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Abstract 

 

Environmental pollution is recognized serious concern that causes continuous environmental 

changes such as desertification, loss of biodiversity, ozone depletion and drought. The application 

of pesticide is a major anthropogenic source of contamination, considering that 400 tones were 

sold in Europe, only in 2021. The pathways of pesticides in the environment are strongly 

influenced by their physico-chemical properties such as hydrophilicity, ionization constant and 

solubility. Their spreading in the environment can cause the accumulation in soil, water streams 

and air, striking target and non-target organisms with consequent bio-accumulation and bio-

magnification. Thus, it is of utmost importance the development of efficient strategies for the 

preservation of the environment, minimizing pesticide concentrations in soil or water, because 

only 1% of the pesticides reach the target whereas 99% is dispersed in the environment. 

Along the thesis have been tested the widely applied: ammonium glufosinate, cymoxanil, (2,4-

dichlorophenoxy)acetic acid, bentazon and mecoprop as broad or selective herbicides, highly 

soluble in water from moderately toxic to mammals to genotoxic, reprotoxic or neurotoxic; 

cymoxanil, as highly soluble foliar fungicide with probable genotoxicity; and imidacloprid as 

highly soluble neonicotinoid insecticide and veterinary substance, persistent in soil and toxic to 

birds, honey-bees and mammals with probable genotoxicity and reprotoxicity. The aim was to 

develop a deeply understanding of the physical or chemical interactions involved at the liquid-

liquid and solid-liquid interfaces. 

The mass transport phenomena at the liquid-liquid interface have been studied for ammonium 

glufosinate, cymoxanil and imidacloprid in water media by Taylor dispersion technique. The 

mutual diffusion coefficients of 1.1 × 10−9 m2 s−1 for ammonium glufosinate, 0.8 × 10−9 m2 s−1 for 

cymoxanil and 0.7 × 10−9 m2 s−1 for imidacloprid were determined as measure of their behaviour 

in water. These values indicate that the electrolyte ammonium glufosinate diffuses faster than the 

non-electrolyte cymoxanil and imidacloprid, in water. 

Sorption was chosen as valid water treatment strategy for the removal of pesticides at the solid-

liquid interface. Cyclodextrin-based nanosponges were employed to study the sorption 

mechanisms in aqueous media. Carbamate and amine nanosponge, as function of the resulting 

functional groups, were the two families of nanosponges used along the thesis in form of xerogel 

and powder materials, respectively. The carbamate β-cyclodextrin nanosponges (poly-

βcyclodextrin - PCD) were synthesized via one-pot catalyzed polymerization reaction; whereas 

the amine nanosponges were performed via multi-step functionalization of α- and β-cyclodextrin 
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with three different amine (-NH2, hexane-1,6-diamine and dodecane-1,12-diamine) via 

microwave-assisted procedures and subsequent polymerization via nucleophilic substitution or 

click-condensation. The aim was to ameliorate the route of synthesis reducing the time-

consuming of the reaction, the amount of solvent used, increasing the yield of reaction in terms 

of amount of product obtained, as exhibit in Chapter 3. 

Nanosponges were characterized by physical, chemical and thermal analysis, whose 

fundamentals and the comparison of the properties of the different materials are described in 

Chapter 4. Comparing the poly-βcyclodextrin with the first class of amine nanosponges 

(αCDAM6, αCDAM12, βCDAM6 and βCDAM12) in terms of sorption capability towards 

imidacloprid at the optima experimental conditions, PCD reached ≈ 27% of removal and a 

maximum sorbed amount of 31 mg per gram of material; while βCDAM6 and βCDAM12 attained 

efficiencies of ≈ 96% and 90% and maximum sorption capacities of 68 mg g−1 and 52 mg g−1, 

respectively. The superior performance of βCDAM6 can be explained by: its higher surface area 

and porosity (SBET = 22 m2 g−1 and Pd = 27 nm) than PCD (SBET = 11 m2 g−1 and Pd = 11 nm); the 

presence of electron acceptor and donor atoms of the primary and secondary amine groups in the 

βCDAM6 surface able to establish hydrogen bonding; and the -CH2- groups in the aliphatic chain 

which can establish CH-π interactions with the aromatic rings in IMD molecular structure. The 

advantage of PCD-xerogel was the easier recovery and reusability of the material due to the 

microparticles, compared to the submicron particles of βCDAM6 (254 < Z-average (nm) < 480). 

However, βCDAM6 exhibited a superior sorption capability also if compared to αCDAM6, 

αCDAM12 and βCDAM12 for removal of imidacloprid from its commercial formulation (Confidor 

O-TEQ®), namely a removal efficiency ≈ 95% and a maximum sorption uptake of 288 mg g−1 

(constant after 5 cycles of reuse). The result can be justified considering its high SBET, moles of 

free-CD per gram of NS (molCDfree g
−1

NS) and ratio between moles of free-N and total-N per gram 

of NS (molNf g−1
NS/molNt g−1

NS). βCDAM6 and βCDAM12 were also employed for the sorption of 

(2,4-dichlorophenoxy)acetic acid and the optimum performance were obtained at pH = 4 and 3, 

respectively. At this pH values, the carboxylic group of the pesticide is negatively charged 

whereas the amine groups of the nanosponges are positively charged, favouring the electrostatic 

interaction sorbent-sorbate. βCDAM12 shown a maximum of sorption 4-times higher than 

βCDAM6, which remained constant after 3 cycles of reuse, where the regeneration of the 

nanosponge was obtained by using a NaOH aqueous solution. 

For the second class of amine nanosponges, CDGNH2, CDGAM6, CDGAM12, CDGNH2, 

CDGAM6 and CDGAM12, at first it must be stressed that via click-condensation reaction was 

possible to drastically reduce the time of the reaction and increase the amount of nanosponge 

obtained. Compared to the first class amine-nanosponges, they shown an average size between 
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489 nm and 663 nm, higher average pore size diameters, cyclodextrin content ad thermal stability. 

The nanosponges have been tested for the removal of the highly soluble herbicide bentazon and 

mecoprop with acidic behaviour. At the current state of the study, CDGNH2, CDGNH2 and 

CDGAM6 have been applied for bentazon and mecoprop sorption in one ingredient and mixture 

batches. They have shown a complete removal (≥ 99%) of mecoprop either in individual and 

mixture batches in water. The high efficiency can be due to electrostatic interactions between the 

deprotonated acid group of mecoprop (Ka = 3.11) and the primary and secondary amine groups 

on the surface of the nanosponges. Differently, the bentazon sorption process is based on 

homogeneous systems with cooperative interactions whose contribute increases with the 

concentration, attaining a maximum removal of ≈ 97% in single batch, probably due to the 

delocalized negative charge in its molecular structure. Moreover, in presence of mecoprop the 

maximum sorption capability of CDGNH2 and CDGNH2 toward bentazon doubled from ≈ 70 

mg g−1 to ≈ 134 mg g−1, indicating that mecoprop favours the cooperative process by electrostatic 

interactions, hydrogen bonding or π-π stacking between the aromatic rings. Finally, CDGAM6 

reached a RE of bentazon ≥ 99%, in binary system with mecoprop. 

Molecular dynamic simulations were also performed to understand the sorbent-sorbate 

interactions acting into the sorption processes, at molecular level. The analysis permitted to 

determine the effect of the cyclodextrins, their amine-functionalization and their dimeric form (as 

representative of the nanosponge structure) on the sorption process of Confidor O-TEQ® into 

αCDAM6, αCDAM12, βCDAM6 and βCDAM12. A reduction of host-guest supramolecular 

structure formation between imidacloprid and cyclodextrin is observed, with a growing 

interaction at level of the aliphatic chain of the crosslinker, probably due to the hydrophobic effect 

of the aliphatic chain length. 

 



 

 



 

ix 

 

Resumo 

 

A poluição ambiental é amplamente reconhecida como uma séria preocupação que causa 

alterações ambientais contínuas, como a desertificação, a perda de biodiversidade, a destruição 

da camada de ozono e a seca. A aplicação de pesticidas constitui uma fonte antropogénica de 

contaminação importante, considerando que 400 toneladas foram vendidas na Europa, apenas em 

2021. A disseminação dos pesticidas no ambiente é fortemente influenciada pelas suas 

propriedades físico-químicas, como a hidrofilicidade, a constante de ionização e a solubilidade. 

A sua consequente acumulação nos solos, nos cursos de água e no ar pode afetar tanto organismos-

alvo como não-alvo, resultando em bioacumulação e biomagnificação. Assim, é de extrema 

importância o desenvolvimento de estratégias eficientes para a preservação do meio ambiente, 

que visem a minimização das concentrações de pesticidas nos solos ou nas águas, uma vez que 

apenas 1% dos pesticidas atinge o alvo e os restantes 99% se dispersa no ambiente. 

Ao longo do trabalho desenvolvido no âmbito do projeto de tese, foram testados: o glufosinato 

de amónio, o ácido (2,4-diclorofenoxi)acético, a bentazona e o mecoprop, que são amplamente 

aplicados como herbicidas de largo espetro ou seletivos, altamente solúveis em água, 

apresentando-se desde moderadamente tóxicos para os mamíferos até genotóxicos, reprotóxicos 

ou neurotóxicos; o cimoxanil, como um fungicida foliar altamente solúvel com provável 

genotoxicidade; e a imidacloprida, como um inseticida e substância veterinária neonicotinóide 

altamente solúvel, persistente no solo e tóxica para as aves, as abelhas e os mamíferos, e com 

provável genotoxicidade e reprotoxicidade. O objetivo foi desenvolver uma compreensão 

profunda das interações físicas ou químicas envolvidas nas interfaces líquido-líquido e sólido-

líquido. 

Ao nível da interface líquido-líquido, foram estudados os fenómenos de transporte de massa para 

o glufosinato de amónio, o cimoxanil e a imidacloprida em meio aquoso através da técnica de 

dispersão de Taylor. Como medida do seu comportamento em água, foram determinados 

coeficientes de difusão mútua de 1,1 × 10−9 m2 s−1 para o glufosinato de amónio, de                                          

0,8 × 10−9 m2 s−1 para o cimoxanil e de 0,7 × 10−9 m2 s−1 para a imidacloprida. Estes valores 

indicam que o eletrólito glufosinato de amónio se difunde mais rapidamente em água do que os 

não electrólitos cimoxanil e imidacloprida. 

A sorção foi escolhida como uma estratégia válida de tratamento de águas para a remoção de 

pesticidas numa interface sólido-líquido. Foram utilizadas nanoesponjas à base de ciclodextrina 

para estudar os mecanismos de sorção em meios aquosos. Duas famílias de nanoesponjas, 
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nomeadamente de carbamato e de amina, em função dos grupos funcionais resultantes, foram 

utilizadas ao longo da tese, sob a forma de xerogel e de materiais em pó, respetivamente. As 

nanoesponjas de β-ciclodextrina do tipo carbamato (poli-βciclodextrina - PCD) foram sintetizadas 

através de uma reação de polimerização catalisada one-pot; enquanto as nanoesponjas do tipo 

amina foram sintetizadas através de uma funcionalização multi-etapas de α- e β-ciclodextrina com 

três aminas diferentes (-NH2, hexano-1,6-diamina e dodecano-1,12-diamina), através de 

procedimentos assistidos por micro-ondas e subsequente polimerização via substituição 

nucleofílica ou condensação do tipo click. O objetivo foi melhorar a via sintética, reduzindo o 

tempo de reação, a quantidade de solvente utilizado e aumentando o rendimento da reação em 

termos da quantidade de produto obtido, como se expõe no Capítulo 3. 

As nanoesponjas foram caracterizadas por análises físicas, químicas e térmicas, cujos 

fundamentos e a comparação das propriedades dos diferentes materiais se encontram descritos no 

Capítulo 4. Comparando a poli-βciclodextrina com a primeira classe de nanoesponjas do tipo 

amina (αCDAM6, αCDAM12, βCDAM6 e βCDAM12) em termos da capacidade de sorção da 

imidacloprida nas condições experimentais ótimas, observou-se que a PCD atinge ≈ 27% de 

remoção e uma quantidade máxima de sorção de 31 mg por grama de material, enquanto a 

βCDAM6 e a βCDAM12 atingem eficiências de ≈ 96% e 90% e capacidades máximas de sorção 

de 68 mg g−1 e 52 mg g−1, respetivamente. O desempenho superior da βCDAM6 pode ser 

explicado: pela sua área de superfície e porosidade mais elevadas (SBET = 22 m2 g−1 e Pd = 27 nm) 

em relação à PCD (SBET = 11 m2 g−1 e Pd = 11 nm); pela presença de átomos aceitadores e dadores 

de eletrões dos grupos amina primários e secundários na superfície da βCDAM6, capazes de 

estabelecer ligações de hidrogénio; e pelos grupos -CH2- das cadeias alifáticas que podem 

estabelecer interações CH-π com os anéis aromáticos na estrutura molecular do IMD. A vantagem 

do xerogel PCD é ser mais facilmente recuperável e reutilizável, devido ao tamanho micrométrico 

das partículas, quando comparado com o tamanho sub-micrométrico das partículas de βCDAM6 

(254 < Z-average (nm) < 480). No entanto, a βCDAM6 mostrou um melhor desempenho em 

relação às αCDAM6, αCDAM12 e βCDAM12 para a remoção da imidacloprida da sua formulação 

comercial (Confidor O-TEQ®), nomeadamente uma eficiência de remoção de ≈ 95% e uma 

capacidade máxima de sorção de 288 mg g−1 (constante após 5 ciclos de reutilização). Este 

resultado pode ser explicado considerando a maior SBET, moles de CD livre por grama de NS 

(molCDfree g−1
NS) e razão entre moles de N livre e N total por grama de NS (molNf g−1

NS/molNt 

g−1
NS) da βCDAM6. A βCDAM6 e a βCDAM12 foram também utilizadas para a sorção do ácido 

(2,4-diclorofenoxi)acético, tendo os valores ótimos sido obtidos a pH = 4 e 3, respetivamente. A 

estes valores de pH, o grupo carboxilo do pesticida encontra-se carregado negativamente, 

enquanto os grupos amina das nanoesponjas possuem carga positiva, favorecendo a interação 

eletrostática sorvente-sorvato. A βCDAM12 apresentou uma capacidade máxima de sorção                 
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4 vezes superior à da βCDAM6 que se manteve constante após 3 ciclos de reutilização, ao longo 

dos quais a regeneração da nanoesponja foi conseguida com uma solução aquosa de NaOH. 

Relativamente à segunda classe de nanoesponjas do tipo amina, CDGNH2, CDGAM6, 

CDGAM12, CDGNH2, CDGAM6 e CDGAM12, deve salientar-se, em primeiro lugar, que 

através da reação de condensação click foi possível reduzir drasticamente o tempo da reação e 

aumentar a quantidade de nanoesponja obtida. Em comparação com as nanoesponjas do tipo 

amina de primeira classe, estas apresentaram um tamanho médio entre 489 nm e 663 nm, 

diâmetros médios de poros mais elevados, maior teor de ciclodextrina e estabilidade térmica. As 

nanoesponjas foram testadas para a remoção do herbicida altamente solúvel bentazona e 

mecoprop com comportamento ácido. No estado atual do estudo, CDGNH2, CDGNH2 e 

CDGAM6 foram aplicadas para a sorção de bentazona e mecoprop separadamente e em mistura. 

Estes mostraram uma remoção completa (≥ 99%) para o mecoprop, tanto na ausência quanto na 

presença de bentazona. A elevada eficiência pode ser devida às interações eletrostáticas entre o 

grupo ácido desprotonado do mecoprop (Ka = 3.11) e os grupos amina primários e secundários na 

superfície das nanoesponjas. Por outro lado, o processo de sorção da bentazona baseia-se em 

sistemas homogéneos com interações cooperativas cujo contributo aumenta com o aumento da 

concentração, atingindo uma remoção máxima de ≈ 97% em sistema mono-componente, 

provavelmente devido à carga negativa deslocalizada na sua estrutura molecular. Além disso, na 

presença de mecoprop, a capacidade máxima de sorção da bentazona por parte das nanoesponjas 

CDGNH2 e CDGNH2 aumentou de 63 mg g−1 para 92 mg g−1 e de 66 mg g−1 para 109 mg g−1, 

respetivamente, indicando que a presença do mecoprop favorece a cooperatividade através de 

interações eletrostáticas, ligações de hidrogénio ou empilhamento π-π entre os anéis aromáticos. 

Por fim, CDGAM6 alcançou uma eficiência de remoção da bentazona ≥ 99%, no sistema bi-

componente com mecoprop. 

Foram também realizadas simulações de dinâmica molecular para compreender as interações 

sorvente-sorvato que actuam nos processos de sorção, a nível molecular. A análise permitiu 

determinar o efeito das ciclodextrinas, da sua funcionalização com grupos amina e da sua forma 

dimérica (como estrutura representativa das nanoesponjas) no processo de sorção do                           

Confidor O-TEQ® em αCDAM6, αCDAM12, βCDAM6 e βCDAM12. Observou-se uma redução 

da formação da estrutura supramolecular host-guest entre a imidacloprida e a ciclodextrina, com 

uma interação crescente ao nível da cadeia alifática do reticulante, provavelmente devido ao efeito 

hidrofóbico do comprimento da cadeia alifática. 
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Chapter 1. 

 

1. Introduction to the environmental pollution statement 

Environmental degradation is a recognized global concern and source of complicated debates [1], 

which can be associated with a miscellaneous of geogenic and anthropogenic factors. The 

production and consumption of chemicals in every aspect of daily life and industrial activities, as 

a function of the ever-increasing global population (9.8 billion by 2050 [2]), and consequent 

growing demand for goods, play a significant role in the environmental. The controlled and safe 

use, storage and disposal of chemicals are extremely important and must be strictly controlled to 

mitigate or avoid their impact on the ecosystem [3]. The movement of chemicals in the 

environment depends on physical routes of transport, namely advection, dispersion, volatilization 

and evaporation; or chemical processes such as solubilization, complexation or precipitation [4–

6]; which influence the persistence of chemicals in nature and their modes of action and effects. 

Mobility is also biased by their physico-chemical-biologic properties, such as: the octanol-water 

partition coefficient (Kow), which is related to the lipophilicity of the pesticide; the acid ionisation 

constant (Ka), which determines the pH-responsiveness of soil and water; the sorption coefficient 

(Koc) which describes the interaction of the pesticide with the soil particles depending on its 

composition; degradability; bio-accumulation and bio-magnification; and toxicity [7]. As a result, 

chemicals can spread through soil and air, possibly attaining water-streams, increasing the level 

of exposure of target and non-target organisms with harmful effects [8]. Hence, the 17 global 

goals were established (e.g. zero hunger (2), good health and well-being (3), clean water and 

sanitation (6), industry, innovation and infrastructure (9), sustainable cities and communities (11), 

responsible consumption and production (12), climate action (13), life below water (14), life on 

land (15) and partnerships for the goals (17)). In addition, the water demand is expected to 

increase by 1000% by 2050 [9]. These requirements led United Nations to develop the United 

Nations Environment Programme (UNEP) for chemicals and waste management (e.g. chemicals 

in products, endocrine disrupting chemicals, persistent pollutants, hazardous compounds in 

electronic products, heavy metals, nanotechnology and nanomaterials, and polyfluoroalkyl 

substances) [10–12] (https://www.unep.org/explore-topics/chemicals-waste/what-we-

do/emerging-issues). Persistent, toxic, mobile and bio-cumulative compounds have the highest 

priority and are classified as persistent organic pollutants (POP); their use is regulated by 

Stockholm Convention in 2001 [13] 

https://www.unep.org/explore-topics/chemicals-waste/what-we-do/emerging-issues
https://www.unep.org/explore-topics/chemicals-waste/what-we-do/emerging-issues
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Considering the importance of the issue, the PhD project focuses on the development of new high-

performance polymeric materials for the removal of pesticides/phytopharmaceuticals, which fall 

into 4 of the 7 previously mentioned classes, from aqueous media [14]. 

However, before getting into the core of the project, the importance of pesticide usage and its 

implications are introduced. 

 

1.1. Introduction to the pesticide landscape 

According to the International Union of Pure and Applied Chemistry (IUPAC), the term pesticide 

means: “Strictly, a substance intended to kill pests: in common usage, any substance used for 

controlling, preventing, or destroying animal, microbiological, or plant pests.” [15]. The term 

usually refers to commercial formulations consisting of one or more active ingredients between 

2% and 80% and, adjuvants or inert ingredients to improve dispersibility, solubility, wettability 

and sorption. The active ingredients can be classified as natural or synthetic compounds, 

respectively, based on their origin [16]. Natural pesticides are derived from plants or microbes 

and are characterized by low or null mammalian toxicity and high degradability in nature. 

Synthetic compounds are appropriately designed as stable inorganic or organic molecules, 

characterized by high persistence/mobility, bio-accumulation, bio-magnification and toxicity. 

Different classes can be also identified according to the target. The most known classes are: 

herbicides, synthetic substances in form of granules or fumigant liquid that act as inhibitors of 

photosynthesis, amino-acids’ formation, cell division and/or plant growth; fungicides, in form of 

powder or liquid, employed by foliar or dressing application and acting as protective, therapeutic, 

or eradicant [17]; insecticides; rodenticides; bactericides; repellents and growth regulators 

[18,19]. The 2021 Eurostat data (Figure 1.1) highlights that fungicides and herbicides are the most 

widely marketed, accounting for approximately 46% worldwide in 2019 and 75% of all crop 

protection chemicals sold in Europe in 2021 [16,17,20]; 79% of these are sold in Spain, Italy, 

Germany and France. Currently, 452 substances are approved in Europe, including active 

ingredients, synergists and safeners (according to the EU pesticides database), with the strictest 

regulation in the world of the maximum residual levels (MRL) permitted in drinking water, 

Drinking water Directive EU 2020/2184 (DWD). 

 

https://ec.europa.eu/food/plant/pesticides/eu-pesticides-database/start/screen/active-substances
http://data.europa.eu/eli/dir/2020/2184/oj
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Figure 1.1. Representation of the tons of pesticides sold from 2011 to 2021 based on European 

data (Eurostat - 15-05.2023 23:00H). 

 

Due to their superior efficacy, synthetic active ingredients are most widely employed and can be 

divided into four main classes [21]: i) organochlorines (OC) are characterized by low aqueous 

solubility, low polarity and high persistence in soil, which enable them to reach non-target 

organisms, favouring their bio-magnification and accumulation, causing reprotoxic effects, and 

acting at level of the central nervous system by inhibiting the ion channels and hepatic systems 

[17], therefore, they were banned or restricted in the 1960s and replaced by fluorinated pesticides 

due to their advantageous properties, such as high selectivity and specificity [22]; ii) the same 

year was marked by organophosphates (OP) entry into the market, which are esters of phosphoric 

acid that can accumulate in soils and waterways, which adverse effects depend on the amount of 

sulphur atoms and the valence of the phosphorus, ranging from low to high toxicity [23,24], 

mainly acting as inhibitors of acetylcholine-esterase involved in the nervous impulse cascades (in 

2015, residues of 9 OPs were found in the Sarno river in Italy, with values ranging from 5.6 - 39.3 

ng L−1 [25]); iii) the carbamates (CB) were introduced in the 1970s with an annual consumption 

growth of ca. 6% - they mainly present amide-ester bonds and are adsorbed by 

coordination/protonation with a mode of action analogous to that of OP, incrementing the risk of 

lung cancer [26]; iv) pyrethroids (PT) entered onto the market in 1980s as synthetic form of the 

natural pyrethrins, characterized by the high biodegradability and low toxicity to mammals, which 

produce reactive oxygen species that lead to the disruption of the cellular homeostasis and have 

12 - 96 days half-life time (DT50). Particularly, CP and PT can cause reversible or irreversible side 

effects in humans. Cypermethrin, fenvalerate, deltamethrin and permethrin are the most 

frequently detected pyrethroids in agricultural and non-agricultural use [27]. 

Despite their low bioaccumulation capacity, OP and CB have been replaced due to increasing 

socio-economic and environmental pressures, which brought to the development of high-

performance compounds called neonicotinoids. In Europe, 20% of neonicotinoids sold were 

applied for seed treatment, later banned due to their side effects on the central nervous system of 
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mammals and honeybees [28]. Today, the focus is on more efficient and safer strategies to reduce 

the amount and application rate of pesticides [29,30], and the environmental contamination [31] 

with a narrower spectrum of action (Figure 1.2) (Table 1.1). 

 

 

Figure 1.2. Examples of organic and inorganic materials applied in remediation processes and as 

sustainable agricultural strategies. 

 

So, why do we need pesticides? In 1960, the usage of pesticides was called the Green Revolution 

because it catered to the growing demand for goods, including food. This demand is expected to 

boost even more, up to +60% by 2050 [14], as a function of the expanding global population that 

would reach ca. 10 billion by 2030. It is therefore essential to mention the often-forgotten upsides 

[20], of pesticide usage. It maximizes agricultural yields by controlling plagues and disease 

vectors of plants in crop production processes, ensuring food supply and higher financial incomes. 

Non-agricultural applications represent about 13% and include the control of disease vectors of 

livestock and human, turf and sport fields’ maintenance, among others [40]. This lead to an 

increase in habitable areas, with a reduction in invasive species and a decrease in the spread of 

diseases [41]. One example is the reduction in the incidence of malaria worldwide [42]. The 

benefits of pesticides employment would be even more evident if they were applied following the 

principles of Integrated Pest Management (IPM) [43], labelling and technical information [44]. 

These have been developed to face the indiscriminate application of pesticide and ensure a 

sustainable agriculture, food safety and quality of life, in conformity with European Framework 

Directive 2009/128/EC (EFD), European Regulation N. 1107/2009 (consolidated in March 2021), 

REACH Regulation 1907/2006, Regulation 1223/2009, Regulation 528/2012 (updated and 

consolidated in June 2021) and Regulation (EC) N. 396/2005 [45–47]. The PURE (Pesticide Use-

and-Risk Reduction in Europe) project, the DEXiPM model, the SYNOPS-WEB or VULPES 

software tools are among other examples of efforts aimed to address the need for more innovative 

and sustainable strategies [48] and to predict or identify vulnerable areas. [49–51]. 

http://data.europa.eu/eli/dir/2009/128/oj
http://data.europa.eu/eli/dir/2009/128/oj
http://data.europa.eu/eli/reg/2009/1107/oj
http://data.europa.eu/eli/reg/2006/1907/2014-04-10
http://data.europa.eu/eli/reg/2009/1223/2022-12-17
http://data.europa.eu/eli/reg/2012/528/2022-04-15
http://data.europa.eu/eli/reg/2005/396/2023-04-13
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Table 1.1. Micro- and nano-materials as sustainable strategy in agriculture. 

Nanopesticide 

compositions 

Form Name of products Results Ref. 

Cu(OH)2 NPs 

(50-1000 nm) 

Kocide 3000: 

pKow
a = 0.44; 

sol.b (mg L−1) = 0.506; 

 

 

-Enhancing foliar 

uptake to 97-99%; 

 

[32] 

Silica NPs 

(423 nm) 

2,4-dichlorophenoxy 

acetic acid (2,4-D): 

pKow
a = 0.82; 

sol.b (mg L−1)= 24300; 

 

-Release up to 96% 

(0.1 mol L−1 NaCl, 40 

°C); 

 

[33] 

Chitosan/pecti

n 

NPs 

(70-90 nm) 

Carbendazim: 

pKow
a = 1.48; 

sol.b (mg L−1) = 8.0; 

 

-100% growth fungi 

inhibition and slower 

release; 

 

[34] 

Chitosan/TPP NPs 

(282 nm) 

Paraquat dichloride: 

pKow
a = 4.5; 

sol.b (mg L−1) = 620000; 

 

-EE% = 62; 

-slow release, lower 

toxicity, higher 

effectiveness; 

 

[35] 

Bentonite 

modified with 

DMTA and 

HTMA 

Composite Pretilachlor: 

pKow
a = 4.08; 

sol.b (mg L−1) = 500; 

 

-LE (mg g−1) = 138.1-

153.8; 

-T50 (days) = 4.75 

(DMTA); 

-T50 (days) = 4.16 

(HTMA); 

 

[36] 

Diatomite/Fe3

O4
/chitosan 

Films Glyphosate: 

pKow
a.= 3.2; 

sol.b (mg L−1) = 10500; 

Cypermethrin: 

pKow
a = 5.55; 

sol.b (mg L−1) = 0.009; 

 

-Release up to ≈ 90% at 

pH5.0; 

-highest effectiveness 

at pH5.0; 

 

[37] 

PDI cationic 

dendrimer 

(G1,G2,G3) 

Dendrimer 

(1.1, 1.8, 3.2 

nm) 

Thiamethoxan: 

pKow
a = 0.13; 

sol.b (mg L−1) = 4100; 

 

-cell viability >92%, 

higher cytotoxicity; 

-90% died larvae G2; 

 

[38] 

glycerol 

tripalmitate/P

VA 

NPs 

(178 nm) 

Atrazine (ATZ) 

pKow
a = 2.7; 

sol.b (mg L−1) = 35.0; 

Simazine (SMZ) 

pKow
a = 2.3; 

sol.b (mg L−1) = 5.0; 

-EE% = 89.7; 

-EE% = 97.3; 

-high stability (over 

120 days); 

-T50
 (h) = 52.9 (ATR); 

-T50 (h) = 51.1 (SMZ); 

-higher cytotoxicity; 

[39] 

a:pKow at pH=7 and 20°C; b:water solubility at 20°C (data source: www.herts.ac.uk/aeru) 

Notes: DMTA: dodecyltrimethyl ammonium chloride; EE%: encapsulation efficiency; HTMA: hexadecyltrimethyl 

ammonium chloride; LE=loading efficiency; NPs: nanoparticles; PDI: perylene-3,4,9,10-tetracarboxydiimide; PVA: 

poly(vinyl alcohol); T50: time taken to release 50% of the active ingredient; TPP: sodium tripolyphosphate; 

 

http://sitem.herts.ac.uk/aeru/
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Hence, the controversy and long-lasting debates come from the indiscriminate abuse and 

misapplication (misuse or unintentional use) of pesticides and the resulting contamination of the 

ecosystem (e.g. desertification, loss of biodiversity, ozone depletion, drought) [52,53]. A famous 

study, Pimentel [54], states that only 0.1% of pesticides reach their target. Once in the 

environment, inter– and intra–transfer processes of pesticides occur between organisms resulting 

in bio-accumulation and bio-magnification, with possible development of resistant specimens as 

an adaptation to stressor elements [55–59]. Therefore, higher application quantities and times and 

the development of deadlier formulations are required. The Groundwater Watch List (GWL) was 

introduced to minimize the bio-accumulation and bio-magnification, ameliorate the data 

monitoring and simplify the recognition of compounds. The first factors influencing the pathway 

of pesticides in nature are their formulation (i.e. aqueous solution, emulsifiable in petroleum-

based solvent, power dusts, wettable powder or granules), and the method of application. For 

instance, wettable powder applied by spraying is one of the most common combinations, due to 

the generally low solubility of the active compounds and the ability to cover wide areas. Poorly 

soluble pesticides often show low mobility and high persistence in soil, favouring the transport to 

surrounding lands via the wind. In contrast, soluble compounds can move faster through the soil 

by leaching (depending on soil composition), potentially reaching surface and groundwater 

[41,60]. Approximately 10% of pesticides applied in agriculture spread into non-target areas [61]. 

