5 (initial effluent pH) (see Fig. 7.19). 
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Fig. 7.19. Multi-coloured industrial effluent treatment (based on turbidity reduction) using only a single anionic 
flocculation agent (5.34 mg/L of synthetic aPAM or cellulose-based ADACp54D) at two different pH levels, 1.5 
and 7.0. 

Due to the specific charge characteristic of the effluent (negative charge), anionic 

polyelectrolytes showed to have a poorer performance in the treatment of this effluent 

compared to the cationic polyelectrolytes when used alone (see Fig. 7.13). As mentioned before 

for the cationic PELs, also with the anionic polyelectrolytes, the best results (17 % turbidity 

reduction after 24 h) were obtained when pH was adjust to 1.5 while using ADACp54D. At pH 

1.5, the effluent tends to be less stable (zeta potential -19 mV), when compared to initial pH 4.5 

(zeta potential -45 mV). The higher negative charge of the effluent particles, makes the effluent 

more difficult to treat at pH 4.5 (strong repulsion effects), compared to the treatment for a more 

acidic pH level, for which the repulsion effect is weaker. Although, some turbidity removal was 

obtained while using the described procedures, the clarification results were poor and the 

removals were never higher than 20 % after 24 h of treatment. 

The low efficiency while using only anionic PELs, without any additional flocculation aid, was 

the reason to proceed with the test of dual systems with inorganic complexation agent 

(bentonite or aluminium sulphate). The summarised results are presented in Table D.4 

(Appendix D) and their graphical representations are provided in the following figures 

(Fig. 7.20-Fig. 7.23 and Fig. 7.25). 
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Fig. 7.20. Multi-coloured industrial effluent treatment based on turbidity removal as a function of time of settling, 
using anionic cellulose-based flocculation agents from different sources, in a dual system with bentonite, at pH 1.5 
was used. Procedure A: 0.3 wt% bentonite and 2.67 mg/L of flocculant. Procedure B: 0.1 wt% bentonite and 2.67 
mg/L of flocculant. Procedure C: 0.3 wt% bentonite and 5.34 mg/L of flocculant. Procedure D: 0.1 wt% bentonite 
and 5.34 mg/L of flocculant. An anionic synthetic aPAM (in dual system with the same concentrations described 
in procedures A-D), was used as reference. The results obtained only with bentonite (procedures A and C; 0.3 
wt%, procedures B and D; 0.1 wt%) are also reported. 

 
Fig. 7.21. Multi-coloured industrial effluent treatment based on turbidity removal as a function of time of settling, 
using anionic cellulose-based flocculation agents from different sources, in a dual system with bentonite, at pH 3.0 
was used. Procedure A: 0.3 wt% bentonite and 2.67 mg/L of flocculant. Procedure B: 0.1 wt% bentonite and 2.67 mg/L 
of flocculant. Procedure C: 0.3 wt% bentonite and 5.34 mg/L of flocculant. Procedure D: 0.1 wt% bentonite and 
5.34 mg/L of flocculant. An anionic synthetic aPAM (in dual system with the same concentrations described in 
procedures A-D), was used as reference. The results obtained only with bentonite (procedures A and C; 0.3 wt%, 
procedures B and D; 0.1 wt%) are also reported. 
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Fig. 7.22. Multi-coloured industrial effluent treatment based on turbidity removal as a function of time of settling, 
using anionic cellulose-based flocculation agents from different sources, in a dual system with bentonite, at pH 4.5 
was used. Procedure A: 0.3 wt% bentonite and 2.67 mg/L of flocculant. Procedure B: 0.1 wt% bentonite and 2.67 mg/L 
of flocculant. Procedure C: 0.3 wt% bentonite and 5.34 mg/L of flocculant. Procedure D: 0.1 wt% bentonite and 
5.34 mg/L of flocculant. An anionic synthetic aPAM (in dual system with the same concentrations described in 
procedures A-D), was used as reference. The results obtained only with bentonite (procedures A and C; 0.3 wt%, 
procedures B and D; 0.1 wt%) are also reported. 

 
Fig. 7.23. Multi-coloured industrial effluent treatment based on turbidity removal as a function of time of settling, 
using anionic cellulose-based flocculation agents from different sources, in a dual system with bentonite, at pH 7.0 
was used. Procedure A: 0.3 wt% bentonite and 2.67 mg/L of flocculant. Procedure B: 0.1 wt% bentonite and 2.67 mg/L 
of flocculant. Procedure C: 0.3 wt% bentonite and 5.34 mg/L of flocculant. Procedure D: 0.1 wt% bentonite and 
5.34 mg/L of flocculant. An anionic synthetic aPAM (in dual system with the same concentrations described in 
procedures A-D), was used as reference. The results obtained only with bentonite (procedures A and C; 0.3 wt%, 
procedures B and D; 0.1 wt%) are also reported. 
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In general, applying the dual system (bentonite-flocculant) increased the flocculation efficiency, 

when compared to conditions using only bentonite or single system with flocculant, for the 

same pH and dosages. For all tested pH levels (1.5; 3.0; 4.5 and 7.0) bentonite itself was not 

effective to clarify the effluent. In dual system, bentonite starts by destabilising the system 

interacting with the negatively charged particles suspended in the effluent, due to bentonite 

slightly positively charged surface. Further addition of polymer allows to flocs to grow and 

increasing the settling rate. Furthermore, using dual system with natural-based anionic 

flocculants let to obtain similar clarification results when compared to those with the synthetic 

anionic reference (aPAM), for the same conditions.  

Table D.4 (Appendix D) and the Fig. 7.20 - Fig. 7.23, show that the anionic-cellulose based 

flocculation agents were less effective in the treatment of this type of effluent when comparing 

with the performance of cationic cellulose-based polyelectrolytes, as described previously. The 

best performance was always obtained while working with high dosages of bentonite (0.3 wt%), 

which shows to be an essential component for the clarification of this effluent with anionic 

PELs. While using 0.3 wt% of bentonite at acidic pH, better results were obtained with 5.34 mg/L. 

Moreover, working at pH 3.0 or initial pH 4.5 allows to obtain better clarification results, 

comparing to results obtained at pH 1.5 or 7.0. Additionally, the pH changes also influence the 

selection of the most effective anionic cellulose-based PEL, which appears to be different 

according to the pH conditions. This can be related with the interactions between 

bentonite/impurities and the subsequent flocculation mechanisms involved. 

In general, flocculants obtained from Eucalyptus-pulp with the highest kappa number (higher 

lignin content) and the larger hydrodynamic diameter, showed the best performance among 

tested PELs. This can be related with the high hydrophobic/lignin fraction still unmodified in 

the sample, that is able to interact with the negatively charged effluent impurities. Also, polymers 

with high degree of substitution combined with high molecular weight, such as CDACwaq53A, 

presented good turbidity reductions, at initial pH, with 0.3 wt% of bentonite. Indeed, the 

composition of the raw material used in the modification seems, in this case, to have some 

influence on the final performance as flocculation agent of the natural-based anionic PELs. The 

characteristics of the PELs, such as zeta potential, substitution degree, and molecular weight 

also influenced the clarification efficiency. 

Anionic natural-based PELs, produced from bleached pulp, ADACp54D, obtained after 24 h 

of sulfonation, and ADACp54B obtained after 72 h of reaction, as well as anionic cellulose-

based PELs obtained from pulp with the highest lignin content, ADACw55A (24 h of 
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modification reaction) and ADACw55C (74 h of modification reaction), and the reference 

polymer aPAM, were tested for COD reduction and turbidity removal, at the initial pH of 4.5, 

for two conditions: with maximum dosage of bentonite and minimum concentration of 

flocculant which showed previously to be the most effective conditions at tested pH and 

corresponds to procedure A (0.3 wt% bentonite followed by 2.67 mg/L of flocculation agent), 

as well as minimum dosage of complexation agent and maximum concentration of PEL, 

procedure D (0.1 wt% bentonite followed by 5.34 mg/L of flocculation agent) (Fig. 7.24). 

 

Fig. 7.24. COD reduction and turbidity removal for treatment of multi-coloured industrial effluent with ADAC 
54D, 54B, 55A, 55C and reference Snow Flake X0 (aPAM), at pH 4.5, after 24h of treatment, in two conditions: 
A-0.3 wt% bentonite followed by 2.67 mg/L of flocculation agent and D- 0.6 wt% bentonite followed by 5.34 mg/L of 
flocculation agent. 

For the procedure with a higher dosage of bentonite and low addition of flocculant (procedure 

A), poor COD reduction was obtained for all tested new anionic cellulose-based polymers, in 

the range of 34 - 39 % (with turbidity reduction of 70 - 75 %), while for the synthetic reference 

performance in COD reduction was still lower, 32 %, while turbidity was removed in 68%. 

Compared to the CDAC (results previously described Fig. 7.18) ADACs show significantly 

lower performance in turbidity removal and COD reduction. Moreover, procedure D with 

double levels of added polymer and low dosage of bentonite, when compared to procedure A, 

presents slightly higher turbidity reduction for ADACw55A and ADACw55C, which is translated 

also in higher values of COD reduction, however still in the range of 39 - 57 %. Considering 

the overall results, anionic natural-based flocculation agents, seem not to be the most adapted 

for this multi-coloured industrial effluent treatment. Cationic cellulose-based flocculants were 

more suitable and showed the best performance in the treatment of this industrial effluent. 

Procedures established with anionic cellulose-based flocculation agents and bentonite, were 

tested also with the use of aluminium sulphate as a complexation agent. Fig. 7.25 shows results 

obtained at pH 1.5, 3.0, 4.5 and 7.0, while using two concentrations of flocculation agent (either 

anionic natural-based ADACp54D or synthetic aPAM), 2.67 mg/L (procedures A and B) or 
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5.34 mg/L (procedures C and D) and two different amounts of aluminium sulphate, 0.3 wt% 

(procedures A and C) or 0.1 wt% (procedures B and D). Furthermore, all procedures, A-D, at 

all tested pH levels, were compared with the treatment performed only with aluminium sulphate 

at the corresponding dosages for A-D tests. For all the presented procedures, A-D, at tested pH 

levels (1.5, 3.0, 4.5 and 7.0), using the aluminium sulphate/anionic PEL combination, Fig. 7.25, 

when compared to the tests performed for the same conditions but using the bentonite/anionic 

PEL system, better clarification results were obtained when using the dual system with bentonite 

(Fig. 7.20 - Fig. 7.23). As it was indicated in case of Turquoise Blue industrial effluent treatment 

(see section 7.5.1), also in the treatment of these multi-coloured industrial effluent, due to 

smaller molecules of aluminium sulphate, when compared to bentonite, poorer complexes were 

created with aluminium sulphate and not efficient destabilisation of effluent was obtained. The 

interaction of aluminium sulphate with effluent impurities, affected the flocculation process due 

to grow of smaller, harder to settle flocs. In fact, aluminium sulphate used in mono system as 

well as in dual system with ADACp54D or aPAM, showed not to be effective in the clarification 

of this industrial multi-coloured effluent. 

 
Fig. 7.25. Multi-coloured industrial effluent treatment based on turbidity removal as a function of time of settling, 
using anionic cellulose-based flocculation agent ADACp54D, in a dual system with aluminium sulphate (A.S.), at 
different pHs. Procedure A: 0.3 wt% A.S. followed by 2.67 mg/L of flocculant. Procedure B: 0.1 wt% A.S. and 
2.67 mg/L of flocculant. Procedure C: 0.3 wt% A.S. and 5.34 mg/L of flocculant. Procedure D: 0.1 wt% A.S. and 
5.34 mg/L of flocculant. An anionic synthetic aPAM (in dual system with the same concentrations described in 
procedures A-D) was used as reference. The results obtained only with A.S. (procedures A and C; 0.3 wt%, 
procedures B and D; 0.1 wt%) are also reported. 
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7.6. FINAL REMARKS 

This chapter reported the attempts to evaluate the performance of the developed anionic and 

cationic cellulose-based polyelectrolytes with diverse characteristics in the treatment of single 

coloured (Turquoise Blue) and multi-coloured industrial effluents.  

Turquoise Blue single industrial effluent showed to be very stable, negatively charged at the 

initial pH 12.0. Hein, the pH adjustment for this effluent, is always going to be required to 

provide instability of the treated system and increase the flocculation performance. With the 

increase of acidity, Turquoise Blue showed to loose stability, becoming the most unstable at pH 

1.5. Also, multi-coloured tested wastewater showed to be negatively charged at the initial pH 

4.5. With the increase of acidity, the system showed to lose the stability and became less 

negatively charge, however with the increase of alkalinity the opposite effect was observed 

(higher alkalinity, higher negative zeta potential). As it was anticipated, at acidic condition when 

Turquoise Blue or multicolour industrial system stability decreases the flocculation ability 

increases. Also, due to intermediate stability of multicolour industrial effluent at initial pH 4.5, 

effective flocculation should be expected for this situation. 

The results obtained for cationic and anionic cellulose-based flocculants applied in the 

flocculation of two industrial coloured effluents, indicate that using single system only with 

developed PELs is insufficient. In general, negatively charged flocculants are not very suitable 

to treat negatively charge effluents due to the repulsion mechanism. Also, due to the small size 

of dye particles, cationic PELs alone were ineffective. Only following the introduction of an 

inorganic complexation agent, as an aid, prior to the flocculation, could significantly increase 

the destabilisation of the treated effluents and further increase the clarification rate. Moreover, 

bentonite showed superior performance over aluminium sulphate in both treated effluents. 

Although, in dual system, cationic cellulose-based polyelectrolytes (CDACs) showed greater 

flocculation performance (in both tested effluents), anionic natural-based polyelectrolytes 

(ADACs) were also effective at higher PEL dosages. 

In general, using low concentration of CDAC (2.67 mg/L) and with low addition of bentonite 

(0.3 wt%) at pH 3.0, a higher level of turbidity removal and COD reduction were obtained for 

Turquoise Blue industrial effluent treatment. However, 5.34 mg/L of ADACs and 0.6 wt% of 

bentonite also provided clarification at pH 3.0. Using low dosages of the complexation agent 

(bentonite) and flocculation agent can significantly reduce the costs associated to the process. 

Since, if working at pH 1.5 showed to be more effective, also tests performed at pH 3.0 
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persented high clarification results, adjustment of pH from initial value of 12.0 until 3.0 can 

bring significant savings to the process as well as reduce the safety concern of working in highly 

acidic conditions (pH 1.5). Furthermore, the final evaluation of the most effective procedure 

and polyelectrolytes in the flocculation process of these industrial effluent, monitored in LDS 

is going to be described in the Chapter 8. 

Multicoloured industrial effluent, in dual system bentonite/cationic cellulose-based 

polyelectrolytes (CDACs) removed over 80 % of turbidity in several trials. Moreover, 

bentonite/anionic natural-based polyelectrolytes (ADACs) mixture was able to reduce turbidity 

in 70 - 80 %. It is worth noticing that at initial effluent pH 4.5, with the use of 0.3 wt% of 

bentonite followed by 2.67 mg/L of CDAC (procedure A) showed good results in the reduction 

of turbidity or COD. This treatment that does not requires pH adjustment and in the same 

allows high clarification results can not only eliminate a step in entire process but also 

significantly reduce the costs associated to the process.  

The overall results showed that cellulose-based cationic and anionic polyelectrolytes can be 

considered as a replacement of oil-based conventional wastewater treatment agents. As a result, 

a wide range of PELs with different charge densities showed a superior performance over the 

synthetic polyacrylamides. Also, the composition of starting material used in the production of 

natural-based PELs showed not to have a significant influence in the treatment of tested 

wastewaters. However, high charge together with high molecular weight are significant features 

that influence the success in desired application. 
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8.1. INTRODUCTION 

In modern water and wastewater treatment, coagulation and flocculation are widely used 

solid/liquid separation processes. These typically employ an oligomer or polymer of charged 

nature. Polyelectrolytes features, such as charge type, density and molecular weight, are essential 

parameters affecting the conformation of a polymer chain in solution then influences the 

mechanism of flocculation and sedimentation. The effectiveness of the process is also 

influenced by the characteristics of the system (e.g. type, size and available surface area of 

suspended particles, pH of the medium, charge of suspended particles/molecules). Thus, a good 

understanding of flocculation kinetics, involved mechanisms and flocs structure is critical in 

identifying the most adequate treatment conditions for a given system. 

In general, the evolution of flocs characteristics (structure and size) during their growth, as well 

as the flocculation kinetics, can be study using laser diffraction spectroscopy (LDS), according 

to procedures previously developed392-394. Typically, with no particles in the system, the laser 

beam passes through the sample all without changing its direction. The opposite happens, when 

there is a particle on the laser path. This event results in the scattering of light and alteration of 

the laser beam of the laser beam. In LDS, the angle between the scattered light and the incident 

beam (scattering angle) is related with the particle size. Moreover, the intensity of the scattered 

light is determined based on the number of particles in each size class. Furthermore, it is then 

possible to generate the scattering matrix, based on data (intensity of scattered light) for the 

different scattering angles, and, then after, particle size and size distribution can be then obtained 

by applying an adequate model395.  

Many theories and associated models can be used to extract the particle size information from 

the scattering data. Among them, the Fraunhofer model is the simplest one, used to predict the 

scattering path of solid opaque discs/particles of a micrometric size (about 50 μm). Moreover, 

this model assumes that all particle sizes scatter with equal efficiencies and there is no transmission 

of light through the particle. Also, scattering is supposed to be caused only by the particle surface. 

However, these assumptions have limited application, since they require precise particle shape (disc 

type or spherical), no transparency of analysed sample, which brings large inaccuracy to the 

characterisation to small particles in the tested system373. The Mie theory has a broader application, 

since the scattered behaviour of all types of materials, over large size range and conditions, can be 
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predicted based on the only assumption that particles are more, less spherical. This theory, when 

compared to the Fraunhofer model, generally correlates better to experimental data. However, it 

requires knowledge about the optical properties (refractive indices, real and absorption part of 

the refractive index) of the particle and the medium373. In the Fraunhofer approximation only the 

refractive index of the medium is required. Using the Mie model can significantly increase the accuracy 

of the path of scattered light predicted. However, the approximations used in the signal treatment 

can have no significance if the sample was badly prepared, poorly dispersed, or too concentrated, 

which will always cause incorrect final characterization373. 

When studying the flocculation kinetics, it is very important to take into account the events of 

floc breakage during the process; this is not possible to observe in a typical jar-test. The size 

distribution of particles and aggregates can also be of use392. Several reports refer the use of LDS 

in flocculation processes monitoring, generally of model systems393 using model particles and 

synthetic, conventional polyelectrolytes. Rasteiro et al.392,393 applied the LDS in flocculation 

monitoring for papermaking applications, following the flocculation of a standard paper filler, 

precipitated calcium carbonate system. It was possible to evaluate the flocculation mechanisms 

involved, while working with several different synthetic flocculation agents. Furthermore, LDS 

allowed to extract data on floc size distribution, average flocs size and aggregates structure, 

described by the fractal dimension (dF- to characterize the primary aggregates compactness) and 

scattering exponent (SE- to characterize the secondary aggregates structure), in a continuous 

flocculation process387. The density (compactness) of the flocs can be estimated based on the 

fractal dimension, since it corresponds to the primary particles that fill the space in the nominal 

volume of an aggregate396. Furthermore, for the secondary aggregates, resulting from 

aggregation of the primary ones, the scattering exponent provides information for the larger 

length scales of the flocs and their structure, as for these larger aggregates the fractal 

approximation is not valid387. From the LDS scattering matrix, it is possible to extract 

information about the fractal dimension of the aggregates.  

The mass fractal dimension provides a way of expressing the degree to which primary particles 

fill the volume of the aggregate: 

𝑚(𝑅)𝛼𝑅𝑑𝐹       Eq. 8.1 

where m is the mass of the aggregate of radius R and dF the fractal dimension. Furthermore, for 

non-porous solid particles dF is equal 3 and for porous particles 1< dF <3. 
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When plotting, in logarithmic scale, the scattering intensity versus q. Where q is calculated by: 

𝑞 =
4𝜋𝑛0

𝜆0
𝑠𝑖𝑛(𝜃 2⁄ )     Eq. 8.2 

where n0 is the refractive index of the dispersing medium, θ the scattering angle and λ0 

corresponds to the incident light wavelength, the slope of the decay region is related to the 

fractal dimension of the aggregates. When both primary and secondary aggregates are 

simultaneously present in the flocs, two regions with different slopes can be identified in the 

scattering plot (see Fig. 8.1). The first region characterises the larger length scales (smaller 

angles), and is related to the secondary aggregates in the system, their structure being 

represented by the scattering exponent (SE). The second region, characterises the smaller length 

scales (larger angles) and is related to the primary aggregates in the system (characterized by the 

fractal coefficient (dF)386. 

 

Fig. 8.1. Typical plot of scattering intensity versus q, with identification of the first and second regions. 

Additionally, when using LDS it is possible to control the hydrodynamic conditions in the 

system (mechanical stirring rate and flow rate) so that flocculation can be observed in controlled 

hydrodynamic conditions which can easily be reproduced in industrial flocculation processes386. 

Besides LDS, other techniques can also provide information about evolution with time of flocs 

size and their structure. Image analysis is one of the easiest and the most direct measuring 

technique, and refers to a process, which includes image capture using a digital camera coupled 

to a microscope, and its processing. In general, the size and structure of aggregates are obtained 

by automatically counting of pixels belonging to each object (floc), while the shape is referred 

to morphological parameters that describe the floc, including circularity, elongation, roundness, 

compactness or eccentricity397. Finally, this technique allows to manually exclude impurities 
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from the analysis, since the measurement is performed for each particle separately, providing 

information about the variability in the structure. However, this methodology requires 

preparation and manual selection/evaluation of a large amount of samples (particles) over time 

in order to obtain data regarding flocculation kinetics. It is important to note that, the statistical 

representativeness of the sample must always be considered, and, to assure this, the technique 

is usually very time consuming.  

An alternative technique is the focused beam reflectance microscopy (FBRM)393, broadly used 

in real-time flocculation monitoring in large scale processes. FBRM is applied in flocculation 

processes monitoring and floc properties analysis as well as to screen the changes in particle 

population during the process395. Similar to LDS, FBRM is also a technique based on light 

scattering that does not involve sampling procedures. FBRM uses a highly focused beam laser, 

at a high movement speed, measuring the backward scattering light of a sample with suspended 

particles. The described technique can produce good quality data for particle size in relatively 

concentrated suspensions, but only for the large aggregates sizes. However, in the initial stages 

of the flocculation where the particles size is relatively small, FBRM shows difficulties in 

detection and recording of good quality data, due to limited resolution, what is the main 

disadvantage of the technique. Also, it has to be guaranteed the statistical representativeness of 

the objects counted. 

In flocculation studies often, the floc settling behaviour is measured in terms of supernatant 

formation kinetics using a liquid dispersion optical characterisation instrument (Turbiscan). The 

underlying principle of the technique is to measure and analyse the changes in the light 

transmission and backscattering by the sample in a cylindrical cell, as a function of particle 

movements (aggregation, creaming and/or sedimentation)398. It is important to point out that, 

the intensity of transmitted or backscattered light depends on the amount of suspended 

particles. During the flocculation process particles aggregate, forming flocs, and become larger 

in size, strongly bounded and heavier than as individual particles. Increasing the combined mass 

enhances the sedimentation of the particles aggregates. During the measurement with 

Tuirbiscan the formation of the sediment layer is monitored over time. Also, the sedimentation 

of the flocs leads to the formation of a clear layer of supernatant liquid, at the top of the tested 

sample. This process is also known as “clarification”399. Following the transmission intensity 

profiles over time, collected in the Turbiscan measurement, it is possible to calculate and 

determine the clarification rate of the samples. Moreover, the Turbiscan provides information 



MATERIALS 

281 

 

about the phase separation in terms of sedimentation, clarification and phase fraction evolution 

over time, and does not require sampling. However, it is not suitable to evaluate the flocculation 

mechanisms or determine the floc features (structure or size) as well as the floc breakage. 

In the present study, LDS was used to evaluate continuously the flocculation process of model 

coloured effluents (Acid Black 2 and Methylene Blue), as well as of the real industrial coloured 

wastewater from a textile industry. In all LDS trials performed, dual systems with bentonite and 

cellulose-based PELs were evaluated. Acid Black 2, Methylene Blue and industrial coloured 

effluent were treated with two cationic polyelectrolytes obtained from Eucalyptus bleached fibers, 

and with two cationic polyelectrolytes obtained from pulp with high lignin content, already 

presented and characterized in previous Chapter 4. In addition, Methylene Blue and industrial 

coloured effluents were tested with anionic bio-PELs obtained from two different sources of 

raw material: Eucalyptus bleached fibers and pulp with kappa number of 26.7, also already 

presented, and described in previous chapters (Chapter 6 and Chapter 7). The size, structure, 

and strength of produced flocs were monitored and analysed, and the possible flocculation 

mechanisms are discussed for each treated effluent, separately. The effect on the performance 

on the flocculation process of heterogeneity of the used raw material in the production of PELs, 

as well as the degree of substitution and zeta potential, was evaluated. The main objective of 

this chapter is to better identify the characteristics of the PELs that have a stronger influence 

on their performance in the treatment of the type of effluents studied, and to evaluate the 

influence of the initial raw material on the performance of the natural-based PELs. This can 

direct us to avoid harsh and costly pre-treatment techniques, to obtain the pulp which will be 

used to produce the cellulose based flocculation agents. 

8.2. MATERIALS 

The flocculation tests were carried out on two model coloured effluents: Methylene Blue (Fluka 

Chemie AG, Buchs, Germany) and Acid Black 2 (Carl Roth, Karlsruhe, Germany) (see details 

and characteristics of the dyes in Table 6.1 and Table 6.6). Additionally, the flocculation tests 

were also carried out on the real single coloured (Turquoise Blue) industrial effluent supplied 

by Rosarios4 (Portugal), with characteristics summarised in Table 7.1.  

Cellulose-based synthesized cationic (modified bleached pulp: CDACp37A, 37C and modified 

pulp with kappa number of 26.7: CDACw56A, 56C) and anionic (modified bleached pulp: 
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ADACp54D, 54B and modified pulp with kappa number of 26.7: ADACw55A, 55C) 

polyelectrolytes, fully described, characterized and tested as flocculants in previous chapters 

(Chapters 4, 6 and 7), were used for the flocculation experiments. Flocculant solutions were 

prepared in distilled water, at 0.5 wt%. In order to guarantee the effectiveness of the flocculants, 

the polymer solutions were prepared every day. 

The bentonite used in the flocculation tests was purchased from Vermeer Portugal under the 

commercial name Cebo Premium (for details see section 6.3.2). The bentonite stock suspension 

in distilled water, at 5 wt%, was prepared every day prior to the measurements. 