Kow, Ka, and Koc are key parameters of pesticides mobility [7]. A field study demonstrated that 

banding application is a more effective practice than the broadcast application for atrazine and 

diuron (two banded active ingredients) with over 90% reduction in average total load mobility in 

drainage water [62]. In 2017, a study conducted in Rochefort-sur-Loire (France) revealed the 

presence and the influence of rainfall events on the mobility of 7 pesticides, which always 

exceeded the European legal limit for at least one active ingredient; the relative toxicity is cause 

for social concern [63]. Furthermore, after the application of fumigants, such as methyl 

isothiocyanate, under partially anaerobic conditions, an increase of N2O emissions from 

agriculture soils was registered [64]. A vulnerable area has also been identified in Martinique 

(French west Indies), where horticultural practices are still a source of water pollution [65]. 

Herein, the contamination of groundwater is a major problem, especially in countries where it 

represents the main source of drinking water. In Europe, groundwater produces 65% of drinking 

water, culminating in the Groundwater Directive 2006/118/EC (GD) [47] and DWD. They set the 

general MRL of pesticides in the drinking water to 0.1 µg L−1 and 0.5 µg L−1 for mono- and multi-

residues, respectively, where non-specification are declared. A recent study in France, Denmark, 

England and Switzerland demonstrated the importance of having harmonized protocols to ensure 

comparable reporting to the European Environment Agency every three years [47]. 

http://data.europa.eu/eli/dir/2006/118/oj
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It should be emphasized that each active ingredient and/or pesticide is characterized by one or 

more DT50 values, which represent the time needed to break down half of the amount of pesticide, 

depending on the environmental conditions (pH, temperature, sun-light, organic matter and 

microorganisms, among others) [66]. Active ingredients with low DT50 values are considered non-

persistent, as opposite to those with higher DT50 values [67]. Thus, the formation of by-products 

along the transport of pesticides must also be considered [68], even more with a steady increase 

in the residual amount of pesticide in the ecosystem [19,69]. Indeed, a study showed that more 

than 80% of surface soils in European Union present one or more residues, with the highest 

amount in Southern Europe. Glyphosate, AMPA and phthalimide are the most commonly detected 

compounds [70]. Glyphosate (DT50 = 1 - 197 days) and its metabolite AMPA (DT50 = 23 - 958 

days) [71] have been determined in the Meuse river (Netherlands) and in the Têt river (France) 

which concentrations are dependent on the season [72,73]. Furthermore, glyphosate poses a high 

risk in surface water in urbanized areas in the Lombardia region (Italy) due to non-agricultural 

applications [74]. A complex study assessed the presence of pesticides mixture in the watercourses 

in Germany, France, Netherlands, and USA. Herbicides were mainly detected as mixture of 2 and 

5 active ingredients, followed by fungicides and insecticides [75]. Herbicide residues are also 

predominant in Louro river (Greece) yet followed by insecticides and fungicides in concentrations 

often exceeding European limits [76]. In the Mondego Estuary (Portugal), residues of atrazine 

(sediment), azoxystrobin (water, sediment and, bivalve), bentazon (water and bivalve), λ–

cyhalothrin (bivalve), penoxsulam (bivalve) and terbuthylazine (microalgae and bivalve) were 

detected [77]. In a global study, thousands of active ingredients of hundreds of pesticides were 

found in the surface water of 53 countries with different quality standards [78]. This increases the 

probable exposure of non-target organisms, starting with plants, bees, earthworms, birds, farmers 

(occupational exposure), and citizens (non-occupational exposure), along the evolutionary scale 

and food chain [21,79–83]. Some studies have associated disturbs/diseases/disorders with acute 

(e.g. blindness, rashes, diarrhoea, vomiting) or chronic (e.g. cancer development, birth defects, 

Parkinson, diabetes, asthma, cardiovascular or central nervous disorders, immune suppression) 

exposure to pesticides [23,42,45,84–87]. In Greece, approximately 97% of the sampled milks 

contained residues of 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane (DDT) and its metabolite, 

below the legislative level but still representing high risk values for children aged 1–3 years [88]. 

In Canada, the effects of the insecticides OP and PT on the respiratory health of the non-

occupational citizens have been evaluated [89]. Recent research has determined the effect of 20 

commercial pesticide formulations (such flutriafol, imidacloprid and azoxystrobin) on N–

acetylglucosamine enzymatic activity, nitrogen mineralization/fixation and γ–aminobutiric acid 

receptors of prokaryotes, fungi and eukaryotes, and soil composition in south Australia [90]. 

Among the population, farmers and farm workers are the most susceptible to neurological 

disorders, cancer, eye and skin irritation, fever, nausea, vomiting or respiratory disorders [91]. In 
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a study of 2019, the presence of at least one neonicotinoid was determined in the fruits and 

vegetables in the daily diet of 103 children. The first to be placed on the market in 1991 was the 

imidacloprid [92], with an average DT50 = 2 - 3 years in soil [28]. Since this time, the number of 

reports on neonicotinoid-resistant species has also increased; for example, those on Bemisia 

tabaci, Myzus persicae or Nilaparvata lugens, among others, which are known to be economically 

significant pests [92]. Furthermore, in a study performed on pesticide sprayers in Tesshaly 

(Greece), neonicotinoids were shown to be correlated to oxidative DNA damage [93]. Due to their 

hazardous effects on the ecosystem, the use of neonicotinoids in Europe has been restricted or 

banned [94], evaluation studies are still ongoing. Interesting research demonstrates the ability of 

the Anguilla Anguilla species to recover from non-specific DNA damage after a short-term 

exposure to Roundup® and Garlon®. Roundup® has been shown to cause long-term damages 

[95]. 

As Rachel Carson wrote in her famous book Silent Spring: “…the central problem of our age has 

therefore become the contamination of man’s total environment with such substances of incredible 

potential for harm – substances that accumulate in the tissues of plants and animals and even 

penetrate the germ cells to shatter or alter the very material of heredity upon which the shape of 

future depends.” 

 

1.2. Objectives and structure of the work 

As discussed in section 1.1., the contamination of our environment by pesticides stands as a 

prominent and concerning issue, playing a pivotal role in the ongoing degradation of our natural 

surroundings. The widespread contamination not only poses a significant threat to the delicate 

balance of our ecosystems but also carries dire consequences for both animal and human well-

being. Thus, in order to understand the behaviour of the pesticides in water-streams, the transport 

phenomena parameters of imidacloprid ((NE)-N-[1-[(6-chloropyridin-3-yl)methyl]imidazolidin-

2-ylidene]nitramide) (IMD), cymoxanil ((1E)-2-(ethylcarbamoylamino)-N-methoxy-2-

oxoethanimidoyl cyanide) (CYM) and ammonium glufosinate (azanium;2-amino-4-

[hydroxy(methyl)phosphoryl]butanoate) (GLF) have been studied by Taylor dispersion technique 

(Chapter 6-III). Then, sorption as effective water treatment methodology for pesticides removal 

with potential reusability of the sorbent materials was employed. The attention was focused on 

active ingredients or commercial formulations whose usage is approved in Europe, namely 

imidacloprid and its commercial formulation Confidor O-TEQ®, cymoxanil, 2,4-D (2-(2,4-

dichlorophenoxy)acetic acid), bentazon (2,2-dioxo-3-propan-2-yl-1H-2l6,1,3-benzothiadiazin-4-

one) (BTZ), and mecoprop (2-(4-chloro-2-methylphenoxy)propanoic acid) (MCP). The approval 

of imidacloprid expired in 2021 based in the information reported in the European database of 
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active ingredients. The main aim of the thesis encompasses the development of novel polymeric 

materials highly efficient as sorbents for pesticides uptake from aqueous media, namely 

cyclodextrin-based nanosponges (CDNS) (Chapter 3.). Their application in the environmental 

remediation processes [96] is a field in its early years of development, particularly regarding 

pesticides removal [97,98]. Based on the class of the monomer used as crosslinker along the 

project, two families of CDNS can be identified, namely carbamate-CDNS and amine-CDNS. In 

particular, the focus is centred on how the physico-chemical properties of the crosslinkers and 

cyclodextrins can influence the physico-chemical characteristics of the material, and 

consequently the sorbent-sorbate interactions. The synthesized CDNS were deeply characterized 

(Chapter 4.), the uptake capability of pesticides was assessed via equilibria and kinetic sorption 

methodologies. The sorbent-sorbate interaction was also molecularly studied via molecular 

dynamic simulations (Chapter 5.). The scientific results are presented in Chapter 6 from III to 

VIII. 

 

1.3. Thesis structure 

For the sake of clarity and to guide the reader along the thesis, this is divided as briefly described 

below: 

Chapter 1 introduces the reader to the issue of environmental pollution, surveying on the 

upsides and down sides of the pesticide’s application. The objective of the PhD project is 

described based on the scientific outcomes. 

 Chapter 2 features the state of art of the commonly water treatment technologies applied 

for pesticides removal. 

 Chapter 3 presents the main component of the thesis, namely the cyclodextrin and the 

cyclodextrin-based nanosponges. The state-of-art, route of synthesis, physico-chemical properties 

and the areas of application are described in detail in the reported book chapter (I) and review 

paper (II). 

Chapter 4 presents the main methods utilized to fully characterize the sorbent systems, 

the physico-chemical properties of the cyclodextrin-based nanosponges are compared in order to 

give a deep understanding of the systems used for pesticides removal. 

 Chapter 5 introduces the theoretical background of the main methodologies that have 

been used to understand the transport phenomena in the two main liquid-liquid and solid-liquid 

interface systems. 

 Chapter 6 reports the scientific outcomes that have been published along the PhD project.  
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Chapter 2. 

 

2. Pesticides cleaning techniques 

The application of the right technologies for the remediation of water-stream is of immeasurable 

importance. These enable the profitable use of surface and groundwater, to provide drinking water 

in urban areas and uncontaminated water for agriculture and fosterage. The treatment of water 

usually foresees the combination of physical (filtration, distillation, sedimentation, and reverse 

osmosis), chemical (photodegradation, electrochemical oxidation, advanced oxidation processes 

(AOP)), biological (bioremediation, phytoremediation), and physico-chemical methods 

(sorption) [1–9]. Following, the strategies commonly used for pesticide removal are discussed 

[10]. The Table 2.1 highlights the advantages and disadvantages of the main methods’ classes. 

 

2.1. Biological treatments 

Bioremediation can be divided into three different processes such the activated sludge with usage 

of microorganisms, the constructed wetland with application of plants (also called 

phytoremediation), and different types of bioreactors (e.g. membrane bioreactor, aerobic or 

anaerobic, microalgae bioreactor, and fungal bioreactor, among others). The aim is the conversion 

of pollutant molecules into less harmful by-products and/or mineralization in CO2 and H2O. 

Several factors such as soil type, moisture, pH, organic matter, temperature, pesticides 

concentration and their properties can influence the process [11]. The main advantages of the 

biological methods are the lower operational and management costs than chemical treatment as 

AOP or physical treatment as reverse osmosis or nanofiltration; and the production of less toxic 

by-products compared to chlorination or electrochemical approaches discussed below. However, 

it involves a massive production of sludge wastes, long-time consumption and installation 

processes [12]. The activated sludge is one of the most conventional and applied wastewater 

treatment methods [13]. It is based on the microorganisms growing via aerobic, anaerobic or 

anoxic routes depending on the concentration of dissolved oxygen. The process could be 

performed by natural attenuation (exploitation of the natural capacities of the matrix), 

bioaugmentation (introduction of endogenous, exogenous, or modified microorganisms) [14] and 

bio-stimulation (addition of nutrients). Matrixes are usually composed of humic-rich substances 

which collect and increase soil, microorganisms, and pesticides concentration. 
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Table 2.1. Advantages and disadvantages of water treatment methods. 

Treatment Advantages Disadvantages 

Chemical methods 

Oxidation processes - disinfection properties; 

- low costs; 

-easily applicable; 

- reduction of odors; 

- faster precipitation 

processes; 

- precipitation of colloidal 

particles. 

 

- high operational costs; 

- separation step needed; 

- catalysts; 

- hazardous by-products; 

- large amount of wastes; 

- harmful wastes; 

- high time consumption for 

optimization 

Advanced oxidation 

processes 

- low sludges production; 

- high reaction rate; 

- disinfection properties; 

- Low cost of reagents. 

 

- high operational costs; 

- high maintenance costs; 

- not available in turbid batches. 

Photocatalysis - wide range of pollutants; 

- high degradation rate. 
- operational costs; 

- large volume of wastewater. 

Physical methods 

Nanofiltration - high rejection yield; 

- pore size dependency. 

- high operational costs; 

- high maintenance costs; 

- pores size dependence: 

- disposal; 

- fouling. 

 

Reverse osmosis - high rejection yield; 

- pore size dependency; 

- efficient for ions and 

organic pollutants. 

- high operational costs; 

- high maintenance costs; 

- fouling; 

- water wastes. 

Biological methods 

Activated sludge - low installation costs; 

- environmentally 

friendly; 

- reduction of odours. 

- high amount of wastes; 

- high maintenance demand; 

- suitable for COD < 4000 mg L−1. 

- required disposal methods. 

 

Phytoremediation - environmentally 

friendly; 

- low sludge production; 

-low management costs. 

- high procedural costs; 

- high time consuming; 

- seasonal dependency. 

Microalgae - reusability; 

- environmentally 

friendly; 

- low toxicity risk; 

- source of biomass and 

fertilizer. 

- high controlling parameters; 

- narrow range of contaminants; 

- seasonal dependency. 

Notes: COD: chemical oxygen demand 
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Different types of microorganisms can be adopted such as bacteria [15], protozoa, fungi, enzymes, 

and algae. An active bacteria from Alkali Lake degrades 3.0 g L−1 of 2,4-D in 3 days [16]. Bacillus 

thuringiensis has demonstrated high capacity to mineralize a wide range of pollutants such 

imidacloprid (71% in 11 days) [17]. Stenotrophomonas maltophilia CGMCC 1.1788 

hydroxylases thiacloprid and imidacloprid which hydroxylated form presents lower and higher 

insecticidal activity, respectively [18,19]. On the other hand, the same bacterial strain is able to 

demethylate the acetamiprid that in presence of 5% sucrose led to an enhancement of 59% of 

pesticide degradation with 17% of its reduction [20]. The white-rot fungus, Trametes versicolor 

was employed in bioaugmentation process for mineralization of carbendazim, edifenphos and 

metalaxyl [21]. It was also tested to degrade three insecticides with the follow decreasing 

efficiency: imiprothrin > cypermethrin > carbofuran [22]. 

Phytoremediation is an ex-situ or in-situ strategy used to degrade, stabilize and/or remove soil 

contaminants. Within phytoremediation, rhizoremediation is a specific approach based on the 

employment of the microbes developed at the level of the rhizosphere [23,24]. These are 

environmentally friendly methods, but prior excavation and large areas of installation are needed. 

Moreover, several years are required so that plants and roots attain an efficient removal rate, in 

which several factors such as selected species, soil, pH, moisture content and microbial activity 

play a crucial role [25]. A review reports that the removal efficiency of the constructed wetlands 

generally increases with the Koc of the pesticides reaching the highest capability for 

organochlorine [26], organophosphate [27,28] and pyrethroid [29] classes of pesticides [30]. The 

design of vegetative filter strips near to agricultural fields permits the reduction of pesticide run-

off as function of the vegetation species and width [31]. The reduction of atrazine, diazinon and 

permethrin concentration in simulated agricultural water was studied using Leersia oryzoides, 

Typha latifolia and Sparganium Americanum. The first one was the most effective in the atrazine 

and permethrin concentration reduction [32]. Algae, such Pseudokirchneriella subcapitata and 

Chlorococcum sp. were used to assess the toxicity and degradative ability for fenamiphos and its 

metabolites. Active ingredient and its metabolites are accumulated into Chlorococcum sp., 

whereas only the metabolites are absorbed into Pseudokirchneriella subcapitata [33]. This study 

gives an idea about the role played by the chosen vegetative species and their possible selective 

interaction with the pollutant. Recently, genetically modified plants have been considered as a 

promising strategy to increase the tolerance and the metabolism of pesticides. Transgenic rice 

plants modified with the human cytochrome P450 CYP1A1 gene have demonstrated higher 

tolerance and metabolism rate for quizalofop-ethyl, norflurazon, mefenacet and chlortoluron [34]. 

The introduction of the genes P450 CYP1A1, CYP2B6 and CYP2C19 have conducted to larger 

tolerance for the herbicides atrazine, metolachlor and norflurazon, and their mixture [35]. The 

cytochrome P450 activity, in maize, is expressed at the level of the shoots and can be inhibited 

by CO or O2 presence. On the other hand, the activity can be also stimulated to two-fold of the 
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hydroxylation rate of the pyrimidine ring of primisulfuron [36]. In wheat plants, the NADPH-

cytochrome P450 reductase degrades the chlortoluron by hydroxylation and N-demethylation 

reactions [37]. 

Even if biological treatments are the greenest methods simulating the natural ecosystem ability to 

respond against the water and soil pollution, many environmental and operating parameters must 

be controlled. In order to obtain faster degradation rates, higher efficiency and expand the range 

of treated pollutants, they are usually coupled with other treatments methods. An enhancement of 

atrazine degradation by 61% was achieved by immobilization of laccase in microporous starch 

[38]. Iron nanoparticles loaded with laccase have shown a higher removal efficiency for 

chlorpyrifos, where the presence of copper in the laccase play a key role in the sorption process 

[39]. Nanocellulose fibers were also used to immobilise and protect the laccase maintaining 75% 

of activity after 45 days, obtaining a complete degradation of trifluralin in 24 hours [40]. The 

grafting of the laccase to poly(glycidyl methacrylate) microsphere increases the temperature and 

pH stability of the enzyme with higher removal capability towards diazinon [41]. 

 

2.2. Chemical treatments 

The chemical water treatments are based on chemical reactions which by-products are generally 

safer compounds. The most common are the oxidative, AOP and photochemical degradation. 

Chlorination is a low expensive oxidative method easily implemented in water-treatment plants 

as pre- and/or post-treatment strategy. The process is based in the pH dependent hydrolysis of 

chlorine [42], therefore in the species present at equilibrium in water: 

 

The oxidative strength of the species Cl2, HOCl and ClO− permits them to unselectively react with 

a wide range of molecules, justifying its application as pre- and post-treatment of water. It is 

mainly used to limit the bacterial, algae and virus growth which can cause unpleasant odours, 

taste and act as vector disease. In particular, the main biocide ability is obtained when the HOCl 

and ClO− are in equilibrium forming the “free chlorine” able to disrupt the lipidic membranes of 

pathogens. Moreover, some secondary reactions can occur, such as the oxidation of metal ions 

that precipitate, being removed by filtration. On the other hand, the high reactivity is at the same 

time the major drawback of the chlorination process because of the by-products with high toxicity 

such as the halogenated compounds: trihalomethanes (THM) and haloacetic acids (HAA). The 

THM are considered carcinogenic, and chronic exposure can damage liver and kidneys; the HAA 

are applied as harmful herbicides with side effects for the respiratory system. Chlorination can be 

successfully used to degrade OP pesticides (as described in Chapter 1-section 1.1, OP toxicity 
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depends on the amount of sulphur and valence of the phosphorus atoms). The presence of sulphur 

atoms represents a key factor in the degradation rate of OP pesticides. A study demonstrated that 

pH = 7 is optimum for degradation of three OP, which rate decreases in order diazinon > 

chlorpyrifos >> chlorfenvinfos. The presence of phosphorotioate groups in chlorpyrifos and 

diazinon speeds-up the oxidative reaction by HOCl into the oxon groups. THMs have been 

detected as by-products [43]. Oxidative reaction was performed for isoxathion, malathion and 

tolclofos-methyl adsorbed on powdered activated carbon. Thus, oxidation approaches were 

combined with sorption process [44]. The higher solubility and hydrophilicity of the oxon 

derivatives of diazinon chlorpyrifos, malathion and tolclofos-methyl make their removal more 

difficult by powdered activated carbon (AC) coupling coagulation-sedimentation-filtration 

(CSF). Additionally, they are more toxic and resistant to post-chlorination process with 

consequent accumulation [45]. The kinetic rate was also studied for phosphorothioate and 

phosphorodithioate pesticides, such chloroehoxyfos, chlorpyrifos, diazinon, parathion, 

tebupirimfos and malathion, methidathion, phosmet, respectively. In agreement with the other 

studies, higher kinetic constant values are obtained around pH = 7, with formation of the oxon 

derivatives [46]. Other important scientific outcomes involve the oxidation study of 10 

organophosphate reporting the oxon formation from 7 of them [47]; the treatment of 44 pesticides 

in Ebro river Basin water via different methods, reaching 60% and 70% by chlorination and 

ozonation, respectively, and 90% combining the ozonation with adsorption into activated carbon 

[48]. 

Advanced oxidation processes encompass the usage of strong oxidative agents as hydroxyl (●OH) 

and sulphate (●SO4
−) radicals, with oxidation potential (E0) of 2.72 V and 2.6 V and DT50 of 1 µs 

and ca. 35 µs, respectively. Ozone, ultraviolet light (UV), electrochemical-, catalytic- and photo-

AOP can also be used [49–51]. AOP are environmentally friendly methods with a high 

degradation rate of a wide range of organic contaminant molecules and production of low amounts 

of wastes. However, the system design of AOP is complex and the application requires high 

operational and maintenance costs. Na2S2O8 is used as strong oxidative agent, which can produce 

●SO4
− radicals by heat, transition metals and ultraviolet or sunlight irradiation, Fe3+-EDTA and 

pH; at the expense of the costs [52,53]: 

 

Sulphate radicals react by oxidative process, electron transfer [54]. However, ●SO4
− radicals are 

the predominant species only at pH < 7, alkaline pH favours the formation of hydroxyl radical 

[55]. Sulphate radicals have been applied to degrade 17 pesticides with yield > 97% [56]. Atrazine 

was fully degraded after 2 h, using heat as an activation system [57]. Degradation of 90% of 

atrazine was obtained by iron-catalized photo-activation of Na2S2O8, at acidic pH [58]. ●SO4
− also 
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ameliorates the degradative efficiency of UV photolysis rising the kinetic rate. However, the pH 

is a key parameter [59]. 

Ultraviolet light can be divided into UV-A (315-400 nm), UV-B (280-315 nm), UV-C (280-315 

nm) and vacuum UV (10-180 nm). As electromagnetic radiation, lower wavelength means higher 

energy that can be employed as water treatment technology. Absorbing the energy light, pollutant 

molecules can be excited higher than activation energy permitting their transformation or reaction 

with other species. However, the photodegradation method requires high operational costs and is 

usually combined with other treatments, such H2O2 and O3. Albeit UV-H2O2 and UV-O3 are 

environmentally friendly and effective for a broad range of organic pollutant molecules, they 

cannot be employed in turbid media. The addition of H2O2 limits the range of efficient 

wavelengths; whereas concerning gas emissions must be considered with O3. UV was applied for 

photo-degradation of parathion and chlorpyrifos in presence of ●OH and ●CO3
− (E0 = 1.78 V) with 

an enhancement of the degradation rate of both pesticides [60]. Malathion degradation by UV-

H2O2 method is reported to be affected by pH and temperature [61]. In a study UV-H2O2 and UV-

C processes were employed to degrade up to 97% of chlorpyrifos. However, UV-H2O2 leads to 

by-products formation [62]. 

Ozonation efficiency is based on direct reaction with O3 (E
0 = 2.07 V) or indirectly reacting with 

the formed oxidative radicals. Due to the short lifetime of O3, it must be generated in-situ with 

consequent increases of the operational costs. However, the high rate of reaction permits to treat 

large amount of water. In a study upon 23 pesticides, ozonation reaches around 85% of 

degradation for 6 pesticides [63]. The pH can play a crucial role as observed for the removal of 

endosulfan (89%) and lindane (43%) [64]. However, the efficiency can be increased if combined 

with hydrogen peroxide, H2O2/O3 [65]. Combining ozonation with sorption into activated carbon, 

yield ≥ 50% was obtained for three pesticides within the 40 analysed [48]. Again, improved 

performances were obtained combining O3 with activated carbon in a study performed in a water-

treatment plant in Spain, reaching 70% of degradation for 44 pesticides [48]. Similar approach, 

which consists in combining O3 and ZnO led to ca. 99% of removal for atrazine [66]. A complete 

degradation of triazophos was obtained combining ozonation and hydrodynamic cavitation 

treatment with removal of 96% of total organic content (TOC) [67]. Cavitation treatment exploits 

the transition phase from liquid to vapour phase with release of large amount of energy and 

formation of radical species. Different types of cavitation can be used (optic, particle, acoustic 

and hydrodynamic cavitation). The latter one is based on flow and pressure changes. The main 

disadvantages are the noise, the vibration, high pressure and temperature, and corrosion 

phenomena which can be solved/reduced by a proper design at expense of higher installation costs 

[68]. 

Fenton process is one of the most used oxidative pre- or post-treatment methods for organic 

contaminants, involving the reaction between H2O2 and Fe2+ ions that act as initiator and catalyst. 
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It is an environmentally friendly process, employing abundant and non-expensive reagents, with 

short reaction time. The molar ratio of Fe2+/Fe3+ and Fe2+/H2O2 is a key factor and the equilibrium 

of speciation for Fe2+ and H2O2 is strongly dependent on pH. The reaction occurs at acidic pH, 

otherwise, the regeneration of ferrous ions is slow and the Fe3+ ions accumulate precipitating in 

the form of Fe(OH)3(s) as by-products. Other drawback is represented by side-reaction of ●OH 

with H2O2 and Fe2+, and its consequent consumption. These technical specifications lead to higher 

amounts of reagents’ consumption and operational costs. Studies reported the application of 

Fenton process for malathion removal coupled with other water-treatment methods such 

nanofiltration [69], hydrodynamic cavitation for methyl parathion [70] and triazophos [67], UV-

light irradiation for chlorpyrifos, cypermethrin and chlorothalonil [71]. UV-Vis irradiation 

catalyses the photolysis of Fe3+-complexes favouring Fe2+ ions formation; a combination called 

photo-assisted Fenton process. This method was applied in Murcia (Spain) with 90% of removal 

efficiency in a few minutes for 10 pesticides [72]. 

Photocatalysis method can overcome the needed of UV-Vis catalytic irradiation, utilizing the 

solar irradiation as activation system of the photo-catalytic properties of semiconductors such 

TiO2, ZnO, ZnS, CdS, Fe2O3, WO3, among others [73–75]. Once excited the electrons to the 

conduction band, a cascade of reactions starts with formation of ●OH radicals [3]. Atrazine and 

diuron have been completely degraded using TiO2/solar light in polluted soils [76,77]. Molecular 

imprinting TiO2 sol-gel synthesis was performed in order to improve the specificity and 

degradation yield of ca. 35% for IMD or 2,4-D [78]. Around 95% of imidacloprid removal was 

achieved using photocatalysts composite of carbon nanotubes and H2O2 [79]. Abamectin was 

degraded at 99% using Cu2(OH)PO4-MOF activated by blue light irradiation and coupled to 

ultrasonic cavitation using a continuous flow-loop reactor [80]. The usage of composites usually 

led to complex and non-scalable synthesis processes; in the meanwhile the combination of 

different removal strategies led to higher costs [81]. More details about the state of art and future 

perspective of photocatalytic processes and its coupling with biological technologies has been 

described by K. Liu et al. [82]. 

Electrochemical methods are based on surface and bulk oxidative processes such as 

electrochemical, sono-, photo-, Fenton-electrochemical methods. These have been observed to be 

efficient on the mineralization of a wide range of classes of compounds including pesticides with 

a TOC reduction > 50%, either for water or soil treatment. For pesticides removal electro-Fenton 

and electrooxidation are the most used. The electrooxidation can be performed exploiting the 

physical-chemical properties of the material constituting the electrodes as platinum, boron-doped 

diamond [83], doped-SnO2, PbO2, carbonaceous materials and stainless steel, among others. The 
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hydroxyl radicals are formed on the anode surface by water oxidation through inactive or active 

electrode. 