8.3. EXPERIMENTAL PROCEDURES 

Laser diffraction spectroscopy (LDS), Malvern Mastersizer 2000 (Malvern Instruments), was 

used to monitor the flocculation process in low mixing conditions. With the progress of time, 

this technique provides information about the flocculation kinetics, the flocs structure and 

aggregates size distribution, according to previous studies386,393. In order to use these technique 

one of the required steps was the dilution of the initial effluents used in jar-tests, to ensure an 

acceptable level of obscuration, which was let initially not to exceed 80%, guaranteeing, in this 

way that during the flocculation process obscuration value was always above 5%, as 

recommended393. All LDS measurements were performed while applying dual system with 

bentonite and anionic (ADAC) or cationic (CDAC) cellulose-base polyelectrolytes. Due to the 

LDS requirements, even if better clarification results were obtained in jar-tests for highly acidic 

pH´s, to guarantee the most safe conditions for the equipment, all flocculation tests were 

performed at pH´s above 2.5 (pH: 2.5 for Acid Black 2; 4.0 for Methylene Blue and 3.0 for 

industrial effluent). The stirring speed in the system was optimised in order to guarantee 

representativeness of the sample presented to the measuring cell ant to avoid flocs breakage, as 

will be described in the next subsection. 

8.3.1. Flocculation monitoring of model effluents 

Acid Black 2 

Flocculation performance of cationic modified cellulose from bleached pulp CDACp37A, 37C 

and from pulp with kappa number of 26.7, CDACw56A, 56C, on Acid Black 2 model effluent, 

was monitored by measuring the aggregates size distribution using LDS. The anionic cellulose-
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based flocculants were not evaluated for this model effluent using LDS, due to their poor 

performance in jar-test in dual system with bentonite, as was described in Chapter 6. 

Additionally, dilution of the initial model effluent used in jar-test (0.011 wt% dye concentration) 

was required to ensure an acceptable level of obscuration after addition of appropriate amount 

of the complexation agent (bentonite), which was initially above 98%, without any dilution. The 

concentrations of used components were recalculated according to the dilution factor, to 

reproduce procedures A and C evaluated in the jar-tests (see Chapter 6). 

A volume of 15 mL of bentonite suspension (at 5 wt%) was added to 750 mL of model effluent 

(at 0.009 wt% dye concentration) in the equipment dispersion unit. This corresponded to an 

average bentonite concentration of 0.1 wt%. The measurements of the initial model effluent 

were carried out at pH 2.5, with stirring speed of 2000 rpm. The bentonite was added at 1200 

rpm after the first particle size distribution acquisition of the initial effluent. The cellulose-based 

polyelectrolyte was added at once, after the third particle size distribution acquisition of the 

effluent-bentonite system. The amount of bio-PEL added at 1200 rpm (to guarantee good 

dispersion of the PEL) was adjusted to obtain overall concentrations in the system of 1.1 and 

2.2 mg/L, according with the conditions of the jar tests presented in Chapter 6. Considering 

that fragile flocs were produced in the jar-tests, for the two flocculant concentrations referred 

above, two excess concentrations of natural-based flocculant (3.3 and 4.4 mg/L) were 

additionally selected for the LDS experiments, (in order to better evaluate the possibility of 

existence of different flocculation mechanisms). 

Various stirring speeds of the dispersion unit (200 to 900 rpm) were evaluated for the 

flocculation step. The objective was to guarantee an effective flocs circulation in the sampling 

system and to avoid flocs breakage. A speed of 350 rpm was found to be the optimized rate 

allowing growth of large size aggregates, and thus not compromising the flocculation process. 

Fig. 8.2 shows that for the stirring rates above 350 rpm flocs size decreases a lot due to 

breakage. For stirring speeds below 350 rpm flocs size distribution remains more less constant, 

even if it was observed some settling of the aggregates in the vessel, for the speeds below that 

value, due to ineffective stirring and pumping of the effluent to the measuring cell. Thus, during 

the further flocculation studies, the flocculation vessel was stirred mechanically using the sample 

unit of the Malvern Mastersizer 2000 at a stirring speed of 350 rpm to avoid floc breakage, but 

still ensuring that floc sedimentation was not occurring. The size of the flocs was measured 
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every 36 sec for a total period of 20 min (i.e. until the floc size stabilised). Error bars are not 

shown to avoid confused graphs. 

 

Fig. 8.2. Flocs size distribution for the stirring speeds tested (200 rpm-900 rpm), using Acid Black 2 model effluent, 
0.1 wt% of bentonite followed by 2.2 mg/L of the cellulose-based flocculant CDACp37A, after 20 min.  

Furthermore, the scattering matrix obtained by LDS was treated to calculate the scattering 

exponent (SE) of the flocs. The SE parameter provides information about floc structure as 

previously explained. From the scattering matrix obtained by LDS, it is possible to plot, in 

logarithmic scale, the scattering intensity versus q, and the slope of the first region of the plot is 

related to the SE (see example in Fig. 8.3). The scattering matrix can be exported through the 

a manufacturer supplied software to a spreadsheet and the data is then processed, offline, for 

each acquisition, in order to obtain the scattering exponents. 

 

Fig. 8.3. Typical plot of scattering intensity versus q, with identification of the first region fit which supplies SE, 
for Acid Black 2 model effluent with 0.1 wt% of bentonite and 2.2 mg/L of the cellulose-based flocculant 
CDACp37A, after 9 min of process monitoring. 

For the complete data, see Appendix E, Fig. E.1 to Fig. E.4. 

0

1

2

3

4

5

6

7

8

9

0.01 0.1 1 10 100 1000 10000

V
o

lu
m

e 
(%

)

Particle size (μm)

200 rpm

350 rpm

500 rpm

700 rpm

900 rpm

y = -1.36x + 1.88
R² = 0.99

0

1

2

3

4

-0.5 0.5 1.5 2.5

lo
g 

in
se

n
si

ty

log q

First region



EXPERIMENTAL PROCEDURES 

285 

 

Methylene Blue 

Flocculation performance of modified cellulose from bleached pulp, cationic (CDACp37A, 37C) 

and anionic (ADACp54D, 54B), as well as modified cellulose from pulp with kappa number of 

26.7, cationic (CDACw56A, 56C), and anionic (ADACw55A, 55C) on Methylene Blue model 

effluent, was monitored by measuring the aggregate size distribution using LDS. Dilution of 

initial model effluent used in jar-test (0.01 wt% dye concentration) till 0.008 wt% was required to 

ensure an acceptable level of obscuration after addition of appropriate amount of complexation 

agent (bentonite). The concentrations of used components were recalculated according to the 

dilution factor, to reproduce procedures A and C evaluated in the jar-test (see Chapter 6). 

A volume of 9 mL of bentonite suspension (at 5 wt%) was added to 750 mL of model effluent 

(at 0.008 wt% dye concentration) in the equipment dispersion unit, which corresponded to an 

average bentonite concentration of 0.06 wt%. The measurements of the initial model effluent 

at pH 4.0 were carried out for a stirring speed of 2000 rpm. As described before, the bentonite 

was added at 1200 rpm followed by the addition of the cellulose-based PELs. The addition of 

the bio-PEL at 1200 rpm was done in a single shot, to obtain overall concentrations in the 

system of 1.1 (corresponding to procedure A in the jar-test), 2.2 (corresponding to procedure C in 

the jar-test), 3.3 and 4.4 mg/L. Moreover, the tests were carried out setting the mechanical stirring 

speed at 350 rpm, as was optimised while performing LDS measurements with Acid Black 2.  

The scattering exponent (SE) of the flocs was calculated according to the procedure described 

before and the complete data is available in Appendix E, Fig. E.5 to Fig E.8 (cationic bio-

PELs) and Fig. E.9 to Fig E.10 (anionic bio-PELs). 

8.3.2. Flocculation monitoring of industrial Turqouise Blue effluent 

LDS was used also to monitor the flocculation process of Turquoise Blue industrial effluent to 

evaluate the flocculation performance of modified cellulose from bleached pulp cationic 

(CDACp37A, 37C) and anionic (ADACp54D, 54B), as well as modified cellulose from pulp with 

kappa number of 26.7, cationic (CDACw56A, 56C) and anionic (ADACw55A, 55C). Dilution of 

50%, with distilled water, of the initial industrial effluent used in jar-test was required, to ensure 

an acceptable level of obscuration after addition of appropriate amount of complexation agent 

(bentonite). The concentrations of used components were recalculated according to the dilution 

factor, to reproduce procedures A and C evaluated in the jar-tests (see Chapter 7). Initial 

turbidity of effluent before dilution was 212 NTU, while after dilution it was reduced till 100 NTU. 



FLOCCULATION PROCESS MONITORING 

286 

 

A volume of 23 mL of bentonite suspension (at 5 wt%) was added to 750 mL of model effluent 

in the equipment dispersion unit, which corresponded to an average bentonite concentration of 

0.15 wt%. The measurements of the initial model effluent, at pH 3.0, were carried out for a 

stirring speed of 2000 rpm. As described before, the bentonite was added at 1200 rpm followed 

by the addition of the cellulose-based PELs, using the same stirring speed. The overall 

concentrations of PEL in the system tested were: 1.3 (corresponding to procedure A in jar-tests, 

see Chapter 7), 2.6 (corresponding to procedure C in jar-tests, see Chapter 7), 4.0 and 5.3 

mg/L. Moreover, the tests were carried out at the optimised stirring speed of 350 rpm, as 

described before. 

The scattering exponent (SE) of the flocs was calculated using the procedure described before. 

The complete data is available in Appendix E, Fig. E.11 to Fig E.14 (cationic bio-PELs) and 

Fig. E.15 to Fig E.18 (anionic bio-PELs). 

8.4. RESULTS AND DISCUSSION 

The results of the decolouration tests monitored by LDS for the two model effluents (Acid 

Black 2 and Methylene Blue) and the Turquoise Blue industrial effluent will be presented here, 

and discussed individually for each type of effluent and natural-based PEL (cationic and 

anionic). The first part will focus on the performance of cellulose-based flocculation agents in 

dual system with bentonite on flocculation of model coloured effluents, while the second part 

focus on evaluation of bio-PELs performance in flocculation of the real industrial effluent. In 

this chapter, only some procedures evaluated in the jar-tests (Chapter 6 and Chapter 7) are 

going to be applied in the LDS monitoring, as previously referred. Furthermore, only four 

cationic cellulose-based PELs with the highest and the lowest substitution degree (PELs from 

bleached pulp: CDACp37A, 37C and from pulp with kappa number of 26.7: CDACw56A, 56C) 

are going to be tested. Also, four anionic cellulose-based flocculation agents (PELs from 

bleached pulp: ADACp54D, 54B and from pulp with kappa number of 26.7: ADACw55A, 55C) 

were applied and evaluated. 

Acid Black 2 

Cationic natural-based polyelectrolytes CDACp37A, 37C and CDACw56A, 56C, with different 

characteristics, as described in previous chapter (Chapter 4), were applied in the flocculation of 

Acid Black 2 model effluent in dual system with bentonite. It is expected to observe, due to the 
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differences between the cationic bio-PELs, differences in the flocculation process itself. 

Moreover, the anionic cellulose-based PELs were not applied in LDS tests of this model 

effluent, due to the poor efficiency in dual system with bentonite presented in the jar-tests (for 

details see Chapter 6). 

 

Fig. 8.4. Particle size distribution of the Acid Black 2 model effluent, at pH 2.5: initial model effluent, effluent 
with addition of 0.1 wt% bentonite and with further addition of 2.2 mg/L of the cellulose-based flocculant 
CDACp37A at the end of the flocculation (20 min). 

An example of the particle size distribution of the initial model effluent based on Acid Black 2, 

at pH 2.5, of the effluent after addition of the bentonite and of the effluent at the end of the 

flocculation process are shown in Fig. 8.4, for treatment with the cationic cellulose-based 

flocculant CDACp37A. The particle size distribution evolves from a monomodal distribution in 

the low particle size range to distributions which are displaced with time, towards higher particle 

sizes, as expected. The median size of the particles in the initial effluent, measured by LDS, was 

0.069 µm, while after the addition of bentonite it was 0.235 µm, corresponding to the formation 

of Acid Black 2-bentonite complexes. The addition of flocculant increased drastically the 

median size of the particles. Adding a dosage of CDACp37A of 2.2 mg/L, increased the median 

particle size to a value of 267 µm after 20 minutes. 

Fig. 8.5 and Fig. 8.6 provide representation of the evolution of aggregate size over time, 

obtained by laser diffraction spectroscopy, for four different bio-PEL concentrations (1.1, 2.2, 

3.3 and 4.4 mg/L), for the cationic cellulose-based polyelectrolytes tested (obtained from 

bleached pulp with high substitution degree CDACp37A and low substitution degree 

CDACp37C and obtained from pulp with kappa number of 26.7: with high substitution degree 

CDACw56A and low substitution degree CDACw56C). In these figures both the evolution of 

the median of the flocs size distribution d(0.5), and the 90 % undersize percentile diameter 

d(0.9) are plotted. The trends in these curves are, in general, similar for all the cases tested. 
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Fig. 8.5. Acid Black 2 - evolution of median particle size distribution (d(0.5)) over time, obtained via LDS for four 
different flocculant dosages for cationic cellulose-based polyelectrolytes obtained from bleached pulp, CDACp37A, 
37C and obtained from pulp with kappa number of 26.7, CDACw56A, 56C, combined with bentonite. 

 

Fig. 8.6. Acid Black 2 - evolution of 90 % undersize percentile diameter of particle size distribution d(0.9) over 
time, obtained via LDS for four different flocculant dosages for cationic cellulose-based polyelectrolytes obtained 
from bleached pulp, CDACp37A, 37C and obtained from pulp with kappa number of 26.7, CDACw56A, 56C, 
combined with bentonite. 

From Fig. 8.5 and Fig. 8.6 it is also obvious that the features of used bio-PELs influence both 

floc size and the flocculation kinetics. The floc sizes reach their maximum within 80 seconds 

after addition of flocculant to the effluent-bentonite system and then stabilize. Considering the 

flocs size evolution with time, namely the decrease of the spherical diameter over time of 

flocculation, for some of the systems tested, it is possible to conclude that in the first minutes 

of the flocculation process aggregation predominates, allowing to obtained large flocs size. After 
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reaching the maximum floc size, floc breakage of the large flocs, due to the low turbulent 

environment can occur400,393. Moreover, when reaching the equilibrium between breakage and 

reaggregation, the floc size stabilizes. Additionally, the rearrangement of aggregates appears in 

all the tests while working at high polyelectrolyte concentrations (3.3 and 4.4 mg/L) being more 

predominant when using PELs with higher molecular weight (considering the hydrodynamic 

diameter), CDACw56A and CDACw56C, which do also present lower charge density. This trend 

is even more pronounced when looking at the d(0.9) plots, which corresponds to the larger flocs 

in the system. 

Typically, with the increase of bio-PEL dosage used in the effluent-bentonite system an increase 

in the flocs size was observed. The only exception is when using CDACp37A, slightly lower size 

having been obtained for the concentration of 3.3 mg/L, in this case. This can be attributed to 

the high charge and substitution degree of this polyelectrolyte. For all tested cellulose-based 

flocculants the influence of concentration is significant and is more pronounced for PELs with 

lower substitution degrees (CDACp37C and CDACw56C) very small flocs, being obtained, in 

this case, for lowest concentration tested. The predominant flocculation mechanism for these 

PELs must be bridging, which explains why working at significantly low polymer concentrations 

results in small flocs, since only few particles will be bridge together in this case. Additionally, 

no significant difference is observed when using PELs obtained from pulp with high lignin 

content when compared to the polyelectrolytes obtained from bleached pulp (compare results 

for CDACp37A and CDACw56A, and results for CDACp37C compared to CDACw56C). The 

maximum floc size is similar for the two graphs of flocculants even if slightly higher in the case 

of PELs obtained from bleached pulp, probably due to the high substitution degree of these 

polyelectrolytes (see Table 6.4 in Chapter 6). 

The SE profiles, calculated from the scattering matrix obtained via LDS, for four cationic 

cellulose-based PELs with four concentrations, were plotted in Fig. 8.7. The SE data after 9 min 

of flocculation, for each concentration and polymer, was summarized in Appendix E. A time 

of 9 min were chosen in order to ensure that flocculation and SE values had already reached a 

stable situation in the kinetic curves. 
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Fig. 8.7. Acid Black 2- evolution of floc structure (SE) with time, for four different concentrations, for the cationic 
cellulose-based polyelectrolytes obtained from bleached pulp, CDACp37A, 37C and obtained from pulp with kappa 
number of 26.7, CDACw56A, 56C, combined with bentonite. 

For all the tests, independently of used bio-PEL and concentrations, the scattering exponent 

increases rapidly at the beginning of the flocculation process, when a rapid growth of the floc 

size occurs. The higher is the value of SE the more compact aggregates were obtained. With the 

flocs growth, the SE value also increases until it reaches the stabilisation stage, within only a few 

minutes. Due to the very low particles size of the initial model effluent, it was not possible to 

obtain their SE value. The initial SE values in Fig. 8.7 correspond to the effluent-bentonite 

system, and the continuous growth of SE indicates the continuous increase of floc compactness 

throughout the flocculation process. In the literature400,386 dispersions of calcium carbonate were 

flocculated with synthetic cationic polyelectrolytes under more turbulent conditions than the 

present work. Therein, the SE values above 2.0 were measured. For this tested model Acid 

Black 2-bentonite system, under low stirring conditions, lower SE values were obtained 

(between 1.02 and 1.9) corresponding to more porous flocs. 

The floc structure results based on SE (Fig. 8.7) indicate that the flocculation process takes 

place by the bridging mechanism, supported by the fast flocculation rate and the relatively open 

aggregates. Moreover, higher PEL concentration leads to more compact flocs, which 

correspond to higher values of SE, due to inclusion of more particles in the aggregate, as 

discussed previously. In general, both cationic flocculants with lower substitution degree and 

zeta potential (CDACp37C and CDACw56C) lead to more porous flocs. With an increase in 

charge density the less extended conformation of the polymer chain on the particles surface 
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leads to more compact flocs, as it was reported in the literature195. Comparing all the polymers, 

the most compact flocs achieved are the ones obtained with the cationic flocculant. CDACw56A, 

which agrees with the larger flocs observed when using this polymer (see Fig. 8.5 and Fig. 8.6), 

especially for the highest concentration (4.4 mg/L), as referred previously.  

The bio-PELs obtained from pulp with kappa number of 26.7 leads to slightly more compact 

flocs (especially for low PEL concentration with low substitution degree) when compared with 

flocs obtained using PELs from bleached pulp, for the same concentration, in agreement with 

the jar-tests presented in Chapter 6, for the lower concentrations. This must be a result of a 

higher affinity of the lignin present in the modified cellulose-based PEL, to the effluent particles, 

and also of the expected wider distribution of molecular weight in these PELs. 

The success of the flocculation process and its kinetics is strongly dependent on the tested 

polyelectrolyte features and concentration which condition on the flocculation mechanism 

involved393. In the flocculation with cellulose-based polyelectrolytes of the Acid Black 2-

bentonite system, bridging is likely to be the predominant flocculation mechanism. 

Furthermore, the LDS technique allowed evaluating performance of different cellulose 

polyelectrolytes in the flocculation of the model effluent. In addition, it was possible to obtain 

information not only about the flocculation kinetics but also about the aggregates size 

distribution and their structure. Consequently, LDS is a very useful technique to evaluate and 

differentiate polyelectrolytes for a desired application, in wastewater treatment, where the 

importance is the knowledge of floc morphology (large, small, open, or compact) and 

flocculation kinetics having in mind the final process foreseen (filtration, sedimentation, etc.) 

Methylene Blue 

Cationic cellulose-based polyelectrolytes CDACp37A, 37C and CDACw56A, 56C, and anionic 

PELs, ADACp54D, 54B and ADACw55A, 55C with different characteristics, as defined in 

previous chapter (Chapter 4), were applied in the flocculation of Methylene Blue model effluent 

in dual system with bentonite, monitored by LDS. It is likely to observe, due to the differences 

between the cationic and anionic cellulose-based flocculants, differences in the flocculation 

process itself. Moreover, the LDS trials of tested model effluent were based on the jar-tests 

experiments developed in previous chapter (for details see Chapter 6). 
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Fig. 8.8. Particle size distribution of Methylene Blue model effluent, at pH 4.0: initial model effluent, effluent with 
addition of 0.06 wt% bentonite and at the end of the flocculation (20 min) with further addition of 2.2 mg/L of 
the cellulose-based flocculant either cationic CDACp37A or anionic ADACp54D. 

An example of the particle size distribution of the initial model effluent based on Methylene 

Blue, at pH 4.0, of the effluent after addition of the bentonite and of the effluent at the end of 

the flocculation process (20 minutes) are shown in Fig. 8.8, for the treatment performed with 

the cationic cellulose-based flocculant CDACp37A and with anionic bio-PEL, ADACp54D. In 

both cases, the particle size distribution evolves from a monomodal distribution in the low 

particle size to distributions which are displaced, with time, towards higher particle sizes, as 

expected, and as it was observed in flocculation trials performed previously with Acid Black 2 

model effluent. Furthermore, the cationic CDACp37A showed superior flocculation 

performance over anionic ADACp54D, promoting formation of aggregates with larger spherical 

sizes. The median size of the particles in the initial effluent, measured by LDS, was 0.089 µm, 

while after the addition of bentonite it was 0.241 µm, corresponding to the formation of 

Methylene Blue-bentonite complexes (the dye molecules were adsorbed on the bentonite 

surface). The addition of flocculant, either cationic or anionic, increased drastically the median 

size of the particles. Adding a dosage of CDACp37A of 2.2 mg/L, increased the median particle 

size to a value of 969 µm, while adding an equal dosage of ADACp54D (2.2 mg/L), increased 

the median particle size to a value of 194 µm after 20 minutes. 

Fig. 8.9 and Fig. 8.10 provide representation of the evolution of aggregate size over time, 

obtained by laser diffraction spectroscopy, for four different bio-PEL concentrations (1.1, 2.2, 

3.3 and 4.4 mg/L), for the cationic cellulose-based polyelectrolytes (obtained from bleached 

pulp with high substitution degree CDACp37A and low substitution degree CDACp37C and 

obtained from pulp with kappa number of 26.7 with high substitution degree CDACw56A and 

low substitution degree CDACw56C). In these figures both the evolution of the median of the 

flocs size distribution d(0.5), and the 90% undersize percentile diameter d(0.9), are plotted. 
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provide representation of the evolution of aggregate size over time, obtained by laser diffraction 

spectroscopy, for four different bio-PEL concentrations (1.1, 2.2, 3.3 and 4.4 mg/L), for the 

cationic cellulose-based polyelectrolytes tested (obtained from bleached pulp with high 

substitution degree CDACp37A and low substitution degree CDACp37C and obtained from 

pulp with kappa number of 26.7 with high substitution degree CDACw56A and low substitution 

degree CDACw56C). In these figures both the evolution of the median of the flocs size 

distribution d(0.5), and the 90% undersize percentile diameter d(0.9), are plotted. The trends in 

these curves are, in general, similar for all the cases tested. From Fig. 8.9 and Fig. 8.10 it is also 

obvious that the features of used bio-PELs influence both floc size and the flocculation kinetics, 

as it was also detected in case of previously described model effluent of Acid Black 2 flocculation 

processes. The floc sizes reach their maximum within 60 seconds after addition of flocculant to 

the effluent-bentonite system and then stabilize. 

 
Fig. 8.9. Methylene Blue initial model effluent at pH 4.0 - evolution of average particle size distribution (d(0.5)) 
over time, obtained via LDS for four different flocculant dosages for cationic cellulose-based polyelectrolytes 
obtained from bleached pulp, CDACp37A, 37C and obtained from pulp with kappa number of 26.7, CDACw56A, 
56C, combined with bentonite. 
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Fig. 8.10. Methylene Blue initial model effluent at pH 4.0 - evolution of 90% undersize percentile diameter of 
particle size distribution d(0.9) over time, obtained via LDS for four different flocculant dosages for cationic 
cellulose-based polyelectrolytes obtained from bleached pulp, CDACp37A, 37C and obtained from pulp with kappa 
number of 26.7, CDACw56A, 56C, combined with bentonite. 

In addition, considering the flocs size evolution with time, it is possible to conclude that in the 

first minutes of the flocculation process aggregation predominates, allowing to obtained large 

flocs size. After reaching the maximum aggregate size, floc breakage of the large flocs, for the 

low turbulent environment, can occur400,393, as it was also observed in the case of Acid Black 2 

flocculation monitored by LDS. Moreover, the floc size stabilizes when the equilibrium between 

breakage and reaggregation was reached. Additionally, some rearrangement of aggregates 

appears in the tests while working at high polyelectrolyte concentration (4.4 mg/L), when using 

PEL with higher heterogeneity and low charge (CDACw56C) see Fig. 8.10. Typically, with the 

increase of bio-PEL dosage used in the effluent-bentonite system an increase in the flocs size 

was observed (except 4.4 mg/L of PEL dosage in some trials). Furthermore, for the PELs with 

lower charge density, the highest flocs size was usually for the 3.3 mg/L concentration (not for 

4.4 mg/L). This can be attributed to some saturation of the particles surface for the highest 

concentration if the charge of the PEL is very high. Using shortage in concentration always 

resulted in smaller floc sizes.  

For all tested cellulose-based flocculants the influence of concentration is significant and is more 

pronounced for PELs with lower substitution degrees (CDACp37C and CDACw56C), very small 

flocs being obtained, in this case, for the lowest concentration tested. The predominant 

flocculation mechanism for these PELs must be bridging, which explains why working at 

significantly low polymer concentrations results in small flocs, since only few particles will be 
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bridged together in this case (Fig. 8.9 and Fig. 8.10). Additionally, no significant difference is 

observed when using highly charged polyelectrolytes obtained from pulp with high lignin 

content, when compared to the PELs obtained from bleached pulp (compare results for 

CDACp37A and CDACw56A). The maximum floc size is similar when using these two polymers, 

even if slightly higher in the case of PELs obtained from bleached pulp, probably due to the 

high substitution degree of these polyelectrolytes and more heterogeneity of molecular weight 

distribution (see Table 6.4 in Chapter 6). Additionally, poorer performance in flocculation 

have been observed, when working with lower charged PELs, especially for CDACw56A. The 

increase of heterogeneity and lignin content in PEL, decreases the flocs size when comparing 

results for CDACp37C to CDACw56A. However, the most important factors where influenced 

the flocculation kinetics and size of obtained aggregates were the charge density and substitution 

degree. As it was also observed in jar-tests (see Chapter 6) when using the cationic, highly 

charged flocculants CDACp37A or CDACw56A, very rapid settling was obtained when 

compared to CDACp37C or CDACw56C, due to the higher substitution degree and zeta 

potential of these polyelectrolytes (see Table 6.4 in Chapter 6) which favours flocculation. 

Fig. 8.11 represents the evolution of aggregates size over time, obtained by LDS, for four 

different natural-PEL concentrations (1.1, 2.2, 3.3 and 4.4 mg/L), for the anionic cellulose-

based polyelectrolytes tested (obtained from bleached pulp ADACp54D and obtained from pulp 

with kappa number of 26.7: ADACw55A). In the figure, both the evolution of the median of 

the flocs size distribution d(0.5), and the 90% undersize percentile diameter d(0.9), are plotted. 

The trends in these curves are, in general, similar for all the trials performed. In the jar-tests, for 

higher acidity levels, Methylene Blue colour removal obtained with ADACs increases. However, 

the LDS technique has some restrictions regarding the effluent pH value which can be used, 

due to which the tests were performed at pH 4.0. It was then expected to obtain lower 

flocculation efficiency of tested anionic-PELs, compared to the previously described LDS 

results with cationic PELs. 
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Fig. 8.11. Methylene Blue initial model effluent at pH 4.0 - evolution of particle size distribution d(0.9), d(0.5) over 
time, obtained via LDS for four different flocculant dosages - anionic cellulose-based polyelectrolytes obtained 
from bleached pulp, ADACp54D and obtained from pulp with kappa number of 26.7, ADACw55A, combined with 
bentonite. 

From Fig. 8.11 it is clear that the features of tested PELs, for the conditions tested, have a 

minor influence on both floc size and the flocculation kinetics. The most important conclusion 

is that flocculation system was inappropriate, due to the pH used. The floc sizes reach their 

maximum typically within few seconds (the time to reach the maximum size increases with the 

increase of PEL dosage) after addition of polyelectrolyte to the effluent-bentonite system and 

then stabilize. When reaching the equilibrium between breakage and reaggregation, the floc size 

stabilizes, as can be observed namely for median particle size distribution (d(0.5)) evolution. 

Additionally, aggregates produced with anionic cellulose-based polyelectrolytes in tested model 

effluent system were a lot more fragile, and easy to rupture compared to those obtained with 

the cationic cellulose-based polyelectrolytes. The ADACs, for the conditions tested, creates, 

poor network between bentonite-dye particles, resulting in low overall size of flocs, when 

compared to the CDACs.  

The rearrangement of aggregates appears in all the tests while working at all polyelectrolyte 

concentrations, for the larger flocs (see d(0.9) plots) being more predominant when using PELs 

with lower molecular weight (considering the hydrodynamic diameter), ADACw55A, which was 

obtained from pulp with higher lignin content (see Table 6.5 in Chapter 6). Typically, with the 

increase of bio-PEL dosage used in the effluent-bentonite system an increase in the medium 
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flocs size was observed. Moreover, it is expected that working at more acidic conditions with 

ADACs, would increase the aggregate size monitored by LDS as shown previously in Chapter 

6 for the jar-test.  

The predominant flocculation mechanism for these PELs must be patching followed by 

ineffective bridging, due to relatively lower molecular weight (considering the hydrodynamic 

diameter), when comparing the anionic PELs to previously tested cationic PELs. Additionally, 

no significant difference was observed when using anionic polyelectrolyte obtained from pulp 

with high lignin content compared to the anionic polyelectrolyte obtained from bleached pulp 

(compare results for ADACp54D and ADACw55A). Moreover, due to great similarity between 

zeta potential values of ADACp54D and ADACw55A (Table 6.5, Chapter 6) this parameter 

did not influence significantly the flocculation process, and thus similar results were obtained 

which the two PELs. 

The SE profiles, calculated from the scattering matrix obtained via LDS, for four cationic 

cellulose-based PELs with four concentrations, are plotted in Fig. 8.12, and for two anionic 

cellulose-based polyelectrolytes are plotted in Fig. 8.13. The SE data after 9 minutes of 

flocculation, for each concentration and polymer, was summarized in Appendix E. The 9 min 

were chosen in order to guarantee that flocculation and SE values had already reached a stable 

situation in the kinetic curves. Due to the very low particles size of the initial model effluent, it 

was not possible to obtain their SE value. 

 

Fig. 8.12. Methylene Blue initial model effluent at pH 4.0 - evolution of floc structure (SE) for the cationic 
cellulose-based polyelectrolytes obtained from bleached pulp, CDACp37A, 37C and obtained from pulp with kappa 
number of 26.7, CDACw56A, 56C, at tested concentrations. 
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Fig. 8.13. Methylene Blue initial model effluent at pH 4.0 - evolution of floc structure (SE) for the anionic cellulose-
based polyelectrolytes obtained from bleached pulp, ADACp54D, and obtained from pulp with kappa number of 
26.7, ADACw55A, at tested concentrations. 

For all the tests, independently of used cationic PEL and concentrations, the scattering 

exponent increases rapidly at the beginning of the flocculation process, when a rapid growth of 

the floc size occurs. The higher is the value of SE the more compact aggregates were obtained. 

The initial SE values in Fig. 8.12 and Fig. 8.13 correspond to the effluent-bentonite system, 

and the continuous increase of SE indicates the continuous increase of floc compactness 

through the flocculation process. As was reported in the literature400,386, under more turbulent 

conditions, using traditional synthetic cationic polyelectrolytes in flocculation of model calcium 

carbonate suspensions, more compact flocs, based on SE values above 2.0, have been obtained 

for that situation For tested model Methylene Blue-bentonite system, under low stirring 

conditions, lower SE values were obtained corresponding to flocs that are more porous. The 

only exception is when using high PEL concentrations for CDACp37A (2.2, 3.3 or 4.4 mg/L), 

CDACp37C (4.4 mg/L), and CDACw56A (3.3 or 4.4 mg/L), for which SE values of 2.0 or 

slightly higher have been obtained, due to the higher degree of substitution and zeta potential 

of previously described PELs when compared to CDACw56C. However, when working with 

anionic PELs, the significant growth of the SE value was not observed, due to the inefficient 

flocculation process.  

The low SE values obtained with ADACs indicate the strongly open floc structures obtained, 

which are easy to rearrange and fragile, even for the low mechanical stirring used (breakage of 

aggregates was visible while performing LDS study, Fig. 8.11). The floc structure results based 

on SE (Fig. 8.12) when using CDACs, confirm that the flocculation process takes place by the 

bridging mechanism; supported by the fast flocculation rate and the relatively open flocs. 

Furthermore, higher cationic PEL concentration leads to more compact flocs, which 

correspond to higher values of SE, due to introduction of more particles in the floc structure, 

as discussed earlier.~ 
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In general, both cationic flocculants with lower substitution degree and zeta potential 

(CDACp37C and CDACw56C) lead to more porous flocs. With the increase in charge density 

the less extended conformation of the polymer chain on the particles surface leads to more 

compact flocs, as it was reported in the literature195. Comparing all the polymers, the more 

compact flocs achieved are the ones obtained with the cationic flocculants CDACp37A, 

CDACp37C and CDACw56A, which agrees with the larger size of the flocs observed when using 

these polymers (see Fig. 8.9 and Fig. 8.10), specially for the highest PEL dosages, as referred 

before, corresponding, simultaneously to aggregation of more particles. 

When using CDACp37A (highly charge and low heterogeneity), the influence of used PEL 

concentration leads to obtain only two SE regions in the plot (Fig. 8.11) one when working at 

the lowest concentration of 1.1 mg/L, which lead to more open aggregate structures and the 

second one corresponding to more compact aggregate structures, obtained with the other tested 

PEL concentrations (from 2.2 to 4.4 mg/L). This is aligned with the flocculation kinetics, in 

terms of size evolution with time, reported here (Fig. 8.10). Additionally, the cationic PELs 

obtained from pulp with kappa number of 26.7, led to slightly less compact flocs (especially for 

low PEL concentration with low substitution degree), when compared with flocs obtained using 

PELs from bleached pulp, for the same concentration, it was also in agreement with the jar-

tests results, presented in Chapter 6, for the lower concentrations. This must be related with 

the higher heterogeneity of these PELs, which, somehow, affects the flocculation process. 

Regarding the treatment with the anionic PELs, Fig. 8.13 shows that the flocs obtained are 

always very open, agreeing with the flocculation kinetic curves discussed previously (Fig. 8.11). 

Besides, the anionic bio-PELs obtained from pulp with kappa number of 26.7, also led to less 

compact flocs (especially for low PEL dosages) when compared with flocs obtained using PELs 

from bleached pulp, for the same concentration.  

When treating coloured effluents, the success of the flocculation process and its kinetics is not 

only strongly dependent on the tested polyelectrolyte features and concentration, which 

condition the flocculation mechanisms involved393, but also on the effluent characteristics such 

as pH, suspended particles etc. In the flocculation with cationic cellulose-based polyelectrolytes 

of the Methylene Blue-bentonite system, bridging is likely to be the predominant flocculation 

mechanism. However, when using anionic cellulose-based polyelectrolytes to flocculate the 

same system, patching is likely to be the predominant flocculation mechanism in described 

conditions, which is not efficient for this very stable model effluent for the pH tested  
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(see Fig. 6.1). Thus, cationic cellulose-based polyelectrolytes performed better in the 

flocculation of tested system compared to anionic cellulose-based polyelectrolytes. 

Furthermore, the LDS technique allowed evaluating performance of different cationic and 

anionic cellulose-based polyelectrolytes in the flocculation of the model effluent. 

Industrial single coloured effluent 

For the first time, in our team, LDS was recently, successfully used in the flocculation 

monitoring of a real oily effluent394. Here, cationic natural-based PELs, CDACp37A, 37C and 

CDACw56A, 56C, and anionic cellulose-based PELs ADACp54D, 54B and ADACw55A, 55C, 

with different features, as defined in Chapter 4Error! Reference source not found., were applied 

n the flocculation of an industrial effluent (Turquoise Blue) in dual system with bentonite. Due 

to the different features of the tested cationic polymers CDACs and anionic flocculants ADACs, 

differences in the flocculation process are expected to be observed. The LDS trials of the 

industrial mono-coloured effluent were based on the jar-tests experiments developed in 

previous chapter (for details see Chapter 7). 

 
Fig. 8.14. Particle size distribution of the initial industrial mono-coloured effluent (Turquoise Blue), at pH 3.0. 
Initial industrial effluent; effluent with addition of 0.15 wt% bentonite; effluent with further addition of 4.0 mg/L 
of the cellulose-based flocculants, either cationic CDACp37A or anionic ADACp54D, at the end of the flocculation 
(20 min) . 

An example of the particle size distribution of the initial industrial mono-coloured effluent 

(Turquoise Blue), at pH 3.0, of the effluent after addition of the bentonite and of the effluent 

at the end of the flocculation process (20 minutes), are shown in Fig. 8.14, for the process 

carried out using cellulose-based flocculants, either the cationic CDACp37A or anionic 

ADACp54D. In both cases, the particle size distribution evolves from a bimodal distribution in 

the low particle size range to monomodal distributions which are displaced, with time, towards 

higher particle sizes, as expected. 
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Fig. 8.15. Industrial effluent (Turquoise Blue) - evolution of median particle size distribution (d(0.5)) over time, 
obtained via LDS, for four different flocculant dosages for cationic cellulose-based polyelectrolytes obtained from 
bleached pulp, CDACp37A, 37C and obtained from pulp with kappa number of 26.7, CDACw56A, 56C, combined 
with bentonite. 

 

Fig. 8.16. Industrial effluent (Turquoise Blue) - evolution of the 90% undersize percentile diameter of particle size 
distribution d(0.9) over time, obtained via LDS, for four different flocculant dosages for cationic cellulose-based 
polyelectrolytes obtained from bleached pulp, CDACp37A, 37C and obtained from pulp with kappa number of 
26.7, CDACw56A, 56C, combined with bentonite. 

Moreover, ADACp54D showed slightly superior flocculation performance over CDACp37A, 

promoting formation of aggregates with larger spherical sizes. The median size of the particles 

in the initial industrial effluent, measured by LDS, was 0.106 µm, while after the addition of 

bentonite it was 3.88 µm, corresponding to the formation of effluent-bentonite complexes. The 

addition of flocculant, either cationic or anionic (4.0 mg/L), increased drastically the median 

size of the particles at the end of the process, monitored over 20 minutes. Adding CDACp37A, 
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increased the median particle size to a value of 94 µm, while adding ADACp54D, increased the 

median particle size to a value of 193 µm 

Fig. 8.15 and Fig. 8.16 show the evolution of aggregate size over time, obtained by LDS, for 

four tested PEL concentrations (1.3, 2.6, 4.0 and 5.3 mg/L), for the cationic cellulose-based 

polyelectrolytes tested (obtained from bleached pulp with high substitution degree CDACp37A 

and low substitution degree CDACp37C and obtained from pulp with kappa number of 26.7 

with high substitution degree CDACw56A and low substitution degree CDACw56C). In these 

figures both the evolution of the median of the flocs size distribution d(0.5), and the 90% 

undersize percentile diameter d(0.9), are plotted. The trends in these curves are, in general, 

similar for all the cases tested if PELs produced from the same type of raw material are 

compared (CDACp37A with CDACp37C and CDACw56A with CDACw56C). Furthermore, the 

flocs size reach their maximum within 60 seconds after addition of flocculant to the effluent-

bentonite system and then stabilize. Fig. 8.15 and Fig. 8.16 demonstrate that the features of 

used bio-PELs influence both aggregate size and the flocculation kinetics. Following the flocs 

size evolution with time, it is possible to conclude that in first minutes of the flocculation, 

aggregation predominates, allowing to obtained large flocs size. After reaching the maximum 

value of floc size, aggregates breakage of the large flocs, even in low turbulent environment can 

happen400,393. Additionally, the aggregates size stabilizes only when the balance between breakage 

and reaggregation occurs.  

The rearrangement of aggregates appears in all the tests while working at high polyelectrolyte 

concentrations (4.0 and 5.3 mg/L), especially when using PELs with lower charge density, 

CDACp37C and CDACw56C, which do also present higher molecular weight (considering the 

hydrodynamic diameter). This tendency is more obvious when looking at the d(0.9) plots, which 

correspond to the larger aggregates in the system. Usually, with the increase of cationic-PEL 

dosage used in the effluent-bentonite system an increase in the flocs size was observed. When 

using CDACw56A and CDACw56C, similar sizes were achieved for that two higher 

concentrations (4.0 mg/L and 5.3 mg/L). For all tested cellulose-based flocculants from 

bleached pulp, the influence of concentration is significant and is more pronounced for PEL 

with lower substitution degrees (CDACp37C). Also, for the PELs produced from pulp with 

kappa number of 26.7 (CDACw56A and CDACw56C) the influence of concentration is not so 

evident. This can, again, be attributed to the expected wider distribution of molecular weight of 

these PELs. Additionally, the high charge and substitution degree of CDACp37A showed 
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superior results in the flocs growth, over the slightly lower charged CDACp37C, which led to 

smaller aggregates, especially while working at lower polymer concentrations of 1.3 and 2.6 

mg/L. This can be attributed to insufficient bridging of the particles while working with low 

charge and concentrations. The predominant flocculation mechanism for the CDACp must be 

bridging, which explains why working at significantly low polymer concentrations results in small 

flocs, since only few particles will be bridged together in this case. It is also important to note, that 

results obtained in jar-test (see Chapter 7) are in the agreement to those obtained by LDS. 

As it was observed while performing the jar-tests, with the increase of acidity the industrial 

effluent colour removal obtained with ADACs increased, due to the lower stability of the 

system. However, using LDS has some limitations regarding the pH levels that can be used, due 

to which the tests with Turquoise Blue effluent were performed at pH 3.0. For this pH the 

effluent showed to be negatively charged, and thus, applying positively charged bentonite 

followed by the addition of negatively charged cellulose based PEL, lead to effective flocculation 

results. 

 

Fig. 8.17. Industrial mono-coloured effluent (Turquoise Blue) - evolution of median particle size distribution 
(d(0.5)) over time, obtained via LDS for four different flocculant dosages for the anionic cellulose-based 
polyelectrolytes obtained from bleached pulp, ADACp54D, 54B and obtained from pulp with kappa number 26.7, 
ADACw55A, 55C, combined with bentonite. 
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Fig. 8.18. Industrial monocoloured effluent (Turquoise Blue) - evolution of particle size distribution d(0.9) over 
time, obtained via LDS for four different flocculant dosages for the anionic cellulose-based polyelectrolytes 
obtained from bleached pulp, ADACp54D, 54B and obtained from pulp with kappa number of 26.7, ADACw55A, 
55C, combined with bentonite. 

Fig. 8.17 and Fig. 8.18 provide representation of the evolution of aggregates size over time, 

monitored by LDS, for four tested PEL concentrations (1.3, 2.6, 4.0 and 5.3 mg/L) for the 

anionic cellulose-based polyelectrolytes tested (obtained from bleached pulp after 24 h of 

sulfonation procedure ADACp54D and after 73 h of sulfonation ADACp54B and obtained from 

pulp with kappa number of 26.7, after 24 h of sulfonation ADACw55A and after 73 h of 

sulfonation ADACw55C). In these figures both the evolution of the median of the flocs size 

distribution d(0.5), and the 90 % undersize percentile diameter d(0.9) of the aggregates size 

distribution, are plotted. 

From Fig. 8.17 and Fig. 8.18 it is clear that the features of tested PELs affect either floc size 

or the flocculation kinetics. The flocs size reach their maximum within few seconds after 

addition of flocculant to the effluent-bentonite system and then stabilize. The only exception is 

when using ADACp54D, significantly longer time having been required to achieve the 

stabilisation stage for the concentration of 5.3 mg/L, specially for the largest aggregates size 

d(0.9). This can be attributed to the fact that much larger flocs are obtained for this case, which 

requires a longer period to reach equilibrium between aggregations and breakage. Considering 

the flocs size evolution with time, it is possible to conclude that in the first minutes of the 

flocculation process aggregation predominates, allowing to obtain large aggregates size. After, 

reaching the maximum flocs size, floc breakage of the large flocs, even in low turbulent 
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conditions can occur400,393, as it was also observed in flocculation of the model coloured 

effluents, previously described, after that, eventually, equilibrium between breakage and 

reaggregation is achieved, and the flocs size stabilizes. 

The rearrangement of flocs is not significant when working with the anionic cellulose based 

polyelectrolytes, in all tested conditions, except for the highest concentration of ADACp54D, 

which led to the largest flocs. Comparing the results using CDACs (Fig. 8.15 and Fig. 8.16) 

and ADACs (Fig. 8.17 and Fig. 8.18), due to the low flocs rearrangement in the tests with 

ADACs, the final floc size obtained with these polymers was in general larger, when compared 

to the CDACs. In general, with the increase of anionic PEL dosage used in the effluent-

bentonite system, an increase in the flocs size was observed. For all tested anionic natural-based 

flocculants the influence of concentration is significant and is more pronounced for PELs 

obtained from pulp with higher heterogeneity (higher lignin content). Moreover, the 

predominant flocculation mechanism for anionic-PELs must be also bridging, which explains 

why working at significantly low polymer concentrations results in smaller flocs, since fewer 

particles will be bridged together in this case. Besides, anionic PELs showed superior 

performance over the cationic PELs in the flocculation of this effluent, leading to obtain 

stronger aggregates with lower tendency to rearrange. 

 

Fig. 8.19. Industrial effluent (Turquoise Blue) - evolution of floc structure (SE) for the cationic cellulose-based 
PELs obtained from bleached pulp CDACp37A, 37C and obtained from pulp with kappa number of 26.7, 
CDACw56A, 56C, at tested concentrations. 
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Fig. 8.20. Industrial effluent (Turquoise Blue) - evolution of floc structure (SE) for the anionic cellulose-based 
PELs obtained from bleached pulp ADACp54D, ADACp54B and obtained from pulp with kappa number of 26.7, 
ADACw55A, ADACw55C at tested concentrations. 

The SE profiles, calculated from the scattering matrix obtained via LDS, for four cationic and 

four anionic cellulose-based PELs, with four concentrations, were plotted in Fig. 8.19 and Fig. 

8.20. The SE data after 9 minutes of flocculation, for each concentration and polymer, is 

summarized in Appendix E. The 9 minutes were chosen in order to guarantee that flocculation 

and SE values had already reached a stable state in the kinetic curves. 
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or cationic PELs, takes place by the bridging mechanism; supported by the fast flocculation rate 

and the relatively open aggregates.  

Higher PEL concentration leads to more compact flocs, which correspond to higher values of 

SE, due to inclusion of more particles in the aggregate, as discussed previously. In general, 

cationic flocculants from pulp with higher lignin content (CDACw56A and CDACw56C) and 

CDACp37C with lower substitution degree (compared to CDACp37A), exhibit a lower influence 

of PEL concentration on floc compactness agreeing with the trends observed when analysing 

the influence of PEL concentration on flocs size (Fig. 8.19). With the increase in charge density 

the less extended conformation of the polymer chain on the particles surface leads to more 

compact flocs, as it was also reported in the literature195. Comparing all the cationic polymers, 

the more compact flocs correspond to the situations where larger flocs were obtained (see Fig. 

8.15 and Fig. 8.16), which is related to more efficient flocculation process resulting in 

aggregation of more particles. 

The anionic bio-PELs resulted in less compact flocs, when compared to the cationic cellulose-

based PELs. Also, SE values vary less with time, when working with ADACs, what corresponds 

to lower rearrangement of the aggregates, as discussed when analysing the flocculation kinetics. 

The ADACs obtained from the pulp with high lignin content and higher heterogeneity resulted 

in lower floc porosity, especially for low concentrations, when compared with the PELs 

obtained from bleached pulp, for the same concentration. This must be the result of a higher 

affinity of the lignin, in the modified cellulose, to the effluent particles, especially at low 

concentrations, as was already described for jar-tests results (see Chapter 7). 

In general, the success of the flocculation process and its kinetics is strongly dependent on the 

tested polyelectrolyte features and concentration, which condition the flocculation mechanisms 

involved393. In the flocculation of the industrial effluent-bentonite system with both anionic and 

cationic, cellulose-based PELs, bridging is likely to be the predominant flocculation mechanism. 

Furthermore, in this effluent, the anionic cellulose-based flocculants, in general, tend to produce 

larger aggregates, but slightly less compact, when compared to cationic PELs. In addition, it was 

possible for this effluent, to obtain information not only about the flocculation kinetics but also 

about the aggregates size distribution and their structure, as time evolved. One can conclude 

that LDS is a very useful technique to evaluate and differentiate polyelectrolytes for a desired 

application, not only in model coloured effluents but also in industrial wastewaters. 
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8.5. FINAL REMARKS 

The work of the present chapter attempts to evaluate the possibility of using the LDS technique 

in the assessment and understanding of the performance of newly developed anionic and 

cationic cellulose-based polyelectrolytes. These macromolecules had diverse characteristics. 

They were applied to the treatment of low particle size model coloured effluent systems (based 

on Acid Black 2 and Methylene Blue) as well as in a real industrial coloured wastewater collected 

from a textile company. The results achieved in this study allowed determining some important 

floc characteristics in a mild turbulent environment. 

In general, the LDS technique allowed the evaluation of the performance of different cellulose-

based polyelectrolytes in the flocculation of tested coloured effluents. Furthermore, it was 

possible to obtain information not only about the flocculation kinetics but also about the 

aggregates size distribution and their structure. Consequently, LDS prooved to be a very useful 

technique to evaluate and differentiate polyelectrolytes for a desired application, in wastewater 

treatment, where the important aspects are the knowledge of: floc size and structure (large or 

small, open or compact) and flocculation kinetics, having in mind the final separation process 

to be used in the treatment (filtration, sedimentation, etc.). 

Cationic and anionic cellulose-based polyelectrolytes, varying in charge density, raw material 

used in the modification and heterogeneity, were tested in terms of performance in flocculation, 

revealing to be very promising alternative to the conventional synthetic PELs, for the evaluated 

application. The experimental technique used, which was tested for the first time in this work, 

in an industrial coloured effluent treatment of very low particle size, allowed obtaining data 

about the influence of the polyelectrolytes characteristics and concentration on the flocculation 

process. However, due to the very low initial particle size in the coloured effluent, all flocculation 

tests were performed while applying dual system with an inorganic complexation agent 

(bentonite).  

Typically, polyelectrolyte bridging was involved in tested flocculation systems with either 

cationic or anionic PELs. As expected, results show that with the increases of flocculant 

concentration, in general, floc size increases and less porous aggregates were obtained, which is 

an indication of aggregation of a larger number of particles, which agrees with the trends 

observed previously in the jar-tests (Chapter 7). Usually, working with cationic PELs at higher 

concentrations favours the flocs rearrangement. Also, the effect of PEL concentration in the 



FINAL REMARKS 

309 

 

tested flocculation systems was more pronounced for the PELs from bleached pulp, due to 

their higher charge and homogeneity, regarding molecular weight, when compared to the 

samples from pulp with higher kappa number. 

Simultaneously, the LDS technique can significantly improve the selection/optimization 

process of the adequate flocculant for effluent treatment, before pilot-plant trials, after a 

primary, less extensive evaluation of their performance in jar-tests. In addition, as refered, LDS 

allows us to obtain information about flocs structure, which is a very valuble paramether. 

Furthermore, LDS also reproduces the natural breakage of the flocs (when working at larger 

scale) due to some turbulence in the system, which tends to be a significant factor for some 

applications, when high resistance of obtained flocs is required. 
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9.1. GENERAL OVERVIEW AND CONCLUDING REMARKS 

The present research demonstrated the possibility to develop natural-based coagulants and 

flocculants for the clarification of several model dye-containing effluents as well as for real 

coloured wastewaters from textile industry. It was feasible to synthesise specific products to 

treat distinct wastewaters, at low dosages. Moreover, the aforementioned cellulose-based 

flocculants showed to be as good, or in some cases even more effective than tested synthetic 

polyacrylamide references, with similar characteristics regarding charge and molecular 

dimension, for the same pH and flocculant dosages. The cellulose-based materials could be 

produced from wood wastes, hence providing a good technical example of a possible approach 

to circular economy. 

The tannin-based coagulants presented high efficiency in decolouration of several model waste 

waters, when used in ternary systems (modified tannin-bentonite-polyacrylamide) with minor 

amounts of synthetic flocculant. This procedure reduces the usage of crude derived synthetic 

compounds, allowing high colour removals, again, at low concentrations. The bio-coagulants 

produced herein had a long shelf life, in some cases over 18 months. This overcame a serious 

limitation of previous bark-based derivatives, hence providing a reasonable candidate to 

consider for real wastewater treatment from various industries. 

The production of cellulose-based polyelectrolytes (PELs) was based on Eucalyptus wood wastes, 

after firstly submitting the latter to mild pulping conditions, in order to obtain cellulosic raw 

materials with higher homogeneity, which were then further modified. This brings several 

benefits to the entire process of bio-flocculants production, both from environmental and 

economic perspectives. 