 

A first drawback of this technique is the oxidation rate limited by chemical and mass transport 

phenomena in traditional-parallel reactors. Thus, research shifts the attention to porous 

membrane-electrodes with high surface areas which avoid diffusional limits. However, pressure 

is needed for water/wastewater passes into the electrode, increasing the costs. This technique is 

also dependent on the matrix composition given that the presence of inorganic species reduces 

the degradation rate. Moreover, the formation of halogenated by-product such as chlorine and 

perchlorate species was observed [84]. The in-situ application led to a mineralization degree of 

about 80% of TOC for lindane [85]. 2,4-D mineralization of 80% was achieved using N-doped 

graphene felt cathode [86]. Many other examples of different electrochemical processes applied 

for pesticides removal can be found in the following review [87]. 

 

2.3. Physical treatments 

Generally, for physical treatment the separation process of solids is intended, which is usually 

applied as pre-treatment but not only. If pesticides are considered, the main applied physical 

treatments are reverse osmosis [88] and nanofiltration [89–92]. Both are membrane-based 

methods. The analyte-membrane interactions are dependent on the transport phenomena such as 

the diffusion of the analyte into the membrane, influenced by the solubility, hydrophilicity, 

charges and functional groups, both of analyte and membrane [93]. In order to ameliorate the 

rejection efficiency, the employed material, synthesis and surface modification routes are critical 

steps of the process [94,95]. Both reverse osmosis and nanofiltration systems work under 

pressure. The reverse osmosis exploits semipermeable membranes (e.g. cellulose acetate or 

triacetate, aromatic polyamides). The principle is based on the chemical affinity for the water, 

reaching ca. 99% of rejection of organic and inorganic solute [96,97]. Nanofiltration membranes 

have a pore size range of 1-10 nm. It works at lower pressure than reverse osmosis, still enabling 

the removal of ions and organic pollutants. Herein, porosity, pore size distribution and charges on 

the surface of the membranes play a crucial role in the rejection efficiency [98]. The application 

of pressure is considered a drawback due to the increase of the energetic costs. Moreover, the 

fouling phenomenon represents another critical point which led to high maintenance of the 

systems. Reverse osmosis tests have been performed using three commercial membranes at two 

different pressures with rejection > 95%, for four pesticides [99]. Similarly, seven membranes 

were tested for the rejection of three uncharged pesticides, namely terbutylazine, mecoprop and 

atrazine. Only two membranes have reached ca. 90% of rejection for all pesticides [100]. The 
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presence of dissolved organic carbon can limit the rejection. That was the case of atrazine, where 

the presence of dissolved organic carbon (DOC) decreases the efficiency from 99% to 50%, due 

to complexation and electrostatic repulsion with the analyte [101]. 

 

2.4. Physico-chemical treatment 

A physico-chemical process extensively studied in the last decades is the sorption process. The 

easy application of the sorption method with high efficiency/cost ratio, makes it one of the most 

affordable techniques for pesticides removal [102]. Sorption results to be faster than biological 

methods such as bioremediation or phytoremediation [103]. It is also less expensive than chemical 

or physical treatments, like AOP or reverse osmosis. The classification as physico-chemical 

method is based on considering that chemical or physical interactions of sorbent-sorbate can take 

place as function of the structural design of the material. Among the more conventional materials 

used are clay [104], activated carbon or biochar, graphite and carbon nanotubes, and zeolites. 

These materials usually exhibit an amorphous or crystalline structure, negative charges, macro- 

(> 50 nm) to meso-porous (< 50 nm) and high surface area. However, the disadvantages are the 

high production and regeneration costs which do not permit an easy industrial scale-up [105,106]. 

In the past decades, great efforts have been made to design novel high-performant micro- or nano-

materials, inorganic [107,108] or organic, and their composites [4,98,109,110] (Table 2.2. and 

Table 2.3.). The use of micro- and nano-particles of metal-oxides is favoured by their electrical, 

optical and magnetic properties, as well as their catalytic and antibacterial activities [111]. These 

properties of metal-oxide particles represent an advantage in the sorption process because 

chemical and physical interactions can occur simultaneously, favouring the removal efficiency. 

Yet, the application of inorganic nanoparticles is limited by aggregation phenomena, and 

nowadays deeply discussed because of various phytotoxic effects [112]. Polymeric materials have 

been the focus of extensive research, in the form of micro-/nano-spheres, powder, membranes 

[113], and hydrogels [114], among others [115]. Their abundance and/or low cost represent two 

significant upsides associated with fast kinetics and high removal efficiencies. Moreover, 

polymers can be chemically modified which pave the way to perform specific material design 

optimizing the physico-chemical properties and the performance of the so-called ‘biosorbents’ 

[116,117]. Examples of biosorbents include chitosan, poly(vinyl chloride), poly(vinyl alcohol) 

(PVA), poly(vinyl pyrrolidone) (PVP), cellulose [118,119], alginate, cucurbiturils, starch [120] 

and cyclodextrins, among others. 

The focus of this thesis is centered in the application of cyclodextrins as substrate for the 

development of polymeric sorbents, named nanosponges. The state of art of the cyclodextrins, the 

method of modification and in particular the synthesis routes of the cyclodextrin-based 
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nanosponges with their application areas are extensively discussed in Chapter 3. Their physico-

chemical properties will be discussed and compared in Chapter 4, along the exposition of the 

fundamentals of the methods of characterization. 

 

Table 2.2. Advantages and disadvantages of common sorbent materials. 

Materials Advantages Challenges 

Zeolites - Low cost; 

- High surface area; 

- suitable for different 

contaminants. 

 

- Low capacity; 

- Low permeability; 

- Not suitable for organic 

contaminants. 

Clays - Low cost; 

- High surface area; 

- suitable for inorganic/organic 

contaminants; 

- high abundance. 

 

- Low capacity; 

- pH sensitivity. 

Carbonaceous-

based 

- Good capacity; 

- High efficiency in water; 

- Suitable for inorganic/organic 

contaminants. 

 

- High cost; 

- Low selectivity; 

- Poor regeneration. 

Silica-based - Low cost; 

- High abundance. 

- Degradation at alkaline pH. 

Metal-oxide-

based 

- Low to high cost; 

- High surface area; 

- Tunable property structure; 

- High sensitivity. 

 

- Low to high cost; 

- Safety assessment; 

- Aggregation; 

- Scale-up. 

Polymer-based - Low cost; 

- Tunable property structure; 

- Good biocompatibility; 

- Environmentally friendly. 

- Degradation; 

- Safety assessment; 

- Scale-up. 
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Table 2.3. Examples of sorbent materials used in pesticide uptake. 

Adsorbent 

materials 

Form Name of products Results Ref. 

ZnO modified 

with BMTF-IL 

NPs 

(4.25 nm) 

Naphthalene: 

-pKow
a = 3.29; 

-sol.b (mg L−1) = 31.0. 

 

-qmax (mg g−1) = 

148.3; 

-RE% = 98.8%. 

[121

] 

Palygorskite 

modified with 

Fe2O3 

NPs Fenarimol: 

-pKow
a = 3.69; 

-sol.b (mg L−1) = 13.7. 

 

-RE% = 70%; 

-ΔH (kJ mol−1) = -

128.41. 

[122

] 

Fe3O4/SiO2/GO

-PEA 

NSs Chlorpyrifos: 

-pKow
a = 4.7; 

-sol.b (mg L−1) = 1.05. 

Parathion : 

-pKow
a = 3.83; 

-sol.b (mg L−1) = 12.4. 

Malathion (MLT): 

-pKow
a = 2.75; 

-sol.b (mg L−1) = 148. 

 

-qmax (mg g−1) = 

11.1. 

 

-qmax (mg g−1) = 

10.6 (PRT). 

 

-qmax (mg g−1) = 

10.9 (MLT).. 

[123

] 

NH2-Fe/SBA-

15 

NPs 

(10-20nm) 

Glyphosate: 

-pKow
a = 3.2; 

-sol.b (mg L−1)= 10500. 

 

-< LOD: 100 μg L−1 

(pH = 2.1); 

-DE% = 100% 

(pH = 12.5). 

[124

] 

MWCNTs NTs 

(outer d.: 10-

30nm; inner 

d.: 5-10nm) 

Malathion: 

-pKow
a = 2.75; 

-sol.b (mg L−1) = 148. 

 

-RE% = 100%. 

[125

] 

HPVPcoS/MM

T 

NCs Diazinon: 

-pKow
a = 1.75; 

-sol.b (mg L−1) = 10700. 

 

-qmax (mol g−1) = 

5.4×10−4; 

-RE% = 80%; 

-DE% = 64%. 

[126

] 

CMCD/SiO2/Fe

3O4 

NPs Paraquat: 

-pKow
a = 3.83; 

-sol.b (mg L−1) = 12.4. 

Diquat: 

-pKow
a = 4.6; 

-sol.b (mg L−1) = 

718000. 

 

-RE% = 70.2% 

paraquat; 

-RE% = 99% 

diquat  

(environmental 

water sample). 

[127

] 

a:pKow at pH=7 and 20°C; b:water solubility at 20°C (data source: www.herts.ac.uk/aeru) 

Notes: BMTF-IL: 1-butyl-3-methylimidazolium tetrafluoroborate; CMCD: carboxymethyl β-cyclodextrin; 

d.: diameter; DE% = desorption efficiency; GO: graphene oxide; HPVPcoS: protonated poly(4-vinyl-

pyridine-co-styrene); LOD: limit of detection; MMT: montmorillonite; MSGB: magnetic switchgrass 

biochar; MWCNTs: multi-walled carbon nanotubes; NCs: nanocomposites; NSs: nanosheets; NTs: 

nanotubes; PEA: 2-phenylethylamine; qmax: adsorbed amount (mg or mol) per gram of adsorbent; RE%: 

removal efficiency; SBA-15: ordered mesoporous silica; 

 

  

http://sitem.herts.ac.uk/aeru/
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Chapter 3. 

 

3. Cyclodextrin 

Cyclodextrins and their derivatives have been extensively studied due to the advantageous 

properties of their structure, such as amphiphilicity, non-toxicity, biodegradability, and the easy 

chemical modification [1,2] to design soluble [3] or insoluble 3D-structures, or molecularly 

imprinted polymers [4,5]. Cyclodextrins have long been employed in the pharmaceutical, food 

and cosmetic fields [6]. That is because most of the active pharmaceutical ingredient’s molecules 

have low aqueous solubility, which represents a disadvantage in preparing commercial 

formulations of pharmaceuticals due to the need of excipients, organic solvents or co-formulants. 

Therefore, cyclodextrins continue to be studied thanks to their amphiphilic behaviour, which 

permits to increase the solubility, availability and water stability of the pharmaceutical molecules 

[7–9]. Similarly, most of the active substances of pesticides have low solubility. The unique 

hydrophilic/hydrophobic duality of the pristine cyclodextrins and their derivatives can be used to 

design novel and greener phytopharmaceutical formulations [3,9,10]. From another point of view, 

the cyclodextrin-analyte interaction via host-guest complexes formation can be advantageously 

used in environmental processes to remove hydrophobic molecules either pharmaceutical [11,12] 

or phyto-pharmaceutical [13–15]. However, hydrophilic active ingredients of 

phytopharmaceuticals must be also considered. Thus, cyclodextrin-based polymers, such 

nanosponges, are considered promising sorbent materials encompassing the hydrophobic cavity 

of the cyclodextrins and the hydrophilic 3D-structure which properties can be modulated by 

proper design [16–18]. 

Hence, the interest focused in the development of novel cyclodextrin-based sorbent materials and 

their application in environmental remediation processes through the sorption of pesticides from 

aqueous media [15,18,19].  



44 

 

3.1. Cyclodextrin-based nanosponges of interest 

Based on the class of monomer used as crosslinkers and the functional group resulting from the 

polymerization reaction two families of CDNS can be identified, namely carbamate-CDNS and 

amine-CDNS (in the latter one, two classes can be identified). The focus is centred on how the 

physico-chemical properties of the crosslinkers can influence the characteristics of the polymers, 

and therefore the sorbent-sorbate interactions, thereby, their sorption capability and removal 

efficiency. The cyclodextrin-based sorbent materials were deeply characterized by different 

techniques and the fundamentals of the main methods are discussed in Chapter 4. The 

methodologies used to understand the mechanism of interaction in aqueous media are discussed 

in Chapter 5, such as equilibria and kinetic sorption models, and molecular dynamic simulations 

for an atomistic understanding. 

 

3.1.1. Diisocyanate crosslinker 

The first family of βCDNS was synthesized using as a monomer 1,6-hexamethylene diisocyanate 

(HDI), via wet-chemistry. The reaction between the -OH group at C(6) position of CD and the 

highly reactive -N=C=O group of HDI, is coordinated by the catalyst dibutylin dilaurate (BTL). 

The reaction led to a crosslinked 3D-structure with yield ≥ 90%, (w/w) (Figure 3.1.). The formed 

carbamate linkages are chemically stable, in acidic and alkaline pH, which can represent an 

advantageous for industrial application. βCD-HDI is one of the most common nanosponges 

employed in the pharmaceutical field, but only few studies on environmental application have 

been reported [12,20]. 

In a preliminary study, the effect of the molar ratio (mol:mol) between CD:crosslinker was 

assessed. An increase of the stiffness of the product with the molar ratio CD:crosslinker was 

macroscopically observed (1:2, 1:4 and 1:8); shifting from a yellowish material with weak-

mechanical properties, βCD-HDI 1:2 (mol:mol), to a white rigid and non-elastic polymer βCD-

HDI 1:8 (mol:mol) (Figure 3.2.). Moreover, at 1:4 mol:mol and 1:8 mol:mol the polymer has 

hydrogel features. The three βCD-HDI were tested for removal of IMD and CYM, observing that 

the poly-βcyclodextrin (PCD) at molar ratio 1:4 mol:mol had the higher sorption performance 

(Table 3.1.). PCD 1:4 (mol:mol) was chosen for further analysis with both active ingredients, 

which optima experimental conditions were determined by full 2k factorial experimental design 

(Chapter 5.). Moreover, the 3D-structure of PCD was employed as polymeric scaffold for 

powdered activated carbon. The results are shown in chapter 6-IV. 
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Figure 3.1. Scheme of the synthesis route of poly-βcyclodextrin. 

 

 

Figure 3.2. Images of CD-HDI at different molar ratio (a) 1:2 (mol:mol); (b) 1:4 (mol:mol); (c) 

1:8 (mol:mol). 

 

Table 3.1. Results of the preliminary testes of pesticides uptake into poly-βcyclodextrins. 

 

 

Molar ratio IMD CYM 

qe (mg g−1) Q% qe (mg g−1) Q% 

PCD 1:2 

(50 mg) 

1.38 (± 0.03) 

(25 mg L−1) 

0.70 (± 0.04) 

(50 mg L−1) 

40.00 (± 0.82) 

(25 mg L−1) 

15.26 (± 0.85) 

(50 mg L−1) 

0.11 (± 0.04) 

(25 mg L−1) 

0.20 (± 0.08) 

(50 mg L−1) 

5.00 (± 1.79) 

(25 mg L−1) 

4.43 (± 1.79) 

(50 mg L−1) 

PCD 1:4 

(50 mg) 

1.60 (± 0.03) 

(25 mg L−1) 

1.32 (± 0.04) 

(50 mg L−1) 

46.15 (± 0.82) 

(25 mg L−1) 

22.18 (± 0.82) 

(50 mg L−1) 

0.14 (± 0.04) 

(25 mg L−1) 

0.32 (± 0.08) 

(50 mg L−1) 

5.93 (± 1.78) 

(25 mg L−1) 

6.91 (± 1.77) 

(50 mg L−1) 

PCD 1:8 

(50 mg) 

0.45 (± 0.03) 

(25 mg L−1) 

0.56 (± 0.04) 

(50 mg L−1) 

13.18 (± 0.90) 

(25 mg L−1) 

9.91 (± 0.80) 

(50 mg L−1) 

0.17 (± 0.06) 

(25 mg L−1) 

0.37 (± 0.12) 

(50 mg L−1) 

4.97 (± 1.79) 

(25 mg L−1) 

5.36 (± 1.78) 

(50 mg L−1) 
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3.1.2. Diamine crosslinker 

The second family of CDNS are the amine-cyclodextrin-based nanosponges (CDAM-NS). 

Differently to the carbamate-NSs, the synthesis of CDAM-NS provides the previous 

functionalization of the CDs. Amine-terminal groups pave the way for a broad range of following 

modifications (e.g. alkylation, acylation, carbylamine reaction of Hoffmann isocyanide synthesis, 

diazotization and sulfonylation). In this way, it is possible to obtain materials responsive to 

external stimuli. First of all, the pH is an example of how it is possible to alter the charge of the 

polymer, obtaining controlled sorption and release processes. The amine reactivity is influenced 

by their nucleophilicity, which generally decreases from tertiary to primary amine groups; but 

steric hindrance must be considered as an influent factor. The synthetic routes of CDAM-NS 

reported in literature are based on three steps, such as i) halogenation; ii) amination and iii) 

polymerization. The per-halogenation can be performed with iodine or bromide, obtaining the 

heptakis-halide-cyclodextrins [21]. Then, the amine-modified cyclodextrin and the CDAM-NS 

with application for drug delivery or as sequestrant systems were synthesized [22,23]; to the best 

of our knowledge, these are the only papers related with CDAM-NS. 

Along the PhD project, only iodine was used in the per-halogenation because of its superior 

behaviour as leaving group even with lower reactivity than bromine. Bromine was excluded due 

to the potential bioaccumulation at the level of liver, kidneys, brain, blood, heart and thyroid 

gland, resulting in, for example, hypertrophy and hyperplasia [24]; on the other hand, iodine has 

no side effects or, at least, so serious effects. Hence, with the heptakis-(6-iodo)-(6-deoxy)-

cyclodextrin (CD-I) as substrate, amine-derivatives of both α- or β-cyclodextrins have been 

synthesized using sodium azide(NH2), hexane-1,6-diamine (AM6) and dodecane-1,12-diamine 

(AM12), obtaining heptakis-(6-amine)-(6-deoxy)-cyclodextrin, (NH2CD), heptakis-[6-(6-amino-1-

hexylamine)]-(6-deoxy)-cyclodextrin (AM6CD), and heptakis-[6-(12-amino-1-dodecylamine)]-(6-

deoxy)-cyclodextrin (AM12CD), respectively. Then, the nanosponges were obtained by 

polymerization (Figure 3.3.). 
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Figure 3.3. Synthetical routes of the novel cyclodextrin-based nanosponges employed as sorbent. 

 

In the first research paper published in 2022 in Col. Surf. A [25] and reprinted in Chapter 6-V, β-

CDs were used to synthesize two nanosponges, namely βCDAM6 and the novel βCDAM12. The 

main disadvantage of the synthesis route reported in literature was the high time-consumption in 

the amination and polymerization steps (48 hours), at expense of prolonged energy consumption 

in terms of electricity (0.20 euro per kW h−1, Portugal cost), and water (2.4 € per m3 for 

consumption over 25 m3/30 days, Portugal cost). In this sense, the amination reaction was altered 

from wet-chemistry to the greener microwave-assisted procedure (MW), which drastically reduce 

the reaction time to 45 min, with analogous molar yields, > 90% and ≈ 80%, for AM6 and AM12, 

respectively. The influence of the chain length of the crosslinkers and sorbent capabilities of 

βCDAM6 and βCDAM12 were assessed for imidacloprid uptake. 
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βCDAM6 and βCDAM12 were also tested for the removal of 2,4-D. The study, published in 2022 

in Env. Res. Journal (Chapter 6-VI) was developed in collaboration with the research group of 

Prof. Sannino Filomena in the University of Naples. 

Subsequently beyond β-cyclodextrin, α-CD was used in the synthesis of CDNS. In this study, 

over the effect of the chain-length of the crosslinkers, the role of the two cyclodextrins was 

evaluated. The wet-chemistry and the MW procedures were compared for the synthesis of 

AM6αCD and AM12αCD. Albeit the wet-chemistry protocol can be applied for the per-amination of 

AM6αCD, that is not possible for AM12αCD. On the contrary, the MW procedure permits the 

amination of αCD-I with both AM6 and AM12, with molar yield ≥ 80%. The resulting 

nanosponges, αCDAM6, αCDAM12, βCDAM6 and βCDAM12 were tested for the uptake of a 

commercial formulation of IMD, Confidor O-TEQ®. The research paper was published in 2023 

in Chem. Eng. J. (chapter 6-VII). 

In the last work, further AM6CD and AM12CD, NH2CD was synthesized [21] with α- and β-CD, 

respectively. The second novelty, in the synthesis of the second class of CDAM-NS, is 

represented by the polymerization step. In the previous studies the polymerization was performed 

by a nucelophilic substitution between CD-I and AMCD at molar ratio 1:1 mol:mol. Herein, the 

NS have been synthesized via click-condensation between the amine groups of NH2CD, AM6CD and 

AM12CD and the highly reactive aldehyde groups of the pentanedial (commonly named 

glutaraldehyde) (GLT), at molar ratio 1:7 mol:mol. The instantaneous reaction led to the products 

labelled as CDGNH2, CDGAM6 and CDGAM12. In this way, the time-reaction of the 

polymerization step was drastically reduced to some minutes and the amount of NS produced 

were highly increased. However, the formed imine linkages are chemically unstable at acidic pH, 

so, they are reduced to the more stable amine groups, before the application. GLT is usually 

employed as crosslinker in materials for biomedical application, and for the fast action as 

bactericidal with broad spectrum and low cytotoxicity, high accessibility, low cost and high-water 

solubility. The preliminary results of the study are reported in Chapter 6-VIII. 

In order to provide to the reader a deeper understanding about the cyclodextrin-based materials 

developed along the thesis, two scientific outcomes are reported below. 

The role played by cyclodextrins over 130 years due to their peculiar physical-chemical properties 

and an introduction to the CDNS classified in terms of monomers used as crosslinker, are 

discussed in Introduction to cyclodextrin-Based Nanosponges, as Chapter 5 in Nanosponges for 

Environmental Remediation [26].  

In addition, a detailed discussion about the routes of synthesis of CDNS, their physico-chemical 

properties and the main application areas are reported in the scientific review published in Front. 

Chem. in 2022 [18].
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FTIR Fourier-transform infrared spectroscopy 
HβCD Hydroxypropyl-β-CD 
HDI 1,6-Hexamethylenediisocyanate 
MDI 4,4-Methylenediphenyl diisocyanate 
NMR Nuclear magnetic resonance 
NS Nanosponge 
PCBs Polychlorinated biphenyls 
SEM Scanning electron microscopy 
TDI Toluene diisocyanate 
TEM Transmission electron microscopy 
TFTPN 2,3,5,6-Tetrafluoroterephthalonitrile 
TGA Thermogravimetric analysis 

1 Cyclodextrin 

The development of cyclodextrins has, in the opinion of these authors, three impor-
tant milestones. The first data, from the late 19th century, are due to the Frenchman 
Antoine Villiers and his studies on the effect of microorganisms, in particularBacillus 
amylobacter (Clostridium butyricum), on potato starch, having observed the respec-
tive fermentation in the presence of these microorganisms. The main reaction prod-
ucts, which Villiers observed in the form of crystals, were made up of dextrins (a 
term in illo tempore a degradation product of starch [1, 2]) and later were referred as 
“cellulosines” [3, 4]; being the first references to the molecules that would later be 
known as cyclodextrins. 

Around 15 years after the first references to cellulosines, Franz Schardinger— 
an Austrian chemist and bacteriologist—isolated Bacillus macerans (Aerobacillus 
macerans) and found that its action on potato starch produces crystalline dextrins 
similar to those described by Villiers [5, 6]. Schardinger developed protocols that 
allowed the synthesis and purification of 2 different dextrins, labelled as α- and 
β-dextrins [7]. The importance of Schardinger’s work lies in the isolation of the 
microorganism capable of generating the extracellular enzyme CGTase (cyclodex-
trin glucosyl transferase) that hydrolyzes starch-forming dextrins [8], as well as 
being the first to hypothesize that dextrins are cyclic polysaccharides. The relevance 
of Schardinger’s work was recognized and for more than a century dextrins were 
described as “Schardinger dextrins” [9, 10]. 

Although Schardinger dextrins, afterward also named cycloamylases [11], have 
always received attention from researchers [12, 13], the awakening to the unique 
properties and multiple applications only occurred in the last quarter of the twentieth 
century with the crucial contributions of Wolfram Saenger and József Szejtli. Among 
other things, the decisive contribution of these researchers has been to unveil the 
crystal structure of cyclodextrins [14] and to understand the mechanisms of inclusion 
complex formation [15, 16] (originally described by Cramer et al. [17]). Szejtli also
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Fig. 1 Pictoral representation of the most common native cyclodextrins and their physical 
properties 

had an outstanding role in the large-scale use of cyclodextrins, which continues to 
this day. 

In structural terms, cyclodextrins are macrocyclic oligosaccharides with a hollow 
truncated cone shape following the rigid 4C1 chair conformation of the glucopyranose 
units linked by α(1-4) ether bonds. The well known native cyclodextrins, called α-, 
β- and γ-cyclodextrins, consist of 6, 7 e 8 monomeric units, and have outer diameters 
of 13.7, 15.3 e 16.9 Å, and cavity volumes equal to 174, 262, e 427 Å3, respectively 
[18, 19] (Fig. 1). 

Nevertheless, in aqueous solution, the structure of cyclodextrins undergoes signif-
icant distortion or, although less frequently, exhibits a collapsing conformation [20]. 
The number of water molecules that can be located in the cavity of cyclodextrins 
depends on their volume; thus, considering the volume of one water molecule equal 
to 30 Å3 [21] 5, 8, and 14 water molecules can be expected to be present in α-, β-
and γ-cyclodextrins, respectively. However, whereas water molecules in the presence 
of β- and γ-cyclodextrins exhibit similar behavior to that in liquid water, the water 
molecules in α-cyclodextrin are less hydrogen bridge bonded, as can be inferred 
from heat capacity measurements carried out by Brignner and Wadsö [22]. Another 
crucial aspect to consider is the solubility of the cyclodextrins. This property does 
not follow a particular trend, with higher solubility of α- and γ-CD and relatively 
low solubility of β-CD [18]. The solubility of CDs is justified by the presence of 
hydroxyl groups on both rims of the structure, either on the larger rim (wider rim) 
(secondary hydroxyls) or on the smaller rim (narrow rim or edge). The occurrence of 
intramolecular hydrogen bonds between the secondary hydroxyls of β-CD is pointed 
out as a possible justification for the low solubility of this cyclodextrin [23, 24]. In fact, 
such drawback is overcome when using, for example, hydroxypropyl-β-cyclodextrin. 
Nonetheless, unlike the outside, the inside of cyclodextrins exhibits hydrophobic 
characteristics, since it is lined with hydrogen atoms and oxygen glycosidic bridges, 
giving it a Lewis base character. 

The amphiphilicity associated with the donut-like structure and water solubility 
of cyclodextrins allows the formation of highly stable supramolecular adducts, 
essentially of host-guest type, with a wide range of hydrophobic or moderately
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hydrophobic compounds [25–27]. In thermodynamic terms, host-guest supramolec-
ular adducts are highly stable due to the gain in enthalpy and entropy upon complex-
ation. The former occurs mainly due to hydrophobic interactions, whilst the latter 
occurs as a consequence of dehydration of the guest as well as the cyclodextrin 
cavity leading to a positive entropic variation [28]. This capacity of cyclodextrins to 
react and produce supramolecular host-guest adducts had (and still has) a significant 
impact on the development of methodologies and formulations in a wide variety of 
areas [27, 29, 30], such as pharmaceuticals [31, 32] and food and beverages [33– 
35]. Such a success is justified due to the possibility of cyclodextrins being used 
to modify, improve or control the properties of guest compounds as, for example, 
to increase solubility and bioavailability [36–38], enantiomeric differentiation [39, 
40], to control the volatility and antioxidant properties [41–44], to modify surfactant 
micellization properties [25], permeation and preservation properties in food pack-
aging [45] and catalysis [46, 47]. The versatility of cyclodextrins and the ease in 
forming supramolecular compounds in solution, led to the synthesis of polymeric 
materials containing cyclodextrins, either as building blocks or as pending groups, by 
grafting CD in polymers [21, 48–50]. Major applications of these materials include 
environmental remediation and biomedical and pharmaceutical areas [51–54]. 

2 Cyclodextrin-Based Nanosponges 

Cyclodextrin-based polymers emerged with the need to develop materials that 
combine the advantages of cyclodextrins, namely the possibility of establishing 
inclusion complexes with numerous molecules, with the facility of removal and 
recycling after use, since the inclusion process can be reversible. The obtainment of 
crosslinked and water-insoluble materials, in addition to the possibility to introduce 
new functionalities in CDs, specifically through the use of different crosslinkers, 
has allowed the development of a smorgasbord of new materials with applications 
ranging from pharmaceuticals to environmental remediation. Hence, by a careful 
choice of the type of crosslinker, it is possible to prepare materials with different 
degrees of hydrophilicity, depending on the intended application. 

Although the denomination cyclodextrin nanosponge was only introduced in 1999 
by Li and Ma [55, 56] many other researchers have previously synthesized hyper 
reticulated materials that fall into this category. The first polymers using cyclodextrins 
as monomers were described in 1965 by Solms and Egli and resulted from the 
reaction of epichlorohydrin with native cyclodextrins with, giving rise to crosslinked 
materials with glyceryl groups linking the CDs [57]. Since this first work until today, 
many other crosslinked cyclodextrin-based polymers have been developed including 
hydrogels, foams, sponges, and particles, among others. 

Defined as a 3D-supramolecular structure, nanosponges are highly reticulated, 
nanoporous, crystalline, or paracrystalline polymers, forming colloidal dispersions 
in aqueous media. As will be mentioned in this chapter, these can be synthesized 
in the form of powder or gels, as a function of the crosslinker class and the molar
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ratio linker-substrate. The latter can be divided into two major categories: inor-
ganic, such as magnetic-iron, titanium oxide, silver- or silica-based nanoparticles, 
and organic, such as polystyrene, cellulose, starch, or cyclodextrins. For the prepara-
tion of nanosponges, a great variety of synthetic strategies can be applied: from 
the most traditional wet chemistry via multi-steps or one-pot reactions usually 
with a higher solvent volume consumption, prolonged times, and high tempera-
tures, that typically results in amorphous products; microwave or ultrasonic-assisted 
processes with reduced solvent volumes and times; mechanical synthesis processes 
(dry-chemistry) where the use of solvent is minimal or absent, with minimal reaction 
times, low temperatures and higher crystallinity of the products. Thus, the high degree 
of freedom in choice the of synthetic pathways allows to design of materials with 
specific physicochemical properties. However, it must be specified that the usage of 
inorganic substrates foresees higher costs both in reagents and energetic terms since 
the synthesis is usually based on multi-steps processes [58], besides the need for a 
support structure, mostly of polymeric nature [59]. Additionally, in the last years, 
the application of inorganic nanomaterials has been the subject of discussion due to 
their toxicity and persistence (their size allows them to enter animal and vegetal cells, 
where they can accumulate) [60]. These aspects are two considerable disadvantages 
in biomedical and environmental remediation fields, for example. Those drawbacks 
are significantly reduced when using polymeric substrates, especially natural poly-
mers that present low toxicity [61] and high biodegradability; beyond being abundant 
in nature and, therefore, with a low cost/efficiency ratio. Excellent examples are the 
cyclodextrin-based nanosponges (CDNSs) obtained from α-, β-, γ-, hydroxypropyl-, 
their derivatives, or even their mixtures as substrate. 

CDNSs demonstrate superior performance when compared to native cyclodextrins 
in increasing the availability and shelf life of active ingredients (e.g. pharmaceuticals 
or phytopharmaceuticals) and also ameliorating their sustained release. When used 
in pharmaceutical applications, CDNSs must comply with some specific require-
ments, mainly regarding biocompatibility and biodegradability. The non- formation 
of toxic degradation products under physiological conditions as well as the excretion 
mechanisms after use are aspects of special relevance. In this context, the shape and 
dimensions of the particles and the composition of the NSs are parameters that can 
affect their biocompatibility and biodegradability. Some cell viability studies have 
demonstrated that CDNSs are safe for clinical usage [62]. 

Cyclodextrin nanosponges are characterized by having a nanoporous and highly 
crosslinked structure capable of hosting smaller, hydrophobic molecules in the CD 
cavity and interacting with more hydrophilic or larger molecules in the pores formed 
by the crosslinking. They are usually prepared by polymerization methods, using 
solvents capable of dissolving the CDs, such as DMF or DMSO. References are also 
found about the use of bulk polymerization methods, in which the reaction is carried 
out only using the CDs and the crosslinkers, that the liquid can act as both solvents 
and reactants. In both methods, it is possible to perform the reactions using ultrasound 
or microwave irradiation which, in general, allows the use of lower temperatures and/ 
or the reduction of reaction times [63]. Characteristics such as a synthetic process 
with some degree of randomness due to the existence of three reactive groups for
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each glucose unit of the cyclodextrin, that allows a multitude of combinations, as 
well as the somewhat random nature of the crosslinking process, combined with the 
formation of insoluble materials, generally make difficult the structural characteri-
zation of CDNS. Nonetheless, it is possible to obtain structural information using 
spectroscopic methods (e.g. FTIR, Raman, UV-vis), solid-state NMR, thermal anal-
ysis (e.g. DSC, TG), X-ray diffraction, microscopy techniques (e.g. SEM, TEM), 
porosimetry methods (e.g. BET), zeta potential, etc. [64]. Moreover, the loading and 
release capacity are two essential properties where the amount of available CDs in 
the polymeric network is of great importance. Hence, direct and indirect techniques 
have been applied to determine the cyclodextrin content, i.e. its availability, such as 
elemental analysis or inclusion complexes analysis with model compounds that have 
high formation constant (e.g. phenolphthalein or methyl orange, among others). 

The presence of domains with different degrees of hydrophilicity in polycy-
clodextrins overcomes the main limitations of pure cyclodextrins, enlarging their 
application to a wider range of lipophilic and hydrophilic compounds with higher 
molecular weights, as well as heavy metals [65]. Herein, their ability to interact with 
heavy metals makes them excellent substrates for the inclusion of metal nanoparti-
cles [66], improving their performance in bioimaging, as sensors, and as catalysts. 
The range of applications is additionally enlarged if several manageable variables in 
the synthesis process are considered [67], such as the class of crosslinkers, the degree 
of crosslinking, the type of free functional groups acting as active sites [68], etc., 
on which the physicochemical properties of CDNSs depend (including amphiphilic 
behaviour, response to temperature or pH, mechanical properties, available surface 
area, porosity, and size distribution). Thus, if we consider the unique ability of the 
CDs to form host-guest compounds, it is quite logic that the main applications of 
the CDNSs are in the pharmaceutical/biomedical field, followed by environmental 
application, analytical chemistry [69], cosmetic, food, and catalysis. 

In this chapter, for the sake of clarity, CDNSs will be divided according to the 
class of crosslinkers used to prepare the nanosponges (Fig. 2) and greater emphasis 
will be given to the prepared nanomaterials, to the detriment of applications. It should 
be stressed that the main focus of this chapter does not include applications.

2.1 Principal Classes of Crosslinking Agents 

Epoxides 

Epichlorohydrin is the most widely used crosslinking monomer for the preparation 
of CD-based polymers, even for historical reasons, and allows to obtain polymers 
with high cyclodextrin incorporation and considerably high molecular weights [70]. 
These polymers are obtained in a single step using basic catalysis and heating and, 
depending on the stoichiometry and reaction conditions, water-soluble, gels or highly 
crosslinked polymers, and therefore insoluble, can be prepared [71].
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Fig. 2 Scheme of the classes of linkers commonly used in cyclodextrin-based nanosponges

Changing other reaction parameters such as base concentration (usually NaOH) 
and temperature also allows the modeling of the properties of the obtained polymers 
[48]. The crosslinking reaction is well studied and involves the first step the opening of 
the epoxide ring, by reaction with a deprotonated hydroxyl group of the cyclodextrin, 
and the formation of an alkoxide. The alkoxide, through an SN2-type reaction, may 
give rise to a new terminal epoxide by elimination of the chloride ion, which can 
react with the alkoxy group of another CD (Fig. 3). The final hydrophilic, amorphous 
polymer contains ether and hydroxyl groups in its structure. Substitution can occur 
at any of the available hydroxyl groups of the CD glucopiranose ring.

The hyper-reticulated polymers are mostly used in chromatographic applications 
while gels have been widely explored for environmental remediation. Another impor-
tant aspect that must be considered in this type of material that influences the final 
application is the porosity. Usually, CD-EPI polymers exhibit low porosity and low 
surface areas (typically 1 to 10 m2 g−1) [72]. However, it is possible to prepare mate-
rials with higher porosity and larger surface areas by using organic solvents instead
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Fig. 3 Cyclodextrin-based nanosponges crosslinked with epichlorohydrin (EPI)

of water to undertake the reaction or by using co-crosslinkers with a more rigid struc-
ture (e.g. tetrafluoroterephthalonitrile) [73, 74]. There are other approaches that allow 
modeling the properties of the obtained polymers, for example through the addition 
of other reagents, besides EPI, during or after the polymerization reaction. The use 
of compounds such as glycidyl trimethylammonium chloride, which introduce ionic 
groups in the polymers, chloroacetic acid, chloroalkylamines, among others, confer 
more diversified properties and functionalities to the obtained materials [75]. 

Although the use of EPI crosslinked CDs is widely described in the literature, 
namely for the removal of environmental pollutants [71, 75] (e.g. dyes, metals, 
aromatic compounds), for biomedical applications [70] (e.g. increased bioavail-
ability and controlled release of drugs), food science [52], among others, not all 
articles mention whether or not these are nanoporous materials. 

Most of the CD-EPI nanosponges described in the literature were synthesized 
using CD:EPI molar ratios of 1:10 and NaOH as catalysts, with the reaction stopped 
near the gelation point. Some papers report that the obtained polymers present 
average pore size between 2 and 5 nm, pore volumes of 1.3–14 × 10−3 cm3 g−1 

and low surface areas (0.005–11 m2 g−1) [74, 76, 77]. With regard to particle size, 
the mentioned values can be quite different, ranging from just a few nanometers to 
values in the order of hundreds, depending on the synthetic method and also on the 
type of CDs used in the preparation of the polymers [78–80]. 

The percentages of CD incorporation in the final polymer can range from 
approximately 40 to 70% [76, 78, 79, 81]. 

As for applications, CD-EPI nanosponges have been employed in the increase 
the physiological availability of some drugs (e.g. ethionamide [78, 81], repaglinide 
[82], temoporfin [79]) and herbicides (e.g. nicosulfuron [80]), in pollutant removal 
[71, 74, 76, 83], in flame retardance [84] and also in catalysis [77].
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Recently, a more complex and planned study envisages the synthesis of 
nanosponges crosslinked with epichlorohydrin as support for ferromagnetic nanopar-
ticles with improved biocompatibility and excellent haemocompatibility, responsive 
to external magnetic fields (e.g. nuclear magnetic resonance) and decorate on the 
surface with pending folic groups, as tumor cell recognition sites [85]. 

The use of ethers other than epichlorohydrin (e.g. 1,4 butanediol diglycidyl ether) 
for the synthesis of nanosponges has also been referenced [86]. 

Carbonyls 

The use of crosslinkers such as diphenyl and dimethylcarbonate, carbonyl diimida-
zole, or triphosgene allows the introduction of a carbonyl function linking the CD 
rings, through the formation of carbonates. Amorphous or semi-crystalline poly-
mers can be obtained, depending on the conditions used in the reaction. In-mass 
and ultrasonic-assisted reactions allow to induce crystallinity and solution reactions 
lead to the formation of more amorphous structures [87]. These nanosponges can 
be prepared with different average particle diameters, from about 200 nm to values 
close to 1 μm [88]. 

Crosslinked CDs with carbonyl groups are hard polymers that exhibit some 
hydrophobicity and high thermal stability (up to about 300 °C). These materials 
show a characteristic band in FTIR, around 1700–1750 cm−1, due to carbonyl groups 
[89, 90]. 

Generally, the crosslinking reaction occurs through a nucleophilic attack from 
the oxygen of a hydroxyl group of the CD to the carbonyl group of the different 
crosslinkers, with the formation of a tetrahedral intermediate, followed by elimina-
tion of phenol, methanol, or imidazole (depending on the crosslinking agent) and 
formation of the carbonyl group again. A second attack from another hydroxyl group 
of another CD to the carbonyl group leads to the formation of carbonate groups and 
thus to the crosslinking of the CDs (Fig. 4).

Carbonate nanosponges were developed by Trotta et al. and the first published 
papers refer to their use for the increase of drug solubilization efficiency (dexam-
ethasone or flurbiprofen) and for the removal of chlorinated aromatic compounds 
from water. These materials were synthesized by reaction of β-cyclodextrin with 
carbonyldiimidazole (solution polymerization) or diphenylcarbonate (bulk polymer-
ization) [90–92]. 

Subsequently, NS of α- β- and γ-cyclodextrins crosslinked with carbonyldiimida-
zole (CDI) were also synthesized and used for oxygen delivery. The NS had surface 
areas of 40–50 m2 g−1, an average diameter of 400–550 nm, and a zeta potential 
of − 30 mV [93]. Since these pioneering works, many others have been published 
using CDs and derivatives crosslinked with carbonyl compounds and used mainly 
in pharmaceutical applications (increased bioavailability and controlled release of 
drugs, including cancer drugs) [62, 64, 67, 94, 95]. Biocompatibility studies have 
shown that these NSs are non-toxic and show no appreciable degradation during
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Fig. 4 Scheme of the synthesis of carbonyl-cyclodextrin-based nanosponges

gastrointestinal transit, so they are considered safe for concentrations up to 2 g kg−1 

for drug delivery [96]. 
CDNSs using carbonyldiimidazole as crosslinker are usually synthesized using 

β-CD, DMF or DMSO as a solvent, and different ratios of β-CD: CDI, usually 1:2, 
1:3, 1:4, 1:6, or 1:8. The reaction occurs at temperatures varying from 100 °C to 
DMSO reflux (189 °C) The particle sizes obtained are in the range 300–600 nm and 
the zeta potentials are negative (between −10 and −30 mV). The polymers show 
high thermal stability and no thermal degradation is observed up to 320 °C [97–99]. 

The preparation of CDNS-CDI using an interfacial polymerization method in 
which β-CD is dissolved in a basic aqueous solution and CDI in dichloromethane 
has also been described. The NSs obtained in this way present smaller average particle 
sizes (~100–250 nm) than those obtained by solution polymerization [100]. More 
recently the use of a ball-mill to prepare CDNS-CDI in the absence of solvents has 
also been described [101, 102]. 

CDNS-CDI were used to increase biological availability, solubility, and durability 
of drugs (piroxicam [97], resveratrol [103], atorvastatin calcium [99], sulfamethox-
azole [104], econazole nitrate [105], among others), controlled-release of drugs, 
including for cancer treatment (e.g. tamoxifen [98], L-DOPA [106], erlotinib [107], 
paclitaxel [108], bortezomib [109]), antimicrobial activity [100], encapsulation of 
antioxidants (polyphenols [110], kynurenic acid [102]) and as a carrier for herbi-
cides (ailanthone) [111]. As an alternative to carbonyldiimidazole, diphenylcarbonate 
(DPC) is widely used to obtain crosslinked CDNS with carbonyl groups. In this case, 
diphenylcarbonate and CD are usually fused in the absence of solvent by heating to 
about 100 °C. CD:DPC ratios of 1:2, 1:4, 1:6, 1:8, 1:10 are commonly used, obtaining 
polymers with average particle size between ~ 100-1000 nm and zeta potentials 
between − 10 and − 30 mV [112–115]. The use of solvents [116] or ultrasound (to 
promote the in-mass reaction) has also been described, obtaining in the latter case 
particles with an average diameter of approximately 650 nm and zeta potentials of
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− 15 to − 24 mV [117]. Microwave irradiation was recently used for the synthesis 
of CDNS- DPC and particles with an average size close to 200 nm, using a CD:DPC 
ratio of 1:6, were obtained [118, 119]. 

The increase in bioavailability of drugs (nicosulfuron [80], dithranol [113], 
nifedipine [117], rilpivirine [118], domperidone [119], giseofulvin [120], anti-
restenotic agent DB103 [121]), the transport of therapeutic agents (phenylethy-
lamine and 2-amino-4-(4-chlorophenyl)-thiazole and gold nanoparticles [112]), 
cancer therapy (camptothecin [122, 123], diosmin [115], curcumin [124]) and the 
encapsulation of food additives [116], essentials oils [114], antioxidants (ferulic acid 
[125] and limonene [126]) have been referred as applications of these kind of NSs. 

Dimethylcarbonate (DMC) can also be used for the preparation of crosslinked 
CDNS with a carbonate function. References to the use of this monomer are scarce 
in the literature, however, the preparation of these nanosponges is performed using 
dimethylformamide as solvent at reflux temperature. Particles with an average diam-
eter of 487 nm were produced and these nanosponges were used for the release of 
curcumin [127]. 

The synthesis of CDNS-DMC through a hot-melt synthesis has also been reported. 
NSs were synthesized using different proportions of dimethyl carbonate and particles 
with an average diameter within approximately 200–280 nm were prepared and used 
for the encapsulation of paracetamol, aceclofenac, and caffeine in order to increase 
their solubility for application in combined therapy [128]. 

Anhydrides/carboxylic acids/acid chlorides 

Poly-anhydrides/carboxylic acids and acid chlorides can be joined in the same group 
of crosslinkers due to the resulting ester functional group that is obtained. However, 
NSs with lower chemical stability are obtained if compared to those with urethane 
groups. These three classes of monomers, together with the class of epoxides, are the 
most widely used for the synthesis of soluble and insoluble cyclodextrin- based poly-
mers due to the simplicity of the reaction, often without prior modification of the CDs. 
Herein, only insoluble polymers it will be discussed. Generally, the ester-CDNSs 
exhibit a high-water sorption capacity, due to the contribution of the ester groups 
to the formation of hydrogen bonding, which is inversely proportional to the degree 
of crosslinking. Within the anhydride class and in general, pyromellitic anhydride 
(APM) is one of the most common monomers used for cyclodextrins polymerization. 
Generally, increasing the molar ratio of CD-APM allows to preparation of hydro-
gels (1:3) to powders (1:4, 1:6, and 1:8), as expected, due to the higher crosslinking 
degree, although with a reduction in the surface area. However, minimum particle size 
and PDI (polydispersity index) were obtained for CD-APM 1:6 ratio with the largest 
pore size (242 nm—technically outside the definition of nanosponge) [129]. The 
hydrogel CD-APM presents a high-water absorption capacity (830%) [130]. CDNS-
APM has been applied as a diclofenac-selective fluorescent sensor [131] and, for the 
first time, in 2014, as a transport and permeation system for diclofenac through the
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skin [132]. CDNS-APM sensors have also been developed by multi-surface function-
alization with anti-IgG and loaded with a peroxidase enzyme as a colorimetric and/ 
or electrochemical detection probe [133]. Differently, CDNS- APM has been applied 
as a nanosystem for the transport of N,N-diethyl-3-toluamide (DEET—insecticide) 
[134]. CDNS-APM prepared with different molar ratios were compared as trans-
port systems for rosuvastatin (hepatic sterol synthase inhibitor). Increasing molar 
content of APM implies a considerable increase in pore size, which does not fit in 
the definition of nanosponges, although the drug loading capacity is promising [129]. 
CDNS-APM achieves an encapsulation efficiency of curcumin of≈98% [135]. Other 
examples of anhydride monomers are phthalic and nitrophthalic anhydride. It was 
observed that higher molar ratios and reaction temperatures led to polymers with 
higher molecular weight (> 100 kDa), higher crosslinking degree, and the number 
of active sites, which play a key role in the flocculation process of Cu2+ ions [136]. 

Considering carboxylic acids, the reactions are mainly carried out at high temper-
atures. The usage of naphthalene dicarboxylic acid as a crosslinker led to a polymer 
whose particle size increases with the variation of time and temperature. This NS 
was applied to increase the solubility/stability and hence the applicability of Salvia 
officinalis essential oil [137]. Phthalic acid and succinic acid were used in the acid or 
acyl chloride forms, overcoming the previous functionalization of cyclodextrin and, 
obtaining polymers with a certain degree of crystallinity. By increasing the molar 
content of the crosslinking agent, higher efficiency of the reaction and crosslinking 
degree are obtained, with a homogeneous distribution of particle size. The two NSs 
showed a superior complexation of curcumin (≥ 60%) when compared to pure 
cyclodextrin (≈30%) [138]. The effect of the molar ratio and temperature on the 
synthesis of CDNSs with succinic acid was investigated via thermal analysis of the 
polymers, both in dried and hydrated forms. An increase in thermal stability was 
obtained using higher molar content of NaH, to deprotonate the CD, and temper-
ature [139]. Succinic acid and Epiclon B-4400 (EPB) were also used as polyacid 
monomers for the inclusion of magnetic iron nanoparticles via chelation between 
carboxylate groups. The polymers were successfully applied to remove rhodamine 
B and methylene blue from aqueous solutions and reused for up to 5 cycles [140]. The 
preparation of βCD-based polymers with increasing molar content of EPB showed a 
reduction in pore size with an increase in surface area, thermal stability, and water-
uptake capacity. The most crosslinked polymer also shows the highest ability to 
solubilize curcumin [141]. A study of diffusion of ibuprofen was carried out using 
CDNS-EDTA in molar ratio 1:4 and 1:8 as a delivery system [142, 143]. The same 
group of research demonstrated that a complete structural characterization of CD-
EDTA hydrogels can be obtained by FTIR and Raman analysis [144]. CDNS-EDTA 
shows a superior capacity for 5-fluorouracil solubilization when compared with pure 
β-CD and CDNS-DPC [145]. Another study compares hydroxypropyl-β-CD (HβCD) 
nanosponges synthesized using APM, DPC, and citric acid (CTA); the crosslinking 
with APM and CTA is achieved in the presence of a catalyst. The three polymers 
are used as transport systems for the anticancer drug naringenin [146]. CDNS-APM 
and CDNS-CTA exhibit good water-swelling ability as well as high interaction with 
Cu2+ and Zn2+ ions due to the presence of the carboxylate chelating group [147,
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148]. Recently, a synthetic process was developed that considers the use of CTA 
as a crosslinking agent and choline chloride as a co-solvent for the formation of a 
natural deep eutectic solvent. Three molar ratios, temperatures, and reaction times 
were tested, observing that the molar ratio plays a key role in the polymer properties, 
controlling the number of active groups and, consequently the removal efficiency of 
caffeine, molybdenum blue, and methyl orange [149]. Maleic acid has also been used 
as a monomer and was observed an enhancement in the thermal stability of CDNSs 
by decreasing the molar content of the acid and increasing the reaction temperature 
[150]; the monomer has also been used in the anhydride form [151]. Less common is 
the usage of 2,2-bisacryloamidoacetic acid (2,2AAA) as a crosslinking agent, which 
was compared with 1,4-disacryloylpiperazine (1,4AP) for the synthesis of NSs with 
α-, β- and γ-cyclodextrins. α- and γ-CDs crosslinked with 2,2AAA and 1,4AP, respec-
tively, result in soluble polymers. On the other hand, for the insoluble polymers, the 
water-swelling ability decreases in the order γCD-2,2AAA < βCD-2,2AAA < αCD-
2,2AAA < βCD-1,4AP < αCD-1,4AP, probably due to greater structural flexibility of 
the aliphatic monomers when compared to the cyclic ones. [152]. Moreover, hydro-
gels of βCD-2,2AAA exhibit good thermal stability, with a water-swelling capacity 
of 1400% [153]. Terephthaloyl chloride was used as a crosslinking monomer in 
the preparation of nanosponges used as a polymeric support for tannic acid, which 
considerably increases Pb2+ uptake and presents high selectivity [154]. 

Isocyanates 

The usage of isocyanides as crosslinking monomers led to the formation of urethane 
linkages, that present a high chemical stability. Moreover, the high reactivity of the 
isocyanide groups results in a high yield of the reaction with the –OH groups of the 
cyclodextrins, obtaining thickly crosslinked and rigid structures. It is even possible to 
obtain polymers with similar physicochemical properties through different synthesis 
routes, without or in the presence of catalysts, by wet route (using very variable 
temperature range and reaction time), or by mechanochemical route (in the pres-
ence or not of inorganic particles). Similarly to anhydrides, by changing the molar 
ratio of CD-monomer, a gel or a powder product can be synthesized. The firsts 
are usually responsive to temperature variations, although with low-water sorption 
capacity [155–158]. At a constant molar ratio CD-crosslinker, the effect that aliphatic 
or aromatic isocyanides and chain size have on the surface area, porosity, CD content, 
and availability [159–161] was evaluated. It was observed that they mainly depend 
on the degree of rotational freedom of the crosslinker, stiffness, and steric hindrance 
(Fig. 5). By increasing the molar content of the crosslinkers, a decrease in particle size 
[157] and thermal stability [162] was observed. For instance, isocyanate monomers, 
such as 1,6-hexamethylene diisocyanate (HDI), 4,4-methylenediphenyl diisocyanate 
(MDI) and toluene diisocyanate (TDI), among others, have been successfully used 
in the synthesis of nanosponges for the removal of azo dyes and aromatic amines 
[163], as well as nitrosamines from model and real water samples from South Africa 
[164]; and as solid-phase for extraction processes [165]. CDNS-HDI were applied to
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Fig. 5 Representation of isocyanate-cyclodextrin-based nanosponges and effect of the different 
linkers in some physical properties of the nanosponges 

remove ibuprofen from water and sewage [166] and as polymeric support for different 
Au nanoparticle clusters to evaluate their catalytic properties for the 4-nitrophenol 
reduction [167]. Epichlorohydrin and HDI as crosslinkers were compared at different 
molar ratios, showing similar complexation abilities for beta-carotene. However, 
CDNS-EPI is more efficient to enhance the carotene solubility [168]. Cyclodextrin 
derivatives can also be used to advantageously modulate the amphiphilic character 
of the polymer; for example, the use of heptakis(2,6-di-O-methyl)-β-CD crosslinked 
with diisocyanates is highly performant for the polychlorinated biphenyls (PCBs) 
removal of [169]. 

Amines/amides 

The usage of polyamines as crosslinkers in the synthesis of nanosponges needs the 
previous modification of cyclodextrins with better-leaving groups, such as tosylates 
or halogens, through mono-, di- or per- substitutions. Through correct synthetic 
planning, it has been possible to obtain doubly responsive materials, for example 
to pH or glutathione, using a mixture of monomers as crosslinkers, which were 
applied for the controlled release of doxorubicin [170]. Another interesting example 
is the use of aminated-CDNSs in their pure form or as a support structure for 
silver nanoparticles sensitive to pH variations, that were applied as sorbent for 11 
compounds with different physicochemical properties [171] or as catalysts in the 
reduction of nitroarenes and the oxidation of anilines [172]. Recently, amino-CDNSs 
were successfully applied in the removal of a pure active ingredient and a commer-
cial formulation of pesticide. The effect of the use of α- or  β-cyclodextrin and the
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Fig. 6 Cyclodextrin-based nanosponges crosslinked with 2,3,5,6-tetrafluoroterephthalonitrile 

aliphatic chain length of the diamines used as crosslinkers has been evaluated [173, 
174]. Chain reaction polymerization is another technique used for the synthesis of 
nanosponges, with the use of highly reactive monomers, such as methylene bisacry-
lamide and acrylic acid. The nanosponges exhibit high chemical and thermal stability, 
high water-swelling capacity, ameliorate solubilization ability of dexibuprofen, and 
non-toxicity in ex-vivo studies [175]. 

Halogenated compounds 

Halogenated compounds, such as cyanuric chloride or 2,3,5,6-
tetrafluoroterephthalonitrile (TFTPN), can be used as crosslinkers for the preparation 
of CDNSs, through nucleophilic substitution reactions (Fig. 6). 

The polymerization reaction of β-CD with 2,3,5,6-tetrafluoroterephthalonitrile, 
described by Alsbaiee et al., when carried out in a mixture of THF:DMF 9:1, at 80 °C 
in the presence of potassium carbonate, allows obtaining the respective polymers in 
45% yield. The reaction was done using several β-CD:TFTN ratios and surface areas 
between 35 and 263 m2 g−1 (the highest value is obtained for a β-CD:TFTN ratio 
of 1:3) and pore size ranging from 1.8 to 3.5 nm was obtained. If the reaction was 
carried out using NaOH at 60 °C, a non-porous polymer was obtained, with a smaller 
surface area (6 m2 g−1) and a lower water absorption capacity (86% versus 265%). 
Changing some reaction parameters such as base addition rate or initial monomer 
concentration led to higher reaction yields (up to 67%) [176]. 

More recently, other authors report the preparation of a polymer of βCD-TFTN 
1:3.3, synthesized under similar conditions to those previously mentioned, with 
yields close to 40%. Analysis of the polymer by FTIR shows a band at 2252 cm−1, 
characteristic of CN bonds. The specific surface area obtained was 55.2 m2 g−1, total 
pore volume of 0.108 cm3 g−1, and average pore diameter of 7.88 nm. This material 
was used for the solid phase extraction of aromatic amines [177]. 

CDNS-TFTPN has shown good results in the removal of several organic pollutants 
[73], in the separation and concentration of trace quinolones from wastewater [178], 
in the removal of a wide variety of organic micropollutants [179], and as a binding 
agent for monitoring endocrine disrupting chemicals [180].
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The reduction of nitrile groups to amine, using BH3S(CH3)2, allowed the 
synthesis of another material, which has a high affinity for the removal of anionic 
micropollutants, in particular, anionic perfluorinated alkyl substances [181]. 

Reacting a mixture of β-CD and heptakis-(6-deoxy-6-azido)-β-cyclodextrin with 
TFTN, followed by reduction of the azide to amine and reaction with d-(+)-gluconic 
acid δ-lactone, allowed to prepare a NS that was used in the removal of boric acid 
and bisphenol A. The obtained NS presented a surface area of 9.11 m2 g−1, and pore 
size < 8 nm before modification with d-(+)-gluconic acid δ-lactone [182]. 

The crosslinking reaction of β-CD with cyanuric chloride has also been described 
and a polymer containing triazine rings in its structure was prepared. The reaction was 
carried out using different percentages of β-CD-cyanuric chloride, in the presence of 
NaOH and benzyldimethylhexadecyl ammonium chloride, in an acetonitrile/water 
mixture. Under these conditions, the obtained polymers have a low surface area 
(4.5 m2 g−1). FTIR bands at 1720, 842, and 790 cm−1 confirm the presence of C=N 
bonds (first one) and aryl chloride in the final polymer. TGA analysis proves that these 
polymers are stable up to at least 250 °C. These polymers were used in the removal 
of benzene, bisphenol A, 2-naphthol, 2-cholor-biphenyl, and dibutyl phthalate with 
good removal efficiencies [183]. 