The final selected method for the development of cationic and anionic cellulose-based PELs 

involved performing a two-step modification procedure, starting always with the periodate 

oxidation as a primary step, followed by the final introduction of charged groups to the cellulose 

backbone, in a second step. The periodate oxidation was selected as a first step, due to its 

selectivity. This process provides the introduction into the cellulose backbone of two highly 

reactive aldehyde groups, increasing in this way the reactivity of cellulose, and allowing 

thereafter a high degree of substitution in the final products. The results showed that the 
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efficiency of this reaction affects the subsequent modifications steps, either cationization or 

anionization. 

The procedure to obtain the cationic cellulose-based PELs, was firstly evaluated and tuned 

based on the most homogenous raw material, cellulose extracted from bleached Eucalyptus 

pulp. The characterization of products obtained, initially, from Eucalyptus bleached kraft pulp 

(alkali pre-treated or without any pre-treatment) showed that dialdehyde cellulose products with 

high aldehyde content were successfully obtained when using the oxidation procedure with 

sodium periodate and LiCl, during 3 h at 75 °C. The same optimised periodate oxidation 

procedure was successfully applied for several unbleached kraft pulps with different 

characteristics (pulps from Eucalyptus wood chips wastes submitted to mild cooking, together 

with previous hot water extraction, with kappa numbers of 10.2 and 13.9, or without any hot 

water pre-treatment, with kappa numbers of 16.1 and 26.7) and highly oxidized materials with 

degree of substitution (DS) of aldehyde groups from 1.77 to 1.44 were produced.  

The optimal procedure for the cationization (second modification step) and corresponding 

production of cationic cellulose-based PELs, corresponded to performing the reaction at 70 °C 

during 1 h. To provide distinct substitution degrees and thus, charge density, the cationization 

modifications were performed using three different Girard´s reagent T/aldehyde groups ratios, 

of 3.9, 1.95 and 0.975. The obtained cationic cellulose-based polymers were fully characterized, 

in terms of structural properties, degree of substitution, zeta potential, and hydrodynamic 

diameter. The produced PELs, with a DS of alkylammonium groups of 0.90 to 1.46, possessed 

the suitable characteristics for the final application, namely, water solubility at room temperature 

and high charge density corresponding to high zeta potential. 

The production of the anionic cellulose-based PELs was conducted based on the reaction of 

dialdehyde cellulose with sodium metabisulfite at 25 °C (second step). To obtin final products 

with different features, different reaction times were evaluated (24 h, 34 h, 72 h, 144 h). In 

general, reaction times of 34-72 h showed to be optimal for the sulfonation process, since longer 

modification times promoted the chemical degradation of the dialdehyde cellulose materials. 

Again, a set of water soluble (at room temperature) anionic-PELs was produced, and their full 

characterisation showed suitable features for the final application. 

Tannin-based coagulants were obtained via Mannich aminomethylation with formaldehyde and 

dimethylamine hydrochloride of two tannin raw materials: bark tannin extract of Acacia mearnsii 
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from South Africa, as well as wood tannin extract of Schinopsis balansae. During the modified 

tannin production, different experimental conditions were tested at a laboratory scale, and their 

influence on the shear viscosity and shelf life of the final products was evaluated. Typically, with 

the increase of Mannich solution activation time, or addition of extra amount of formaldehyde, 

an increase in viscosity was observed. Moreover, heating rate did also show an impact on the 

final properties of the modified tannin, its increase leading to a significant decrease of viscosity. 

Also, it was possible to determine the relation between the initial viscosity of the produced 

products and their corresponding shelf life. Typically, with the increase of the shear viscosity of 

the initial products a decrease in shelf life was observed. Furthermore, the ideal initial viscosity, 

in order to obtain stable products with slow, controlled thickening, with a long shelf life (up to 

at least 18 months without creating gel-type structures), should be as low as 20 cP. The shear 

viscosity of the obtained products is related to their molecular weight and modification degree 

(low shear viscosity corresponds to low molecular weight and low modification degree). While 

to increase the shelf life time of the product a low viscosity is desired, a higher viscosity is useful 

for its application as coagulant. Therefore, it is important to achieve an appropriate balance 

between shelf life and modification degree/molecular weight for the desired application. The 

Mannich reaction conditions optimised for Acacia mearnsii tannin were up scaled successfully, 

with only minor adjustments, using an intermediate 5-L reactor and finally a 75-L pilot plant 

reactor (formaldehyde/tannin ratio of 0.026, 85°C, 105 min of reaction time).  

Model effluents based on Methylene Blue, Basic Green, Crystal Violet, Acid Black 2 and Duasyn 

Direct Red dyes were considered to evaluate the performance of the developed cellulose-based 

polyelectrolytes as flocculants and of the tannin-based coagulants. Regarding the natural-based 

flocculants, good flocculation results could be observed in most cases when using dual system 

with low dosages of inorganic complexating agent (bentonite or aluminium sulphate). It was 

demonstrated that the polymers synthesized herein performed very well in the reduction of the 

turbidity and absorbance in low dosages (typically, dosages below 2.6 mg/L were sufficient) and 

at lower pH values. In fact, the tested model dye effluents presented higher instability at lower 

pH values, due to which working at acidic pH conditions allowed to obtain higher colour 

removals and rapid flocculation kinetics. Generally, it can be concluded that polymers with high 

substitution degree showed better performance in the decolouration compared to the lower 

charged ones, for the tested model effluents. Additionally, flocculants obtained from pulp with 
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high lignin content presented good results, not very different from the ones obtained from raw 

materials with higher homogeneity and cellulose purity. 

With regard to the performance of the modified (at 2-L scale) tannin coagulants in the treatment 

of the model coloured effluents above mentioned, due to the low molecular weight of the 

obtained bio-coagulants, it was observed that only by implementing tertiary systems (modified 

tannin-bentonite- synthetic flocculant (polyacrylamide)) it was possible to sufficiently improve 

the colour removal. Moreover, it was again observed an improvement in the decolouration 

performance when working at acidic pHs; also working with highly viscous (204 cP or 432 cP) 

bio-coagulants provided superior results. However, even for the modified tannins with the lower 

initial viscosities (30-60 cP), reasonable removal efficiencies were achieved for all the model 

dyes, when using tertiary systems.  

Industrial effluents from a textile industry (Turquoise Blue and multi-colour) were used to carry 

out the performance evaluation of the developed cellulose-based PELs in more realistic 

conditions. The modified cellulose PELs performed very well in the reduction of turbidity, when 

the inorganic complexating agent (bentonite) was added. Turquoise Blue effluent at the initial 

pH of 12.0 and multi-colour effluent at the initial pH of 4.5, showed to be very stable and 

negatively charged. Thus, pH adjustment for Turquoise Blue was always required to provide 

instability of the system to be treated, increasing the flocculation performance. Also, in case of 

the multi-colour effluent, even if good results were obtained for the initial pH of the effluent, 

with the increase of acidity the stability of the system decreased. Moreover, due to the effluents 

features, better results were obtained when using cationic PELs. Also, using single systems 

alone, of either cationic or anionic cellulose-based flocculants, in the treatment of the two 

industrial coloured effluents, was insufficient, due to the small size of dye contaminants. Only 

with the introduction of an inorganic complexating agent as an aid, prior to the flocculation, the 

clarification rate was acceptable. Although, in dual systems, cationic cellulose-based flocculants 

showed superior flocculation performance (for both tested effluents), anionic flocculants were 

also effective at higher PEL dosages, once the preliminary complexation process with the 

inorganic aid (bentonite) was conducted. 

Summarising, for the optimal conditions, when treating Turquoise Blue industrial effluent using 

low concentration of CDAC (2.67 mg/L) and low amount of bentonite (0.3 wt%) at pH 3.0, 

good results in the turbidity removal (84-86 %) or COD reduction (78-81 %) were observed. 
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Using ADAC, at pH 3.0, 5.34 mg/L of polymer and 0.6 wt% of bentonite, allowed to obtain 

75-81% of turbidity removal and 63-77 % of COD reduction. It must be also mentioned that 

for the treatment of the multi-colour industrial effluent, using the dual system 

bentonite/CDAC, led to high flocculation performance, removing above 80% of turbidity in 

several trials. Moreover, the bentonite/ADAC mixture was able to reduce turbidity in the range 

of 70-80%. For the latter effluent, it is worth noticing that at the initial effluent pH of 4.5, with 

the use of 0.3 wt% of bentonite followed by 2.67 mg/L of CDAC, good results in both the 

reduction of turbidity and COD were achieved. It must be stressed that this was a complex 

effluent and, thus, a wastewater treatment that does not require pH adjustment and still allows 

high clarification results, not only eliminates a step in the entire process but also significantly 

reduces the costs associated to the process, and thus is very promising.  

In general, the composition of the starting material used in the production of the cellulose-based 

PELs showed not to have a significant influence on the performance in the treatment of the 

tested wastewaters, when comparing the same conditions and dosages. Thus, considering the 

possible associated costs of the pre-treatment process, it is expected to be more convenient to 

work with CDACs obtained from pulp with higher kappa number (26.7 in this study), which 

minimizes pre-treatment costs. However, high charge together with high molecular weight are 

significant features that can influence the success of the developed flocculants in some 

applications. 

Laser diffraction spectroscopy (LDS) was applied in the study of the flocculation process, using 

two model coloured effluents (Acid Black 2 and Methylene Blue) and the Turquoise Blue 

effluent from a textile industry. Using the dual system with bentonite and cellulose-based PELs, 

it was possible to apply this methodology in continuous process monitoring of the flocculation 

kinetics, flocs size and flocs morphology evolution with time. The LDS measurements allowed 

to qualitatively assess important information about the flocculation mechanisms involved when 

using each tested cellulose-based PEL, and their influence on the morphology of the flocs 

obtained. This methodology can be successfully used to appraise flocculation processes in 

relation with the flocculant’s characteristics, evaluating the influence of those characteristics on 

the final size and structure of flocs, and thus can be used to pre-screen flocculants for a certain 

application. Using this strategy it will be possible to evaluate which flocculants lead to the most 

adequate flocs characteristics, considering the further steps which will follow in the wastewater 

treatment process. 
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From the above results, it can be concluded that the development of cellulose-based PELs and 

their application as a natural-based alternative in flocculation of coloured wastewater treatment, 

shows great potential to be applied at the industrial scale, after adequate economical and life 

cycle studies. Also, tannin-based coagulants can be considered as a promising additive to the 

treatment process of these effluents, if followed by minor addition of synthetic flocculants. 

Moreover, it is expected that wood-based water treatment “chemicals” will have an improved 

environmental profile, not only due to their nature but also since the sludge they generate is 

mostly biodegradable, what contributes to reduce costs of sludge handling. 
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9.2. RECOMMENDATIONS FOR FUTURE WORK 

The results obtained during the present thesis suggest that some further studies are still required 

in order to complete the information achieved in the described areas. This might also permit 

the production and application at industrial scale of both natural-based coagulants and 

flocculants. The series of specific recommendations is divided into two separate subjects due to 

the specific characteristics of the two products and related future work. 

Cellulose-based flocculation agents 

 Study the possibility of using pulps with higher kappa numbers, with the objective of 

decreasing the environmental impact while performing kraft cooking. 

 Consider the possibility of using different lignocellulosic materials, e.g. rice straw and 

invasive plants as well as different species of hardwood and softwood sources, paper 

and cardboard wastes, with the objective of increasing the range of waste valorisation 

products. 

 Apply milling before the periodate oxidation when using raw materials with high kappa 

number, with the objective of increasing the surface area and the efficiency of the 

process. 

 Explore the possible recovery and reuse of periodate, as well as study the influence of 

reused periodate on the periodate oxidation efficiency, with the objective of a more 

sustainable way of the modification treatment. 

 Consider the possibility of introducing synthetic charged molecules into the cellulose 

backbone via grafting, with the objective of increasing the final molecular weight, and, 

consequently, their efficiency in flocculation. 

 Explore the possible development of amphoteric cellulose-based polyelectrolytes, based 

on the reaction of cellulosic material with cationic and anionic charge sources. One 

possibility would be applying to the dialdehyde cellulose a short sulfonation with sodium 

metabisulfite for about 24 h at room temperature (in case of raw materials with high 

lignin content) followed by the reaction with Girard´s reagent T (GT). 

 Evaluate the possible increase of cationic charge by performing multistep modifications, 

e.g. periodate oxidation followed by reaction with GT reagent and reaction with (3-

chloro-2-hydroxypropyl)trimethylammonium chloride (CHPTAC). This could increase 
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the substitution degree and charge density up to 3. Such polyelectrolytes would be strong 

candidates for future applications where highly positively charged materials are needed. 

 Evaluate the performance of the developed flocculants as a post-treatment for effluents 

with initial inappropriate characteristics for application of cellulose-based 

polyelectrolytes. This might involve removal of colour from olive oil mill wastewater 

after removal of the oil-based impurities. 

 Use data from LDS to develop a “map of flocs” structure versus flocculant 

characteristics that would facilitate the selection of the polyelectrolyte for desired 

applications. 

 Monitor the settling performance of the flocculation process using specific equipment 

(e.g. Turbiscan) and complement this with the observation of flocs morphology over 

time using complementary imaging techniques (e.g. SYSMEX). 

 Define the other markets/products, for the application and usage of the developed 

cellulose-based polyelectrolytes (e.g. food application, cosmetics, paper production) and 

perform studies on process and economic viability.  

 Perform up-scaling studies, in order to evaluate the viability to produce the developed 

products at pilot scale, as well as to define the optimum conditions of production.  

 Consider the possibility of using and evaluating the developed flocculants to treat 

industrial effluents at pilot plant scale with other treatment stages, e.g. biological 

treatment that allows higher COD reduction and increases the water quality. 

 

Tannin-based coagulation agents 

 Study the possibility of using different sources of tannin extract and evaluate their 

influence in the final products. 

 Consider the possibility of using tannin-based wastes, from, e.g. tannery industry as a 

raw material for the production of coagulants. 

 Consider the possibility of testing industrial acid wastes for the production of tannin-

based coagulants. 

 Test other acid sources including noncorrosive types for the acidification step. 

 Perform an evaluation of raw tannins storage conditions, including light exposure or 

heat, on the modification process and properties of the final products. 
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 Evaluate the modification of Mannich reaction with the aim to significantly limit the 

usage of formaldehyde or ideally substitute it with more environmentally friendly 

alternatives. 

 Perform a deeper characterisation of the modified tannins using techniques such as 

electrospray ionization-mass spectrometry (ESI-MS), matrix-assisted laser 

desorption/ionization-mass spectrometry (MALDI –MS) or HPLC-MS to obtain more 

elaborate molecular information. 

 Perform further studies to establish a widely used correlation between final product 

viscosity and life time of modified tannin when stored in optimal conditions. 

 Evaluate the possibility of using tannin-based coagulants with cellulose-based 

flocculants, what would bring the wastewater treatment process to a more 

environmental-friendly level. 

 Test the possible application of tannin-based coagulants to treat not only industrial 

effluents, but also as coagulants for other usages, e.g. sugar mill. 

 

Finally some general aspects which still need to be considered in order to assess the viability of 

using, in the future, these products in real, large scale applications include: 

 Perform toxicity and biodegradability tests on the developed cellulose-based 

polyelectrolytes and tannin-based coagulants, as well as on their intermediate products 

(in case of cellulose-based materials). 

 Perform the life cycle assessment on the raw material sourcing, production, use and end-

of-life scenarios related to the cellulose flocculants and tannin-based coagulants. 

 Compare the economic viability of the cellulose flocculants and tannin coagulants to 

existing materials on the market. 

 Carry out pilot trials/tests to assess the characteristics of final sludge and evaluate the 

anticipated decrease of sludge disposal costs (e.g. measure sludge volume, water 

retention). 
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APPENDIX A 

Supporting information for Chapter 4: Cationic and anionic cellulose-based polyelectorlytes 

FTIR SPECTRA OF CATIONIC CELLULOSE-BASED POLYELECTROLITES 

 

Fig. A.1. FTIR spectra for the cationic polyelectrolytes series CDACc. 

 

Fig. A.2. FTIR spectra for the cationic polyelectrolytes series CDACp. 
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Fig. A.3. FTIR spectra for the cationic polyelectrolytes series CDACwaq. 

 

Fig. A.4. FTIR spectra for the cationic polyelectrolytes series CDACw. 
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1H NMR SPECTRA OF CATIONIC-CELLULOSE BASED POLYELECTROLYTES 

 

Fig. A.5. 1H NMR spectra for the cationic polyelectrolyte CDACc23-1. 

 

Fig. A.6. 1H NMR spectra for the cationic polyelectrolyte CDACc23-3. 
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Fig. A.7. 1H NMR spectra for the cationic polyelectrolyte CDACc23-5. 

 

 

Fig. A.8. 1H NMR spectra for the cationic polyelectrolyte CDACc38C. 
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Fig. A.9. 1H NMR spectra for the cationic polyelectrolyte CDACp35A. 

 

 

Fig. A.10. 1H NMR spectra for the cationic polyelectrolyte CDACp35B. 
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Fig. A.11. 1H NMR spectra for the cationic polyelectrolyte CDACp35C. 

 

Fig. A.12. 1H NMR spectra for the cationic polyelectrolyte CDACw56C. 
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Fig. A.13. 1H NMR spectra for the cationic polyelectrolyte CDACw46C. 

 

 

Fig. A.14. 1H NMR spectra for the cationic polyelectrolyte CDACwaq48C. 
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Fig. A.15. 1H NMR spectra for the cationic polyelectrolyte CDACwaq47C.  
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ZETA POTENTIAL DISTRIBUTIONS FOR CATIONIC POLYELECTROLYTES 

FROM EXTRACTED BLEACHED PULP 

 

(a) 

 

(b) 

 

(c) 

Fig. A.16. Zeta potential distributions for cationic polyelectrolytes of CDACc series: (a) 23-1; (b) 23-2; (c) 23-3. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. A.17. Zeta potential distributions for cationic polyelectrolytes of CDACc series: (a) 23-4; (b) 23-5; (c) 28-1; 
(d) 28-2. 
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(a) 

 

(b) 

 

(c) 

Fig. A.18. Zeta potential distributions for cationic polyelectrolytes of CDACc series: (a) 28-3; (b) 28-4; (c) 28-5(c). 
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(a) 

 

(b) 

 

(c) 

Fig. A.19. Zeta potential distributions for cationic polyelectrolytes of CDACc series: (a) 38A; (b) 38B; (c) 38C. 
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HYDRODYNAMIC DIAMETER DISTRIBUTIONS FOR CATIONIC POLYELECTROLYTES 

FROM EXTRACTED BLEACHED PULP 

 

(a) 

 

(b) 

 

(c) 

Fig. A.20 Hydrodynamic diameter distributions for cationic polyelectrolytes of CDACc series: (a) 23-1; (b) 23-2; 
(c) 23-3. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. A.21 Hydrodynamic diameter distributions for cationic polyelectrolytes of CDACc series: (a) 23-4; (b) 23-5; 
(c) 28-1; (d) 28-2. 
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(a) 

 

(b) 

 

(c) 

Fig. A.22 Hydrodynamic diameter distributions for cationic polyelectrolytes of CDACc series: (a) 28-3; (b) 28-4; 
(c) 28-5. 
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(a) 

 

(b) 

 

(c) 

Fig. A.23 Hydrodynamic diameter distributions for cationic polyelectrolytes of CDACc series: (a) 38A; (b) 38B; 
(c) 38C. 
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ZETA POTENTIAL DISTRIBUTIONS FOR CATIONIC POLYELECTROLYTES FROM 

BLEACHED PULP 

 

(a) 

 

(b) 

 

(c) 

Fig. A.24. Zeta potential distributions for cationic polyelectrolytes of CDACp series: (a) 35A; (b) 35B; (c) 35C. 
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(a) 

 

(b) 

 

(c) 

Fig. A.25. Zeta potential distributions for cationic polyelectrolytes of CDACp series: (a) 37A; (b) 37B; (c) 37C. 
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HYDRODYNAMIC DIAMETER DISTRIBUTIONS FOR CATIONIC POLYELECTROLYTES 

FROM BLEACHED PULP 

 

(a) 

 

(b) 

 

(c) 

Fig. A.26 Hydrodynamic diameter distributions for cationic polyelectrolytes of CDACp series: (a) 35A; (b) 35B; 
(c) 35C. 
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(a) 

 

(b) 

 

(c) 

Fig. A.27 Hydrodynamic diameter distributions for cationic polyelectrolytes of CDACc series: (a) 37A; (b) 37B; 
(c) 37C. 
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ZETA POTENTIAL DISTRIBUTIONS FOR CATIONIC POLYELECTROLYTES FROM 

WOOD WASTES 

 

(a) 

 

(b) 

 

(c) 

Fig. A.28. Zeta potential distributions for cationic polyelectrolytes of CDACw series: (a) 46A; (b) 46B; (c) 46C. 
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(a) 

 

(b) 

 

(c) 

Fig. A.29. Zeta potential distributions for cationic polyelectrolytes of CDACwaq series: (a) 47A; (b) 47B; (c) 47C. 
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(a) 

 

(b) 

 

(c) 

Fig. A.30. Zeta potential distributions for cationic polyelectrolytes of CDACwaq series: (a) 48A; (b) 48B; (c) 48C. 
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(a) 

 

(b) 

 

(c) 

Fig. A.31. Zeta potential distributions for cationic polyelectrolytes of CDACw series: (a) 56A; (b) 56B; (c) 56C. 
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HYDRODYNAMIC DIAMETER DISTRIBUTIONS FOR CATIONIC POLYELECTROLYTES 

FROM WOOD WASTES 

 

(a) 

 

(b) 

 

(c) 

Fig. A.32 Hydrodynamic diameter distributions for cationic polyelectrolytes of CDACw series: (a) 46A; (b) 46B; 

(c) 46C. 
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(a) 

 

(b) 

 

(c) 

Fig. A.33 Hydrodynamic diameter distributions for cationic polyelectrolytes of CDACwaq series: (a) 47A; (b) 47B; 
(c) 47C. 
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(a) 

 

(b) 

 

(c) 

Fig. A.34 Hydrodynamic diameter distributions for cationic polyelectrolytes of CDACwaq series: (a) 48A; (b) 48B; 
(c) 48C. 
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(b) 

 

(b) 

 

(c) 

Fig. A.35 Hydrodynamic diameter distributions for cationic polyelectrolytes of CDACw series: (a) 56A; (b)56B; (c) 
56C. 
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FTIR SPECTRA OF ANIONIC CELLULOSE-BASED POLYELECTROLITES 

 

 

Fig. A.36. FTIR spectra for the anionic polyelectrolytes series ADACp. 

 

Fig. A.37. FTIR spectra for the anionic polyelectrolytes series ADACwaq. 
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Fig. A.38. FTIR spectra for the anionic polyelectrolytes series ADACw. 
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1H NMR SPECTRA OF ANIONIC CELLULOSE-BASED POLYELECTORLYTES 

 

Fig. A.39. 1H NMR spectra for the anionic polyelectrolyte ADACwaq52A. 

 

Fig. A.40. 1H NMR spectra for the anionic polyelectrolyte ADACwaq52B. 
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Fig. A.41. 1H NMR spectra for the anionic polyelectrolyte ADACwaq52D. 
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Fig. A.42. 1H NMR spectra for the anionic polyelectrolyte ADACwaq53A. 
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Fig. A.43. 1H NMR spectra for the anionic polyelectrolyte ADACp54D. 

 

 
 
Fig. A.44. 1H NMR spectra for the anionic polyelectrolyte ADACw55A. 

 
  

55A.001.1r.esp

10 9 8 7 6 5 4 3 2

Chemical Shift (ppm)

0.005

0.010

0.015

N
o
rm

a
liz

e
d
 I
n
te

n
s
ity



APPENDIX 

393 

  

ZETA POTENTIAL DISTRIBUTIONS FOR ANIONIC POLYELECTROLYTES 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. A.45 Zeta potential distributions for anionic polyelectrolytes of CDACp series: (a) 54A; (b) 54B; (c) 54C; (d) 
54D. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 0.46 Zeta potential distributions for  anionic polyelectrolytes of CDACwaq series: (a) 52A; (b) 52B; (c) 52C; (d) 
52D. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. A.47 Zeta potential distributions for anionic polyelectrolytes of CDACwaq series: (a) 53A; (b) 534B; (c) 53C; 
(d) 53D. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. A.48 Zeta potential distributions for anionic polyelectrolytes of CDACw series: (a) 51A; (b) 51B; (c) 51C; (d) 
51D. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. A.49 Zeta potential distributions for anionic polyelectrolytes of CDACw series: (a) 55A; (b) 55B; (c) 55C; (d) 
55D.  
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HYDRODYNAMIC DIAMETER DISTRIBUTIONS FOR ANIONIC POLYELECTROLYTES 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. A.50 Hydrodynamic diameter distributions for anionic polyelectrolytes of CDACp series: (a) 54A; (b) 54B; (c) 
54C; (d) 54D. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. A.51 Hydrodynamic diameter distributions for anionic polyelectrolytes of CDACwaq series: (a) 52A; (b) 52B; 
(c) 52C; (d) 52D. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. A.52 Hydrodynamic diameter distributions for anionic polyelectrolytes of CDACwaq series: (a) 53A; (b) 534B; 
(c) 53C; (d) 53D. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. A.53 Hydrodynamic diameter distributions for anionic polyelectrolytes of CDACw series: (a) 541A; (b) 51B; 

(c) 51C; (d) 51D. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. A.54 Hydrodynamic diameter distributions for anionic polyelectrolytes of CDACw series: (a) 55A; (b) 55B; (c) 
55C; (d) 55D. 
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APPENDIX B 

Supporting information for Chapter 6: Application of new wastewater treatment agents in 

model coloured effluents. 

 
Fig. B.1. UV-VIS spectra of the dyes used in the model coloured systems. 

ZETA POTENTIAL DISTRIBUTION FOR MODEL DYES 

 

(a) 

 

(b) 

Fig. B.2. Zeta potential distribution for dye Acid Black 2 at pH: (a) 2.5; (b) 4.0. 
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(a) 

 

(b) 

 

 

(c) 

 

(d) 

 

Fig. B.3. Zeta potential distribution for dye Acid Black 2 at pH: (a) 5.5; (b) 6.3; (c) 7.0; (d) 9.0. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. B.4. Zeta potential distribution for dye Basic Green 1 at pH: (a) 1.0; (b) 1.2; (c) 1.9; (d) 2.6. 
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(a) 

 

(b) 

Fig. B.5. Zeta potential distribution for Basic Green 1 at pH: (a) 3.0 ; (b) 6.1. 

 

(a) 

 

(b) 

Fig. B.6. Zeta potential distribution for Crystal Violet at pH: (a) 1.5; (b) 3.0. 
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(a) 

 

(b) 

Fig. B.7. Zeta potential distribution for Crystal Violet at pH: (a) 6.8; (b) 10.1. 

 

(a) 

 

(b) 

Fig. B.8. Zeta potential distribution for Duasyn Direct Red at pH: (a) 2.0; (b) 4.0. 
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(a) 

Fig. B.9. Zeta potential distribution for Duasyn Direct Red at pH: (a) 9.0. 