3 Miscellaneous and Other Crosslinkers 

A very interesting study on the application of CDNSs in-vitro and in-vivo, has eval-
uated the performance of 4 different polymers obtained with 4 different classes 
of monomers: toluene diisocyanate, carbonyldiimidazole, pyromellitic dianhydride, 
and citric acid. It was observed that the nanosponges showed decreasing thermal 
stability in the order: anhydride > epoxy > cyanate ≈ carbonate, similar size in water 
and tendency to aggregate in biological fluids, with exception of NS-urethane. The 
last one also shows a better sorption capacity of indole in water as well as in biolog-
ical matrices, followed by NS-epoxy > NS-carbonate > NS-anhydride [184]. Another 
study used 1,6-hexamethylene diisocyanate, carbonyldiimidazole, and pyromellitic 
dianhydride in a molar ratio of 1:8 CD:crosslinkers. Two different synthetic processes 
were considered, namely bulk condensation and interfacial condensation. It was 
observed a pronounced effect of the synthetic process on particle size distribution 
400–500 nm and 50–200 nm, respectively, and all polymer formulations did not 
exhibit toxicity at the limits studied [96]. 

In addition to the classes of crosslinkers mentioned above, it must be 
referred the synthesis of nanosponges via Click Chemistry methods, namely 
by reaction of azido-cyclodextrins with compounds containing terminal alkynes, 
in the presence of copper (CuAAC), originating triazoles. NSs of this type 
were synthesized by reacting heptakis-(6-deoxy)-(6-azido)-β-CD with tetrakis-
(25,26,27,28-propargyloxy)-(5,11,17,23-tert-butyl)-calix[4]arene using different 
ratios of CD:calixarene. Materials with mass yields between 72 and 96%, average 
pore sizes between 1.9 and 3.9 nm (pore size decreases with the increase in the
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percentage of crosslinker), surface areas between 3.2 and 8.1 m2 g−1 and pore 
volumes between 0.009 and 0.026 cm3 g−1 were prepared. The occurrence of vibra-
tional modes at 1239 and 1015 cm−1, confirm the formation of the triazine ring. This 
NSs were used for the sequestration of nitroarenes and for the release of bioactive 
molecules (quercetin and silibinin) [185, 186]. 

In addition to the aforementioned compounds, the usage of heptakis-(2,3-
dimethoxy)-(6-deoxy)-(6- azido)-β-CD and tetrakis-propargyloxy-calix[4]arene for 
the synthesis of different NSs have also been described. Post-modification of NSs 
was also performed by reduction of the unreacted azide groups to amine or by modi-
fication of the triazine formed ring with sodium carboxylate groups. These materials 
were used for the removal of p-nitroaniline, Bromocresol Green and Pb2+ from water 
[187, 188]. 

Another crosslinking strategy mentioned in the literature consists of using CDs 
modified with vinylic monomers that can be crosslinked by reaction with thiols or 
by Michael polyadditions [152]. For example, heptakis-6-(tert-butyldimethylsilyl)-
2-allyloxy-β-cyclodextrin was reacted with an inorganic halloysite clay modified 
with 3-mercaptopropyltrimethoxysilane, in the presence of AIBN, herein, obtaining 
an organic-inorganic hybrid nanosponge that was used in the absorption of cationic 
dyes [189]. 

4 Conclusion 

Cyclodextrin-based nanosponges have unique characteristics mainly due to the 
amphiphilic properties of cyclodextrins, as well as their ability to form supramolec-
ular adducts, associated with the high surface areas of nanosponges. These and 
other properties can be modeled either with the use of different cyclodextrins, or 
even mixtures of cyclodextrins or with an appropriate choice of crosslinkers. The 
latter can play an important role in increasing the functions and applications of 
nanosponges. Although five different generations of nanosponges have been devel-
oped, from nanosponges with tunable swelling properties to nanosponges that may 
be able to permeate the cellular membrane, there is a long way to go in the develop-
ment of nanosponges by using green synthesis approaches and new crosslinkers, as 
well as in the development of nanosponges with dual or multifunctions. With regard 
to the applications of nanosponges, there is still much to explore in order to take 
full advantage of the properties of nanosponges, in areas such as food packaging 
and catalysis. For these reasons, cyclodextrins remain one of those molecules that, 
although old, still have a promising future in research laboratories and industry. 
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Nanosponges are solid cross-linked polymeric nano-sized porous structures. This broad
concept involves, among others, metal organic frameworks and hydrogels. The focus of
this manuscript is on cyclodextrin-based nanosponges. Cyclodextrins are cyclic oligomers
of glucose derived from starch. The combined external hydrophilicity with the internal
hydrophobic surface constitute a unique “microenvironment”, that confers cyclodextrins
the peculiar ability to form inclusion host‒guest complexes with many hydrophobic
substances. These complexes may impart beneficial modifications of the properties of
guest molecules such as solubility enhancement and stabilization of labile guests. These
properties complemented with the possibility of using different crosslinkers and high
polymeric surface, make these sponges highly suitable for a large range of applications.
Despite that, in the last 2 decades, cyclodextrin-based nanosponges have been
developed for pharmaceutical and biomedical applications, taking advantage of the
nontoxicity of cyclodextrins towards humans. This paper provides a critical and timely
compilation of the contributions involving cyclodextrins nanosponges for those areas, but
also paves the way for other important applications, including water and soil remediation
and catalysis.

Keywords: cyclodextrins, nanosponges, crosslinked polymers, supramolecular interactions, responsive materials,
multipurpose structures

INTRODUCTION

Cyclodextrins (CDs) are amazing molecules because of their peculiar and amphiphilic structure.
They are natural oligosaccharides formed by α-(1,4)-linked glucopyranose units where the first three
members are formed by 6, 7, or 8 glucopyranose units, labelled as α-, β-, or γ-cyclodextrin,
respectively. Since the glucopyranose units are in the chair conformation (Figueiras et al., 2007;
Messner et al., 2010), CDs have the form of a truncated cone or torus (Saenger et al., 1998), with a
hydrophobic cavity. Due to their Lewis base character, they are able to form host−guest
supramolecular structures (Schibilla et al., 2017; Neva et al., 2019; Usacheva et al., 2020; Wang
J.-W. et al., 2021), and a hydrophilic outer surface as a consequence of hydroxyl groups positioned at
both ends of the cavity (Saenger et al., 1998), allowing the interaction with polar compounds and,
concomitantly, making them water soluble. The most varied compounds are those that can establish
supramolecular interactions either through the hydrophobic effect or through, e.g., hydrogen bonds.
To give some examples we can mention surfactants (Valente and Söderman, 2014; dos Santos Silva
Araújo et al., 2021), drugs (Uekama et al., 1998; Rajbanshi et al., 2018; Saokham et al., 2018; Tian
et al., 2020), organic pollutants (Cova T. F. G. G. et al., 2018; Filho et al., 2018; Liu Q. et al., 2020), dyes
(Bezerra et al., 2020), and metal ions (Buvári and Barcza, 1989; Ribeiro et al., 2006; Prochowicz et al.,
2017). The versatility of these oligosaccharides makes their application highly attractive in distinct
fields such as pharmaceutical (the main one among them all) (Loftsson and Brewster, 1996; Loftsson
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and Duchene, 2007), food technology (Matencio et al., 2020c;
Gonzalez Pereira et al., 2021), textile (Bezerra et al., 2020),
wastewater treatment (Sikder et al., 2019; Chodankar et al.,
2021; Cova et al., 2021), detergency (Schlüter et al., 2020) and
paper (Aguado et al., 2019).

Cyclodextrins show high reactivity as a consequence of their
hydroxyl groups able to suffer substitution or elimination. Due to
these properties, cyclodextrins can be directly copolymerized
with other monomers or grafted onto organic or inorganic
materials (Mocanu et al., 2001; Cova T. F. et al., 2018, 2021;
Gómez-Graña et al., 2021; Real et al., 2021) allowing a significant
increase in the range of applications for CDs. Due to the high
content in hydroxyl groups, cyclodextrins can easily form
reticulated structures by co-polymerization with appropriate
crosslinkers. Among the most used crosslinkers,
epichlorohydrin (EPI) originates a hydrophilic gel with CD
monomers connected by repeating glyceryl units. The
polymerization with EPI occurs according to a well-known
mechanism and the experimental conditions of synthesis are
straightforward (Morin-Crini et al., 2018).

In recent decades a new type of crosslinked material, so called
nanosponges (NSs) has emerged (Blasco-Tamarit et al., 2018;
Trotta and Mele, 2019; Pawar and Shende, 2020a; Krabicová
et al., 2020; Larin et al., 2020). Nanosponges can be defined as
a hydrophilic, water-insoluble, supramolecular 3D‒hyper-
reticulated nanoporous structures, showing a high stability
over a wide range of temperatures and pH (Sherje et al.,
2017). Thus, it is not surprising that cyclodextrins have
also been used to synthesize these materials providing
cooperative properties between the amphiphilicity and high
surface area. However, it should be stressed that the

application of cyclodextrin nanosponges (CDNSs) is still at an
early stage. As can be seen from Figure 1, although the number of
publications involving the keywords “cyclodextrin” and
“nanosponge” is increasing exponentially, the absolute
numbers are relatively low.

A meticulous analysis of data shows that the majority of
published studies involving CDNSs is, by far, from the
pharmaceutical area (Shrestha and Bhattacharya, 2020). The
porosity, together with the amphiphilic properties of the
cyclodextrin, permits the loading and solubilization of both
hydrophilic and lipophilic molecules, allowing the increase in
stability and bioavailability of drugs; on the other hand, the
relatively low association constants characterizing the
cyclodextrin-guest complexes (Houk et al., 2003; Kumar et al.,
2020) [when compared with e.g., cucurbit(n)urils (Liu et al.,
2005)] can be seen as an opportunity, since it enables not only
the encapsulation (binding) but also the release and permeation
of active substances (Mane et al., 2021; Pushpalatha et al., 2019).
The same properties shown by CDNSs for an efficient drug
encapsulation can also be used for the removal of toxic
substances from the body, as is suggested in a few publications
[e.g., (Varan et al., 2020)]. Other areas with identical relevance for
the application of CDNSs are the removal of pollutants from
wastewater (Kumari et al., 2020) and drinking water (Mhlanga
et al., 2007) and heterogeneous catalysis (Jafari Nasab et al., 2018).
Of course, given the versatility of thesematerials, their application
in areas such as flame retardancy (Alongi et al., 2012),
electrochemistry (Alidoost et al., 2022) and floriculture (at
pre- and postharvest) (Seglie et al., 2012, 2013) can also be found.

All these applications, as highlighted in Figure 2, will be
discussed in detail in the following sections, along with the
different paths and strategies for the synthesis of cyclodextrin-
nanosponges. Finally, a critical assessment on the future
perspectives for the application of these materials will be
proposed.

FIGURE 1 |Number of papers that includes the keywords “cyclodextrin”
and “nanosponge” cited by the Web of Science till 23.12.2021 (accessed at
12:41 GMT).
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CYCLODEXTRIN-BASED NANOSPONGES:
SYNTHESIS AND PROPERTIES

As a new family of spongy materials, CDNSs are solid, hyper-
reticulated and nanoporous three-dimensional polymeric
colloidal biodegradable nanostructures, typically having
spherical shape (Cecone et al., 2020; Rizzi et al., 2021; Sadjadi
and Koohestani, 2021a; Suvarna et al., 2021). In terms of
structural regularity, CDNSs can be amorphous or crystalline
frameworks (Singh et al., 2017). They can be directly obtained
through the covalent binding between cyclodextrins and a

multifunctional reactant (crosslinker)—see Table 1, which is
possible thanks to the existence of reactive hydroxyl groups
spatially located in the hydrophilic outer leaflet of CDs
(Figure 3) (Morin-Crini et al., 2018; Gupta et al., 2021; Rubin
Pedrazzo et al., 2022). Regarding CDs, both natural (αCD, βCD
and γ CD) or chemically modified derivatives, such as 2-
hydroxypropyl-βCD (Argenziano et al., 2019), sulfobutylether-
βCD (Olteanu et al., 2014), carboxymethyl-βCD (Yakavets et al.,
2020), tosylated-βCD (Sadjadi et al., 2019a) or halide-βCD
(Utzeri et al., 2022) can be used. Nevertheless, βCD forms are
preferred in the construction of CDNSs due to their cavity size,

FIGURE 2 | Schematic representation of CDNSs main applications and their advantages.

TABLE 1 | Crosslinking agents used in the preparation of different categories of CDNSs.

CDNSs classes Crosslinkers

Carbonate Carbonyls: diphenyl carbonate (DPC); 1,1′-carbonyl diimidazole (CDI); dimethyl carbonate (DMC) and triphosgene
Carbamate Diisocyanates: 1,6-hexamethylene diisocyanate (HDI); methylene diphenyl diisocyanate (MDI) Appell et al. (2018); toluene

2,4-diisocyanate (TDI) and toluene 2,6-diisocyanate Krabicová et al. (2020)
Ester Dianhydrides: pyromellitic dianhydride (PMA); ethylenediaminetetraacetic acid dianhydride (EDTA) Ferro et al. (2017);

Epiclon-B-4400 Gholibegloo et al. (2019a); dialcohol 2-hydroxyethyl disulfide (2-HEDS) can be use together with PMA to
introduce disulfide bonds Trotta et al. (2016b)
Carboxylic acids: citric acid (CA) Rubin Pedrazzo et al. (2019) and 2,6-naphthalene dicarboxylic acid (NDCA) Nait Bachir
et al. (2019)

Ether Epoxides: epichlorohydrin; 1,4-butanediol diglycidylether (BDE) Rizzi et al. (2021); E-51 epoxy resin Lai et al. (2012)
Polyamidoamine 2,2′-bis(acrylamido)acetic acid and its polyamidoamine derivates (PAA) formed by reaction with amines (such as 2-

methylpiperazine) Swaminathan et al. (2010a)
Polyamine Polyamines: 1,6-hexanediamine (am6), 1,8-octanediamine, 1,12-dodecanediamine (am12) Russo et al. (2016); Utzeri et al.

(2022)

Other linkers Dichloromethane Noothi et al. (2020) and N,N′-methylene bisacrylamide (MBA) Pawar et al. (2019)
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which confers greater stability, complexation ability and a larger
number of encapsulation sites, as well as low cost and higher rates
of production (Andaç et al., 2021; Guineo-Alvarado et al., 2021).

Synthetic Methods
Different crosslinkers and the crosslinking degree allow the
construction of polymeric structures of distinct polarity and
dimension, leading to macromolecules (CDNSs) with unique
properties (Rubin Pedrazzo et al., 2022). The existence of
lipophilic cavities in the building units (CDs) and the
hydrophilic network in CDNSs, depending on the crosslinker’s
nature, make these materials ideal candidates to increase the
stability of sensitive and volatile compounds, as well as the
solubility of lipophilic or lipophobic analytes (Asela et al.,
2021; Guineo-Alvarado et al., 2021; Rezaei et al., 2021).
Furthermore, the variety of synthetic methods used for the
preparation of CDNSs also leads to polymers with distinct
properties:

Hot Melting Procedure
This simple, reproducible, and solvent-free approach is based on
the joint fusion of CD and typically a carbonyl linker, being
diphenyl carbonate the most used. In general, the
homogenization occurs at 90–130°C during at least 5 h, to
ensure a complete crosslinking reaction (Sadjadi et al., 2019b;
Iriventi et al., 2020). For further crosslinking, the mixture must be
incubated for a longer period (Rezaei et al., 2021). At the end of
the reaction a fine homogeneous powder is obtained (Jasim

et al., 2020; Moin et al., 2020; Sadjadi and Koohestani, 2021a,
2021b; Srivastava et al., 2021). The powdered substance is
repeatedly washed with water and/or acetone, and, generally, it
is also subjected to Soxhlet extraction with ethanol or acetone,
and even to an additional washing with sodium hydroxide
(NaOH) solution (Kumar A. and Rao R., 2021; Sadjadi and
Koohestani, 2021a, 2021b; Suvarna et al., 2021). Water allows
the removal of CD in excess and ethanol/acetone allows the
elimination of the unreacted crosslinker and still other
impurities such as phenol or imidazole, formed when DPC
or CDI linkers are used, respectively. Typically, the phenoxide
ion formed from phenol is soluble in water, so the rinse with a
base (NaOH) will ensure the total removal of this impurity,
which can be observed using a ferric salt (Garrido et al., 2019;
Kumar et al., 2021), UV-vis spectroscopy or HPLC (Sadjadi
et al., 2018c).

Solvent Condensation Method
This strategy involves dissolving CD and a crosslinker in an
appropriate solvent, namely, petroleum-based polar aprotic
solvents such as DMF, DMSO, butanone or pyridine
(Anandam and Selvamuthukumar, 2014), or green solvents to
make the process more sustainable, such as water or aqueous
solutions (Swaminathan et al., 2010a; Jafari Nasab et al., 2018)
and deep natural eutectic solvents (NADES) (Cecone et al., 2020).
If necessary, a catalyst can be added to reduce reaction time
(Demasi et al., 2021). Typically, an excess of crosslinking agent is
used in CD:crosslinker molar ratios in the range of 1:2 to 1:16

FIGURE 3 | Synthesis of CDNSs through the reaction between β-cyclodextrin and a crosslinker, being carbonyls, diisocyanates, dianhydrides, carboxylic acids and
epoxides the most common.
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(Jain et al., 2020). In general, after the reaction, the recovery of
NSs may involve precipitation using water, acetone (Khajeh
Dangolani et al., 2019) or ethyl acetate (Cecone et al., 2018,
2019; Matencio et al., 2020b) among other possible solvents
(Ferro et al., 2014; Appell et al., 2018; Garrido et al., 2019; Lo
Meo et al., 2020; Pawar and Shende, 2021).

In the case of using dianhydride linkers alone or with 2-
hydroxyethyl disulphide (Daga et al., 2016), the addition of
triethylamine (Et3N) as basic catalyst is required, and the
exothermic reaction occurs quickly at room temperature
(Nazerdeylami et al., 2021; Suvarna et al., 2021; Yazdani et al.,
2021). Using other linkers, such as HDI (Yazdani et al., 2021),
MDI (Khajeh Dangolani et al., 2019), DMC and DPC (Singh
et al., 2018), Et3N can also be introduced to increase the rate of the
reaction, with or without an increase in temperature.
Furthermore, the use of another base, 1,4-diazabicyclo(2,2,2)
octane (DABCO), was reported to catalyse the reaction
involving BDE as crosslinker in aqueous NaOH solution at
90°C or to catalyse the process using HDI and βCD at r. t.
(Ramírez-Ambrosi et al., 2014). Basic conditions (NaOH) are also
required for the reticulation of CD with EPI (Olteanu et al.,
2014; Jafari Nasab et al., 2018; Liu X. et al., 2020). Other bases
such as ammonia, pyridine and collidine can be used as
catalysts as well (Trotta, 2011). According to the literature,
when CA is chosen as linker, the reaction takes place under
vacuum in water and at a temperature equal to or above its
normal boiling point (Varan et al., 2020; Rubin Pedrazzo et al.,
2022) or in NADES, such as a choline chloride/CA mixture,
which acts both as solvent and co-reactant (Cecone et al.,
2020). Sometimes, the addition of sodium hypophosphite
monohydrate as catalyst is also required with this linker.
Another example of this method involves the reaction
between βCD and NDCA crosslinker, in aqueous media and
using sulfuric acid as catalyst, to obtain the corresponding
CDNSs after 2 days at 100°C (Nait Bachir et al., 2019).

Interfacial Condensation Method
This method involves the complete dissolution of the CD in an
alkaline aqueous phase, pH > 10, and the crosslinking agent in an
organic one (methylene chloride, butanone or chloroform)
(Shende P. et al., 2015; Desai and Shende, 2021).

Emulsion Solvent Diffusion Method
Based on the phenomenon of emulsification, this process
consists of two immiscible phases: one internal and one
external. The internal phase is formed when the crosslinker
is added dropwise, under constant magnetic stirring, to a
solution containing CD and an inclusion analyte in a polar
aprotic solvent (usually DMF). The external phase is an
aqueous solution to which the internal phase is then added
drop by drop, under vigorous stirring, at room temperature.
The suspension obtained is lyophilized and the CDNSs are
subsequently dried (Gangadharappa et al., 2017).

Ultrasound-Assisted Synthesis
Through the application of ultrasonic vibration, it is possible to
promote crosslinking of CD with an appropriate linker, in a

certain molar ratio, and in the absence of solvents, thus
constituting an environmentally friendly process. Spherical
uniform size particles are formed (Ciesielska et al., 2020; Jain
et al., 2020; Omar et al., 2020). The sonication is useful either for
the melting or for the solvent condensation method
(Swaminathan et al., 2013).

Microwave-Assisted Synthesis
Conventional and ultrasound heating methods lead to non-
uniform transformations due to the occurrence of thermal
gradients and, consequently, to longer reaction times and
scalability problems. As such, the promotion of reactions by
microwave irradiation makes them four times faster than the
melting approach (Andaç et al., 2021), and more reproducible
and scalable due to uniform and controlled heating provided by
microwave irradiation. Thus, using microwave synthesis, it is
possible to obtain highly crystalline CDNSs with a narrow particle
size distribution (Ciesielska et al., 2020) by reacting CD with an
appropriate crosslinker (mostly DPC), using polar aprotic
solvents such as DMF (Anandam and Selvamuthukumar,
2014; Zainuddin et al., 2017; Sharma et al., 2021). As the
solvent condensation synthesis can be performed using
microwave irradiation, Vasconcelos et al. (Vasconcelos et al.,
2016) reported the use of tin octanoate catalyst to promote the
reaction between βCD and HDI crosslinker using DMF as solvent
in a microwave system at 80°C for 30 min.

Mechanochemical Synthesis
CD-crosslinker reaction can also be induced by
mechanochemistry (Jicsinszky and Cravotto, 2021), the direct
absorption of mechanical energy, capable of activating
chemical bonds. Usually, this type of activation occurs
between solids or solidified reactants in ball mills, in the
absence of solvents or minimizing their use as much as
possible, contrary to what happens conventionally, whereby
a large quantity of solvents, mostly derived from fossil fuels,
are used. So, mechanosynthesis is a more sustainable method,
where mass transport and energy dispersion are guaranteed
through efficient grinding in the solid state. Although solvents
such as acetone and ethanol continue to be used in CDNSs’
purification, they are relatively volatile, in contrast with high
boiling point polar aprotic solvents (DMSO or DMF), that
have complex recycling processes. The use of ball mills has
disadvantages such as difficult scalability, the impossibility
of precise temperature control (although it does not exceed
72°C in CDNSs’ synthesis), and the use of closed containers
that increase the polycondensation reaction time due to
the impossibility of water removal during these batch
processes. These drawbacks can be overcome by using twin-
screw extruder reactors, which allow not only a tight
temperature control but also makes processes more scalable
by transitioning from a batch approach to a continuous
process. In general, mechanosynthesis is a simple,
economical, and faster strategy for obtaining CDNSs. Two
examples are: 1) the use of ball mills to obtain CDNSs using
CDI as cross-linker in 3 h; and 2) the use of said extruder for
the preparation of CDNSs using βCD, CA crosslinker, and
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sodium hypophosphite monohydrate as catalyst. In the latter
case, the equipment is preheated to a temperature between 120
and 180°C and the solid blend is slowly inserted into it and the
process lasts between 5 and 25 min, contrary to the
conventional approach that takes place in vacuum for at
least 4 h, using water as solvent (Rubin Pedrazzo et al.,
2020, 2022; Trotta and Pedrazzo, 2020).

Chain-Growth Polycondensation Method
The conventional step growth procedures are based on a
polycondensation reaction in which monomers react with
each other and, subsequently, a new monomer reacts with
the polymer under construction, presenting both functional
groups with identical reactivity. However, it is possible to
evolve to a chain-growth polycondensation method, in the
case of the reactive group at the polymer chain’s end, formed
by reaction with the monomer, is stable and more reactive than

the monomer itself (Yokozawa and Ohta, 2016). Thus, an
initiator can be used to promote polymer growth by
creating points of high reactivity at its tip, so that the
binding of a new monomer readily occurs, and so on, in
these reactive ends, allowing the increase of the chain.
CDNSs with reduced polydispersity are obtained, as the
monomers do not interact with each other, but selectively
connect with the reactive terminals. A chain-growth approach
reported by Khalid et al. (Khalid et al., 2021) is based on the
use of βCD together with acrylic acid monomer in the presence
of ammonium persulfate as initiator and MBA as crosslinking
agent.

Properties
CDNSs are colloidal systems with an average diameter size
generally below 1 µm and with a narrow size distribution,
denoted by a polydispersity index (PDI) less than 0.7, which is

TABLE 2 | Comparative properties of different types of CDNSs.

Nanosponge Method Structure Mean
size/nm

PDI ζ-
Potential/

mV

SBET/
m2 g−1

Pore
diameter/

nm

Pore
volume/
cm3g−1

βCD:DPC Kumar et al. (2021); Liu et al. (2020b);
Sharma et al. (2021); Sadjadi et al. (2018a); Sadjadi
et al. (2017b); Rao et al. (2013)

Melt C/A <664 <0.45 − (3–22) 9.7 (1:2) ~ 11.1 (1:2) ~ 0.03 (1:2)

βCD:DPC Shringirishi et al. (2017); Pushpalatha et al.
(2018b); Singireddy et al. (2016); Liu et al. (2020b);
Gupta et al. (2021)

Solvent A 135–500 <0.43 ± (12–35) 2.2 (1:2) 13.3 (1:2) 0.0075 (1:2)

βCD:DPC 1:4 Guineo-Alvarado et al. (2021);
Singireddy et al. (2016)

MW C 153 ± 8 0.11 ±
0.01

28 ± 2 <2.0 — —

βCD:CDI 1:4 Rao et al. (2018); Sabzi and Kiasat
(2018); Kardooni et al. (2020); Desai and Shende
(2021)

Solvent A 473 ± 1 0.24 ±
0.06

−(39 ± 1) 10.9 4.86 0.013

Interfacial — 173 ± 1 0.22 ±
0.03

−(33 ± 1) — — —

CD:HDI Salgın et al. (2017); Mhlanga et al. (2007) Solvent A 420×103 — — 1.7–3.5 — 0.01
CD:TDI Mhlanga et al. (2007); Deshmukh and
Shende (2018); Varan et al. (2020)

Solvent A 367 ± 2 0.25 ±
0.02

−(26 ± 2) 1.7–3.5 — 0.01

αCD:MDI 1:10 Khajeh Dangolani et al. (2019) Solvent A 100–200 — — 11.9 35.9 0.11
βCD:PMA Gabr et al. (2018); Rao et al. (2018);
Pushpalatha et al. (2018b)

1:4 Solvent A 605 ± 18 0.31 ±
0.03

−(61 ± 2) 1.21 120.3 0.04

1:6 264 ± 16 0.26 ±
0.01

−(60 ± 2) 0.573 484.8 0.07

1:8 477 ± 23 0.72 ±
0.06

−(60 ± 3) 0.393 299.9 0.03

GSH-NS: βCD:PMA/2-HEDS Palminteri et al. (2021);
Daga et al. (2020)

Solvent A 203 ± 14 0.20 ±
0.01

−(32 ± 3) — — —

βCD: Epiclon Gholibegloo et al. (2019b) 1:2 Solvent A 300 ± 10 0.27 −(24 ± 2) 0.4 105 -
1:4 206 ± 9 0.20 −(27 ± 2) 6.0 22
1:8 140 ± 6 0.19 −(37 ± 2) 9.3 16

βCD:CA Cecone et al. (2020) NADES A <20×103 — 5–18 9.0 — —

βCD:CA 1:8 Rubin Pedrazzo et al. (2022) Solvent — 800 — −(29 ± 11) 1.30 — —

Extrusion — — −(26 ± 7) 0.93 — —

βCD:EPI Jafari Nasab et al. (2018); Liu et al. (2020b) Solvent A 167 ± 8
(1:8)

0.58 (1:8) −(37 ± 2) (1:8) 10.9
(1:10)

4.86 (1:10) 0.014 (1:10)

CD:am6 Utzeri et al. (2022); Russo et al. (2016) Solvent A 446 ± 30 0.38 ±
0.05

41 ± 6 21.8 24.3 0.13

CD:am12 Utzeri et al. (2022); Russo et al. (2016) Solvent A 438 ± 38 0.43 ±
0.03

54 ± 7 17.9 7.5 0.03

PAA:NS Swaminathan et al. (2010a) Solvent — 410–502 0.10–0.12 −(32–35) — — —

βCD:acrylic acid Khalid et al. (2021) Chain-
growth

A 275 ± 29 0.28 −(41 ± 5) — — —

A: amorphous; C: crystalline.
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typical of monodispersed particles (Kumar et al., 2021). Their
high ζ-potential (±30 mV), mostly showing a negatively charged
surface, means that the particles easily disperse in water to form
stable suspensions, whereby they tend to repel electrostatically,
not acting as surfactants, as they do not aggregate (Trotta et al.,
2012; Suvarna et al., 2021). However, NSs can swell upon water
absorption appearing to have a gel structure, as hydrogels. Thus,
although swelling is not directly related to uptake capacity in
CDNSs, PMA and CA CDNSs have a greater degree of swelling at
small quantities of crosslinker compared to carbonate and
carbamate ones, decreasing with the increase of crosslinker:CD
ratio, because of strong crosslinking formation and loss of
structural elasticity (Trotta, 2011; Hoti et al., 2021; Rubin
Pedrazzo et al., 2022). Polyamidoamine CDNSs also have a
huge swelling in aqueous media and they bear both acidic and
basic groups (Swaminathan et al., 2010a). In addition to
crosslinking, there may also be some branching with PMA
and CA linkers, culminating in the formation of carboxylic
acid groups, which can cause ζ-potential oscillations, as they
are pH-sensitive, giving them the possibility to host cations and
organic molecules simultaneously (Varan et al., 2020). The use of
EPI linker leads to more hydrophilic NSs than those obtained
with carbonyl, dianhydride or diisocyanate linkers.