 

 

(a) 

 

(b) 

Fig. B.10. Zeta potential distribution for Methylene Blue at pH: (a) 1.0; (b) 1.6. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. B.11. Zeta potential distribution for Methylene Blue at pH: (a) 2.5; (b) 4.0; (c) 7.0; (d) 9.0. 
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ZETA POTENTIAL DISTRIBUTION FOR INDUSTIAL EFFLUENTS 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. B.12. Zeta potential distribution for single colour industial effluent at pH: (a) 1.5; (b) 3.0; (c) 7.0; (d) 12.0. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. B.13. Zeta potential distribution for Multicolour industial effluent at pH: (a) 2.5; (b) 4.0; (c) 7.0; (d) 9.0.  
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APPENDIX C 

Supporting information for Chapter 6: Application of new wastewater treatment agents in 

model coloured effluents 

TABLES OF COLOUR REMOVAL BASED ON TURBIDITY AND ABSORBANCE 

MEASERUMENTS. 

Table C.1. Methylene Blue colour removal with CDACs from different raw materials based on changes in the 
turbidity. For all tests, the standard deviation was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 2.5 pH 4.0 pH 7.0 

1 30 60 1440 1 30 60 1440 1 30 60 1440 

Procedure A: 0.07 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM 24 43 50 80 24 24 45 76 10 26 44 76 
38A 18 91 93 96 19 31 45 71 14 21 35 75 
38C 22 89 92 92 16 23 40 70 15 33 29 76 
37C 24 86 89 93 18 24 32 71 14 27 29 75 
37A 29 94 96 99 16 23 36 71 14 28 32 76 
46C 22 68 75 88 15 21 44 72 -3 29 37 73 
46A 20 41 52 78 15 21 33 71 11 20 32 71 
47C 24 85 88 94 15 26 32 72 9 26 37 76 
47A 16 91 90 96 19 26 48 75 9 24 36 76 
48A 17 89 90 95 18 26 43 74 6 23 43 75 
48C 16 88 89 95 17 26 42 74 10 23 41 77 
56A 23 89 91 95 17 22 38 73 9 20 40 74 
56C 23 79 83 91 18 24 38 71 10 21 36 74 
Procedure B: 0.14 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM -31 8 16 70 -51 -26 3 58 -52 -31 3 60 
38A -31 40 36 74 -99 -63 -30 66 10 28 42 76 
38C 2 45 42 76 -98 -73 -36 67 -47 -29 -5 71 
37C 34 82 83 92 -48 -32 1 75 -50 -24 -6 72 
37A 65 89 87 94 -48 -34 -1 76 -50 -16 1 71 
46C -25 12 15 72 -48 -35 -14 78 -50 -35 -17 70 
46A -33 1 -5 79 -47 -37 -15 76 -63 -45 -31 73 
47C -26 45 38 76 -48 -29 -14 76 -57 -22 -15 78 
47A -33 60 52 80 -47 -29 -5 76 -66 -49 -15 75 
48A 35 49 45 76 -45 -18 2 76 -58 -44 -13 80 
48C 52 58 58 79 -46 -15 4 78 -57 -19 -14 81 
56A 53 56 54 78 -45 -35 -13 76 -54 -32 -13 82 
56C 56 66 58 83 -44 -33 5 67 -53 -32 -7 81 
Procedure C: 0.07 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM -23 80 84 94 13 35 35 77 10 55 56 80 
38A 4 95 96 100 17 35 54 77 13 54 54 82 
38C -27 95 79 100 20 48 54 77 22 57 65 84 
37C 21 94 82 90 14 30 51 74 15 36 43 81 
37A 15 92 78 98 20 46 32 78 16 56 63 84 
46C 16 93 89 99 16 24 49 73 17 25 40 75 
46A 19 83 90 97 17 27 40 70 -52 -36 -21 78 
47C 3 70 97 99 18 47 56 78 2 47 57 82 
47A -8 94 99 100 21 47 56 78 7 36 50 79 
48A -70 92 89 100 23 45 59 78 8 49 54 81 
48C -32 96 98 97 29 67 49 83 13 53 74 88 
56A -7 97 99 99 21 53 58 77 7 63 69 86 
56C 18 96 96 100 18 41 40 73 5 22 40 76 
Procedure D: 0.14 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM -120 -21 -8 66 -61 -7 19 55 -83 -26 -8 61 
38A -38 76 90 99 -43 4 44 59 -104 -53 -34 64 
38C -51 55 85 96 -43 -4 15 73 -109 -24 -12 62 



APPENDIX 

413 

  

37C -60 75 84 96 -45 -14 16 76 -50 -35 -9 62 
37A -41 85 85 99 -15 -6 19 75 -69 -21 -7 66 
46C -37 10 68 89 -49 -22 2 75 -47 -33 -19 62 
46A -49 -7 2 76 -44 -27 -7 79 2 12 20 71 
47C -48 59 74 87 -43 2 -21 64 -63 -13 3 70 
47A -47 70 79 90 -31 -5 17 71 -57 -15 -1 74 
48A -44 73 95 99 -60 -13 -32 67 -85 -22 0 74 
48C -49 76 91 99 -66 -13 12 66 -98 -24 -6 76 
56A -40 91 94 99 -35 4 -5 67 -56 -23 7 74 
56C -42 89 91 98 -46 1 6 58 -64 -22 -4 65 
Procedure E: X wt% bentonite followed by 0 mg/L of flocculation agent 

0.07 9 46 52 86 8 31 38 78 8 32 37 77 
0.14 -63 -14 1 79 -67 -21 -14 72 -67 -24 -16 71 

Procedure F: 0 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM 10 19 32 49 _ _ _ _ 5 20 24 34 
37A 7 20 27 34 _ _ _ _ 2 14 19 27 

 

Table C.2. Methylene Blue colour removal with CDACs from different raw materials based on changes in the 
absorbance. For all tests, the standard deviation was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 2.5 pH 4.0 pH 7.0 

30 60 1440 30 60 1440 30 60 1440 

Procedure A: 0.07 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM 12 -3 47 -25 4 16 -14 25 26 
38A 71 72 78 -46 -23 5 -54 27 33 
38C 62 68 72 -69 -2 4 -26 7 27 
37C 59 65 70 -6 6 8 -62 9 30 
37A 80 81 95 -66 -14 8 -42 14 31 
46C 23 34 56 8 10 16 1 20 27 
46A -20 -10 38 9 3 6 -34 24 27 
47C 59 76 75 -85 -21 10 -62 -20 26 
47A 61 73 79 -67 10 15 -70 -6 16 
48A 65 77 80 -44 -7 6 -65 24 20 
48C 64 62 78 -73 -46 0 -59 -17 25 
56A 64 65 77 3 7 17 -67 18 22 
56C 34 48 67 -65 -24 9 -77 -8 15 
Procedure B: 0.14 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM -86 -54 34 -33 -22 -11 -140 -17 3 
38A -26 24 45 -172 -58 1 -54 29 30 
38C -16 0 47 -150 -85 2 -128 -3 19 
37C 56 53 70 -185 -85 11 -127 -31 14 
37A 61 67 80 -176 -70 13 -82 -10 15 
46C -41 -22 35 -62 -60 17 -69 -12 14 
46A -61 -39 43 -57 -6 8 -43 -11 17 
47C -17 0 46 -132 -1 16 -125 -115 16 
47A 22 26 52 -113 -32 16 -220 -59 10 
48A -4 27 45 -97 -44 14 -168 -45 17 
48C 18 20 48 -103 -37 19 -136 -74 20 
56A 15 29 47 -2 -40 12 -151 5 26 
56C 16 22 56 -21 -5 4 -166 -38 27 
Procedure C: 0.07 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM 46 51 74 -50 2 8 -10 24 33 
38A 91 89 99 4 -5 20 -4 40 45 
38C 67 80 100 -29 -10 17 -10 44 47 
37C 58 88 84 -42 -9 18 -38 -11 44 
37A 61 81 98 -51 -36 17 12 23 45 
46C 82 90 98 -14 2 9 3 24 28 
46A 50 66 80 -9 -1 3 -52 -29 14 
47C 54 95 99 -48 14 24 -15 11 40 
47A 78 98 99 -14 -5 17 -9 -11 27 
48A 82 92 100 -33 14 20 -12 -5 31 
48C 87 99 100 6 -43 20 26 33 48 
56A 94 97 100 -3 0 16 16 39 46 
56C 90 91 100 -13 3 6 -66 -12 23 
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Procedure D: 0.14 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM -132 -74 30 -18 -16 -15 -39 -18 -13 
38A 47 93 98 -30 -8 11 -131 -89 -1 
38C 4 68 89 -91 10 13 -107 -77 -5 
37C 41 88 90 -80 -3 17 -165 -109 -7 
37A 67 68 97 -55 6 13 -119 -80 9 
46C -86 31 67 -86 -9 -9 -62 -68 -1 
46A -122 4 45 -55 -16 12 -7 4 15 
47C 25 64 68 -21 -3 4 -124 -71 9 
47A 37 72 73 -31 8 9 -131 -44 13 
48A 33 87 96 -59 7 10 -140 -53 8 
48C 53 80 99 -45 7 12 -87 -50 22 
56A 71 85 99 -46 -4 11 -74 -58 6 
56C 61 89 91 -21 0 -12 -112 -98 -1 
Procedure E: X wt% bentonite followed by 0 mg/L of flocculation agent 

0.07 12 4 42 -2 -1 25 -13 9 25 
0.14 -102 -44 33 -72 -69 3 -147 -71 3 

Procedure F: 0 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM 8 16 39 _ _ _ 6 9 30 
37A 7 11 24 _ _ _ 4 10 25 

 

Table C.3. Acid Black 2 colour removal with CDACs from different raw materials based on changes in the 
turbidity. For all tests, the standard deviation was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 2.5 pH 4.0 pH 7.0 

1 30 60 1440 1 30 60 1440 1 30 60 1440 

Procedure A: 0.13 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM 55 70 74 83 -169 -89 -70 -10 -316 -254 -275 -41 
38A -103 -24 4 2 -233 -138 -51 -37 -484 -145 -120 -48 
38C -11 18 30 47 -180 -115 -38 -39 -416 -137 -124 -51 
37C -6 8 9 11 -188 -97 -67 -33 -160 -108 -135 -14 
37A 2 49 59 89 -197 -96 -74 -40 -176 -126 -86 -34 
46C -7 11 13 31 -197 -140 -93 -41 -399 -169 -63 -38 
46A -39 -7 -8 25 -227 -151 -140 -49 -416 -152 -72 -33 
47C -36 -15 7 12 -272 -146 -45 -54 -399 -138 -115 -53 
47A -19 -12 8 15 -305 -147 -54 -53 -428 -169 -151 -49 
48A -28 -20 1 11 -340 -154 -52 -57 -401 -165 -125 -43 
48C -62 -41 8 13 -382 -154 -56 -54 -316 -129 -94 -37 
56A 49 87 93 97 -134 -74 -66 -30 -239 -230 -219 -37 
56C -71 63 64 66 -451 -379 -373 -79 -316 -272 -298 -44 
Procedure B: 0.53 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM -1251 21 35 71 -169 -97 -72 -12 -944 -891 -882 -124 
38A -84 -60 -7 2 -564 -230 -140 -151 -1254 -986 -640 -125 
38C -101 -76 -16 1 -582 -302 -128 -151 -1216 -915 -599 -222 
37C -299 31 37 43 -273 -242 -227 -90 -1251 -776 -552 -72 
37A -312 60 65 82 -303 -260 -215 -82 -1257 -649 -567 -85 
46C -23 34 25 67 -325 -271 -283 -87 -1165 -747 -546 -106 
46A -10 25 24 61 -277 -229 -296 -112 -1278 -679 -531 -108 
47C -183 -117 -38 43 -593 -338 -145 -147 -1216 -732 -599 -112 
47A -129 -96 -29 54 -840 -349 -163 -169 -1236 -1018 -673 -99 
48A -174 -136 -44 38 -724 -388 -158 -132 -1165 -980 -629 -101 
48C -214 -162 -44 66 -745 -299 -155 -151 -1219 -879 -534 -113 
56A 10 61 81 91 -191 -186 -183 -106 -673 -620 -694 -94 
56C -212 -211 -211 32 -602 -525 -268 -79 -924 -720 -714 -108 
Procedure C: 0.13 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM 80 88 87 95 -1272 -826 -802 -92 -219 -198 -239 11 
38A 31 72 91 94 -156 -134 -46 -45 -351 -118 -75 -41 
38C 79 82 84 88 -169 -128 -44 -45 -328 -115 -96 -55 
37C 40 87 92 97 -98 -61 -68 -38 -93 -83 -50 -28 
37A 67 72 83 98 -59 -36 -41 -27 -94 -77 -47 -31 
46C 54 84 89 95 -183 -43 -62 -27 -168 -139 -58 -45 
46A 25 37 45 72 -202 -106 -104 -42 -298 -254 -112 -41 
47C 72 75 79 93 -93 -93 -38 -37 -319 -91 -86 -37 
47A 70 72 76 82 -118 -114 -40 -40 -307 -111 -84 -34 
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48A 76 76 79 83 -113 -107 -54 -67 -298 -106 -81 -32 
48C 63 80 96 97 -127 -122 -42 -43 -233 -83 -67 -33 
56A 53 56 68 96 -71 -62 -42 -25 -384 -192 -230 -26 
56C 3 84 78 95 -115 -90 -82 -32 -673 -180 -198 -26 
Procedure D: 0.53 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM 43 65 65 76 -1257 -977 -835 -76 -891 -735 -770 -85 
38A 76 91 95 98 -1382 -600 -115 -194 -800 -741 -534 -170 
38C 54 87 90 86 -1343 -576 -91 -122 -688 -637 -443 -154 
37C 64 85 92 90 -233 -227 -215 -70 -753 -493 -407 -82 
37A 67 92 68 98 -272 -233 -233 -79 -814 -679 -375 -82 
46C 36 79 91 87 -303 -282 -273 -105 -1009 -584 -458 -87 
46A 43 56 63 87 -299 -282 -278 -126 -1056 -519 -490 -106 
47C 67 80 93 93 -1186 -195 -70 -105 -974 -809 -531 -106 
47A 24 72 95 96 -192 -178 -68 -128 -894 -696 -581 -93 
48A 37 87 98 91 -196 -175 -64 -102 -865 -741 -626 -99 
48C 61 81 98 92 -136 -132 -51 -114 -915 -755 -558 -113 
56A 75 96 94 98 -727 -486 -474 -60 -611 -452 -472 -76 
56C 70 88 89 93 -957 -653 -531 -71 -540 -499 -195 -78 
Procedure E: X wt% bentonite followed by 0 mg/L of flocculation agent 

0.13 -363 -276 -158 -84 -397 -329 -227 -29 -410 -354 -342 -33 
0.53 -832 -207 -198 -50 -1043 -838 -763 -76 -1248 -838 -915 -81 
Procedure F: 0 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM 10 17 24 39 _ _ _ _ 0 2 5 10 
37A 4 9 18 27 _ _ _ _ 0 0 2 5 

 

Table C.4. Acid Black 2 colour removal with CDACs from different raw materials based on changes in the 
absorbance. For all tests, the standard deviation was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 2.5 pH 4.0 pH 7.0 

1 30 60 1440 1 30 60 1440 1 

Procedure A: 0.13 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM 67 69 84 -31 3 10 -113 -36 -26 
38A -21 -1 0 -43 -27 3 -80 -66 -24 
38C 13 20 26 -131 -35 -15 -106 -34 -14 
37C -21 -12 5 -117 -100 -68 -128 -60 -50 
37A 38 40 44 -93 -70 -65 -148 -44 -40 
46C -2 1 9 -114 -89 -85 -112 -28 -24 
46A -28 -23 -19 -144 -123 -103 -22 -45 -43 
47C -19 6 7 -47 -42 -20 -38 -24 -17 
47A -21 8 10 -127 -52 -46 -143 -54 -36 
48A -26 2 11 -155 -48 -13 -161 -26 -23 
48C -43 1 19 -167 -52 -45 -91 -14 -15 
56A 87 95 96 -10 -4 3 -54 -54 -14 
56C -33 -22 65 -45 -36 -33 -75 -69 -23 
Procedure B: 0.53 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM -116 -16 67 -26 -7 7 -186 -86 -85 
38A -65 -16 9 -331 -99 -93 -392 -132 -82 
38C -81 6 6 -342 -87 -80 -250 -87 -80 
37C 18 23 23 -334 -227 -200 -284 -78 -65 
37A 52 55 56 -323 -183 -179 -244 -147 -120 
46C 24 10 10 -293 -249 -221 -313 -193 -190 
46A 4 9 19 -336 -223 -220 -447 -231 -200 
47C -125 1 11 -389 -99 -90 -312 -81 -80 
47A -108 -11 -6 -385 -118 -113 -316 -66 -64 
48A -149 -32 -1 -367 -120 -97 -217 -105 -61 
48C -161 -27 -10 -240 -102 -94 -313 -74 -73 
56A 56 57 93 -64 -56 -33 -166 -64 -62 
56C -236 -11 23 -59 -58 -36 -220 -58 -3 
Procedure C: 0.13 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM 77 90 98 -215 -83 -58 -43 -40 -36 
38A 67 86 91 -172 -43 -35 -83 -33 -7 
38C 78 85 86 -143 -44 -39 -81 -14 -9 
37C 77 85 86 -80 -66 -56 -336 -116 -14 
37A 64 80 82 -42 -30 -19 -189 -54 -27 



APPENDIX 

416 

 

46C 77 86 87 -57 -50 -38 -240 -30 -29 
46A 24 39 39 -97 -89 -82 -179 -31 -11 
47C 72 82 83 -99 -30 -28 -40 -24 -24 
47A 69 78 82 -135 -63 -60 -30 -17 -15 
48A 74 82 83 -112 -38 -30 -32 -25 -14 
48C 77 95 98 -111 -100 -53 -63 -17 -8 
56A 50 70 98 -16 -14 -6 -52 -17 -10 
56C 74 82 98 -17 -9 1 -51 -37 -24 
Procedure D: 0.53 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM 64 66 70 -89 -73 -40 -218 -192 -64 
38A -42 88 98 -156 100 -141 -51 -99 -45 
38C -46 -41 85 -236 92 92 -81 -63 -63 
37C 74 82 88 -258 -200 -200 -382 -212 -212 
37A 50 53 86 -219 -203 -203 -443 -275 -275 
46C 71 87 88 -260 -392 -392 -457 -220 -220 
46A 46 55 57 -337 -370 -370 -474 -202 -202 
47C -67 72 92 -166 94 -78 -121 -131 -55 
47A -54 78 96 -153 96 -104 -238 -125 -44 
48A -88 18 84 -144 97 -72 -210 -83 -47 
48C -67 80 91 -115 98 -85 -70 -151 -61 
56A 93 94 100 -37 -32 -28 -164 -72 -48 
56C 88 89 95 -35 -75 -29 -161 -65 -56 
Procedure E: X wt% bentonite followed by 0 mg/L of flocculation agent 

0.13 -115 -73 -65 -19 -15 -14 -160 -65 -56 
0.53 -66 -53 -30 -289 -270 -52 -160 -65 -56 

Procedure F: 0 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM 7 12 28 _ _ _ 0 2 7 
37A 5 10 21 _ _ _ 0 2 4 

 

Table C.5. Basic Green 1 colour removal with CDACs from different raw materials based on changes in the 
turbidity. For all tests, the standard deviation was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 1.6 pH 3.0 pH 10.6 

1 30 60 1440 1 30 60 1440 1 30 60 1440 

Procedure A: 0.14 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM -184 86 88 99 -216 -145 -75 27 -267 -146 -94 45 
38A -214 94 99 99 -270 -165 -68 39 -275 -191 -126 43 
38C -81 96 98 100 -245 -126 -60 50 -255 -167 -91 29 
37C -180 98 99 99 -234 -128 -53 34 -273 -200 -107 20 
37A -101 96 96 100 -264 -140 -59 38 -278 -212 -103 14 
46C -211 97 98 99 -272 -203 -113 34 -281 -234 -125 14 
46A -140 97 99 99 -233 -176 -93 32 -301 -233 -153 8 
47C -59 96 99 99 -266 -198 -88 37 -268 -203 -112 100 
47A -147 97 99 99 -227 -145 -63 40 -248 -82 -44 34 
48A -272 96 99 99 -311 -143 -73 37 -269 -179 -88 35 
48C -82 98 99 98 -275 -163 -59 35 -245 -117 -34 45 
56A -79 97 99 99 -253 -195 -89 35 -286 -194 -120 29 
56C -242 92 99 99 -276 -204 -143 19 -271 -187 -94 25 
Procedure B: 0.2 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM -618 98 99 99 -514 -350 -265 -14 -512 -401 -288 -30 
38A -538 77 99 99 -500 -361 -247 5 -533 -388 -252 -23 
38C -576 99 99 99 -511 -353 -226 -16 -519 -353 -250 -18 
37C -455 94 99 99 -482 -329 -199 -14 -525 -391 -258 -23 
37A -531 92 99 99 -501 -340 -212 -6 -521 -377 -265 -32 
46C -468 98 99 99 -520 -406 -248 -32 -517 -435 -286 -45 
46A -191 96 99 98 -486 -379 -265 -37 -549 -460 -347 -42 
47C -521 98 99 100 -506 -374 -230 -15 -506 -383 -219 -21 
47A -365 96 99 98 -505 -336 -206 -3 -548 -376 -272 -25 
48A -530 96 99 100 -495 -350 -219 4 -547 -381 -271 -29 
48C -320 96 99 99 -476 -359 -211 1 -537 -346 -238 -22 
56A -422 96 99 98 -519 -373 -235 -6 -560 -401 -286 -31 
56C -494 78 91 95 -459 -378 -206 -3 -491 -373 -253 -22 
Procedure C: 0.14 wt% bentonite followed by 4.0 mg/L of flocculation agent 

cPAM -242 98 100 100 -258 -133 -115 34 -371 -165 -103 17 
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38A -209 95 99 97 -210 -26 -10 40 -245 0 35 52 
38C -247 98 95 100 -227 -31 -17 44 -218 -6 12 42 
37C -50 96 99 100 -175 -9 1 44 -229 1 13 42 
37A -166 96 99 99 -212 -162 -1 47 -251 -9 9 37 
46C -127 95 99 100 -231 -54 -25 39 -283 -91 -42 22 
46A -213 96 99 99 -264 -183 -140 8 -302 -237 -152 -4 
47C -99 93 95 99 -252 -13 -53 37 -256 -65 -37 34 
47A -194 94 99 99 -220 -96 6 52 -230 -11 9 39 
48A -129 96 99 99 -214 1 17 51 -229 -18 -9 42 
48C -129 94 98 99 -236 -2 17 65 -69 10 26 59 
56A -172 95 98 99 -252 -29 6 45 -304 -72 -73 33 
56C -88 94 99 99 -264 -140 -36 32 -289 -176 -111 32 
Procedure D: 0.2 wt% bentonite followed by 4.0 mg/L of flocculation agent 

cPAM -1091 98 98 99 -491 -227 -182 6 -535 -484 -282 -31 
38A -287 96 96 100 -453 -191 -147 16 -517 -213 -177 -1 
38C -436 98 99 99 -465 -164 -140 10 -508 -63 -71 1 
37C -271 95 99 98 -509 -240 -110 -10 -512 -197 -141 1 
37A -254 93 98 98 -539 -442 -170 -73 -522 -169 -101 8 
46C -431 92 97 97 -496 -266 -199 0 -504 -275 -186 -28 
46A -391 89 99 99 -472 -255 -155 18 -522 -401 -302 -92 
47C -300 93 98 99 -486 -205 -163 1 -475 -269 -194 -30 
47A -437 90 99 98 -496 -222 -151 15 -501 -129 -80 -12 
48A -485 96 96 96 -479 -263 -178 -9 -474 -203 -158 14 
48C -313 94 99 99 -487 -265 -183 -1 -275 -201 -153 11 
56A -417 96 99 98 -491 -227 -182 6 -476 -272 -181 1 
56C -483 94 99 98 -453 -191 -147 16 -505 -385 -258 -19 
Procedure E: X wt% bentonite followed by 0 mg/L of flocculation agent  

0.14 -188 -27 92 99 -282 -208 -148 30 -319 -229 -129 26 
0.2 -500 -157 89 97 -509 -350 -186 -55 -539 -415 -323 -44 
Procedure F: 0 wt% bentonite followed by 4.0 mg/L of flocculation agent 

cPAM 27 41 49 59 _ _ _ _ 11 15 18 27 
37A 32 45 55 60 _ _ _ _ 10 18 29 34 

 

Table C.6. Basic Green 1 colour removal with CDACs from different raw materials based on changes in the 
absorbance. For all tests, the standard deviation was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 1.6 pH 3.0 pH 10.6 

30 60 60 30 60 1440 30 60 1440 

Procedure A: 0.14 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM 94 99 100 5 8 19 4 6 8 
38A 96 97 99 14 16 16 7 9 12 
38C 93 99 99 10 16 21 7 11 12 
37C 95 98 100 3 6 15 3 5 5 
37A 95 98 100 4 16 15 -3 4 10 
46C 97 98 98 -8 -4 9 -3 -2 2 
46A 88 99 100 -12 -5 -1 -19 -14 -10 
47C 99 99 98 -1 -1 6 -8 -6 0 
47A 99 99 100 -36 5 8 0 4 6 
48A 97 98 98 -5 -2 6 -8 -7 4 
48C 97 99 100 -47 -1 9 5 7 7 
56A 97 99 99 1 2 3 -14 -10 -5 
56C 96 99 100 -52 -4 -1 -10 -5 -1 
Procedure B: 0.2 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM 96 99 99 -37 -36 -22 -45 -35 -30 
38A 97 98 99 -26 -22 -2 -27 -21 -19 
38C 98 98 99 -54 -53 -10 -45 -22 -13 
37C 98 98 100 -36 -22 -9 -41 -24 -18 
37A 96 97 98 -56 -19 -6 -41 -29 -25 
46C 98 99 100 -38 -34 -16 -69 -28 -27 
46A 97 99 99 -51 -44 -23 -79 -29 -28 
47C 98 99 99 -27 -17 -8 -49 -32 -22 
47A 97 97 98 -35 -16 -3 -68 -27 -24 
48A 99 100 100 -37 -15 1 -67 -33 -27 
48C 98 99 99 -16 -11 -2 -52 -22 -18 
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56A 98 99 100 -31 -21 -1 -68 -34 -27 
56C 96 99 99 -30 -18 -3 -63 -59 -23 
Procedure C: 0.14 wt% bentonite followed by 4.0 mg/L of flocculation agent 

cPAM 99 99 100 -40 -14 -2 -58 -42 -23 
38A 97 98 100 18 19 22 8 20 26 
38C 98 99 100 20 22 24 10 14 13 
37C 97 99 99 17 22 28 8 13 17 
37A 99 99 100 25 28 32 7 14 20 
46C 97 98 99 11 15 24 -13 2 4 
46A 99 99 100 -12 -5 0 -26 -23 -16 
47C 98 98 98 18 20 39 -14 0 10 
47A 98 100 100 25 33 37 13 19 21 
48A 97 99 99 32 35 37 17 19 26 
48C 97 98 99 41 42 45 30 37 37 
56A 97 97 100 25 33 34 -14 7 16 
56C 99 99 98 15 15 20 -13 -15 -1 
Procedure D: 0.2 wt% bentonite followed by 4.0 mg/L of flocculation agent 

cPAM 98 98 99 -33 -23 -11 -74 -52 -21 
38A 96 97 100 -35 9 14 -15 -9 -7 
38C 98 98 99 4 9 11 -6 -2 3 
37C 98 99 100 10 13 15 -25 -4 -4 
37A 96 98 99 2 4 7 -17 -7 -4 
46C 96 98 98 -1 2 10 -34 -15 -2 
46A 97 98 98 -33 -30 -5 -63 -55 -49 
47C 96 97 97 -7 -1 5 -27 -23 -30 
47A 96 97 97 -9 5 9 -7 -8 7 
48A 94 98 100 -6 -5 0 -19 -9 0 
48C 90 96 98 9 11 13 -23 -12 2 
56A 94 97 96 -3 -1 0 -48 -25 -9 
56C 91 96 96 -11 -10 -3 -98 -34 -27 
Procedure E: X wt% bentonite followed by 0 mg/L of flocculation agent 