Characteristics of nanosponges’ dimension, surface area
(SBET), porous network, charge, and ζ-potential are
determinant factors for the interaction with an analyte. These
properties (in Table 2) are greatly affected by CDNS structure,
which depends on the linker and CD form chosen, CD:crosslinker
proportion, solvent, catalyst and synthetic conditions. All
parameters play an important role on the properties of CDNSs
in terms of loading capacity and efficiency (in general, higher in
crystalline CDNSs and in native CDs) (Osmani et al., 2018;
Sharma et al., 2021), release profile and solubility, being cross-
linked cyclodextrin polymers often insoluble in water and organic
solvents (Sherje et al., 2017; Venuti et al., 2017).

The amount of crosslinker influences the surface area and
porosity. Normally, with the increase in its proportion in relation
to CD, the smaller the pore diameter will be, and a higher degree
of crosslinking will lead to a greater SBET value, which can create a
superior polymeric interconnection forming a material with
greater porosity. This situation is denoted in βCD:Epiclon NSs
(Table 2), in which the degree of crosslinking increases from 61 to
94% with the increase of crosslinker amount (from 1:2 to 1:8 M
ratios) (Gholibegloo et al., 2019b).

The NSs are thermally stable structures up to 300°C and
resistant to organic solvents, and their formation can be
screened by infrared spectroscopy, through bands that do not
exist in the original CDs. For example, carbonate CDNSs present
C=O elongation of the carbonate linkage (Darandale and Vavia,
2013) (Singireddy et al., 2016) at 1720–1780 cm−1; carbamate
CDNSs show characteristic peaks at 1700, 1630 (due to amide-I-
like carbonyl stretching) and 1550 cm−1 (assignable to amide-II-
like N−H bending) (Lo Meo et al., 2020), and the absence of the
N=C=O vibration band at 2270 cm−1 (Leudjo Taka et al., 2020);
ester CDNSs have a band at 1720–1735 cm−1 corresponding to
the C=O ester bonds (Gholibegloo et al., 2019a; Varan et al.,
2020).

As tiny mesh-like structures, CDNSs may encapsulate many
molecules, making them useful in solubility, cytotoxicity and
bioavailability enhancement, drug delivery, protection and
transport of unstable molecules, catalysis, environmental
remediation, chemical and biological sensing (important in
diseases diagnosis), gas carrying and in release of enzymes,
proteins, vaccines, and antibodies, as a form of treatment.
Their safe, biodegradable, non-toxic and biocompatible nature
make them promising materials for the aforementioned
applications.

Compared with activated carbon (with SBET =
600–700 m2 g−1), CDNSs have lower surface area but similar
interaction capacities for lipophilic molecules, which means
that these guests are both adsorbed on the surface and carried
into the bulk of the NSs during inclusion complex formation or
internal diffusion, leading to higher apparent stability constants
compared to those using free CDs (non-bond) (≤ 104 M−1),
which do not have the ability of host hydrophilic or high molar
mass analytes. Despite the formation of inclusion compounds
being highly favoured in water, it is reversible in organic solvents
(such as ethanol), which makes CDNSs’ full recover and reuse
easy, without requiring hazardous burning techniques for partial
regeneration, as is the case with activated carbon (Trotta, 2011).

APPLICATIONS

Pharmaceutical and Biomedical
Applications
Cyclodextrin-based nanosponges have shown a great potential
for applicability in pharmaceuticals and have been widely
explored for this purpose in the last decade. (Caldera et al.,
2017; Sherje et al., 2017; Krabicová et al., 2020). One of the
most relevant applications is in drug delivery, highlighting in this
field the use of CDNSs for cancer therapy (Subramanian et al.,
2012; Trotta et al., 2012, 2014; Lakkakula and Krause, 2013;
Swaminathan et al., 2016; Venuti et al., 2017; Lembo et al., 2018;
Osmani et al., 2018; Allahyari et al., 2019; Kumar and Rao, 2019;
Menezes et al., 2019). This topic has been the subject of numerous
review articles and book chapters, some of which are quite recent
(Ciesielska et al., 2020; Jain et al., 2020; Tannous et al., 2020, 2021;
Andaç et al., 2021; Babadi et al., 2021).

Although a vast array of drugs is currently available for a
variety of pathologies, some of them exhibit bioavailability
problems that limit their therapeutic potential. Factors such as
reduced solubility, low permeability, reduced lifetime and low
stability of some drugs, make their formulation a challenging task
(Swaminathan et al., 2016; Babadi et al., 2021). CDNSs, as a result
of their spongy structure, have the ability to form inclusion and
non-inclusion complexes with different drugs, and thus
constitute an effective therapeutic vehicle for the delivery of
drugs with low bioavailability. The cavity of the CDs allows
the inclusion of hydrophobic molecules and the more
hydrophilic outer polymeric network is able to accommodate
less lipophilic molecules. Furthermore, CDNSs combine high
biocompatibility, biodegradability and low cytotoxicity,
conferred by the cyclodextrins, with high thermal stability and
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insolubility that arises from the fact that they are highly
crosslinked polymers (Tejashri et al., 2013; Shende P. et al.,
2015; Krabicová et al., 2020; Deng et al., 2021; Mashaqbeh
et al., 2021). Thus, it is not surprising that this type of
nanomaterials has been explored for the oral, topical and
parenteral delivery of numerous drugs, in controlled drug
delivery systems as, for example, for target cancer therapy
(Allahyari et al., 2022). It is worth noticing that the same
ability and selectivity of CD towards drug encapsulation and
delivery can be used for drug scavengers. In fact, the use of βCD-
NS as reactive oxygen species scanvanger has been reported by
Kumar and Rao (2022).

Caldera et al. (Caldera et al., 2017) categorized CDNSs into
four generations, according to their chemical composition and
properties, which also represent the evolution of these systems in
pharmaceutical applications. First generation CDNSs are
synthesized by reacting CDs with a crosslinking agent
(diisocyanate, active carbonyl compounds, anhydrides,
polyacids or epoxides), leading to the formation of NSs
containing urethane, carbonate, ester and ether functionalities.
Among these, CD-based NSs containing carbonate and ester
functionalities are the most used in pharmaceutical
applications. This type of nanomaterials has been used in the
oral delivery of drugs with low solubility and/or high
degradability, such as ferulic (antioxidant, anticancer) (Rezaei
et al., 2019) and kynurenic acids (antioxidant, neuroprotector)
(Dhakar et al., 2019) paliperidone (antipsychotic) (Sherje et al.,
2019), tamoxifen (anticancer) (Torne et al., 2013), paclitaxel
(anticancer) (Torne et al., 2010; Ansari et al., 2011a; Mognetti
et al., 2012), rosuvastatin (antipsychotic) (Gabr et al., 2018),
repaglinide (antidiabetic) (Olteanu et al., 2014), rilpivirine
(antiretroviral) (Rao et al., 2018), norfloxacin (antibiotic)
(Mendes et al., 2018), erlotinib (anticancer) (Dora et al., 2016),
resveratrol (anti-inflammatory, antioxidant, anticancer) (Ansari
et al., 2011b; Pushpalatha et al., 2018a) curcumin (anti-
inflammatory, antioxidant, anticancer) (Pushpalatha et al.,
2018b; Möller et al., 2021) camptothecin (antitumor)
(Swaminathan et al., 2010b; Minelli et al., 2012; Gigliotti et al.,
2016, 2017) and dithranol (drug for psoriasis) (Kumar S. and Rao
R., 2021), among others.

The experimental results obtained show that the solubility/
degradability of drugs is improved when they are incorporated
into NSs, thus increasing their bioavailability. In the case of drugs
used in the cancer treatment, there is generally a reduction in side
effects and toxicity of these drugs and greater tumor inhibition,
when compared to the free drug (Trotta et al., 2012, 2014).

Recently, Pivato et al. have reported the synthesis of a βCDNS
hydrogel using pyromellitic dianhydride as crosslinker. The
loading and release of piroxicam showed that a two-step
release kinetics is occurring: at short-range times the kinetics
is characterized by a pseudo-Fickian mechanism, whilst for long
times the release is dominated by the drug previously
encapsulated in the CD cavities. This 3D material will offer a
sustained release of drug over 75 h (Pivato et al., 2021).

The interaction of CDNSs with drugs and the stability of
formulations is usually confirmed using various analytical
techniques, including zeta potential, FTIR, DSC, and XRD.

The determination of zeta potentials allows to validate the
stability of the prepared formulations. The interaction of drugs
with NSs can be confirmed using FTIR, by the presence of
characteristic drug peaks in loaded NSs and by the shift
observed in those peaks when the drug is incorporated into
NSs. DSC thermograms often show a reduction/suppression or
shift in drug crystalline peaks after encapsulation due to the
formation of inclusion complexes. XRD studies show that, in
general, crystalline drugs adopt an amorphous form when
complexation with the NSs occurs (Shende P. K. et al., 2015;
Pushpalatha et al., 2018a; Allahyari et al., 2020, 2021; Pawar and
Shende, 2021; Suvarna et al., 2021).

One of the major problems concerning conventional drug
delivery is that the concentration of drug in the bloodstream
reaches a maximum, followed by a sharp decrease. Thus, the
concentration of the drug in the body is not stable, which reduces
its effectiveness. The use of controlled release systems makes it
possible to maintain more stable drug levels, reducing the
frequency of doses and the side effects that result from dose
peaks. NSs have shown to be promising materials in this field
(Subramanian et al., 2012; Menezes et al., 2019). In particular,
CDNSs have been used for the controlled release of some drugs,
including meloxicam (anti-inflammatory) (Shende P. K. et al.,
2015), nifedipine (antihypertensive) (Shringirishi et al., 2017),
telmisartan (antihypertensive) (Rao et al., 2013) and curcumin
(Darandale and Vavia, 2013; Gholibegloo et al., 2019b; Rafati
et al., 2019).

Other relevant applications in pharmaceuticals include the
dermal transport of active principles, such as diclofenac (anti-
inflammatory) (Conte et al., 2014), imiquimod (antitumor)
(Argenziano et al., 2020a) or curcumin and resveratrol
(Pushpalatha et al., 2019), the encapsulation of essential oils
which exhibit antioxidant and antimicrobial activity (Nait
Bachir et al., 2019; Silva et al., 2019; Simionato et al., 2019),
and oxygen delivery (Coviello et al., 2017). Table 3 summarizes
recent examples of the use of first generation CDNSs in
pharmaceutical applications.

In second generation of CDNSs other functional groups, in
addition to those already existing in the CDs or in the crosslinker,
are introduced through functionalization before, after or
concomitantly with the crosslinking. This functionalization
allows to modulate the polarity or charge of the NSs,
according to the characteristics of the drugs to be
encapsulated, or the coupling of fluorescent compounds,
which can be useful for diagnosis and cancer therapy (Trotta,
2011; Mognetti et al., 2012; Caldera et al., 2017). For example, the
use of negatively charged NSs, obtained by reacting βCD with
succinic anhydride and functionalized with fluorescein
isothiocyanate, were used for acyclovir delivery. In vitro
studies showed prolonged drug release kinetics and increased
antiviral activity. The coupling of fluorescein allowed to observe
the internalization of CDNSs in cells (Lembo et al., 2013). CDNSs
prepared by condensation of βCD with 1‒(3‒
dimethylaminopropyl)‒3‒ethylcarbodiimide hydrochloride
(AMD) and modified with fluorescent compounds (carbon
quantum dots) (Pei et al., 2018) and CDNSs (obtained using
βCD and Epiclon B-4400 as crosslinker) anchored on magnetite
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nanoparticles and modified with folic acid (Gholibegloo et al.,
2019a) have also been described and used in tumor theranostics,
with good results. Another paper refers the use of CDNSs
modified with carboxylate groups and impregnated with
lysozyme with the aim of being used as antibacterial agents
(Deshmukh et al., 2016).

Recent examples of the application of second generation
CDNSs in pharmaceuticals include the use of CDNSs,
functionalized with cholesterol hydrogen succinate (CHS), as
site-specific drug delivery carriers. Doxorubicin was used as
model drug and it was observed that modification with CHS
increased drug absorption and improved the uptake into the cells
(Singh et al., 2018). Another recent study showed that the use of
CDNSs functionalized with gold NPs constitutes an efficient drug
transport system, with high loading capacities for
phenylethylamine and 2-amino-4-(4-chlorophenyl)-thiazole
(90 and 150%, respectively), eight times higher than those
obtained with native βCD (Asela et al., 2021).

The third generation CDNSs can be categorized as responsive
nanomaterials, whose behavior depends on external stimuli such

as variations in pH, temperature, light, redox potential or
electromagnetic field. (Caldera et al., 2017). NSs of this type
can be very useful for controlled drug release induced by a specific
stimulus (Krabicová et al., 2020). For example, glutathione-
responsive nanosponges were developed by Trota et al. (Trotta
et al., 2016b; Daga et al., 2016) and prepared by reaction of βCD
with 2-HEDS and PMA. The NSs were loaded with a model
anticancer drug, doxorubicin, and drug release was observed to be
dependent on the glutathione content present in the tumor cells.
This same system was also used for the delivery of erlotinib
hydrochloride and resveratrol, two drugs used in cancer therapy
(Momin et al., 2018; Palminteri et al., 2021), and their in vitro
biological effects in HCT116, HT‒29, DU145, and PC-3 cancer
cell lines was also assessed (Argenziano et al., 2020a). Following a
similar approach a dual glutathione/pH dual responsive CDNS
was reported (Dai et al., 2021). Another type of pH-responsive NS
was obtained by co-polymerization between CD and calixarene
derivatives, covalently linked by triazole units (CyCaNSs).
CyCaNSs are useful in environmental remediation (Cataldo
et al., 2021) and in drug delivery, as the triazole acts actively

TABLE 3 | Some recent examples (2020–2021) of first generation CDNSs applications in pharmaceuticals.

Nanosponge Drug Application Main results

α-, βCD:CDI Matencio et al.
(2020a)

Oxyresveratrol Anticancer drug delivery Strong cell viability inhibition for HT-29 and HCT-116 cancer cell lines

βCD:PMA; βCD:DPC Suvarna
et al. (2021)

Irbesartan Solubility enhancement PMA crosslinker enhanced the drug solubility (81.86 folds) and drug
release to a greater extent than DPC crosslinker; encapsulation
efficiency up to 38%

βCD:PMA Appleton et al. (2020) Insulin Protein delivery Loading capability 14%; encapsulation efficiency >90%; In vitro release
of insulin negligible at a gastric pH (<2%) and sustained at intestinal pH

HPβCD + βCD:CDI Pawar and
Shende (2020b)

Artemether Lumefantrine Drug delivery Entrapment efficiencies of 70.6% for artemether and 88.3% for
lumefantrine; In-vitro release study showed controlled-release of actives
up to 24 h; In vitro antimalarial study showed significant action towards
RKL-9 strains in comparison to MRC-2 strains

βCD:DPC Kumar et al. (2021) Clobetasol propionate Topical delivery Drug release 86.25%; Appreciable anti-psoriatic activity and alleviated
severity of side effects

βCD:DPC Gupta et al. (2021) Sesamol Photostability enhancement Encapsulation efficiency 90.66%; Enhancement of stability, while
retaining antioxidant and anti-tyrosinase potential

βCD:DPC Amin et al. (2020) Febuxostat Oral bioavailability
enhancement

≥30% release at first hour followed by controlled release (≥75%) at 6 h

βCD:DMC Moin et al. (2020) Paracetamol + aceclofenac
+ caffeine

Solubility/combination therapy
enhancement

In vitro studies indicate rapid dissolution compared to pure drugs;
Formulation stable up to 45 days

βCD:CDI Srivastava et al. (2021) Econazole nitrate Topical delivery Entrapment efficiency 70.13%; nanogel was able to impede the fungal
growth both in vitro and in vivo

βCD:CDI Yaşayan et al. (2020) Sulfamethoxazole Solubility enhancement Improved solubility up to 30-fold
βCD:PMAClemente et al. (2020) ICOS-Fc Cancer therapy In vivo experiments showed that treatment of C57BL6/J mice with

ICOS-Fca loaded in CDNPs inhibits the growth of subcutaneous B16-
F10 tumors

βCD:CDI Allahyari et al. (2021) flutamide Anticancer drug delivery Increased dissolution rate, sustained release and considerable uptake
into PC3 cell line was observed

βCD:CDI Allahyari et al. (2020) Bortezomib Anticancer drug delivery Uptake of 93.9% in 3 h against MCF-7 cell line; Higher IC50 in
comparison with the plain drug

βCD:PMA Argenziano et al.
(2020b)

Doxorubicin Cancer therapy Higher accumulation in the tumor and neoplastic cells; Reduced
cardiotoxicity

βCD:DPC Rezaei et al. (2021) Thyme essential oil Solubility and volatility
reduction enhancement

Increased antibacterial activity; Aqueous solubility enhanced 15-folds;
Minimum inhibitory concentration decreased up to 29.4 fold after
encapsulation

βCD:DPC Salehi et al. (2021) Limonene essential oil Solubility and volatility
reduction enhancement

Enhanced solubility and thermal stability; Higher antibacterial activity;
Minimum inhibitory decreased after encapsulation

βCD:DMC Iriventi et al. (2020) curcumin + caffeine Topical delivery 69.72% in vitro drug release; Promising anti-psoriatic activity

aICOS-Fc: soluble recombinant form of inducible T-cell costimulatory.
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as antibacterial, antifungal, antitumor and cytotoxic agent (Lo
Meo et al., 2014; Pawar et al., 2019).

CDNSs prepared by molecular imprinting techniques allow
the preparation of materials that exhibit high selectivity for
specific molecules, being considered the fourth generation of
NSs (Caldera et al., 2017; Ciesielska et al., 2020; Jain et al.,
2020; Krabicová et al., 2020). Work by Trotta et al. reports the
preparation of MIP-CDNSs by reacting βCD with CDI, in the
presence of the template, L-Dopa, a prodrug used in the treatment
of Parkinson’s disease. The release of L-Dopa using the
synthesized MIP-CDNSs was studied and the results obtained
showed good encapsulation efficiencies and a slow and prolonged
release of the drug, as a result of the strong interactions
established between the drug, the polymeric network of NS
and the cavity of the CD (Trotta et al., 2016a).

Beside pharmaceutical applications, cyclodextrin‒based
nanosponges have found a growing interest for application in
the biomedical field. In this context, βCD‒based materials
prepared using PMA as crosslinker seems to be the most
applied. For example, βCD:PMA at molar ratio 1:12 found
application in health promoting and anti‒aging studies by
release of oxyresveratrol (OXY), a compound with antioxidant
activity. The study showed an increase of 9.6% in life expectancy
in vitro using Caenorhabditis elegans as animal model (Matencio
et al., 2020b). A different biomedical application of βCD:PMA
microparticles is as probe for glucose estimation via molecular
and non‒molecular imprinting. The molecular imprinting βCD:
PMA, synthesized by reacting βCD with PMA and using glucose
as the template, present a porous structure and a surface area

ranging from 70 to 52 m2 g−1 and shows an extremely high
glucose binding capacity (95%) (Deshmukh et al., 2015).

The volume of studies already carried out using CDNSs shows
that these systems are very promising for pharmaceutical and
biomedical applications, especially for the delivery and controlled
release of drugs. In vitro and in vivo studies show higher
bioavailability of drugs encapsulated in CDNSs when
compared to non-encapsulated ones. However, further studies
are needed regarding the stability and toxicity of CDNSs and their
in vivo degradation products (Lembo et al., 2013; Menezes et al.,
2019).

Environmental Remediation
The 3D-structure of CDNSs shows several advantages in their
application in environmental remediation, with removal
percentages of pollutants similar to those found for activated
carbon (AC). Despite the high cost of AC production, CDs and
their derivatives are getting cheaper and of easy functionalization,
allowing the synthesis of a wide range of highly structured sorbent
materials. Moreover, taking advantage of the properties of
CDNSs, three different sorption mechanisms can occur
simultaneously; they are: 1) the formation of host‒guest
complexes by taking advantage of the hydrophobic cavities of
CDs; 2) diffusion through pores and channels of the hydrophilic
network; and 3) interaction at active sites on the NS surface.
Hence, their application in environmental remediation processes
lead to remarkable results (Kumari et al., 2020). Moreover, studies
have demonstrated that different synthetic conditions, including
solvents, aliphatic or aromatic linkers and CDs:crosslinker molar

TABLE 4 | Recap of the main results of heavy metals removal by different nanosponge formulations.

Nanosponge Pore
size/
(nm)

Surface
area/(m2 g−1)

Heavy metal/qm

(mg g−1)/RE%
qm/

(mg g−1)
Removal efficiency

(RE%)
References

βCD:CA (1:8)a n.a n.a n.a./20–70 (high conc.); 80 (Cu(II), Zn(II) at
low conc.); 80, 60 (Cu(II), Zn(II) in artificial
sea water)

n.a 20–70 (high conc.); 80 (Cu(II), Zn(II) at low
conc.); 80, 60 (Cu(II), Zn(II) in artificial sea
water)

Rubin Pedrazzo
et al. (2019)

βCD:EPI (1:6) n.a n.a Cu(II)/23/≥ 90 in water; Cd(II)/43/≥ 90 in
water

Zhao et al. (2015)

βCD:EDTA
(1:17)

n.a n.a Cu(II)/79/95 in a model textile effluent
Cd(II)/124/95 in a model textile effluent

βCD:PMA (1:8) n.a n.a n.a./20–70 (high conc.); 80 (Cu(II), Zn(II) at
low conc.); 80, 60 (Cu(II), Zn(II) in artificial
sea water)

n.a 20–70 (high conc.); 80 (Cu(II), Zn(II) at low
conc.); 80, 60 (Cu(II), Zn(II) in artificial sea
water)

Rubin Pedrazzo
et al. (2019)

β-MCD:VI
(1:100)

0.02 27.5 Pb(II)/18/n.a Qin et al. (2019)
Cu(II)/55/n.a
Cd(II)/65/n.a
Zn(II)/50/n.a
Ni(II)/25/n.a
Co(II)/20/n.a

βCD:TFP (1:3) 3 271 Pb(II)/196/70 He et al. (2017)
Cu(II)/164/77
Cd(II)/136/83

βCD:TDI (1:10) 1.6 2.4 As(V)/n.a./≈10 Raoov et al. (2014)
βBZMCD:TDI
(1:10)

77.6 1.3 As(V)/n.a./≈95

βCD:TPC:TA
(1:4)

<10 2.3 Pb(II)/136/≈90 Yang et al. (2022)

aMolar ratio values in mol/mol.
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ratio, affect the physico‒chemical properties of the material and
thus the removal efficiency of pollutants.

Moreover, considering the monomers used for CD coupling in
environmental remediation, EPI is one of the most used aliphatic
linkers along with citric acid, HDI and EDTA. As common
examples of aromatic linkers we can mention TDI and
tetrafluoroterephtalonitrile (TFP).

In this section, we evaluate and compare the role of NSs’
physico‒chemical properties on the sorption mechanisms and
removal efficiencies for five different classes of pollutants: heavy
metals, pesticides, pharmaceuticals and other aromatic
compounds (biphenyls).

Heavy Metals
Heavy metals constitute one of the major classes of pollutant
worldwide because of their easy absorption by living organisms
leading to bioaugmentation and bioaccumulation. Particularly,
the exposure to heavy metals can produce allergic reactions,
mental disability, dementia, vision problem as well as liver and
kidney diseases (Vareda et al., 2016) (Vareda et al., 2019).

CDNSs prepared by using either aliphatic or aromatic
crosslinkers for the removal of a broad range of heavy metals
(e.g., Cu(II), Zn(II), Pb(II), Cd(II), Ni(II), Co(II), Hg(II), Fe(III),
and Cr(III), and As(V)) have been synthesised and tested. Table 4
summarizes the most relevant data on the NSs and sorption
parameters.

Concerning aliphatic-based CDNSs, citric acid (Rubin
Pedrazzo et al., 2019) and EDTA (Zhao et al., 2015) are
relevant crosslinkers, not only because they form highly
crosslinked materials but also due to the number of available
carboxylic acid groups, which allows a significant increase in
active sites for interaction withmetal ions. Moreover, the sorption
ability of these materials is pH responsive. βCD:EDTA shows the
highest removal efficiency for Cd(II) and Cu(II) reaching values
higher than 90% (Zhao et al., 2015).

A different approach is the modification of chitosan by EDTA,
followed by the crosslinking to βCD using pentafluoropyridine
(βCD‒PFP‒CTS/EDTA). This βCD‒PFP‒CTS/EDTA NS
exploits the simultaneous chelating ability of CTS and EDTA.
As for pure βCD‒EDTA, the sorption process is promoted at
acidic pH with a removal higher than 90% for Pb(II), Ni(II),
Cu(II), Co(II), Hg(II) and Cr(III) in about 1 min (Yu et al.,
2018b). Likewise, the removal of Pb(II), Cu(II) and Cd(II) was
studied by using NSs of βCD and TFP and methacrylic-βCD with
1‒vinylimidazole (VI) (MCD:VI). βCD:TFP exhibits the largest
active surface area which plays a key role on the significant
amount of heavy metals sorbed per gram of material (Pb(II):
196.4 mg g−1, Cu(II): 164.4 mg g−1 and Cd(II): 136.4 mg g−1).
However, its removal efficiency diminishes along cycles of
sorption/desorption (He et al., 2017). The pH responsive
MCD:VI adsorbent was synthesized at different molar ratios.
At 1:100 mol/mol, it has revealed the best sorbent performance
for Pb(II), Cu(II), Cd(II), Zn(II), Ni(II) and Co(II). The sorption
ability of MCD:VI via coordinative interaction decreases in the
order Cd(II)>Cu(II)>Zn(II)>Ni(II)>Co(II)>Pb(II) within
70–15 mg g−1 (Qin et al., 2019). Moreover, βCD crosslinked
with pyromellitic dianhydride (βCD:PMA) was tested for

Cu(II), Zn(II), Pb(II), Cd(II) and Fe(III) removal and the
results were compared to those obtained for βCD:CA. Both
materials show similar removal efficiencies (from 20 to 70%),
however, the highest removal efficiencies (ca. 80%) are obtained
for initial low concentrations of Cu(II) and Zn(II) (Rubin
Pedrazzo et al., 2019).

Toluene diisocyanate was used to synthesize βCD and (6‒
deoxy)‒(6‒benzylimidazolium)‒βCD NSs. The latter shows
higher efficiency in the removal of metal ions, due to
electrostatic interactions and chelating ability of the
imidazolium groups, as well as higher thermal stability (Raoov
et al., 2014). The hydroxyl-rich tannic acid (TA) is an interesting
monomer used to synthesise βCD-TA nanosponge crosslinked by
terephthaloyl chloride (TPC) and applied for Pb(II) removal.
βCD:TPC:TA shows a selective and high removal efficiency of
97% for Pb(II) at alkaline pH, in the presence of salt, humic acid
and other interferents (Yang et al., 2022).

Dyes
Dyes are used in many industries, mainly involving the
production of consumables, including textiles, inks and paper.
The textile industry is one of the activities that consumes greatest
amounts of water, either in quality or in quantity, associated with
the use of dyes, whichmakes this industry one of the biggest water
body pollutants. Moreover, dyes are, in general, water soluble
compounds, making them difficult to remove from wastewaters
(Lellis et al., 2019). Being a relevant issue, several CDNSs have
shown effectiveness in removing dyes (Table 5). For instance,
βCD:EPI macroparticles show a spontaneous and exothermic
sorption of DirectBlue78 (Murcia-Salvador et al., 2019). The
effect of other cyclodextrins, αCD and hydroxypropyl-αCD, on
the synthesis of NSs and consequent performance on Direct
Red83:1 dye removal has been evaluated. The removal
efficiency (RE) and the maximum amount sorbed (qm) of RE
= 92.8% and qm = 31.5 mg g−1 and RE = 75% and qm =
23.41 mg g−1, for αCD:EPI and HP-αCD:EPI, respectively, have
been obtained (Pellicer et al., 2018).

The βCD:EDTA was also applied for the removal of different
dyes (methylene blue (MB), safranin O (SF) and crystal violet
(CV)), highlighting the removal efficiency higher than 90% for
the MB. As mentioned above, the presence of carboxylate groups
in EDTA are relevant for the interaction with dye molecules
(Zhao et al., 2015).

On the other hand, MCD:VI obtained via free radical
copolymerization at different molar ratios (from 1:10 to 1:
150 mol/mol) was tested for sorption of rhodamine B (RB)
and Congo red (CR); it has been demonstrated that pH
strongly influences the electrostatic and π‒π interactions
occurring between NSs and dye molecules. Moreover the
affinity of dyes towards MCD depends on the VI molar ratio;
i.e., for CR the qm increases by increasing the molar ratio,
reaching a maximum qm value (1.12 mg g−1) for MCD:VI150
and for RB, the opposite is observed (the highest qm value is
obtained for MCD:VI10, 336 mg g−1) (Qin et al., 2019).

The effect of benzyl-βCD hyperlinked with 4,4′-bipyridine
(PD), synthesised through the Menshutkin reaction, in the
sorption of two cationic (RB and MB) and two anionic (CR
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and methyl orange, MO) dyes has been reported by Li et al.
This NS is effective in the removal of anionic dyes: RE = 80
and 77% for CR and MO, respectively (Li X. et al., 2018).

MB is a molecule used very often as a drug and dye model.
Therefore, the interaction between MB and NS goes beyond the
interest in the sorption of MB onto NSs. The copolymerization of
two molecules containing cavity gates [the βCD and the pillar (5)
arene (P5)], using TFP as crosslinker, provides the ability to form
two different types of host‒guest complexes as well as to manage
the hydrophilic/hydrophobic balance of the NS. Lu et al. (Lu et al.,
2019) have found that by increasing the molar fraction of P5 the
hydrophobicity increases and the best removal efficiency of MB is
attained (78%).

Different classes of dye intermediates and dyes derived
from benzene were studied using two uncommon linkers: the
4,4′‒difluorodiphenylsulfone (FPS) and the 4,4′-
bis(chloromethyl)-1,1′-biphenyl (CMP) for βCD and
βBCD, respectively. βCD:FPS was tested for 2-naphthol
removal allowing >80 and 99% removal efficiency for in
batch and in flow-through sorption experiments,
respectively (Wang et al., 2017). On the other hand, the
adsorption of different aromatic compounds, such as
nitrobenzene, 2-nitrophenol, 2-nitroaniline, 4-nitroaniline
and 2‒chloroaniline, onto βCD:CMP has also been
evaluated. It is worth mentioning that, for this NS, the
percentage of crosslinker significantly modifies the active
surface area; i.e., an increase in the crosslinking degree
may result in an increase in the surface area up to 5 times.
Thus, surface area and the phenyls groups play a crucial role
on the sorption efficiency by enhancing the π‒π interactions
with removal efficiency >70% for any dye intermediates
(Huang et al., 2020).

Pesticides
Nowadays pesticides are one of the most concerning classes of
substances related with environmental pollution and human
health issues. Recently, nanosponges have been considered
promising sorbent materials and they were applied for
removal of pesticides and their intermediates such as, atrazine,
benalaxyl, bromacil, butachlor, butylene fipronil, fenamiphos,
fipronil, fluprifole, fomesafen, pretilachlor, simazine, 4‒n‒
nonylphenol (4nNP), 4‒n‒octylphenol (4nOP) and 4‒tert‒
octyphenol (4tOP) (Table 6).

Macroparticles of αCD:EPI, βCD:EPI and γCD:EPI, with
diameter ranging from 0.212 to 0.250 mm, were used for
atrazine sorption. αCD:EPI and βCD:EPI have similar
removal efficiencies (around 60%) with sorption isotherms
characterized by the Freundlich model, whilst the RE of
γCD:EPI is only 50%, in agreement with the highest ratio
between the volume of γCD cavity and the aromatic ring of
atrazine (Romita et al., 2019). Additionally, atrazine, benalaxyl,
bromacil, butachlor, butylene fipronil, fenamiphos, fipronil,
fomesafen, pretilachlor and simazine were tested in a
screening study of sorption ability of βCD:EPI, γCD:EPI,
HPβCD:EPI, randomly methylated βCD:EPI (RM-βCD:EPI),
equimolar mixture of β-γ-CD:EPI, βHPβCD:EPI and
γHPβCD:EPI and a physical mixture of βCD:EPI, HPβCD:
EPI and RM-βCD:EPI with mass ratio of 40:30:30 (w/w)
(multiplex). Multiplex NSs combining the physico‒chemical
properties of the three materials, show the best performance as
sorbent material, even at low concentrations either in deionized
water or in sea water, even after five cycles of regeneration (Liu
et al., 2011). In a similar way βCD:EPI and γCD:EPI were
initially synthesised and, subsequently, oxidized with
KMnO4. Albeit swelling ratio, particle and pore sizes, the

TABLE 5 | Selected examples of nanosponges application for dye removal.

Nanospongea Pore
size/(nm)

Surface area/
(m2 g−1)

Dye/qm
(mg g−1)/RE (%)

References

βCD:EPI (1:135)b n.a n.a DirectBlue 78/24/n.a Murcia-Salvador et al. (2019)
αCD:EPI (1:115) n.a n.a DirectRed83:1/32/93 Pellicer et al. (2018)
HP-αCD:EPI n.a n.a DirectRed83:1/23/75
βCD:EPI (1:6) n.a n.a Methylene blue/50/≥ 90; Safranin/6/≥ 90; Crystal violet/42/≥ 90 Zhao et al. (2015)
βCD:EDTA (1:17) n.a n.a Methylene blue/84/n.a.; Safranin/60/n.a.; Crystal violet/114/n.a
MCD:MPP (1:1) 2–10 n.a Rhodamine B/10/n.a.; Congo Red Qin et al. (2019)
β-MCD:VI
(1:100)

0.02 28 Rhodamine B/175/60; Congo red/712/100 Qin et al. (2019)

β-BCD:PD no porous 22 Methyl orange/285/77; Congo red/288/80; Rhodamine B/n.a./n.a.;
Methylene blue/n.a./n.a

Li et al. (2018b)

βCD‒P5 (1:1) 4 479 Methylene blue/135/78 Lu et al. (2019)
βCD:FPS (1:2) 5–6 n.a 2‒naphthol/n.a./>80 Wang et al. (2017)

2‒naphthol/n.a./>99 (flow through)
βCD:CMP(H) 1–10 1,099 nitrobenzene/325/80 Huang et al. (2020)

2‒nitrophenol/310/75
2‒nitroaniline/290/70
4‒nitroaniline/275/65
2‒chloroaniline/300/75

aMPP [2,2′‒azobis (2‒methylpropionitrile)].
bValues of molar ratio in mol/mol.
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crosslinking degree and hydrophilicity increase by increasing
the amount of KMnO4, while the CD content and surface area
decrease concomitantly. It has also be found that γCD:EPI is
more efficient for hydrophobic compound removal (i.e.
benalaxyl, butachlor, fipronil and flufiprole) whereas βCD:
EPI performs better for hydrophilic pesticides (i.e. atrazine,
bromacil, fenamiphos, pretilachlor) (Wang M. et al., 2021). The
sorption experiments involving 4nNP, 4nOP and 4tOP and CD-
based:EPI NSs, where the mixture of α- β- and γCDNS, using EPI
as crosslinker, stands out, have shown high removal efficiencies
for all the adsorbates. In general, all sorbents have RE around
90%. However, the HP-βCD shows the highest performance, in
the order 4tOP>4nNP≈4nOP, due to its higher hydrophilicity
and host‒guest complex formation (Crini et al., 2021).

In a recent study, βCDNSs were synthesized using as linker
two diamine monomers: 1,6‒hexane diamine and 1,12‒dodecane
diamine. Physico‒chemical properties were characterized and
their influence on the sorption process assessed. Both materials
present similar particle size (430 nm) but the CD-am6 shows
lower thermal stability but higher hydrophilicity, surface area and
pore size. These properties seem to have relevance for the highest

removal efficiency of imidacloprid (>90%), obtained for initial
concentrations of IMD ranging from 20 to 300 mg L−1 (Utzeri
et al., 2022). On the other hand, for βCD crosslinked with
hexamethylene diisocyanate (βCD:HDI) the removal
efficiencies for imidacloprid and cymoxanil were low; however,
by forming composite gels with just 10% (w/w) of AC the removal
efficiency increases to 81 and 73%, respectively (Utzeri et al.,
2021).

Spherical βCD:HDI (10 equivalents of crosslinker) with
high thermal stability was applied for the removal of 2,4‒
dinitrophenol (2,4NP) in different environmental water
samples (tap water, lake water, river water and sea water).
A higher removal efficiency (ca. 74%), at acidic pH and low
analyte concentration, was observed; the RE remained
constant along five sorption/desorption cycles (Anne et al.,
2018). In the same study, the performance of βCD:TDI for the
removal of 2,4NP has been compared with that obtained by
using βCD:HDI. The porous βCD:TDI presents higher
efficiency (ca. 85%) than the non-porous βCD:HDI.
However, results can also be justified by considering the
presence of the phenyl groups of the linkers, which can

TABLE 6 | The main types of CDNSs applied for the adsorption of pesticides.

Nanosponge Pore size/(nm) Surface area/(m2 g−1) Pesticide/qm (mg g−1)/RE % References

αCD:EPI (1:115)a n.a n.a Atrazine/≈0.07/≈60 Romita et al. (2019)
βCD:EPI (1:115) n.a n.a Atrazine/≈0.07/≈60 Romita et al. (2019)
Multiplex 5 1–4 Atrazine/10/30 Liu et al. (2011)

Benalaxyl/23/65
Bromacil/11/25
Butachlor 115/85; butene fipronil/6/98
fenamiphos/21/60
fipronil/8/85
fomesafen/25/25
pretilachlor/83/55
simazine/1/28

βCD:EPI/KMnO4 4 1 Atrazine/n.a./17 Wang et al. (2021b)
Benalaxyl/n.a./70
Bromacil/n.a./19
Butachlor/n.a./80
Fenamiphos/n.a./58
Fipronil/n.a./48
Flufiprole/n.a./80
Pretilachlor/n.a./40

βCD:am6 (1:20) 24 22 Imidacloprid/68/97 Utzeri et al. (2022)
BZM-βCD:TDI (1:10) 78 1 2‒chlorophenol/n.a./25 Raoov et al. (2014)

4‒chloro‒3‒methylphenol/n.a./90
4‒nitrophenol/n.a./80
2,4,6‒trichlorophenol/n.a./85
2‒nitrophenol/n.a./70
2,4‒dinitrophenol/n.a./85
2,4‒dichlorophenol/n.a./70

βCD:TTI3% (1:2) n.a 34 2,4‒dichlorophenol/145/68 Zhou et al. (2019a)
βCD:TFP (1:3) 2–4 263 2,4‒dichlorophenol/14/85 Alsbaiee et al. (2016)

1‒naphtyl amine/13/92
Metolachlor/26/92

βCD:TFP:THTS (1:1:2) 2–25 231 2,4‒dichlorophenol/≈500/≈90 Wang et al. (2019b)
βCD:DPC (1:4) 2 3 4‒chlorophenoxyacetic acid/1/91 Salazar et al. (2018)

2,3,4,6‒tetrachlorophenol/1/78
αCD/βCD/γCD:DCO non-porous n.a Carbendazim/0.3/90 (after 5 h) Rizzi et al. (2021)

aMolar ratio values in mol/mol.
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form π‒π interactions with 2,4-dichlorophenoxy acid (2,4D)
(Anne et al., 2018).

As was pointed out in the previous section, β-BZMCD:TDI
was applied for the removal of a set of phenols with different
substitutions. The β-BZMCD:TDI shows higher ability than
the non-substituted βCD:TDI, with an average removal
percentage equal to 85%, which can be justified by its
higher porosity (Raoov et al., 2014). The sorption of 2,4CP
onto βCD:TTI (triphenylmethane‒4,4′,4″‒trisocyanate),
synthesised using 2‒butanone as solvent, has been studied.
The properties of the NS is highly affected by the catalyst/
linker ratio, temperature and βCD:TTI molar ratio (Zhou L.
et al., 2019). Another example of a common aromatic linker is
TFP. A study comparing the sorbent performance of porous
and non-porous βCD:TFP has also been reported. Sorption
tests were performed with 2,4CP, 1-naphtyl amine and
metolachlor. Porous βCD:TFP has a lower water uptake,
compared with non-porous material, but has shown better
removal efficiency ≥85% (Alsbaiee et al., 2016). Pure βCD:
TFP was also used as control material in comparison with a
mixture of two monomers, TFP and 5,5′,6,6′‒tetrahydroxy-
3,3,3′,3′-tetramethylspirobisindande (THTS), prepared in
dimethylacetamide. Overall, NS particles exhibit
dimensions ca. 90 nm diameter with micro‒ and meso‒
pores and higher active surface area; these properties are
improved by increasing the THTS percentage. The βCD:TFP:
THTS0.5 is the most efficient material for various
micropollutants. Particularly, it sorbs 460 mg g−1 of 2,4CP
per gram of sorbent corresponding to around 90% of removal
efficiency. βCD:P5 at molar ratio 1:1 presents the best
hydrophilic behaviour, higher surface area (479 m2 g−1)
than βCD:TFP and larger pore size (3.5 nm) than P5:TFP.
They represent an advantage on sorption processes of 1‒
naphthylamine with removal efficiency of around 80% in
aqueous solution and environmental conditions (Lu et al.,
2019). An interesting study reported by Klemes et al. shows
how solvent, catalyst (K2CO3) and crosslinker ratio influence
both reaction yield and physico‒chemical properties of βCD:
TFP NS. Higher TFP amount led to a decrease in reaction

yield and phenolate incorporation. Moreover, depending on
the method of addition of K2CO3, a porous material may
result, with 346 m2 g−1 of active surface, or even a non‒
porous material. NSs obtained using different methods
were tested towards 83 pesticides. In general, a stronger
affinity of the micropollutants was observed for the porous
βCD:TFP synthesised by using DMSO, with higher surface
area and phenolate content (Klemes et al., 2018). Another
extensive study involving βCD:TFP, was carried out by Li
et al. (Li C. et al., 2018). It has been demonstrated that for
almost all pesticides the removal efficiency of the NS is higher
than 70%.

NSs based on aromatic linkers such as FPS, CMP and DPC
have also been prepared and their performance towards pesticide
sorption evaluated. The sorption of 2,4CP by βCD:FPS (1:2 mol/
mol) showed a removal efficiency higher than 80% (Wang et al.,
2017). The aromatic crosslinker can act synergetically in the
sorption process of organic adsorbates; for example, the sorption
of 2NP, 2,4CP, 2,6CP and 2,4,6CP onto βCD:CMP increases by
increasing the amount of crosslinker (Huang et al., 2020).

The incorporation of Fe3O4 nanoparticles into βCD:DPC for
the sorption of aromatic chlorinated pesticides [4‒
chlorophenoxyacetic acid (CPA) and 2,3,4,6‒tetrachlorophenol
(TCP)] has demonstrated that no variation of removal efficiency
occurs; however, the sorption kinetics seem to be facilitated by the
presence of NPs (Salazar et al., 2018). The same research group
has also tested this composite for dinotefuran removal with
similar results (Salazar et al., 2020).

Non‒porous materials with high thermal stability were
synthesized using BDE as linker for α-, β- and γCDs. The
materials were mainly applied for ciprofloxacin removal, although
they were also tested for carbendazim (a broad-spectrum fungicide)
with 70% of active substance sorbed in 30min and a value of 90%
can be reached after 5 h sorption (Rizzi et al., 2021).

Hybrid NSs, which include CD and a polymer, have also been
synthesised and tested for the removal of pesticides. Recently, poly
(vinyl alcohol)-βCD has been synthesised and its adsorption
performance evaluated towards paraquat. The obtained material
shows a very fast adsorption of pesticide, with a RE of around 96%

TABLE 7 | Nanosponges developed for drug removal (2015–2019).

Nanosponge Pore
size/(nm)

Surface area/
(m2 g−1)

Drugs/qm

(mg g−1)/RE %
References

αCD:CA n.a — Progesterone/n.a./95 Moulahcene et al.
(2015)

βCD:CHI (1:1)a n.a n.a Testosterone/n.a./98–100; epitestosterone/n.a./98–100; androsterone/n.a./
98–100; etiocholanolone/n.a./98–100; 5α‒androstane‒3α,17β‒diol/n.a./98–100;
5β‒androstane‒3α,17β‒diol/n.a./98–100

Manaf et al. (2018)

βCD:PFP:CTS/EDTA (1:
2,900)

1 48 6‒bromo‒2‒naphtol/0.30/> 90 Yu et al. (2018b)

βCD:TFP:THTS (1:1:2) 2–25 231 Propranolol hydrochloride/≈100/n.a Wang et al. (2019b)
βCD:TFP (1:3) 2–4 21 ethynyl oestradiol/n.a./≈60; propranolol hydrochloride/n.a./≈90 Alsbaiee et al. (2016)

n.a Chloroxylenol/144/91; Carbamazepine/136/65 Zhou et al. (2019b)
βBCD:CMP 2–5 1,107 Albendazole/180/96 Wang et al. (2019a)
βCD:HDI (1:4) n.a n.a Ibuprofen/86/<70 Skwierawska et al.

(2021)

aValues of molar ratio in mol/mol.
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in just 3 min, following a Langmuir mechanism (Martwong et al.,
2021, 2022).

Drug Removal
As the other classes of pollutants, pharmaceuticals represent one
of the biggest concern in relation with ecosystem pollution and its
side effects. In Europe, they were detected in surface and
groundwater that are used in agriculture and drinking water
production. Thus, strategical actions are made to face this issue.
One of these strategies is the development of efficient sorbent
materials, including nanosponges (Table 7). βCD:EPI particles
were employed in a pilot scale test for the simultaneous removal
of eight different drugs (β‒estradiol, ethynyl estradiol, estriol,
ibuprofen, diclofenac, naproxen, ketoprofen and cholesterol)
from greenhouse municipal wastewater. Particles reach up ca.
99% of removal efficiency for hormones and 85% for ibuprofen
and diclofenac, in‒flow sorption process (Fenyvesi et al., 2020).
Commercial βCD:EPI macroparticles were used for the removal
of twenty one different drugs existing in wastewater effluents. The
adsorption process is carried out together with a photodegradation
treatment. The results show a removal efficiency of 71% after 5 min
for most of the drugs, whereas a 99% removal is reached for
metoprolol, paroxetine and propranolol. Generally, the removal
efficiency follows the order: β‒blockers > psychiatric drugs > lipid
regulators > antibiotics > anti‒inflammatories > diuretics (Gómez-
Morte et al., 2021). Additionally, fibers of HP-βCD:EPI have been
evaluated as adsorbent for removal of phenanthrene—a compound
used for the synthesis of bile acids and steroids. It has been found
that these fibers were able to remove 80% of phenantrene
(Celebioglu et al., 2019).

Nanosponges of αCD, βCD and γCD crosslinked with citric acid
have been evaluated by Moulahcene et al. for the sorption of
progesterone. The αCD:CA NS showed the best sorption
performance in continuous flow column (95%); that was justified
by the lower swelling ability, higher surface area and number of
acidic groups (among all three NSs). (Moulahcene et al., 2015).

βCD:EDTA was applied for the removal of ciprofloxacin, a
quimolone antibiotic, having reached a maximum sorbed amount
of 327 mg g−1, at a pH range 4–6. The sorption mechanism is
sensitive to the ionic strength, probably due to screening effect
caused by the counterions (Yu F. et al., 2018). The ciprofloxacin
removal was further studied with αCD, βCD and γCD crosslinked
with BDE and the removal efficiency was also quite promising
(i.e., 90%). In a similar way, the sorption capacity is impaired by
the presence of salts and pH changes (Rizzi et al., 2021).

In an interesting study, βCD nanosponges obtained using
aliphatic and aromatic linkers of the diisocyanate class,
dicyclohexylmethane-4,4′-diisocyanate (CHI) and MDI,
respectively, were compared. Three molar ratios, 1:1, 1:2 and 1:
3 mol/mol were used. The polymers present different hydrophilic/
hydrophobic ratios. Tests were performed on artificial and human
urines to analyse sorption abilities for testosterone, epitestosterone,
androsterone, etiocholanolone, 5α‒androstane-3α,17β-diol and
5β-androstane-3α,17β‒diol. βCD:CHI at molar ratio 1:1 showed
the best performance for each analyte with accuracy and recovery
within 96 and 106%, respectively. The superior performance of
βCD:CHI can be justified considering the higher mobility and

flexibility of the aliphatic linker, making the active sites more easily
accessible (Manaf et al., 2018).

Materials already mentioned in previous sections were also
applied for pharmaceutical removal. βCD:TFP has been used for a
number of studies involving the adsorption of many drugs. The
properties of βCD:TFP are dependent on the solvent and CD:
crosslinker molar ratio (Klemes et al., 2018) (Li C. et al., 2018).
Among the adsorbates evaluated we can mention ethynyl
oestradiol and propranolol hydrochloride (Alsbaiee et al., 2016;
Wang Z. et al., 2019), and chloroxylenol and carbamazepine (Zhou
Y. et al., 2019). With few exceptions, this NS reached efficiencies
higher than 70%, which shows a high affinity of NSs for different
kinds of pharmaceutical molecules.

Moreover, four types of nanosponges with different
crosslinkers, namely, PMA, CDI, CA and TDI, were
synthesised. βCD:PMA and βCD:CA show the higher level of
swelling justified by the larger number of donator and acceptor
hydrogen bonding. The removal efficiency of the NSs was tested
for indole in three different media: water, simulated gastric fluid
and intestinal fluid. Indole is produced by tryptophan conversion,
and it is a precursor of uremic toxins responsible of several severe
health illnesses. The removal ability of the materials for indole
decrease in the following order: βCD:TDI (≈91%)>βCD:
CA>βCD:PMA>βCD:CDI (Varan et al., 2020).

Other Aromatic Compounds
Biphenols are derivatives of phenol used in the manufacture of
plastic furniture and are key components of liquid crystal
polymers. Nonetheless, due to their high volume of
production and usage, they are classified as persistent
organic pollutants. They are hazardous for the environment
and for human health. Bisphenol A (BPA) is the most
produced and thus the most common in water bodies.
Consequently, there is a demand for adsorbents capable of
removing these pollutants. The aromatic ring of these
compounds can strongly interact, via host-guest interaction,
with CD, making CDNSs ideal for that purpose. In fact, several
CDNS adsorbents were studied and high removal efficiencies
were reported. For example, βCD:EPI, βCD:PFP:CTS/EDTA,
βCD:P5 and βCD:TFP:THTS have RE greater than 90% in the
removal of Bisphenol A (Alsbaiee et al., 2016; Yu et al., 2018c;
Wang Z. et al., 2019; Lu et al., 2019).

Other biphenols with less environmental impact were also
tested. Thus, the bisphenol S (BPS) (an endocrine disruptor)
has a significant interaction with βCD:FPS (1:2 mol/mol)
leading to a removal efficiency ≥80% (Wang et al., 2017). The
removal of bisphenol F (BPF) and bisphenol AF (BPAF) was also
studied by using βCD:CMP. This NS shows a high sorption
efficiency due to its larger surface area and a significant number
of π‒π interactions (Huang et al., 2020).

Particularly interesting is a study carried out for assessing the
adsorption capacity of heptakis(2,6‒di‒O‒methyl)βCD
crosslinked with three different diisocyanates [MDI, 1,4‒
phenylene diisocyanate (PDS) and HDI]. Sixty six different
biphenyls, from mono to decachlorobiphenyls, using isooctane
as solvent, were tested. The highest crosslinked βCD:MDI and
βCD:PDS showed adsorption performances around 100%. This
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behaviour is also dependent on the CD concentration (Kawano
et al., 2015).

Other Applications
Pesticide and Fertilizer Delivery System
In a previous section, the ability of CDNSs for the removal of
pesticides and other pollutants has been summarized. In this
section, we discuss the role of CDs based on a different approach.
In order to reduce the amount of pesticides applied in agriculture,
the exposure of workers, and to ameliorate the efficiency of the
phytopharmaceuticals, a broad range of materials have been
developed. Nanosponges of αCD, βCD and γCD were
prepared using 1,1′-carbonyldiimidazole (CDI) and PMA as
crosslinkers. Both types of nanosponges were loaded in
methanol with ailanthone, a natural herbicide characterized by
low persistence and rapid degradation. γCD-based materials
showed higher interaction for ailanthone with 55% of
encapsulation efficiency (EE) and remarkable efficacy on index
growth of garden cress and radish after 10 days. The highest EE is
found for γCD-based NS, probably due to proper fit between
cavity and analyte sizes (Demasi et al., 2021) (Demasi et al., 2021).
Additionally, βCD:PMA was synthesized at molar ratio 1:12 mol/
mol by electrospinning in fibers with 3 µm diameter. It was applied
as micropesticide, loaded with a maximum of 130 mg g−1 of N,N-
diethyl-3-toluamide (DEET), a common insecticide, with a release
of 60% in 72 h and 100% at about 350 h (Cecone et al., 2018).

Sensors
Cyclodextrin‒materials can be applied as direct or indirect sensor
materials via turn‒on or turn‒off of fluorescence both via host‒
guest complexation or molecular assembly with fluorescent/
luminescent probe molecules.

Fluorescent cyclodextrin‒based probe was obtained via cross-
linking of βCD with 4,4′‒diisocyanato‒3,3′‒dimethyl biphenyl
(IMP) and tetrakis (4‒hydroxyphenyl)ethane (TPE) as
fluorescent ligands. The fluorescent βCD‒polymer was
successfully applied for the detection of trinitrophenol and
nitrobenzene by turn‒off. These aromatic compounds are used
for dye and pesticide synthesis, presenting hazardous effects for
human health and possible environment contamination (Danquah
et al., 2019). βCD:PMAwas prepared at molar ratio of 1:7 mol/mol
as fluorescent probe with emission wavelength at 423 nm. The
polymeric material has an heterogeneous size distribution with a
high polydispersity index. It presents an excellent selectivity for
diclofenac (LOD 0.92 µM) in aqueous solution and tablets, whose
value is not significantly influenced by the presence of different
drugs, probably due to more hydrophobic behaviour of the
diclofenac (Nazerdeylami et al., 2021).

Catalysts
Being CD nanosponges porous polymeric materials, often with a
large active surface area and numerous available active sites, they
are considered promising materials to be used as heterogeneous
catalysts.

βCD:CDI with 11 m2 g−1 of active surface and nanoporous
structure (5 nm) has promising activity as a metal free catalyst in
a one-pot three component condensation reaction (between

aromatic aldehydes, methylene compounds and amines) for
the synthesis of N-containing organic scaffolds (Sabzi and
Kiasat, 2018). βCD:EPI (surface area of 11 m2 g−1 and 5 nm of
pore diameter) was applied in a four component solvent-free
reaction for the synthesis of spiro [indoline‒3,4′‒pyrano(2,3‒c)
pyrazole] and pyranopyrazole derivatives. However, the reaction
only proceeds with high yield at 100°C (Jafari Nasab et al., 2018).
In another paper, a heteropolyacid was immobilized onto βCD:
DPC (3 m2 g−1 and pore size 14 nm) and applied as catalyst for
the synthesis of xanthenes in high yields (87–95%), at reflux, in
short reaction times (Sadjadi et al., 2017b). The same authors also
described the use of NSs modified with an ionic liquid, that was
used in a cascade reaction for the synthesis of benzochromeno-
pyrazole derivatives (Sadjadi et al., 2017a). High yields were
obtained using solvent-free conditions, at 80°C.

Amino-βCD NSs were covalently bonded to chitosan beads to
prepare a thermally stable porous composite, with surface area
11 m2 g−1. βCD:CS was applied as metal free catalyst for the
synthesis of dihydropyrimidinone and octahydroquinazolinone
in water, via the Biginelli reaction. The composite reveals
excellent catalyst activity, with yields up to 100%, using an
ultrasonic assisted procedure at 25°C. The composite was
reused and a yield decrease of approximately 10% was
observed, after five cycles (Sadjadi and Koohestani, 2021a).

Heterogeneous catalysts based on CD nanosponges and
containing embedded inorganic nanoparticles were also
described. However, since the aim of this review is focused on
pure CDNSs, these studies will not be reported in detail, just a
brief classification based on the type of metal used is given: 1) Pd0/
Pd2+ for hydrogenation reactions (Sadjadi and Koohestani,
2021b), cyanation reactions (Khajeh Dangolani et al., 2019),
Sonogashira and Heck (Sadjadi et al., 2018b; 2019b); 2) Ag+

for redox reactions (Russo et al., 2019); 3) Au for 4‒nitrophenol
synthesis (Vasconcelos et al., 2016).

FUTURE PERSPECTIVES

The use of cyclodextrin nanosponges is still at an early stage of
wide application in the most diverse areas. Currently, many of the
studies described in the literature are based on their application in
the pharmaceutical and biomedical areas. However, relevant
studies have recently been published on the application of
nanosponges in water and, to a lesser extent, soil remediation.
However, in this area, it is interesting to note that a 2007 study
(Mhlanga et al., 2007) describes the potential of CDNSs for
removing chlorinated disinfection by-products (DBPs). Fifteen
years later, this issue has become a priority topic for the European
Community, so the use of NSs for this purpose should be
developed. Concomitantly, other pollutants such as antibiotics,
antidepressants and pesticides have molecular structures that
suggests a potential high removal efficiency by CDNSs.

The stiffness of cyclodextrins in NSs, due to hyper
crosslinking, decreases the degree of freedom of guest
molecules that interact with them by supramolecular host-
guest interactions. This effect can be used effectively for the
development of matrices for Aggregation-Induced Emission

Frontiers in Chemistry | www.frontiersin.org March 2022 | Volume 10 | Article 85940616

Utzeri et al. Cyclodextrin Nanosponges

https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


(Hong et al., 2009). In general, it is expected that chromophore
aggregation leads to a luminescence quenching. However, some
molecules have the opposite effect, which is called: Aggregation-
Induced Emission. This may result from the restriction of
intramolecular rotation (RIR). CDNSs seem to be potential
matrices to promote the RIR mechanism and, thus, lead to
luminescence emission by the chromophores. The impact of
this phenomenon might be relevant in areas such as
optoelectronics and sensors.

Using a similar approach, we think that nanosponges could
play an important role in the development of sensors with very
low detection limits. The preconcentration of pollutants is often a
necessary condition for their detection. NSs could have a similar
effect through their use in monoliths or by using membranes. In
the latter case, we envisage the use of, e.g., cellulose acetate or
PVA as matrices for incorporation of CDNSs.

We also believe that the use of NSs for heterogeneous catalysis
is incipient. Most of the conventional asymmetric synthesis
methods involve the use of toxic organic solvents, chiral metal
complexes and homogeneous catalysis methods, which makes
them unsustainable. On the other hand, usage of heterogeneous
matrices with high density of hydrophobic cavities capable of
enantiomeric discrimination could be a valuable alternative.
CDNSs can accommodate hydrophobic molecules inside and
interact efficiently with aqueous media in the exterior, opening
the way to the development of greener asymmetric chemical
reactions. Additionally, CDNSs can also bemodified withmetallic
nanoparticles, allowing the development of more sustainable
organometallic heterogeneous catalysts.