0.14 -42 87 98 -27 -23 -1 -36 -32 -7 
0.2 -227 79 93 -114 -72 -31 -66 -60 -28 

Procedure F: 0 wt% bentonite followed by 4.0 mg/L of flocculation agent 

cPAM 39 45 60 _ _ _ 10 15 24 
37A 44 53 63 _ _ _ 15 25 31 

 

Table C.7. Duasyn Direct Red colour removal with CDACs from different raw materials based on changes in the 
turbidity. For all tests the standard deviation was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 2.0 pH 4.0 pH 5.0 

1 30 60 1440 1 30 60 1440 1 30 60 1440 

Procedure A: 0.25 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM -254 -65 -19 40 -389 -275 -224 -72 -387 -322 -268 -80 
38A -299 38 45 60 -471 -298 -216 -62 -527 -398 -292 -76 
38C -222 69 69 70 -510 -252 -185 -62 -527 -294 -263 -84 
37C -390 42 44 62 -542 -272 -208 -81 -544 -318 -309 -81 
37A -395 64 69 81 -486 -216 -172 -57 -493 -297 -278 -73 
46C -343 37 43 59 -648 -467 -230 -83 -480 -328 -321 -81 
46A -428 18 25 62 -322 -310 -260 -75 -508 -430 -313 -93 
47C -243 59 65 69 -566 -288 -239 -64 -491 -286 -266 -90 
47A -232 48 71 78 -465 -297 -230 -62 -424 -273 -265 -81 
48A -386 51 52 65 -605 -269 -233 -69 -488 -316 -253 -73 
48C -308 48 52 75 -495 -269 -215 -56 -374 -333 -296 -78 
56A -426 58 60 64 -803 -260 -253 -63 -478 -396 -299 -86 
56C -354 32 34 52 -512 -264 -219 -70 -482 -302 -273 -72 
Procedure B: 0.5 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM -734 -202 -99 23 -954 -684 -544 -150 -913 -684 -663 -169 
38A -624 -127 6 41 -1044 -756 -572 -139 -889 -631 -663 -175 
38C -757 -245 -6 22 -689 -590 -503 -141 -889 -682 -620 -171 
37C -822 -162 -87 18 -809 -779 -527 -141 -842 -654 -588 -148 
37A -853 -230 -5 44 -842 -771 -503 -148 -790 -663 -684 -174 
46C -870 -383 -8 28 -781 -710 -501 -150 -781 -678 -680 -164 
46A -995 -234 -116 19 -809 -687 -575 -188 -764 -592 -523 -174 
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47C -1055 -391 -44 16 -848 -702 -523 -156 -874 -529 -577 -177 
47A -838 -430 -81 22 -846 -566 -551 -154 -790 -588 -491 -163 
48A -738 -144 14 40 -723 -531 -544 -145 -809 -674 -484 -141 
48C -700 23 26 58 -838 -562 -529 -144 -659 -646 -564 -160 
56A -845 -447 0 27 -898 -549 -512 -141 -697 -519 -534 -143 
56C -967 -214 -97 1 -872 -581 -547 -141 -803 -644 -575 -150 
Procedure C: 0.25 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM -208 30 33 70 -572 -419 -267 -89 -441 -248 -239 -86 
38A -378 49 60 81 -480 -245 -197 -58 -493 -309 -271 -76 
38C -330 72 74 62 -469 -176 -170 -56 -458 -259 -248 -72 
37C -313 48 44 72 -456 -157 -166 -67 -327 -284 -272 -70 
37A -383 81 69 69 -396 -221 -193 -60 -432 -265 -243 -80 
46C -488 55 56 56 -445 -289 -266 -69 -463 -289 -291 -84 
46A -460 42 53 62 -527 -450 -329 -97 -527 -484 -374 -90 
47C -397 66 75 67 -463 -202 -181 -55 -409 -291 -266 -70 
47A -528 57 65 68 -443 -242 -225 -66 -428 -278 -240 -69 
48A -411 72 75 80 -443 -222 -208 -56 -383 -260 -219 -67 
48C -272 52 62 75 -553 -225 -225 -67 -428 -259 -212 -71 
56A -277 57 59 85 -383 -271 -247 -63 -441 -406 -221 -65 
56C -444 44 47 53 -452 -307 -256 -75 -488 -441 -243 -72 
Procedure D: 0.5 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM -724 -226 -140 40 -756 -702 -697 -155 -872 -667 -663 -149 
38A -822 -77 49 42 -833 -667 -613 -165 -1144 -644 -672 -150 
38C -1098 -219 -51 44 -803 -624 -527 -167 -872 -633 -536 -161 
37C -909 -119 59 35 -794 -656 -583 -154 -969 -598 -622 -167 
37A -906 -142 -2 28 -859 -594 -555 -125 -827 -687 -635 -146 
46C -924 -322 -7 21 -706 -702 -594 -150 -809 -797 -592 -179 
46A -904 -231 -137 -4 -779 -725 -654 -154 -792 -756 -646 -187 
47C -926 -158 -81 35 -838 -579 -465 -134 -771 -624 -577 -140 
47A -1001 -286 -69 44 -732 -549 -460 -138 -943 -689 -484 -152 
48A -881 -241 47 43 -792 -559 -510 -138 -758 -581 -497 -168 
48C -1042 30 59 61 -779 -516 -439 -135 -786 -566 -607 -211 
56A -693 51 56 83 -885 -572 -590 -170 -771 -646 -510 -182 
56C -822 21 50 41 -784 -572 -607 -152 -751 -672 -568 -152 
Procedure E: X wt% bentonite followed by 0 mg/L of flocculation agent 

0.25 -348 -90 -44 37 -499 -452 -80 -67 -497 -398 -363 -83 
0.5 -749 -376 -391 -41 -883 -708 -633 -180 -857 -659 -710 -188 
Procedure F 0 wt% bentonite followed by 2.67 mg/L of flocculation agent 

37A 27 33 35 44 _ _ _ _ 33 33 38 47 
cPAM 35 37 39 50 _ _ _ _ 40 41 42 49 

 

Table C.8. Duasyn Direct Red colour removal with CDACs from different raw materials based on changes in the 
absorbance. For all tests the standard deviation was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 2.0 pH 4.0 pH 5.0 

30 60 60 30 60 1440 30 60 1440 

Procedure A: 0.25 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM -107 -29 36 -112 -101 -67 -123 -78 -72 
38A 42 49 64 -126 -106 -95 -105 -97 -65 
38C 71 70 72 -179 -119 -96 -175 -77 -76 
37C 48 51 63 -91 -90 -87 -128 -88 -73 
37A 60 65 81 -93 -68 -67 -94 -81 -65 
46C 45 50 62 -247 -95 -85 -100 -89 14 
46A 27 26 63 -119 -82 -58 -110 -72 -72 
47C 66 66 71 -87 -83 -82 -81 -67 -66 
47A 44 70 79 -109 -77 -68 -86 -76 -61 
48A 56 59 66 -236 -93 -85 -88 -73 -61 
48C 54 55 77 -178 -73 -58 -132 -86 -65 
56A 59 64 66 -237 -82 -82 -146 -93 -73 
56C 41 53 56 -218 -83 -77 -149 -79 -68 
Procedure B: 0.5 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM -259 -134 25 -236 -223 -135 -189 -175 -75 
38A -169 -4 47 -178 -132 -126 -178 -160 -69 
38C -304 -4 29 -237 -145 -127 -183 -151 -62 
37C -210 -107 15 -218 -148 -139 -166 -158 -65 
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37A -319 -26 50 -209 -164 -127 -240 -176 -73 
46C -444 -11 33 -325 -184 -135 -158 -149 -60 
46A -297 -145 10 -302 -229 -177 -160 -149 -148 
47C -398 -61 23 -228 -148 -104 -174 -155 -151 
47A -380 -116 28 -198 -145 -130 -158 -149 -134 
48A -218 -3 40 -188 -155 -137 -181 -134 -127 
48C 15 20 59 -190 -149 -136 -192 -169 -153 
56A -456 -7 33 -193 -130 -102 -154 -141 -135 
56C -64 -124 10 -183 -141 -133 -178 -160 -152 
Procedure C: 0.25 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM 33 29 64 -130 -70 -52 -154 -77 -70 
38A 52 54 72 -99 -61 -50 -143 -90 -85 
38C 51 71 72 -64 -59 -58 -120 -79 -78 
37C 43 48 71 -72 -54 -52 -78 -78 -61 
37A 59 66 83 -74 -62 -61 -72 -68 -55 
46C 52 58 59 -107 -87 -75 -89 -78 -75 
46A 50 52 66 -108 -90 -48 -96 -85 -79 
47C 62 74 70 -120 -69 -58 -123 -72 -59 
47A 54 54 64 -71 -56 -46 -90 -81 -55 
48A 84 77 80 -160 -60 -59 -75 -70 -59 
48C 77 80 84 -173 -56 -51 -99 -80 -56 
56A 49 50 73 -209 -67 -58 -88 -68 -53 
56C 52 58 83 -135 -100 -70 -142 -99 -87 
Procedure D: 0.5 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM -303 -199 42 -154 -140 -135 -185 -166 -132 
38A -125 27 44 -142 -140 -133 -248 -159 -127 
38C -75 22 49 -142 -133 -131 -236 -154 -140 
37C 10 39 51 -142 -133 -108 -377 -142 -136 
37A -188 -34 21 -140 -125 -108 -263 -153 -122 
46C -82 -37 28 -134 -130 -125 -337 -168 -126 
46A -288 -175 1 -186 -134 -117 -328 -197 -162 
47C -128 38 40 -128 -121 -117 -277 -149 -120 
47A -384 -131 45 -122 -121 -117 -244 -141 -132 
48A -333 39 43 -136 -122 -119 -267 -157 -148 
48C 4 48 58 -147 -118 -119 -291 -254 -181 
56A 37 43 78 -173 -147 -134 -256 -167 -133 
56C 28 41 44 -134 -119 -72 -301 -172 -135 
Procedure E: X wt% bentonite followed by 0 mg/L of flocculation agent 

0.25 20 17 25 -293 -70 -68 -180 -112 -73 
0.5 -165 -138 -59 -362 -255 -153 -377 -341 -158 

Procedure F 0 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM 27 32 42 _ _ _ 25 39 42 
37A 31 35 46 _ _ _ 34 40 44 

 

Table C.9. Crystal Violet colour removal with CDACs from different raw materials based on changes in the 
turbidity. For all tests, the standard deviation was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 1.5 pH 3.0 pH 7.0 

1 30 60 1440 1 30 60 1440 1 30 60 1440 

Procedure A: 0.07 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM 62 67 71 98 3 16 23 54 -103 -79 -66 -20 
38A 56 59 65 97 17 81 85 91 -126 -58 -45 -20 
38C 50 57 64 97 -4 79 82 88 -120 -55 -52 -14 
37C 48 55 61 98 14 77 86 89 -127 -80 -65 -19 
37A 50 57 63 97 22 88 90 95 -128 -36 -33 -9 
46C 55 58 61 97 6 72 73 76 -131 -114 -113 -30 
46A 48 56 63 98 3 45 49 58 -122 -103 -103 -16 
47C 40 56 63 97 5 88 87 91 -80 51 51 67 
47A 45 58 65 96 23 89 91 91 -81 53 54 67 
48A 52 59 63 97 -5 93 94 92 -97 29 26 43 
48C 56 64 71 97 9 93 92 93 -62 58 61 73 
56A 53 61 67 96 7 91 93 93 -93 -20 5 28 
56C 51 59 64 96 -1 73 78 80 -105 -12 -6 17 
Procedure B: 0.14 wt% bentonite followed by 2.67 mg/L of flocculation agent 
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cPAM 61 66 73 97 -148 -60 -40 46 -204 -152 -103 -26 
38A 56 65 70 98 -107 11 15 41 -283 -94 -76 -12 
38C 57 63 67 99 -94 -6 12 42 -154 -99 -85 -4 
37C 59 71 72 98 -99 17 21 40 -172 -104 -93 -15 
37A 58 68 71 98 -105 21 27 45 -225 -151 -112 -21 
46C 56 68 71 98 -103 -23 -1 45 -225 -181 -140 -26 
46A 57 64 67 98 -26 43 46 57 -212 -209 -156 -31 
47C 52 62 67 98 -22 79 77 85 -228 -114 -98 6 
47A 53 63 69 98 -24 78 82 87 -244 -67 -35 22 
48A 59 67 69 98 -86 35 51 50 -226 -77 -47 18 
48C 57 65 68 98 -113 47 38 55 -250 -40 -19 10 
56A 57 66 71 99 -102 36 38 46 -205 -82 -44 24 
56C 64 69 75 99 -99 -22 7 29 -209 -112 -59 17 
Procedure C: 0.07 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM 59 67 81 98 27 34 34 58 -63 -1 1 29 
38A 53 64 73 96 -33 54 57 65 -124 -68 -54 -21 
38C 54 68 78 98 -21 48 53 57 -128 -69 -55 -13 
37C 56 63 74 97 -17 44 52 63 -135 -93 -90 -27 
37A 45 66 77 97 -18 59 61 68 -128 -88 -74 -28 
46C 46 63 74 96 -21 21 25 52 -134 -111 -104 -33 
46A 55 64 76 98 -24 8 25 49 -114 -94 -82 -10 
47C 47 61 72 97 -17 53 51 64 -108 -99 -77 -5 
47A 48 64 75 97 -25 65 66 71 -105 -36 -32 23 
48A 47 59 76 97 -26 62 62 67 -91 0 6 34 
48C 51 62 72 98 -22 69 67 72 -82 9 6 43 
56A 49 60 70 97 -23 61 64 71 -78 -1 14 49 
56C 53 63 75 97 -20 49 50 61 -108 -68 -54 -10 
Procedure D: 0.14 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM 61 71 82 97 -103 -61 -30 41 -199 -97 -95 -4 
38A 58 69 78 97 -106 -19 -19 41 -254 -144 -123 -22 
38C 59 68 76 98 -101 -28 -14 41 -241 -142 -117 -30 
37C 62 71 79 98 -108 -38 -34 33 -318 -244 -177 -39 
37A 52 73 80 97 -106 -21 -23 41 -305 -238 -158 -34 
46C 53 75 80 97 -115 -82 -63 38 -231 -177 -120 -29 
46A 50 63 69 96 -112 -86 -52 59 -218 -132 -122 -7 
47C 52 81 86 98 -110 -33 -25 42 -226 -156 -148 -21 
47A 54 81 85 98 -107 -21 -15 42 -228 -112 -142 -23 
48A 44 75 82 98 -107 -30 -13 44 -226 -106 -102 -1 
48C 57 68 77 99 -112 -18 -5 41 -336 -122 -71 26 
56A 53 68 76 98 -109 -32 -9 35 -225 -119 -104 13 
56C 57 74 80 98 -112 -64 -51 26 -247 -119 -92 -7 
Procedure E: X wt% bentonite followed by 0 mg/L of flocculation agent 

0.07 72 72 81 96 -4 0 24 44 -97 -79 -70 -16 

0.14 66 82 83 98 -99 -84 -62 23 -178 -172 -91 -31 

Procedure F: 0 wt% bentonite followed by 2.67 mg/L of flocculation agent 

37A 38 39 39 40 _ _ _ _ 28 28 27 28 

cPAM 42 45 49 51 _ _ _ _ 31 34 34 35 

 

Table C.10. Crystal Violet colour removal with CDACs from different raw materials based on changes in the 
absorbance. For all tests, the standard deviation was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 1.5 pH 3.0 pH 7.0 

30 60 60 30 60 1440 30 60 1440 

Procedure A: 0.07 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM 22 46 95 -68 -36 13 -59 -47 -29 
38A -3 27 96 36 57 72 -60 -41 -19 
38C -2 26 94 38 50 54 -43 -38 -34 
37C -7 20 95 33 51 59 -109 -53 -54 
37A -4 22 94 71 74 76 -72 -39 -13 
46C -2 15 94 15 18 24 -89 -65 -41 
46A -6 15 96 -40 -31 0 -67 -61 -56 
47C -14 12 96 62 66 72 11 31 32 
47A -1 15 92 67 72 75 20 35 43 
48A -5 15 94 72 79 81 -8 -5 14 
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48C 13 30 95 72 75 77 22 32 43 
56A 2 19 93 68 74 75 -56 -21 -15 
56C -2 21 94 17 22 35 -74 -39 -12 
Procedure B: 0.14 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM 9 32 95 -108 -91 -47 -143 -111 -70 
38A 16 27 95 -90 -53 -50 -111 -67 -39 
38C 5 16 96 -119 -65 -65 -126 -78 -39 
37C 23 35 96 -71 -65 -48 -107 -86 -39 
37A 16 29 96 -61 -55 -52 -117 -103 -55 
46C 17 30 97 -126 -81 -75 -119 -83 -49 
46A 6 25 97 -38 -31 -28 -169 -129 -66 
47C 6 25 96 32 31 43 -190 -71 -33 
47A 5 24 95 29 42 42 -60 -43 -11 
48A 16 31 96 -66 -52 -22 -46 -45 -14 
48C 5 22 96 -60 -40 -38 -55 -36 -27 
56A 19 33 97 -69 -67 -62 -128 -109 -8 
56C 20 32 98 -127 -118 -92 -103 -74 -40 
Procedure C: 0.07 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM 26 45 96 -55 -45 -21 -72 -26 -9 
38A 2 18 93 -16 -12 -10 -85 -68 -53 
38C 15 35 95 -36 -30 -19 -57 -56 -40 
37C 3 23 95 -31 -25 -21 -71 -65 -56 
37A 11 35 94 -13 -13 -5 -127 -87 -53 
46C 6 21 94 -63 -61 -44 -80 -76 -65 
46A 13 30 95 -84 -47 -43 -73 -73 -39 
47C -4 18 94 -25 -25 -14 -72 -69 -43 
47A 12 32 95 -4 4 1 -44 -33 -27 
48A 1 36 95 -10 -6 1 -55 -26 -6 
48C 5 24 96 2 4 6 -20 -10 5 
56A -8 17 95 -1 1 9 -17 -5 6 
56C 9 26 94 -16 -14 -10 -56 -49 -36 
Procedure D: 0.14 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM 14 38 94 -137 -102 -71 -95 -93 -44 
38A 9 35 95 -100 -80 -78 -103 -85 -51 
38C 6 27 96 -102 -88 -80 -108 -87 -60 
37C 27 41 96 -106 -97 -94 -136 -130 -69 
37A 18 37 96 -170 -85 -76 -125 -122 -68 
46C 38 43 94 -104 -101 -80 -105 -95 -49 
46A -6 13 93 -130 -109 -87 -109 -101 -38 
47C 46 54 96 -122 -111 -77 -166 -86 -48 
47A 46 53 96 -142 -80 -78 -119 -106 -55 
48A 29 50 96 -145 -113 -82 -130 -89 -26 
48C 23 28 97 -100 -82 -78 -109 -96 -17 
56A 18 34 95 -147 -129 -80 -93 -83 -18 
56C 35 35 95 -207 -158 -106 -118 -85 -40 
Procedure E: X wt% bentonite followed by 0 mg/L of flocculation agent 

0.07 59 59 85 -89 -45 -44 -65 -63 -54 
0.14 53 56 87 -170 -95 -84 -200 -72 -69 

Procedure F 0 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM 32 35 37 _ _ _ 18 19 25 
37A 36 37 41 _ _ _ 27 30 31 

 

Table C.11. Methylene Blue colour removal with ADACs from different raw materials based on changes in the 
turbidity. For all tests, the standard deviation was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 1.0 pH 1.6 pH 2.5 

1 30 60 1440 1 30 60 1440 1 30 60 1440 

Procedure A: 0.07 wt% bentonite followed by 1.33 mg/L of flocculation agent 

aPAM 32 89 90 100 32 91 94 98 25 66 93 99 
51A 34 88 96 100 14 25 59 99 16 84 97 99 
51C 41 44 65 100 29 61 91 100 21 92 91 98 
52A 34 37 93 100 27 50 85 99 26 90 95 100 
52C 29 32 80 100 26 33 82 88 33 82 97 100 
53A 30 62 97 100 31 49 93 99 19 80 96 100 
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53C 36 84 91 100 26 36 54 93 24 92 92 99 
54D 37 41 98 100 22 29 45 99 23 93 93 97 
54B 33 39 97 100 26 32 40 98 32 93 95 99 
55A 32 58 84 100 27 38 77 99 15 92 96 99 
55C 26 57 85 100 28 34 52 99 22 89 98 100 
Procedure B: 0.14 wt% bentonite followed by 1.33 mg/L of flocculation agent 

aPAM -12 24 91 100 -49 -39 15 99 -49 50 92 97 
51A -30 -15 54 99 -42 -35 -33 99 -43 -36 -28 99 
51C -24 -6 19 99 -38 -25 -10 99 -73 -67 -60 99 
52A -12 -18 17 100 -28 -37 -17 100 -50 -44 -45 93 
52C -18 -14 18 99 -32 -28 -18 99 -50 -44 -38 96 
53A -27 -11 45 100 -44 -39 -29 99 -60 -58 -41 99 
53C -12 39 95 100 -43 -31 7 99 -57 -49 -42 86 
54D -22 -3 57 98 -24 -23 -4 99 -63 -58 -52 63 
54B -31 -15 63 100 -39 -32 -20 99 -76 -60 -54 97 
55A -38 -13 51 99 -32 -25 -18 99 -57 -43 -38 100 
55C -15 -1 26 100 -27 -24 3 99 -81 -69 -66 78 
Procedure C: 0.07 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM 35 93 95 97 32 87 93 100 25 89 98 100 
51A 31 84 97 99 22 59 91 99 12 26 68 96 
51C 28 74 96 99 28 69 94 100 31 91 85 99 
52A 29 73 90 100 29 59 93 100 8 17 27 99 
52C 45 56 97 99 21 28 35 100 26 36 73 100 
53A 34 44 57 100 33 38 42 99 12 74 93 96 
53C 29 78 97 99 24 26 32 100 21 72 96 99 
54D 34 71 98 99 24 32 64 99 19 86 92 92 
54B 34 57 85 100 28 37 72 96 20 91 95 99 
55A 30 54 66 99 20 25 30 98 -3 93 96 100 
55C 31 89 98 100 26 31 55 99 -3 75 96 100 
Procedure D: 0.14 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM -36 57 98 99 -32 71 96 98 -36 88 89 100 
51A -30 -17 17 100 -32 -29 -19 100 -54 -43 -35 100 
51C -24 -2 38 99 -33 -32 -20 99 -61 -45 -42 99 
52A -30 -8 42 100 -40 -29 -25 99 -62 -52 -45 100 
52C -17 -5 43 100 -39 -35 -23 98 -59 -50 -49 89 
53A -27 -5 24 99 -41 -38 -15 99 -65 -57 -46 93 
53C -28 11 56 99 -31 -25 -20 100 -42 -43 -35 100 
54D -26 -12 44 100 -44 -38 -29 99 -63 -55 -54 99 
54B -18 -8 16 96 -48 -38 -37 97 -66 -61 -57 90 
55A -13 -12 16 100 -28 -24 -14 100 -46 -43 -41 100 
55C -34 -29 -15 99 -32 -28 -23 98 -55 -51 -46 97 
Procedure E: X wt% bentonite followed by 0 mg/L of flocculation agent 

0.07 16 61 96 98 15 28 89 98 8 21 42 97 
0.14 -35 37 48 97 -38 16 80 97 -66 -70 24 98 

Procedure F: 0 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM 21 35 47 67 _ _ _ _ 17 34 44 56 
54D 17 40 51 64 _ _ _ _ 19 31 49 59 

 

Table C.12. Methylene Blue colour removal with ADACs from different raw materials based on changes in the 
absorbance. For all tests, the standard deviation was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 1.0 pH 1.6 pH 2.5 

30 60 60 30 60 1440 30 60 1440 

Procedure A: 0.07 wt% bentonite followed by 1.33 mg/L of flocculation agent 

aPAM 42 86 98 76 82 96 79 79 99 
51A 59 93 99 -36 26 100 77 92 100 
51C 83 84 96 24 79 100 1 39 100 
52A 81 91 99 4 67 99 -16 88 100 
52C 66 93 99 -25 60 99 -29 66 100 
53A 62 95 100 4 79 99 25 94 99 
53C 71 88 98 -10 20 99 71 85 100 
54D 84 89 95 -28 4 100 -3 92 100 
54B 84 90 99 -20 -2 99 -10 94 100 
55A 91 93 98 -7 58 98 31 71 100 
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55C 95 96 99 -19 16 100 23 88 100 
Procedure B: 0.14 wt% bentonite followed by 1.33 mg/L of flocculation agent 

aPAM 26 82 98 -137 -38 98 -26 87 99 
51A -118 -105 99 -132 -123 100 -88 26 99 
51C -171 -152 97 -114 -85 100 -79 -34 99 
52A -122 -138 89 -135 -98 100 -96 -30 99 
52C -130 -127 99 -118 -96 99 -89 -33 100 
53A -156 -121 99 -134 -117 99 -83 10 100 
53C -145 -131 84 -126 -57 100 -6 91 99 
54D -171 -149 42 -113 -78 99 -76 31 97 
54B -174 -159 99 -131 -105 100 -98 36 99 
55A -132 -69 99 -113 -102 100 -92 20 99 
55C -175 -171 65 -113 -68 100 -73 -23 100 
Procedure C: 0.07 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM 80 86 99 67 78 100 79 87 96 
51A 27 38 99 21 91 100 68 94 99 
51C 60 60 94 36 90 100 49 91 99 
52A -30 69 98 26 91 100 49 80 99 
52C -13 45 99 -32 -6 100 15 87 99 
53A 43 77 91 -17 -18 100 -3 23 99 
53C 48 90 98 -25 35 100 61 95 100 
54D 84 84 92 -21 74 99 47 97 99 
54B 83 90 97 -10 92 100 43 76 100 
55A 39 91 99 -30 -8 99 16 40 98 
55C 56 93 99 -23 39 100 75 95 100 
Procedure D: 0.14 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM 79 78 99 57 89 97 35 94 99 
51A -134 -106 100 -111 -91 99 -94 -37 100 
51C -133 -118 99 -120 -43 100 -69 2 99 
52A -151 -133 99 -120 -51 100 -81 5 100 
52C -143 -140 84 -129 -97 100 -78 6 99 
53A -154 -138 89 -130 -92 100 -73 -19 100 
53C -131 -116 100 -106 -97 100 -49 33 99 
54D -149 -155 97 -148 -104 100 -63 26 100 
54B -168 -158 85 -137 -107 99 -83 -37 99 
55A -143 -133 98 -112 -102 100 -91 -39 100 
55C -153 -143 95 -110 -110 100 -120 -92 100 
Procedure E: X wt% bentonite followed by 0 mg/L of flocculation agent 

0.07 -40 4 98 -14 84 98 23 94 98 
0.14 -180 6 97 -37 68 96 -14 19 96 

Procedure F 0 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM 37 45 60 _ _ _ 29 34 42 
54D 39 48 57 _ _ _ 20 32 45 

 

Table C.13. Basic Green 1 colour removal with ADACs from different raw materials based on changes in the 
turbidity. For all tests the standard deviation was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 1.0 pH 1.9 pH 2.5 

1 30 60 1440 1 30 60 1440 1 30 60 1440 
Procedure A: 0.07 wt% bentonite followed by 1.33 mg/L of flocculation agent 

aPAM -81 81 91 87 -34 76 96 99 -41 71 86 99 
51A -66 83 91 86 -114 43 97 99 -103 -2 86 96 
51C -79 85 94 90 -74 24 96 99 -91 48 55 99 
52A -98 87 94 87 -114 -99 97 100 -125 56 92 96 
52C -71 86 93 89 -90 -24 98 99 -97 72 89 99 
53A -86 84 94 88 -102 4 96 99 -106 14 90 100 
53C -134 51 96 99 -82 49 99 99 -110 -3 92 100 
54D -64 79 94 99 -109 -109 94 99 -129 1 83 100 
54B -89 91 90 99 -90 -67 99 99 -87 79 87 99 
55A -99 94 91 99 -79 -18 88 99 -116 -7 71 99 
55C -73 86 91 99 -124 -63 96 99 -105 39 96 100 
Procedure B: 0.07 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM -74 74 94 98 -66 67 97 100 -114 93 97 99 
51A -91 -66 76 99 -129 -81 98 99 -114 -101 -39 97 
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51C -79 84 95 97 -110 -89 98 98 -103 65 94 99 
52A -86 81 94 98 -91 -13 97 98 -109 -89 34 99 
52C -99 84 93 98 -100 -95 99 99 -116 -96 -19 99 
53A -61 51 94 97 -75 -8 97 98 -100 59 97 99 
53C -136 21 96 99 -61 11 97 98 -130 -87 9 100 
54D -104 84 94 96 -119 -109 74 99 -101 88 94 99 
54B -46 82 90 99 -108 -89 100 97 -126 -61 87 97 
55A -80 77 89 96 -107 -24 94 100 -95 36 85 97 
55C -66 83 90 94 -99 -80 99 98 -79 -26 80 100 
Procedure C: 014 wt% bentonite followed by 1.33 mg/L of flocculation agent 

aPAM -202 71 80 95 -246 -175 98 99 -250 -180 -43 100 
51A -201 -199 -69 99 -238 -219 -41 99 -275 -266 -214 99 
51C -253 -228 -64 99 -266 -256 -57 99 -267 -245 -150 97 
52A -219 -161 83 99 -260 -255 -108 99 -211 -197 -49 99 
52C -246 -191 16 99 -223 -216 -120 99 -279 -233 -177 100 
53A -209 -107 67 98 -226 -223 -90 99 -259 -245 -178 100 
53C -257 -246 7 99 -241 -214 30 99 -261 -234 -176 100 
54D -203 -168 2 99 -271 -264 -79 99 -256 -271 -177 100 
54B -244 -198 4 99 -239 -250 31 93 -256 -225 -136 99 
55A -256 -170 4 99 -254 -244 -48 99 -239 -243 -198 100 
55C -236 -215 65 99 -220 -226 -74 98 -247 -241 -188 100 
Procedure D: 0.14 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM -179 -142 27 99 -261 -161 91 99 -263 -156 -120 99 
51A -264 -220 -122 99 -206 -214 -133 99 -262 -257 -216 100 
51C -204 -206 9 98 -213 -234 37 99 -259 -271 -229 98 
52A -203 -204 56 99 -249 -243 -131 99 -304 -284 -156 98 
52C -197 -156 13 99 -206 -199 8 98 -240 -239 -191 100 
53A -208 -201 10 100 -255 -235 41 99 -254 -251 -219 99 
53C -236 -200 46 98 -231 -223 26 98 -270 -261 -218 100 
54D -203 -197 -17 99 -196 -203 -173 93 -266 -274 -178 100 
54B -266 -184 -1 99 -229 -209 -181 79 -270 -226 -209 100 
55A -245 -201 -32 98 -214 -198 -172 87 -265 -255 -69 100 
55C -258 -146 37 99 -226 -214 -186 98 -266 -236 -223 100 
Procedure E: X wt% bentonite followed by 0 mg/L of flocculation agent 

0.07 -87 84 96 94 -128 81 75 97 -111 -12 96 99 
0.14 -243 -48 42 99 -275 -120 -112 100 -276 -217 -56 98 

Procedure E: 0 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM 19 35 41 57 _ _ _ _ 9 16 24 29 
54D 22 45 49 62 _ _ _ _ 12 18 20 23 

 

Table C.14. Basic Green 1 colour removal with ADACs from different raw materials based on changes in the 
absorbance. For all tests the standard deviation was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 1.0 pH 1.9 pH 2.5 

30 60 60 30 60 1440 30 60 1440 

Procedure A: 0.07 wt% bentonite followed by 1.33 mg/L of flocculation agent 

aPAM 84 92 93 79 96 98 67 88 99 
51A 86 93 90 57 95 100 51 88 96 
51C 89 93 95 31 96 99 10 64 100 
52A 90 91 96 -51 98 98 54 95 96 
52C 86 89 97 3 90 100 74 90 98 
53A 82 84 95 20 93 98 46 90 100 
53C 64 97 99 59 98 99 49 93 99 
54D 83 95 98 -57 93 100 22 84 98 
54B 93 92 98 -27 97 98 78 87 99 
55A 94 93 99 4 92 99 14 79 97 
55C 88 93 97 -18 94 100 51 95 99 
Procedure B: 0.14 wt% bentonite followed by 1.33 mg/L of flocculation agent 

aPAM 79 96 96 71 95 99 87 95 100 
51A -24 81 100 -33 98 99 -50 -2 96 
51C 86 96 97 -43 96 100 69 92 98 
52A 87 95 98 9 96 98 -43 48 99 
52C 86 95 99 -46 100 98 -53 11 98 
53A 62 95 97 13 95 99 66 96 98 
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53C 42 97 98 29 95 98 -39 32 100 
54D 82 95 98 -59 78 98 80 90 97 
54B 84 92 98 -46 98 99 -22 86 96 
55A 83 93 97 2 94 99 42 83 97 
55C 85 92 96 -41 99 98 -4 78 99 
Procedure C: 0.07 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM 80 87 95 -85 96 100 -102 0 99 
51A -105 -17 98 -123 2 99 -158 -125 100 
51C -126 -10 100 -149 -7 99 -139 -72 97 
52A -61 88 99 -149 -45 100 -115 -67 98 
52C -98 47 98 -123 -52 99 -141 -6 99 
53A -41 78 100 -128 -29 98 -147 -62 99 
53C -133 36 100 -121 50 100 -138 -96 99 
54D -94 28 98 -160 -31 99 -171 -106 100 
54B -115 25 100 -156 48 95 -137 -70 99 
55A -90 39 99 -150 -11 100 -156 -121 98 
55C -117 74 98 -135 -27 99 -151 -104 100 
Procedure D: 0.14 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM -66 51 100 -80 91 98 -94 -64 98 
51A -124 -55 99 -119 -53 100 -160 -133 99 
51C -113 37 98 -138 48 99 -160 -141 99 
52A -117 65 100 -143 -60 99 -174 -83 98 
52C -83 35 99 -113 28 100 -148 -111 98 
53A -110 40 98 -141 54 99 -161 -130 100 
53C -110 59 100 -131 50 98 -160 -129 99 
54D -113 11 99 -116 -95 92 -165 -108 100 
54B -100 29 98 -118 -90 92 -138 -127 100 
55A -116 8 99 -110 -92 91 -161 -26 98 
55C -74 55 99 -113 -103 100 -145 -130 99 
Procedure E: X wt% bentonite followed by 0 mg/L of flocculation agent 

0.07 80 80 83 81 84 95 17 96 99 
0.14 9 52 88 -53 -46 97 -127 -12 97 

Procedure F 0 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM 31 39 51 _ _ _ 12 27 28 
54D 47 51 57 _ _ _ 16 18 21 

 

Table C.15. Crystal Violet colour removal with ADACs from different raw materials based on changes in the 
turbidity. For all tests, the standard deviation was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 2.0 pH 6.0 pH 10.6 

1 30 60 1440 1 30 60 1440 1 30 60 1440 

Procedure A: 0.07 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM -91 89 91 98 -134 -120 -122 -11 -91 -88 -64 -1 
51A -20 86 90 97 -114 -93 -88 24 -106 -76 -38 30 
51C -3 70 78 91 -116 -103 -80 18 -91 -78 -39 38 
52A -18 90 93 98 -111 -89 -83 8 -107 -59 -22 39 
52C 21 89 90 92 -122 -99 -78 10 -85 -68 -28 48 
53A -26 92 95 97 -217 -115 -94 4 -83 -61 -30 52 
53C 9 83 88 99 -291 -118 -103 6 -98 -74 -35 47 
54D 1 82 86 93 -259 -130 -97 4 -83 -58 -16 44 
54B -52 76 80 91 -140 -121 -92 11 -84 -63 -16 42 
55A -18 78 83 94 -188 -108 -87 12 -85 -61 -17 41 
55C -6 78 84 93 -182 -108 -99 13 -87 -62 -25 37 
Procedure B: 0.14 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM 31 86 90 98 -52 -61 -65 21 -34 -12 -7 35 
51A 26 85 89 95 -64 -56 -38 21 -29 -27 6 53 
51C -7 81 86 94 -57 -45 -39 18 -37 -23 1 53 
52A 24 79 82 94 -72 -61 -40 13 -7 8 25 54 
52C 35 77 82 94 -64 -51 -36 20 -2 -1 25 53 
53A 47 80 83 94 -67 -62 -36 18 -15 -9 17 54 
53C 35 74 79 98 -72 -49 -46 20 -12 0 14 45 
54D 45 80 83 98 -65 -50 -48 23 -22 -14 18 59 
54B 39 79 81 94 -62 -47 -26 23 -20 -13 13 55 
55A 24 85 88 95 -62 -55 -46 21 -7 6 26 49 
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55C 47 82 85 96 -59 -48 -28 16 -19 -7 16 41 
Procedure C: 0.07 wt% bentonite followed by 1.33 mg/L of flocculation agent 

aPAM 53 92 95 100 -123 -125 -116 -48 -78 -76 -67 -7 
51A -5 94 95 100 -146 -119 -62 1 -102 -79 -38 31 
51C -45 94 96 99 -188 -127 -74 2 -97 -69 -40 36 
52A 10 84 86 96 -147 -133 -69 3 -81 -58 -32 43 
52C -25 83 85 94 -170 -137 -90 5 -86 -67 -32 43 
53A -9 84 85 95 -203 -151 -78 -10 -73 -57 -21 48 
53C 18 82 84 96 -192 -139 -83 -1 -89 -73 -49 44 
54D 10 83 87 96 -145 -131 -82 -3 -87 -66 -40 44 
54B 13 81 82 95 -139 -125 -77 5 -82 -75 -33 40 
55A 40 86 86 96 -146 -132 -68 1 -86 -72 -34 37 
55C 28 84 86 96 -198 -136 -81 -8 -96 -73 -33 33 
Procedure D: 0.14 wt% bentonite followed by 1.33 mg/L of flocculation agent 

aPAM 27 87 89 98 -26 -20 -11 -10 -17 -14 -7 29 
51A 26 82 84 95 -47 -50 -31 18 -29 -30 -13 51 
51C 35 82 85 95 -51 -50 -23 19 4 2 7 44 
52A 54 83 84 95 -60 -59 -36 10 -17 -19 -8 55 
52C 24 80 83 95 -60 -57 -37 12 -15 -20 -5 49 
53A 54 82 83 95 -69 -62 -40 11 -13 -13 -4 39 
53C 49 84 86 96 -60 -55 -26 14 -27 -17 -10 45 
54D 48 84 86 97 -68 -59 -34 14 -17 -25 -4 34 
54B 47 80 85 95 -57 -47 -23 20 -13 -13 2 42 
55A 53 81 84 96 -71 -64 -37 4 -19 -16 -3 31 
55C 46 83 86 97 -71 -63 -44 7 -25 -25 2 49 
Procedure E: X wt% bentonite followed by 0 mg/L of flocculation agent 

0.07 -5 64 82 99 -667 -93 -91 0 -81 -65 -60 37 
0.14 34 81 89 97 -26 -21 -21 -4 -24 -13 5 53 

Procedure E: 0 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM 9 21 33 42 _ _ _ _ 3 9 14 20 
54D 6 19 23 39 _ _ _ _ 5 11 18 26 

 

Table C.16. Crystal Violet colour removal with ADACs from different raw materials based on changes in the 
absorbance. For all tests, the standard deviation was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 2.0 pH 6.0 pH 10.6 

30 60 60 30 60 1440 30 60 1440 

Procedure A: 0.07 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM 92 96 96 -176 -76 -74 -71 -55 -40 
51A 80 82 94 -127 -83 -36 -149 -66 2 
51C 64 66 96 -93 -65 -28 -191 -45 14 
52A 82 83 85 -98 -65 -41 -87 -36 13 
52C 79 84 91 -115 -77 -29 -147 -56 27 
53A 90 93 97 -98 -70 -34 -146 28 94 
53C 83 83 85 -142 -89 -35 -90 -70 12 
54D 72 82 88 -165 -131 -29 -68 -67 19 
54B 65 67 83 -123 -90 -27 -122 -82 12 
55A 75 77 87 -124 -69 -31 -85 -58 11 
55C 76 79 87 -195 -86 -21 -94 -74 11 
Procedure B: 0.14 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM 91 92 95 -81 -79 -23 -59 -30 -3 
51A 84 85 88 -71 -56 -19 -57 -28 26 
51C 77 80 88 -76 -75 -20 -128 -43 30 
52A 70 73 89 -92 -51 -24 -41 -5 28 
52C 73 73 89 -56 -31 -20 -86 -23 26 
53A 75 76 90 -68 -66 -13 -76 -12 33 
53C 65 68 95 -65 -51 -28 -89 -27 10 
54D 76 79 89 -62 -58 -17 -78 -29 35 
54B 70 76 89 -61 -51 -15 -90 -9 34 
55A 78 80 90 -112 -47 -16 -51 -12 22 
55C 77 79 91 -79 -36 -25 -104 -28 6 
Procedure C: 0.07 wt% bentonite followed by 1.33 mg/L of flocculation agent 

aPAM 94 93 96 -159 -143 -130 -102 -198 -74 
51A 87 89 93 -105 -70 -45 -133 -105 -5 
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51C 93 96 96 -81 -64 -48 -137 -81 0 
52A 75 81 91 -94 -80 -44 -141 -61 13 
52C 71 73 87 -122 -82 -40 -130 -72 14 
53A 75 77 87 -103 -79 -52 -164 -120 18 
53C 77 77 89 -83 -82 -51 -133 -84 13 
54D 78 81 81 -121 -94 -57 -100 -45 14 
54B 79 81 89 -103 -68 -44 -193 -46 7 
55A 79 82 91 -225 -94 -48 -128 -89 8 
55C 77 82 91 -155 -132 -59 -141 -74 1 
Procedure D: 0.14 wt% bentonite followed by 1.33 mg/L of flocculation agent 

aPAM 85 88 95 -110 -70 -68 -79 -64 -13 
51A 75 75 88 -59 -53 -25 -83 -31 32 
51C 72 80 87 -51 -43 -27 -37 -2 13 
52A 80 81 89 -63 -54 -36 -95 -44 31 
52C 74 74 90 -62 -53 -31 -42 -17 26 
53A 71 83 91 -70 -53 -34 -116 -9 9 
53C 80 77 92 -53 -55 -31 -124 -30 15 
54D 75 78 91 -86 -54 -28 -109 -55 11 
54B 73 78 92 -33 -24 -29 -82 -35 10 
55A 71 72 90 -72 -65 -42 -91 -24 -3 
55C 69 77 92 -65 -53 -38 -70 -21 24 
Procedure E: X wt% bentonite followed by 0 mg/L of flocculation agent 

0.07 47 73 88 -66 -66 -55 -82 -45 21 
0.14 -27 69 92 -87 -46 -36 -146 -127 3 

Procedure F 0 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM 28 35 38 _ _ _ 3 9 23 
54D 27 29 43 _ _ _ 7 12 29 

 

Table C.17. Acid Black 2 colour removal with ADACs from different raw materials based on changes in the 
turbidity. For all tests, the standard deviation was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 4.0 pH 6.3 pH 9.1 

1 30 60 1440 1 30 60 1440 1 30 60 1440 

Procedure A: 0.07 wt% aluminium sulphate followed by 1.33 mg/L of flocculation agent 

aPAM 30 85 89 95 60 93 93 96 -12 94 94 96 
51A 23 83 91 95 23 91 93 95 13 90 92 97 
51C 22 86 92 95 8 91 93 96 8 90 93 97 
52A 20 88 87 95 15 92 93 96 13 89 93 97 
52C 25 86 91 95 6 87 90 95 -2 55 59 85 
53A 23 73 84 95 3 71 71 88 12 78 84 94 
53C 24 86 91 95 12 92 92 93 13 88 92 96 
54D 21 87 91 95 12 91 93 96 12 88 92 97 
54B 20 88 90 95 13 90 94 95 5 84 91 95 
55A 21 86 90 95 10 91 93 95 -14 89 93 97 
55C 19 86 90 95 15 91 93 95 11 91 93 96 
Procedure B: 0.03 wt% aluminium sulphate followed by 1.33 mg/L of flocculation agent 

aPAM 37 67 67 88 51 94 96 96 41 80 86 94 
51A 23 87 89 95 23 83 90 97 15 29 43 84 
51C 16 88 91 96 9 60 72 94 0 58 68 93 
52A 20 88 91 96 12 55 67 95 13 80 87 95 
52C 18 88 89 96 21 86 87 97 3 59 67 91 
53A 86 87 92 96 23 83 87 96 11 74 81 94 
53C 12 86 88 96 16 75 85 96 2 38 48 86 
54D 17 85 88 95 14 78 82 97 15 86 92 96 
54B 16 81 83 95 7 45 56 92 0 35 43 83 
55A 18 85 86 96 17 84 89 97 14 88 90 96 
55C 16 87 88 96 11 77 86 96 15 86 91 96 
Procedure C: 0.07 wt% aluminium sulphate followed by 2.67 mg/L of flocculation agent 

aPAM 16 81 88 95 69 95 93 96 57 86 87 94 
51A 21 80 88 95 12 87 89 96 7 85 90 95 
51C 18 84 91 95 27 89 90 96 14 86 86 96 
52A 16 85 92 94 16 90 93 97 5 53 61 85 
52C 18 82 90 94 11 87 92 96 5 46 51 83 
53A 19 86 91 96 24 89 92 96 3 68 74 91 
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53C 18 87 92 95 13 87 88 95 6 76 79 93 
54D 18 83 89 95 5 55 55 81 0 26 33 64 
54B 16 81 88 95 4 76 78 92 10 71 74 91 
55A 17 87 91 95 4 84 86 95 21 86 88 96 
55C 14 82 90 94 14 93 94 95 12 87 91 97 
Procedure D: 0.03 wt% aluminium sulphate followed by 2.67 mg/L of flocculation agent 

aPAM 28 75 80 95 45 74 81 93 40 46 71 91 
51A 20 82 86 95 21 84 91 95 8 76 84 94 
51C 19 84 87 95 5 15 70 94 23 86 90 95 
52A 21 84 89 95 20 81 88 97 12 77 82 95 
52C 20 82 87 95 17 80 87 97 12 85 90 96 
53A 21 86 89 95 14 64 74 94 8 41 49 83 
53C 19 88 90 95 19 82 86 97 14 84 89 96 
54D 20 81 86 95 21 81 82 96 14 86 90 96 
54B 20 85 87 95 20 83 89 97 12 83 86 96 
55A 21 81 87 95 19 84 89 96 9 56 69 92 
55C 21 78 83 95 19 85 89 97 11 82 86 95 
Procedure E: X wt% aluminium sulphate followed by 0 mg/L of flocculation agent 

0.07 15 78 84 95 17 81 91 95 4 87 92 96 
0.03 17 67 81 95 13 88 85 96 1 41 51 85 

Procedure E: 0 wt% aluminium sulphate followed by 2.67 mg/L of flocculation agent 

aPAM 0 2 4 10 _ _ _ _ 0 5 7 14 
54D 0 0 3 8 _ _ _ _ 0 2 6 11 

 

Table C.18. Acid Black 2 colour removal with ADACs from different raw materials based on changes in the 
absorbance. For all tests, the standard deviation was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 2.0 pH 6.0 pH 10.6 

30 60 60 30 60 1440 30 60 1440 

Procedure A: 0.07 wt% aluminium sulphate followed by 1.33 mg/L of flocculation agent 

aPAM 80 85 96 90 94 95 92 94 97 
51A 78 88 97 90 92 93 87 92 97 
51C 82 90 97 91 92 96 86 93 98 
52A 87 84 97 91 93 96 85 92 97 
52C 85 88 98 87 89 94 54 60 85 
53A 71 80 96 72 72 88 77 82 92 
53C 82 88 96 93 92 96 86 91 92 
54D 83 89 96 88 92 95 87 92 97 
54B 83 87 96 90 92 96 84 92 96 
55A 82 88 96 90 92 95 86 92 97 
55C 83 86 97 90 92 96 88 90 96 
Procedure B: 0.03 wt% aluminium sulphate followed by 1.33 mg/L of flocculation agent 

aPAM 59 65 88 92 96 97 84 86 93 
51A 85 88 96 80 89 97 35 47 83 
51C 86 91 96 60 72 95 60 71 94 
52A 86 89 95 62 68 95 79 85 96 
52C 85 88 96 85 84 98 60 68 85 
53A 84 92 96 79 84 98 73 82 94 
53C 82 85 96 73 84 97 41 50 84 
54D 83 87 96 73 81 97 81 92 95 
54B 78 81 96 47 54 93 35 43 82 
55A 84 84 96 79 85 97 87 90 98 
55C 85 87 95 74 83 97 82 89 95 
Procedure C: 0.07 wt% aluminium sulphate followed by 2.67 mg/L of flocculation agent 

aPAM 78 84 97 95 96 97 89 87 94 
51A 73 84 96 86 88 96 83 86 94 
51C 79 88 96 88 90 96 88 86 95 
52A 80 89 96 86 90 96 57 58 84 
52C 77 87 95 88 91 95 56 50 83 
53A 81 88 96 89 91 96 67 73 90 
53C 82 89 97 87 88 96 73 79 93 
54D 76 85 96 57 57 95 30 33 64 
54B 75 85 96 77 84 80 70 74 91 
55A 84 88 96 82 85 91 81 86 96 
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55C 77 87 95 92 93 94 84 90 95 
Procedure D: 0.03 wt% aluminium sulphate followed by 2.67 mg/L of flocculation agent 

aPAM 71 78 94 84 86 93 50 70 90 
51A 78 84 95 79 88 97 73 83 94 
51C 80 84 96 29 68 94 86 90 93 
52A 80 87 95 75 87 97 78 81 94 
52C 80 85 95 75 84 97 83 89 96 
53A 84 87 96 63 73 95 45 52 83 
53C 85 88 95 77 84 97 80 85 95 
54D 81 85 95 77 79 97 84 88 95 
54B 82 85 95 76 86 95 81 84 96 
55A 79 85 95 81 88 96 60 68 91 
55C 75 81 95 80 87 97 80 85 96 
Procedure E: X wt% aluminium sulphate followed by 0 mg/L of flocculation agent 

0.07 73 81 96 78 90 95 83 90 97 
0.03 62 79 96 80 87 96 46 51 85 

Procedure E: 0 wt% aluminium sulphate followed by 2.67 mg/L of flocculation agent 

aPAM 1 5 7 _ _ _ 2 5 12 
54D 0 1 3 _ _ _ 3 3 9 
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APPENDIX D 

Supporting information for Chapter 7: Application of new cellulose-based flocculants in 

industrial effluents 

TABLES OF INDUSTIAL WASTEWATER TREATMENT BASED ON TURBIDITY 

MEASERUMENTS. 

Table D.1. Turquoise Blue industail effluent treatment based on turbidity removal over time of settling, using 
cationic cellulose-based flocculation agents (CDACs) from different sources. For all tests, the standard deviation 
was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 1.5 pH 3.0 pH 7.0 

1 30 60 1440 1 30 60 1440 1 30 60 1440 

Procedure A: 0.07 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM 24 43 50 80 24 24 45 76 10 26 44 76 
38A 18 91 93 96 19 31 45 71 14 21 35 75 
38C 22 89 92 92 16 23 40 70 15 33 29 76 
37C 24 86 89 93 18 24 32 71 14 27 29 75 
37A 29 94 96 99 16 23 36 71 14 28 32 76 
46C 22 68 75 88 15 21 44 72 -3 29 37 73 
46A 20 41 52 78 15 21 33 71 11 20 32 71 
47C 24 85 88 94 15 26 32 72 9 26 37 76 
47A 16 91 90 96 19 26 48 75 9 24 36 76 
48A 17 89 90 95 18 26 43 74 6 23 43 75 
48C 16 88 89 95 17 26 42 74 10 23 41 77 
56A 23 89 91 95 17 22 38 73 9 20 40 74 
56C 23 79 83 91 18 24 38 71 10 21 36 74 
Procedure B: 0.14 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM -31 8 16 70 -51 -26 3 58 -52 -31 3 60 
38A -31 40 36 74 -99 -63 -30 66 10 28 42 76 
38C 2 45 42 76 -98 -73 -36 67 -47 -29 -5 71 
37C 34 82 83 92 -48 -32 1 75 -50 -24 -6 72 
37A 65 89 87 94 -48 -34 -1 76 -50 -16 1 71 
46C -25 12 15 72 -48 -35 -14 78 -50 -35 -17 70 
46A -33 1 -5 79 -47 -37 -15 76 -63 -45 -31 73 
47C -26 45 38 76 -48 -29 -14 76 -57 -22 -15 78 
47A -33 60 52 80 -47 -29 -5 76 -66 -49 -15 75 
48A 35 49 45 76 -45 -18 2 76 -58 -44 -13 80 
48C 52 58 58 79 -46 -15 4 78 -57 -19 -14 81 
56A 53 56 54 78 -45 -35 -13 76 -54 -32 -13 82 
56C 56 66 58 83 -44 -33 5 67 -53 -32 -7 81 
Procedure C: 0.07 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM -23 80 84 94 13 35 35 77 10 55 56 80 
38A 4 95 96 100 17 35 54 77 13 54 54 82 
38C -27 95 79 100 20 48 54 77 22 57 65 84 
37C 21 94 82 90 14 30 51 74 15 36 43 81 
37A 15 92 78 98 20 46 32 78 16 56 63 84 
46C 16 93 89 99 16 24 49 73 17 25 40 75 
46A 19 83 90 97 17 27 40 70 -52 -36 -21 78 
47C 3 70 97 99 18 47 56 78 2 47 57 82 
47A -8 94 99 100 21 47 56 78 7 36 50 79 
48A -70 92 89 100 23 45 59 78 8 49 54 81 
48C -32 96 98 97 29 67 49 83 13 53 74 88 
56A -7 97 99 99 21 53 58 77 7 63 69 86 
56C 18 96 96 100 18 41 40 73 5 22 40 76 
Procedure D: 0.14 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM -120 -21 -8 66 -61 -7 19 55 -83 -26 -8 61 
38A -38 76 90 99 -43 4 44 59 -104 -53 -34 64 
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38C -51 55 85 96 -43 -4 15 73 -109 -24 -12 62 
37C -60 75 84 96 -45 -14 16 76 -50 -35 -9 62 
37A -41 85 85 99 -15 -6 19 75 -69 -21 -7 66 
46C -37 10 68 89 -49 -22 2 75 -47 -33 -19 62 
46A -49 -7 2 76 -44 -27 -7 79 2 12 20 71 
47C -48 59 74 87 -43 2 -21 64 -63 -13 3 70 
47A -47 70 79 90 -31 -5 17 71 -57 -15 -1 74 
48A -44 73 95 99 -60 -13 -32 67 -85 -22 0 74 
48C -49 76 91 99 -66 -13 12 66 -98 -24 -6 76 
56A -40 91 94 99 -35 4 -5 67 -56 -23 7 74 
56C -42 89 91 98 -46 1 6 58 -64 -22 -4 65 
Procedure E: X wt% bentonite followed by 0 mg/L of flocculation agent 

0.07 9 46 52 86 8 31 38 78 8 32 37 77 
0.14 -63 -14 1 79 -67 -21 -14 72 -67 -24 -16 71 

Procedure F: 0 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM 10 19 32 49 _ _ _ _ 5 20 24 34 
37A 7 20 27 34 _ _ _ _ 2 14 19 27 
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Table D.2. Turquoise Blue industail effluent treatment based on turbidity removal over time of settling, using 
anionic cellulose-based flocculation agents (ADACs) from different sources. For all tests, the standard deviation 
was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 4.0 pH 6.3 pH 9.1 

1 30 60 1440 1 30 60 1440 1 30 60 1440 

Procedure A: 0.07 wt% bentonite followed by 1.33 mg/L of flocculation agent 

aPAM 30 85 89 95 60 93 93 96 -12 94 94 96 
51A 23 83 91 95 23 91 93 95 13 90 92 97 
51C 22 86 92 95 8 91 93 96 8 90 93 97 
52A 20 88 87 95 15 92 93 96 13 89 93 97 
52C 25 86 91 95 6 87 90 95 -2 55 59 85 
53A 23 73 84 95 3 71 71 88 12 78 84 94 
53C 24 86 91 95 12 92 92 93 13 88 92 96 
54D 21 87 91 95 12 91 93 96 12 88 92 97 
54B 20 88 90 95 13 90 94 95 5 84 91 95 
55A 21 86 90 95 10 91 93 95 -14 89 93 97 
55C 19 86 90 95 15 91 93 95 11 91 93 96 
Procedure B: 0.03 wt% bentonite followed by 1.33 mg/L of flocculation agent 

aPAM 37 67 67 88 51 94 96 96 41 80 86 94 
51A 23 87 89 95 23 83 90 97 15 29 43 84 
51C 16 88 91 96 9 60 72 94 0 58 68 93 
52A 20 88 91 96 12 55 67 95 13 80 87 95 
52C 18 88 89 96 21 86 87 97 3 59 67 91 
53A 86 87 92 96 23 83 87 96 11 74 81 94 
53C 12 86 88 96 16 75 85 96 2 38 48 86 
54D 17 85 88 95 14 78 82 97 15 86 92 96 
54B 16 81 83 95 7 45 56 92 0 35 43 83 
55A 18 85 86 96 17 84 89 97 14 88 90 96 
55C 16 87 88 96 11 77 86 96 15 86 91 96 
Procedure C: 0.07 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM 16 81 88 95 69 95 93 96 57 86 87 94 
51A 21 80 88 95 12 87 89 96 7 85 90 95 
51C 18 84 91 95 27 89 90 96 14 86 86 96 
52A 16 85 92 94 16 90 93 97 5 53 61 85 
52C 18 82 90 94 11 87 92 96 5 46 51 83 
53A 19 86 91 96 24 89 92 96 3 68 74 91 
53C 18 87 92 95 13 87 88 95 6 76 79 93 
54D 18 83 89 95 5 55 55 81 0 26 33 64 
54B 16 81 88 95 4 76 78 92 10 71 74 91 
55A 17 87 91 95 4 84 86 95 21 86 88 96 
55C 14 82 90 94 14 93 94 95 12 87 91 97 
Procedure D: 0.03 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM 28 75 80 95 45 74 81 93 40 46 71 91 
51A 20 82 86 95 21 84 91 95 8 76 84 94 
51C 19 84 87 95 5 15 70 94 23 86 90 95 
52A 21 84 89 95 20 81 88 97 12 77 82 95 
52C 20 82 87 95 17 80 87 97 12 85 90 96 
53A 21 86 89 95 14 64 74 94 8 41 49 83 
53C 19 88 90 95 19 82 86 97 14 84 89 96 
54D 20 81 86 95 21 81 82 96 14 86 90 96 
54B 20 85 87 95 20 83 89 97 12 83 86 96 
55A 21 81 87 95 19 84 89 96 9 56 69 92 
55C 21 78 83 95 19 85 89 97 11 82 86 95 
Procedure E: X wt% bentonite followed by 0 mg/L of flocculation agent 

0.07 15 78 84 95 17 81 91 95 4 87 92 96 
0.03 17 67 81 95 13 88 85 96 1 41 51 85 

Procedure E: 0 wt% aluminium sulphate followed by 2.67 mg/L of flocculation agent 

aPAM 0 2 4 10 _ _ _ _ 0 5 7 14 
54D 0 0 3 8 _ _ _ _ 0 2 6 11 
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Table D.3. Multicolour industrial effluent treatment based on turbidity removal over time of settling, using cationic cellulose-based flocculation agents (CDACs) from different 
sources. For all tests, the standard deviation was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 1.5 pH 3.0 pH 7.0 pH 4.5 (initial)  

1 30 60 1440 1 30 60 1440 1 30 60 1440 1 30 60 1440 

Procedure A: 0.07 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM -26 -4 18 89 -629 64 69 79 -281 40 42 76 -532 43 67 92 
38A -1579 58 49 88 -807 74 69 43 -385 39 53 83 -1392 52 68 93 
38C -1228 49 33 81 -841 21 55 78 -385 40 65 93 -1077 45 73 95 
37C -1340 42 72 81 -995 -7 59 74 -297 -8 40 79 -457 57 77 93 
37A -1626 26 75 81 -1455 31 64 84 -268 49 49 94 -323 7 65 90 
46C -1591 60 63 86 -133 34 41 59 -618 33 38 76 -137 42 55 95 
46A -1405 82 74 86 -743 -38 45 84 -824 -17 33 76 -210 35 60 88 
47C -1596 56 70 82 -1509 41 47 90 -947 13 50 93 -577 48 62 87 
47A -1635 54 82 88 -266 7 28 84 -1086 36 42 85 -347 20 60 92 
48A -1644 54 74 74 -312 29 52 74 -94 43 42 78 -478 42 60 92 
48C -1614 67 79 82 -266 19 59 90 -171 32 53 89 -245 38 63 95 
56A -26 -4 18 89 -629 64 69 79 -281 40 42 76 -532 43 67 92 
56C -1579 58 49 88 -807 74 69 43 -385 39 53 83 -1392 52 68 93 
Procedure B: 0.14 wt% bentonite followed by 1.33 mg/L of flocculation agent 

cPAM -154 47 58 68 -55 57 62 67 -111 51 56 86 -137 70 73 88 
38A -568 -2 56 86 -143 -7 22 59 -382 28 39 93 -490 57 67 93 
38C -619 32 49 89 -238 -28 16 66 -425 28 47 93 -215 58 68 82 
37C -640 18 25 79 -545 26 29 67 -313 35 40 90 -480 55 65 88 
37A -577 0 47 84 -181 -24 10 67 -404 18 40 96 -638 43 62 88 
46C -682 7 61 88 -316 2 52 78 -444 38 53 94 -365 32 55 97 
46A -704 12 35 79 -195 21 41 79 -289 39 54 94 -312 43 58 92 
47C -674 9 47 81 -524 -10 22 78 -422 22 46 97 -387 47 50 82 
47A -542 -2 33 81 -476 0 52 90 -440 29 49 96 -222 43 67 88 
48A -519 -32 44 79 -502 10 40 76 -425 22 46 92 -317 53 63 88 
48C -632 5 33 81 -355 14 64 81 -413 24 51 96 -413 30 72 87 
56A -577 0 47 84 -181 -24 10 67 -404 18 40 96 -137 70 73 88 
56C -682 7 61 88 -316 2 52 78 -444 38 53 94 -490 57 67 93 
Procedure C: 0.07 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM 35 56 77 79 -1552 57 62 81 -99 36 72 89 -197 38 63 87 
38A -1551 53 67 91 -697 36 69 83 -1089 31 75 96 -1125 42 68 90 
38C -900 61 67 79 -1312 53 66 67 -771 19 78 93 -807 47 68 77 
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37C -1432 54 75 84 -1307 -57 43 79 -413 35 85 96 -605 47 57 87 
37A -1319 46 63 67 -1222 22 48 83 -371 32 81 97 -708 58 60 87 
46C -1140 30 72 88 -969 16 50 86 -865 13 76 94 -157 15 48 95 
46A -761 21 61 89 -1105 47 60 90 -1240 13 71 89 -657 48 60 90 
47C -1379 56 65 88 -741 52 67 74 -419 21 75 93 -1382 62 68 80 
47A -1414 33 56 84 -548 66 67 88 -408 10 79 97 -483 55 57 82 
48A -1079 47 74 82 -712 60 64 84 -242 21 71 96 -812 23 45 85 
48C -1114 32 39 82 -591 59 62 86 -649 40 47 96 -147 17 73 85 
56A 35 56 77 79 -1552 57 62 81 -99 36 72 89 -197 38 63 87 
56C -1551 53 67 91 -697 36 69 83 -1089 31 75 96 -1125 42 68 90 
Procedure D: 0.14 wt% bentonite followed by 2.67 mg/L of flocculation agent 

cPAM -100 70 74 81 -60 50 76 81 -243 21 65 85 -27 58 70 85 
38A -572 23 49 77 -443 12 41 76 -429 67 72 93 -613 -10 62 83 
38C -460 2 37 84 -522 16 34 45 -493 69 67 97 -448 5 63 80 
37C -389 -40 37 81 -567 5 31 57 -424 49 74 96 -358 -2 53 80 
37A -446 -5 0 81 -481 -50 17 66 -506 65 75 96 -460 -18 7 70 
46C -332 -44 16 77 -562 -38 33 36 -214 71 76 96 -208 3 47 92 
46A -225 4 49 86 -528 31 53 72 -122 67 74 97 -298 40 42 95 
47C -349 -30 51 77 -450 -60 48 72 -503 51 72 93 -463 28 50 82 
47A -353 -9 33 70 -452 -33 57 83 -446 28 72 92 -247 32 43 82 
48A -281 -2 47 89 -564 -19 40 79 -451 47 69 94 -243 22 65 87 
48C 2 39 51 89 -422 -17 67 71 -399 40 63 92 -163 48 63 77 
56A -100 70 74 81 -60 50 76 81 -243 21 65 85 -27 58 70 85 
56C -572 23 49 77 -443 12 41 76 -429 67 72 93 -613 -10 62 83 
Procedure E: X wt% bentonite followed by 0 mg/L of flocculation agent 

0.07 -1581 -93 42 77 -1286 -84 19 45 -719 -108 25 44 -700 -62 45 73 
0.14 -509 -5 11 82 -519 -45 2 60 -472 -24 28 75 -617 -27 7 65 
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Table D.4. Multicolour industrial effluent treatment based on turbidity removal over time of settling, using anionic cellulose-based flocculation agents (ADACs) from different 
sources. For all tests, the standard deviation was always below 1%. 

COLOUR REMOVAL (%) 

Time 
(min) 

pH 1.5 pH 3.0 pH 7.0 pH 4.5 (initial) 

1 30 60 1440 1 30 60 1440 1 30 60 1440 1 30 60 1440 

Procedure A: 0.07 wt% bentonite followed by 1.33 mg/L of flocculation agent 

aPAM -651 -268 -84 44 -781 16 36 69 -338 -118 29 72 -608 -83 5 68 
51A -1496 -444 -75 49 -824 -2 50 53 -469 -53 36 75 -1230 -67 32 72 
51C -1402 -425 -89 67 -841 2 41 72 -449 -57 32 71 -1102 -108 38 73 
52A -1386 -247 -77 61 -1064 -17 38 83 -438 -51 39 60 -630 -62 42 70 
52C -1174 -230 -75 56 -1103 -43 33 81 -410 -65 33 61 -515 -75 35 78 
53A -995 -247 -93 54 -500 -59 41 78 -772 -88 32 58 -328 -43 40 83 
53C -646 -244 -91 49 -869 -31 43 83 -801 -86 33 51 -365 -62 37 68 
54D -1358 -268 -70 47 -1343 64 28 84 -1047 -74 44 54 -750 -72 50 70 
54B -1002 -75 12 61 -534 16 21 84 -1086 -132 33 46 -778 -67 60 72 
55A -1049 -65 14 70 -586 24 50 72 -381 -114 33 53 -482 -68 65 70 
55C -1004 -58 12 72 -497 2 38 81 -333 -117 46 50 -663 -58 68 75 
Procedure B: 0.14 wt% bentonite followed by 1.33 mg/L of flocculation agent 

aPAM -268 -74 28 63 -90 47 55 64 -317 -60 36 72 -250 -75 30 72 
51A -298 -75 44 65 -190 -24 31 55 -324 -89 42 75 -545 -45 37 68 
51C -444 -72 35 72 -241 -33 21 67 -439 -56 43 74 -432 -40 38 82 
52A -425 -68 40 74 -307 10 28 71 -350 -38 40 71 -663 -35 25 80 
52C -419 -74 40 67 -398 -26 16 72 -422 -36 40 75 -598 -27 15 82 
53A -472 -60 32 70 -353 12 21 67 -454 -42 38 76 -417 -35 12 83 
53C -486 -67 39 61 -345 -2 17 72 -317 -50 32 78 -425 -8 3 85 
54D -596 -70 32 65 -355 3 26 69 -392 -35 51 74 -400 -22 10 82 
54B -591 -63 40 82 -414 3 66 67 -422 6 56 76 -432 -27 13 83 
55A -544 -65 37 74 -312 14 47 67 -399 -31 58 79 -420 -25 17 85 
55C -570 -56 32 81 -397 16 67 74 -433 -22 49 78 -417 -20 18 88 
Procedure C: 0.07 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM -530 -177 -7 75 -1469 36 48 74 -385 -114 19 65 -363 -108 17 80 
51A -930 -86 -2 68 -726 16 50 69 -1067 -107 18 72 -1323 -125 20 72 
51C -904 -93 -4 82 -1253 40 50 71 -1025 -104 25 67 -933 -142 35 75 
52A -947 -96 -12 84 -1372 -48 22 67 -526 -128 15 74 -787 -143 25 68 
52C -837 -105 -11 72 -1316 -53 16 21 -799 -128 14 75 -897 -162 35 72 
53A -896 -189 7 75 -1141 0 3 16 -854 -135 25 76 -397 -137 23 82 
53C -886 -135 12 79 -1107 16 40 67 -1222 -126 24 74 -837 -118 18 72 
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54D -853 -195 14 77 -607 53 66 83 -425 -128 18 72 -1438 -100 30 68 
54B -974 -196 25 68 -528 67 69 84 -406 -132 26 72 -652 -112 22 70 
55A -984 -212 28 81 -740 53 67 84 -438 -125 21 69 -940 -110 23 68 
55C -1012 -247 30 70 -603 52 62 84 -790 -128 22 63 -947 -217 25 82 
Procedure D: 0.14 wt% bentonite followed by 2.67 mg/L of flocculation agent 

aPAM -353 -77 14 82 -84 36 59 67 -299 11 61 85 -615 -100 3 72 
51A -372 -70 11 68 -460 5 31 72 -350 7 74 75 -100 -125 23 68 
51C -311 -68 9 81 -552 -2 21 50 -451 4 69 78 -550 -132 18 83 
52A -268 -56 7 82 -576 -2 33 59 -424 8 63 85 -398 -135 47 72 
52C -456 -35 0 77 -497 -55 14 52 -410 19 76 81 -442 -143 -15 73 
53A -454 -60 -4 67 -583 -57 21 59 -331 32 78 76 -445 -147 -13 70 
53C -507 -18 -2 70 -548 0 40 66 -353 43 75 71 -460 -153 23 78 
54D -511 -63 0 77 -478 -74 19 62 -382 36 72 75 -465 -155 27 83 
54B -544 -28 11 68 -484 -66 43 66 -446 40 72 79 -327 -163 18 83 
55A -535 -4 14 72 -586 -40 47 67 -451 35 69 71 -345 -158 23 82 
55C -568 -46 44 67 -417 -3 59 67 -399 42 63 74 -373 -162 32 75 
Procedure E: X wt% bentonite followed by 0 mg/L of flocculation agent 

0.07 -509 -5 11 82 -519 -45 2 60 -472 -24 28 75 -617 -27 7 65 
0.14 -1581 -93 42 77 -1286 -84 19 45 -719 -108 25 44 -700 -62 45 73 
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APPENDIX E 

Supporting information for Chapter 8: Flocculation process monitoring 

SCATTERING EXPONENT DETERMINATION FOR MODEL ACID BLACK 2 EFFLUENT  

 

Fig. E.1. Acid Black 2 -determination of SE (plot of scattering intensity versus q) for CDACp37A at 9 min: (a) 1.1 
mg/L; (b) 2.2 mg/L; (c) 3.3 mg/L, (d) 4.4 mg/L, combined with bentonite. 
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Fig. E.2.. Acid Black 2 -determination of SE (plot of scattering intensity versus q) for CDACp37C at 9 min: a) 1.1 
mg/L; (b) 2.2 mg/L; (c) 3.3 mg/L, (d) 4.4 mg/L, combined with bentonite. 

 

Fig. E.3. Acid Black 2 -determination of SE (plot of scattering intensity versus q) for CDACw56A at 9 min: (a a) 
1.1 mg/L; (b) 2.2 mg/L; (c) 3.3 mg/L, (d) 4.4 mg/L, combined with bentonite. 
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Fig. E.4. Acid Black 2 -determination of SE (plot of scattering intensity versus q) for CDACw56C at 9 min: a) 1.1 
mg/L; (b) 2.2 mg/L; (c) 3.3 mg/L, (d) 4.4 mg/L, combined with bentonit 

SCATTERING EXPONENT DETERMINATION FOR MODEL METHYLENE BLUE 

EFFLUENT 

 

Fig. E.5. Methylene Blue -determination of SE (plot of scattering intensity versus q) for CDACp37A at 9 min: a) 
1.1 mg/L; (b) 2.2 mg/L; (c) 3.3 mg/L, (d) 4.4 mg/L, combined with bentonite.   
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Fig. E.6. Methylene Blue -determination of SE (plot of scattering intensity versus q) for CDACp37C at 9 min: a) 
1.1 mg/L; (b) 2.2 mg/L; (c) 3.3 mg/L, (d) 4.4 mg/L, combined with bentonite. 

 

Fig. E.7. Methylene Blue -determination of SE (plot of scattering intensity versus q) for CDACw56A at 9 min: a) 
1.1 mg/L; (b) 2.2 mg/L; (c) 3.3 mg/L, (d) 4.4 mg/L combined with bentonite. 
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Fig. E.8. Methylene Blue -determination of SE (plot of scattering intensity versus q) for CDACw56C at 9 min: a) 
1.1 mg/L; (b) 2.2 mg/L; (c) 3.3 mg/L, (d) 4.4 mg/L, combined with bentonite. 

 

Fig. E.9. Methylene Blue -determination of SE (plot of scattering intensity versus q) for ADACp55A at 9 min: a) 
1.1 mg/L; (b) 2.2 mg/L; (c) 3.3 mg/L, (d) 4.4 mg/L, combined with bentonite. 
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Fig. E.10. Methylene Blue -determination of SE (plot of scattering intensity versus q) for ADACw55C at 9 min: a) 
1.1 mg/L; (b) 2.2 mg/L; (c) 3.3 mg/L, (d) 4.4 mg/L, combined with bentonite. 
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SCATTERING EXPONENT DETERMINATION FOR INDUSTIAL EFFLUENT TREATMENT 

 

Fig. E.11. Turquoise Blue -determination of SE (plot of scattering intensity versus q) for CDACp37A at 9 min: (a) 
1.3 mg/L; (b) 2.6 mg/L; (c) 4.0 mg/L, (d) 5.3 mg/L, combined with bentonite. 

 

Fig. E.12. Turquoise Blue -determination of SE (plot of scattering intensity versus q) for CDACp37C at 9 min: (a) 
1.3 mg/L; (b) 2.6 mg/L; (c) 4.0 mg/L, (d) 5.3 mg/L, combined with bentonite. 
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Fig. E.13. Turquoise Blue -determination of SE (plot of scattering intensity versus q) for CDACw56A at 9 min: (a) 
1.3 mg/L; (b) 2.6 mg/L; (c) 4.0 mg/L, (d) 5.3 mg/L, combined with bentonite. 

 
Fig. E.14. Turquoise Blue -determination of SE (plot of scattering intensity versus q) for CDACw56C at 9 min: (a) 
1.3 mg/L; (b) 2.6 mg/L; (c) 4.0 mg/L, (d) 5.3 mg/L, combined with bentonite. 
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Fig. E.15. Turquoise Blue -determination of SE (plot of scattering intensity versus q) for ADACp54D at 9 min: (a) 
1.33 mg/L; (b) 2.67 mg/L; (c) 3.3 mg/L, (d) 4.4 mg/L. 

 

Fig. E.16. Turquoise Blue -determination of SE (plot of scattering intensity versus q) for ADACp54B at 9 min: (a) 
1.3 mg/L; (b) 2.6 mg/L; (c) 4.0 mg/L, (d) 5.3 mg/L, combined with bentonite. 
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Fig. E.17. Turquoise Blue -determination of SE (plot of scattering intensity versus q) for ADACw55A at 9 min: (a) 
1.3 mg/L; (b) 2.6 mg/L; (c) 4.0 mg/L, (d) 5.3 mg/L, combined with bentonite. 

 
Fig. E.18. Turquoise Blue -determination of SE (plot of scattering intensity versus q) for ADACw55C at 9 min: (a) 
1.3 mg/L; (b) 2.6 mg/L; (c) 4.0 mg/L, (d) 5.3 mg/L, combined with bentonite.  

y = -1.57x + 2.03
R² = 1.00

-2

-1

0

1

2

3

4

5

6

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

lo
g 

in
te

n
si

ty

log q

(a)

y = -1.64x + 1.97
R² = 0.99

-2

-1

0

1

2

3

4

5

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

lo
g 

in
te

n
si

ty

log q

(b)

y = -1.68x + 2.01
R² = 1.00

-2

-1

0

1

2

3

4

5

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

lo
g 

in
te

n
si

ty

log q

(c)

y = -1.75x + 2.13
R² = 1.00

-2

-1

0

1

2

3

4

5

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

lo
g 

in
te

n
si

ty

log q

(d)

y = -1.57x + 1.99
R² = 0.99

-2

-1

0

1

2

3

4

5

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

lo
g 

in
te

n
si

ty

log q

(a)

y = -1.57x + 2.02
R² = 1.00

-2

-1

0

1

2

3

4

5

6

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

lo
g 

in
te

n
si

ty

log q

(b)

y = -1.59x + 2.02
R² = 1.00

-2

-1

0

1

2

3

4

5

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

lo
g 

in
te

n
si

ty

log q

(c)

y = -1.66x + 2.08
R² = 1.00

-2

-1

0

1

2

3

4

5

6

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

lo
g 

in
te

n
si

ty

log q

(d)



APPENDIX 

448 

 

APPENDIX F 

List of  communications resulting from this work  

  

 Use of  natural polyelectrolytes, based on cellulose as flocculation agents International 

Congress on Particle Technology-PARTEC (Nuremberg, DE) 

 Development of  eco-friendly polyelectrolytes for coloured effluents-replacement of  harsh 

traditional wastewater treatment agents,. Marie Skłodowska Curie Action Conference ESOF Satellite 

Event “Research and Society” (Manchaster, UK)  

 Development of  eco-friendly wood based polyelectrolytes for coloured effluent 

treatment. 5
th

 EPNOE International Polysaccharide Conference (Jena, DE) 

 Pilot scale production of  tannin-based coagulants for wastewater treatment. 10
th

 World 

Congress of  Chemical Engineering (Barcelona, ES) 

 Mimosa Me tannin based coagulants in decolouration processes, ISER-78
th

 International 

Conference on Chemical and Environmental Science (Zurich, CH) awards in the category of  

the best presentation/content, as well as the prize of  IIER “Excellent Paper 

Award”.  

 Eco-friendly wastewater treatment, European Researcher´s Night (Matosinhos, PT) award 

in the category of  the best presentation in the Science Slam by PubhD Porto. 
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