It should be mentioned that some of these suggestions and
views have been tested by authors and preliminary results are
available. However, we strong believe that CDNSs either alone or

in the presence of other polymers still have a promising future not
only for fundamental interest but especially for a wide range of
not yet unveiled applications.
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GLOSSARY

4C3MP 4‒chloro‒3‒methylphenol

2,4CP 2,4‒dichlorophenol

2CP 2‒chlorophenol

2,4,6CP 2,4,6‒trichlorophenol

2,4D 2,4-dichlorophenoxy acid

2-HEDS 2-hydroxyethyl disulfide

2NP 2‒nitrophenol

4NP 4‒nitrophenol

2,4NP 2,4‒dinitrophenol

4nNP 4‒n‒nonylphenol

4nOP 4‒n‒octylphenol

4tOP 4‒tert‒octyphenol

AC activated carbon

am6 1,6-hexanediamine

am12 1,12-dodecanediamine

AMD 1‒(3‒dimethylaminopropyl)‒3‒ethylcarbodiimide hydrochloride

BDE 1,4-butanediol diglycidylether

BPA Bisphenol A

BPAF Bisphenol AF

BPF Bisphenol F

BPS bisphenol S

CA citric acid

CDs cyclodextrins

CDI 1,1′-carbonyl diimidazole

CDNSs cyclodextrin nanosponges

CHI dicyclohexylmethane-4,4′-diisocyanate

CHS cholesterol hydrogen succinate

CMP 4,4′-bis(chloromethyl)-1,1′-biphenyl

CPA 4‒chlorophenoxyacetic acid

CyCa NSs CD-calixarene NSs

CR congo red

CTS chitosan

CV cristal violet

DABCO 1,4-diazabicyclo(2,2,2)octane

DBPs chlorinated disinfection by-products

DEET N,N‒diethyl‒3‒toluamide

DMC dimethyl carbonate

DPC diphenyl carbonate

EDTA ethylenediaminetetraacetic acid dianhydride

EE encapsulation efficiency

EPI epichlorohydrin

Et3N triethylamine

FPS 4,4′‒difluorodiphenylsulfone

GSH-NS glutathione-responsive NSs

HDI 1,6-hexamethylene diisocyanate

IMP 4,4′‒diisocyanato‒3,3′‒dimethyl biphenyl

MB methylene blue

MBA N,N′-methylene bisacrylamide

MDI methylene diphenyl diisocyanate

MIPs molecularly imprinted polymers

MO methyl orange

MPP 2,2′‒azobis(2‒methylpropionitrile)

NADES deep natural eutectic solvents

NDCA 2,6-naphthalene dicarboxylic acid

NIP-NSs non-molecularly imprinted polymers

NSs nanosponges

OXY oxyresveratrol

P5 pillar(5)arene

PAA polyamidoamine

PD 4,4′-bipyridine

PDI polydispersity index

PDS 1,4‒phenylene diisocyanate

PFP pentafluoropyridine

PMA pyromellitic dianhydride

RB rhodamine B

RIR restriction of intramolecular rotation

SBET surface area

SFsafranin O; TA safranin O; TAtannic acid

TCP 2,3,4,6‒tetrachlorophenol

TDI oluene 2,4-diisocyanate

TFP tetrafluoroterephtalonitrile

THTS 5,5′,6,6′‒tetrahydroxy-3,3,3′,3′-tetramethylspirobisindande

TPC terephthaloyl chloride

TPE tetrakis(4‒hydroxyphenyl)ethane

TTI triphenylmethane‒4,4′,4″‒trisocyanate

Frontiers in Chemistry | www.frontiersin.org March 2022 | Volume 10 | Article 85940625

Utzeri et al. Cyclodextrin Nanosponges

https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


51 

 

References of chapter 3 

[1] A.R. Khan, P. Forgo, K.J. Stine, V.T. D’Souza, Methods for Selective Modifications of 

Cyclodextrins, Chem. Rev. 98 (1998) 1977–1996. https://doi.org/10.1021/cr970012b. 

[2] B.I. Gorin, R.J. Riopelle, G.R.J. Thatcher, Efficient perfacial derivatization of 

cyclodextrins at the primary face, Tetrahedron Lett. 37 (1996) 4647–4650. 

https://doi.org/10.1016/0040-4039(96)00916-1. 

[3] M. Agnes, E. Pancani, M. Malanga, E. Fenyvesi, I. Manet, Implementation of Water‐

Soluble Cyclodextrin‐Based Polymers in Biomedical Applications: How Far Are We?, 

Macromol. Biosci. 22 (2022) 2200090. https://doi.org/10.1002/mabi.202200090. 

[4] S. Farooq, L. Xu, A. Ostovan, C. Qin, Y. Liu, Y. Pan, J. Ping, Y. Ying, Assessing the 

greenification potential of cyclodextrin-based molecularly imprinted polymers for 

pesticides detection, Food Chem. 429 (2023) 136822. 

https://doi.org/10.1016/j.foodchem.2023.136822. 

[5] M.A. Przybyla, G. Yilmaz, C.R. Becer, Natural cyclodextrins and their derivatives for 

polymer synthesis, Polym. Chem. 11 (2020) 7582–7602. 

https://doi.org/10.1039/D0PY01464H. 

[6] M. Hussain Asim, M. Ijaz, A.C. Rösch, A. Bernkop-Schnürch, Thiolated cyclodextrins: 

New perspectives for old excipients, Coord. Chem. Rev. 420 (2020) 213433. 

https://doi.org/10.1016/j.ccr.2020.213433. 

[7] L.M.A. Pinto, L.F. Fraceto, M.H.A. Santana, T.A. Pertinhez, S.O. Junior, E. de Paula, 

Physico-chemical characterization of benzocaine-β-cyclodextrin inclusion complexes, J. 

Pharm. Biomed. Anal. 39 (2005) 956–963. https://doi.org/10.1016/j.jpba.2005.06.010. 

[8] C.I.A. V. Santos, A.C.F. Ribeiro, M.A. Esteso, Drug Delivery Systems: Study of Inclusion 

Complex Formation between Methylxanthines and Cyclodextrins and Their 

Thermodynamic and Transport Properties, Biomolecules. 9 (2019) 196. 

https://doi.org/10.3390/biom9050196. 

[9] Q. Khalid, M. Ahmad, M.U. Minhas, F. Batool, N.S. Malik, M. Rehman, Novel β-

cyclodextrin nanosponges by chain growth condensation for solubility enhancement of 

dexibuprofen: Characterization and acute oral toxicity studies, J. Drug Deliv. Sci. Technol. 

61 (2021) 102089. https://doi.org/10.1016/j.jddst.2020.102089. 

[10] V.S. Ghorpade, A.V. Yadav, R.J. Dias, Citric acid crosslinked 

cyclodextrin/hydroxypropylmethylcellulose hydrogel films for hydrophobic drug 

delivery, Int. J. Biol. Macromol. 93 (2016) 75–86. 

https://doi.org/10.1016/j.ijbiomac.2016.08.072. 

[11] L. Moulahcene, M. Skiba, O. Senhadji, N. Milon, M. Benamor, M. Lahiani-Skiba, 

Inclusion and removal of pharmaceutical residues from aqueous solution using water-



52 

 

insoluble cyclodextrin polymers, Chem. Eng. Res. Des. 97 (2015) 145–158. 

https://doi.org/10.1016/j.cherd.2014.08.023. 

[12] A.M. Skwierawska, D. Nowacka, P. Nowicka, S. Rosa, K. Kozłowska-Tylingo, Structural 

Adaptive, Self-Separating Material for Removing Ibuprofen from Waters and Sewage, 

Materials (Basel). 14 (2021) 7697. https://doi.org/10.3390/ma14247697. 

[13] E. Martwong, S. Chuetor, J. Junthip, Adsorption of Paraquat by Poly(Vinyl Alcohol)-

Cyclodextrin Nanosponges, Polymers (Basel). 13 (2021) 4110. 

https://doi.org/10.3390/polym13234110. 

[14] C. Yañez, M. Araya, S. Bollo, Complexation of herbicide bentazon with native and 

modified β-cyclodextrin, J. Incl. Phenom. Macrocycl. Chem. 68 (2010) 237–241. 

https://doi.org/10.1007/s10847-010-9750-3. 

[15] K. Köse, M. Tüysüz, D. Aksüt, L. Uzun, Modification of cyclodextrin and use in 

environmental applications, Environ. Sci. Pollut. Res. 29 (2022) 182–209. 

https://doi.org/10.1007/s11356-021-15005-y. 

[16] G. Crini, S. Fourmentin, É. Fenyvesi, G. Torri, M. Fourmentin, N. Morin-Crini, 

Cyclodextrins, from molecules to applications, Environ. Chem. Lett. 16 (2018) 1361–

1375. https://doi.org/10.1007/s10311-018-0763-2. 

[17] S. Swaminathan, F. Trotta, Cyclodextrin Nanosponges, in: F. Trotta, A. Mele (Eds.), 

Nanosponges, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany, 2019: pp. 

27–57. https://doi.org/10.1002/9783527341009.ch2. 

[18] G. Utzeri, P.M.C. Matias, D. Murtinho, A.J.M. Valente, Cyclodextrin-Based 

Nanosponges: Overview and Opportunities, Front. Chem. 10 (2022) 1–25. 

https://doi.org/10.3389/fchem.2022.859406. 

[19] A. Marican, E.F. Durán-Lara, A review on pesticide removal through different processes, 

Environ. Sci. Pollut. Res. 25 (2018) 2051–2064. https://doi.org/10.1007/s11356-017-

0796-2. 

[20] J.M. Anne, Y.H. Boon, B. Saad, M. Miskam, M.M. Yusoff, M.S. Shahriman, N.N.M. 

Zain, V. Lim, M. Raoov, β-Cyclodextrin conjugated bifunctional isocyanate linker 

polymer for enhanced removal of 2,4-dinitrophenol from environmental waters, R. Soc. 

Open Sci. 5 (2018) 180942. https://doi.org/10.1098/rsos.180942. 

[21] P.R. Ashton, R. Königer, J.F. Stoddart, D. Alker, V.D. Harding, Amino Acid Derivatives 

of β-Cyclodextrin, J. Org. Chem. 61 (1996) 903–908. https://doi.org/10.1021/jo951396d. 

[22] P. Lo Meo, F. D’Anna, M. Gruttadauria, S. Riela, R. Noto, Synthesis and characterization 

of new polyamino-cyclodextrin materials, Carbohydr. Res. 347 (2012) 32–39. 

https://doi.org/10.1016/j.carres.2011.10.029. 

[23] M. Russo, M.L. Saladino, D. Chillura Martino, P. Lo Meo, R. Noto, 

Polyaminocyclodextrin nanosponges: synthesis, characterization and pH-responsive 



53 

 

sequestration abilities, RSC Adv. 6 (2016) 49941–49953. 

https://doi.org/10.1039/C6RA06417E. 

[24] J. Toit, N.H. Casey, Iodine as an alleviator of bromine toxicity in thyroid , liver and kidney 

of broiler chickens, Livest. Sci. 144 (2012) 269–274. 

https://doi.org/10.1016/j.livsci.2011.12.011. 

[25] G. Utzeri, D. Murtinho, T.M.R. Maria, A.A.C.C. Pais, F. Sannino, A.J.M. Valente, Amine-

β-cyclodextrin-based nanosponges. The role of cyclodextrin amphiphilicity in the 

imidacloprid uptake, Colloids Surfaces A Physicochem. Eng. Asp. 635 (2022) 128044. 

https://doi.org/10.1016/j.colsurfa.2021.128044. 

[26] G. Utzeri, D. Murtinho, A.J.M. Valente, Introduction to Cyclodextrin-Based 

Nanosponges, in: S. Gulati (Ed.), Nanosponges Environ. Remediat., 1st ed., Springer 

Nature Switzerland, Cham, 2023: pp. 87–115. https://doi.org/10.1007/978-3-031-41077-

2_5. 

 



54 

 

Chapter 4. 

 

4.  Insight to the characterization of the systems 

In this chapter, the fundamentals of the main methods used throughout the thesis for the 

characterization of the synthesized materials are presented. A comparison of the polymer 

properties will be provided, highlighting their variations according to the use of α-CD or β-CD 

and different crosslinkers in the synthesis process. The idea is to provide to the reader a deeper 

overlook of the sorbent materials for a better understanding of the scientific papers reported in 

Chapter 6. 

 

4.1. Physical characterization 

Physical properties of a solid phase such size distribution, porosity, surface area and 

morphology are important factors conferring and/or correlating with other properties like 

mechanical ones, swelling capability, permeability, degradability, thermal and electrical 

conductivity, optical and catalytic properties. Hence, they are directly or indirectly related with 

the final application areas of the materials such as gas adsorption and storage, catalysis, 

biomedical-imaging, semiconductors, environmental remediation, sensors, and drug delivery, 

among others [1]. Thus, extensive research have been focused on the development of rational 

design for successful synthesis of materials either crystalline or amorphous [2]. 

 

4.1.1. Morphology 

The morphological or topographical analysis of surface sample can be performed by several 

techniques: optic, fluorescence, and electron microscopy such as scanning and transmission 

electron microscopies (SEM and TEM), scanning tunneling microscopy (STM) or atomic force 

microscopy (AFM). The selection of the technique must consider the required resolution and 

properties, advantages and disadvantages, such cost of the analysis. For example, optical 

microscopy has a low magnification and is typically applied for membrane components. 

Multicolor imaging can be obtained by fluorescence microscopy. Both are applicable at 

environmental conditions [3]. 
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On the other hand, the electron microscopy techniques reach a lower limit resolution ≈ 1 nm, 

with a magnification range from ×10 to 500 k, employing an electron beam with an accelerating 

voltage within 2-30 kV, and a condenser lens. Thus, SEM and TEM are commonly used for 

morphological or topographical analysis, elemental composition and porosity of nano- or 

submicron-particles [4]. According to IUPAC recommendations, particles with size range within 

1-100 nm are defined as nanoparticles (NP), 0.1 to 1 µm are considered submicron particles 

(SMP) and > 1 µm as microparticles. SEM analysis permits the imaging of the material from 

different perspectives which is not possible with the AFM. The SEM performance is dependent 

on different parameters like the brightness (A cm−2 steradian−2) (b = 4I/π2α2d2 – I (A) is the 

beam current, α (steradian) is the angle of divergence and d (cm) is the incident spot diameter). 

The magnification can be enhanced by increasing the voltage applied to the electron gun, or the 

magnetic field to the lenses. The SEM analysis is based on two types of signals collected by the 

detector (e.g. secondary or backscattered electrons detector, X-ray detector): i) secondary 

electrons emitted from the external orbitals of the atoms constituting the solid surface irradiated 

(inelastic scattering), which gives high resolution and depth-of-field images; ii) backscattered 

electrons of the beam gives chemical information of the analyzed material (elastic scattering) 

[5,6]. However, the analysis must be performed in high vacuum and the electron beam can 

damage the sample surface. The resolution depends on the electron conductivity of the material, 

that can cause a beam broadening and scattering effects dependent on the thickness of the 

sample and electron interaction with the surface [7]. The resolution may be improved by 

handling different parameters like increasing the brightness, the voltage and the current applied 

to the electron gun, among others. 

SEM analysis was used along the thesis in order to morphologically characterize the two 

families of sorbent materials, urethane- and amine-cyclodextrin-based (Figures 4.1 - 4.2 - 4.3). 

 

 

Figure 4.1. SEM micrographs of poly-βcyclodextrin (a) PCD, (b) PCD-AC5%, (c) PCD-

AC10%, (d) AC; (magnification ×10 k). 
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Figure 4.2. SEM micrographs of (a) αCDAM6, (b) αCDAM12, (c) βCDAM6, (d) βCDAM12; 

(magnification ×10 k). 

 

 

Figure 4.3. SEM micrographs of (a) αCDGNH2, (b) αCDGAM6, (c) αCDGAM12, (d) 

βCDGNH2, (e) βCDGAM6, (f) βCDGAM12; (magnification ×1 k). 
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It can be observed that the poly-βcyclodextrin presents a different morphology from the second 

family of cyclodextrin-based nanosponges. The polymer surfaces presented from Figure 4.1-a to 

Figure 4.1-c show a typical morphology of a break-zone in a hard material. Smoothed areas are 

alternated to wide channels probably created in the grinding process. This behaviour can be 

explained taking into account that the polymerization product is a hydrogel with reduced or 

non-elasticity. The low elasticity can be explained by the efficiently catalysed polymerization 

reaction which led to a 3D-crosslinked and hard polymeric material in the dehydrated state. In 

the smooth homotattic surface regions [8], the presence of narrow pores can be observed (see 

subparagraph 4.1.4). These zones increase with higher percentage of AC added. The inserts in 

the right corner of the micrographs show the microscopic size of the sorbents. 

The CDAM-NS are a powder-like materials synthesized using two different routes of 

polymerization. Generally, they have a heterogeneous morphology, suggesting the presence of 

aggregates as shown in Figure 4.2 and Figure 4.3. Yet, the two classes of amine-CDNS exhibit 

differences. The micrographs in Figure 4.2 are related with αCDAM6, αCDAM12, βCDAM6, and 

βCDAM12 obtained by crosslinking of CD-I with ammine-persubstituted cyclodextrins. This 

class of CDNS presents a rod-like shape which are more visible for βCDAM6, and βCDAM12. 

Smaller aggregates of rod-like shape are still visible in αCDAM6 upon a smooth surface blocks. 

The difference may be justified by using α-CD as substrate which is smaller than β-CD. It gives 

more degree of freedom for the structural rearrangement and/or entanglement of the aliphatic 

chains resulting in a tighter packed structure. That is more evident in αCDAM12 with a longer 

aliphatic chain of crosslinker, which presents bigger aggregates with a dense structure. 

The second class of amine-CDNSs was obtained by click-condesation reaction using the GLT as 

crosslinker. It is noticeable from the micrographs in Figure 4.3 that the morphology seems 

dependent only on the length of the branches and not on α-CD or β-CD used as substrate. 

Indeed, the αCDGNH2 and βCDGNH2 present an alveolar structure with a miscellany of 

spherical-like agglomerates of various dimensions. The morphology also suggests the presence 

of channels probably due to an irregular packing. In αCDGAM12 and βCDGAM12, a jagged 

morphology is observed, with bigger agglomerates of roughed surface. Differently, αCDGAM6 

and βCDGAM6 show homotattic surfaces, consisting in smooth monoliths, probably due to 

strong hydrophobic interaction of the aliphatic chains, resulting in a dense structural packing. 

The morphology of both classes of amine-CDNS suggests that by dynamic light scattering 

analysis (DLS) the particle size distribution could be determined, albeit the high agglomeration 

behaviour can led to a probably high polydispersity index (PDI). 
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4.1.2. Particles size distribution 

Many methods can be used to determine the particle size distribution of a powder, granulate, 

suspension or emulsion. Their suitability is a function of the material properties and size range 

of the particles as well as their availability and cost of the analysis. Commonly used methods 

are sieve analysis, laser diffraction, DLS, AFM, SEM and TEM (Table 4.1) [9]. The particle size 

distribution influences either the application fields of the materials such as pharmaceutical, 

cosmetic, food or environmental areas as well as their impact on the environment and health 

concerns because of their mobility [10]. 

 

Table 4.1. Comparison of the methods of analysis for particle size distribution measurement. 

Method Size range Advantages Disadvantages 

Sieve 10 µm to 200 mm - broad size range; 

- weight percent 

distribution; 

- sample recovery. 

- irregular shape cause 

interference; 

- not useful below 10 µm; 

- hygroscopic or electrostatic 

properties cause interferences; 

- large amount of sample. 

Laser diffraction 0.1 nm to 3 mm - fast; 

- on-line and off-line 

analysis. 

- low resolution 

Dynamic Light 

scattering (DLS) 

0.3 nm to 10 µm - low cost; 

- easy analysis; 

- broad distribution; 

- sample recovery. 

- time-consuming sample 

preparation; 

- poor for polydispersity. 

Scanning electron 

microscopy 

(SEM) 

> 10 nm - direct assessment of 

size and shape; 

- high resolution. 

- time-consuming sample 

preparation; 

- high cost materials; 

- vacuum condition; 

- charging effects. 

Transmission 

electron 

microscopy 

(TEM) 

> 0.7 nm 

Atomic force 

microscopy 

(ATM) 

1nm to 1 µm - 3D images; 

- mild operative 

conditions 

- support needed; 

- limited vertical range; 

- limited magnification range. 
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The size distribution of the cyclodextrin-based nanosponges applied throughout the thesis was 

determined by DLS. Exception is the poly-βcyclodextrin because of the micro-dimensions of 

the ground material as shown in the inserts in Figure 4.1 - subparagraph 4.1.1. 

Dynamic light scattering (or photon correlation spectroscopy) enables the determination of the 

size distribution in the whole population and its stability over time. The analysis is based on the 

assumption that the particles are spherical. Particles in colloidal suspension scatter the 

monochromatic helium-neon laser beam (633 nm – red wavelength), at 4 mW [11]. The 

scattering light is detected at 90° angle or 173° angle backscattering. The intensity is a function 

of the incident light, scattering angle, sample parameters and light polarization [12]. The 

scattering of the incident light due to Brownian motion of the particles, can lead to: i) elastic 

scattering with same energy as respect to the angle, for particle size << λ (Rayleigh scattering) (I 

= r6/λ4 – I is the intensity of the scattered light and r is the particle radius); ii) inelastic 

scattering, due to particle size >> λ (Mie scattering), with different energy depending on the 

scattering angle [13,14]. The result is a constructive/destructive interaction of the light with 

intensity fluctuation over time (count rate, kcps). Due to the motion and size of the particles, the 

decay of the light intensity in a short interval of time (τ) is observed for reduced size in contrast 

to large particle. Thus, the correlation function (G2(τ)) (Figure 4.4-a) is estimated by the 

equation 4.1: 

𝐺2(𝜏) = ∫ 𝐼(𝑡)𝐼(𝑡 + 𝜏)𝑑𝑡 = 𝐵 + 𝐴𝑒−2𝛤𝜏∞

0
      (eq. 4.1) 

where B is the baseline, A is the amplitude and Γ is the translation diffusion coefficient 

associated with the diffusion coefficient (D) of the particle (Γ = Dq2). q is the magnitude of the 

scattering vector (eq. 4.2) [15], 

𝑞 =
4𝜋𝑛0

𝜆
sin (𝜃

2⁄ )        (eq. 4.2) 

where n0 is the solvent refractive index, λ (nm) is the wavelength of the laser beam and θ is the 

scattering angle [16]. 

In this way, it can be established the relation of the diffusion coefficient with the hydrodynamic 

radius (Rh) of the particle through the Stoke-Einstein equation (eq. 4.3), 

𝐷 =
𝑘𝑏𝑇

6𝜋𝜂𝑅ℎ
         (eq. 4.3) 

where kb is the Boltzmann constant (1.4 × 10−23 kg m2 s−2 K−1), T (K) is the temperature, η (kg 

m−1 s−1) is the dispersant viscosity and Rh (m) is the hydrodynamic radius. 

From the first cumulant, which corresponds to the initial slope of cumulative function (see 

insertion in Figure 4.4-b), the Z-average value is determined. Instead, the PDI corresponds to 
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the deviation from the linearity of the first cumulant. The PDI is related to the particle size 

heterogeneity, which varies within 0 and 1 (eq. 4.4), where PDI < 0.1 indicates monodisperse 

particles, 0.1 < PDI < 0.5 and PDI > 0.5 suggest moderately and highly polydisperse particles 

(ISO standards 22.412:2017) [17]. For heterogeneous and polydisperse samples, the Z-average 

size value may be fallacious [18]. Experimental conditions such as ionic strength, pH, 

temperature, sample concentration, colored or fluorescent sample, and solvent are influencing 

factors [19], 

𝑃𝐷𝐼 = (
𝜎

𝑑
)2         (eq. 4.4) 

where σ is the standard deviation and d (nm) is the average particle diameter [20]. 

Otherwise, the particle size can be evaluated by intensity distribution obtained from the 

distribution fit based on default algorithms such as General Purpose, Multiple Narrow Modes 

and Protein Analysis, through a non-negative least square analysis. From the intensity 

distribution, the volume and number size distribution are derived. 

For the determination of the cyclodextrin-based nanosponges size, the analysis was performed 

using an He-Ne laser at λ = 633 nm, detector at 173° backscatter. Dispersion of within 0.1 and 

0.2 mg mL−1 was prepared in distilled water used as dispersant solvent with refractive index of 

1.33 (RI) and viscosity value of 0.0008 kg m−1 s−1, at 25 °C. Default algorithm of the Zetasizer 

software v. 7.12, General Purpose analysis was used for the intensity distribution determination. 

Figure 4.4-a shows that αCDAM12 and βCDAM12 present a decay of the correlation function at 

higher time, associated with larger particles as shown in Figure 4.4-b and 4.4-d. Moreover, Z-

average value for αCDAM12 can provides an overestimation of the size particles because the 

correlation function does not consider both size distribution (Figure 4.4-b and the cumulant fit 

as insertion). In Figure 4.4-c is represented the effect of the pH in the Z-average value for 

αCDAM6, αCDAM12, βCDAM6, and βCDAM12 (Table 4.2). As it can be seen, pH between 3.5 

and 6.5 does not influence the polymer size. Differently, at alkaline pH an enhancement of the 

nanosponges size is observed probably caused by aggregation phenomena due to the presence of 

low charged or neutral functional groups on the polymer surface (Figure 4.7 – subparagraph 

4.1.3). This is confirmed by the enhancement of the PDI values from acidic to alkaline pH 

(Figure 4.4-d). At pH = 3.5, PDI ≤ 0.16 was observed for αCDAM6 and βCDAM6 indicating a 

monodispersion, instead PDI > 0.4 was obtained for αCDAM12 and βCDAM12 associated to 

polydisperse materials. 
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Figure 4.4. Representation of (a) correlation function; (b) particle size distribution based on 

intensity; (c) Z-average mean diameter values as function of pH; (d) effect of the pH to Z-

average mean diameter (full square) and PDI values (empty square). αCDAM6 (green line), 

αCDAM12 (red line), βCDAM6 (black line), and βCDAM12 (blue line). 

 

 

Figure 4.5. Representation of (a) correlation function of αCDGNH2 (azure line), αCDGAM6 

(magenta line), αCDGAM12 (brown line); (d) βCDGNH2 (pink line), βCDGAM6 (orange line), 

βCDGAM12 (dark-cyan line); (b) cumulative function of βCDGNH2; (c) distribution fit and 

intensity size distribution as insert of βCDGNH2; (d) particle size values determined by the 

intensity distribution. 
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Table 4.2. DLS parameters of the first class of amine-CDNS as function of pH. 

Nanosponges pH Z‒average ± std (d.nm) PDI ± std 

αCDAM6 3.5 163 ± 2 0.16 ± 0.01 

4.5 241 ± 4 0.18 ± 0.02 

6.5 263 ± 3 0.19 ± 0.02 

8.5 503 ± 36 0.46 ± 0.08 

9.5 478 ± 24 0.41 ± 0.02 

αCDAM12 3.5 1696 ± 293 * 0.79 ± 0.08 

 4.5 1592 ± 193 * 0.8 ± 0.2 

 6.5 1682 ± 193 * 0.75 ± 0.06 

 8.5 2050 ± 145 * 0.747 ± 0.008 

 9.5 3311 ± 485 * 0.7 ± 0.2 

βCDAM6 3.5 253.7 ± 0.2 0.137 ± 0.006 

 4.5 267 ± 3 0.13 ± 0.02 

 6.5 320 ± 6 0.20 ± 0.03 

 8.5 306 ± 5 0.28 ± 0.01 

 9.5 481 ± 4 0.37 ± 0.01 

βCDAM12 3.5 814 ± 78 * 0.44 ± 0.04 

4.5 725 ± 122 * 0.6 ± 0.1 

6.5 886 ± 84 * 0.6 ± 0.1 

8.5 714 ± 52 * 0.51 ± 0.04 

9.5 1432 ± 99 * 0.61 ± 0.08 

* Values obtained considering two nodal distributions. 

 

For the second class of CDAM-NS, which correlograms are shown in Figure 4.5-a, the Z-

average values give an overestimation of the particle size for the batch of 6 polymers. This is 

due to the presence of what is called “number fluctuations”, which is represented by elevated 

baseline, and/or discontinuity in the correlation function (Figure 4.5-a). Moreover, as observed 

in the cumulant fit in Figure 4.5-b a lower number of points of the correlogram function is fitted 

compared to the distribution fit (Figure 4.5-c). Thus, for a qualitative assessment of the size 

value of the particle diameter, the mean value of the intensity distribution has been considered, 

which is in good agreement with the volume and number distribution, in duplicate (Table 4.3). 

Overall, the second class of amine-nanosponges has values of PDI ≥ 0.8 related to the highly 

polydisperse particles. That is usually associated with the aggregate formation, big particles or 

their precipitation, in agreement with the morphological results presented in Figure 4.3 – 
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subparagraph 4.1.1. From the intensity size values, it can be observed that the αCD-based 

nanosponges have lower size than the βCD-based nanosponges. However, other techniques 

should be employed to quantitatively accept the size values, such as SEM or TEM that can be 

compared with the mean number value. 

 

Table 4.3. Particle size parameters of the second class of CDAM-NS, in aqueous dispersion. 

Nanosponges Intensity size 

(d. nm) 

Volume size 

(d. nm) 

Number size 

(d.nm) 

PDI 

CDGNH2 489 ± 77 505 ± 96 467 ± 91 0.80 ± 0.06 

CDGAM6 493 ± 5 507 ± 3 474 ± 9 0.82 ±0.14 

CDGAM12 584 ± 62 619 ± 76 562 ± 62 0.90 ± 0.2 

CDGNH2 600 ± 12 616 ± 14 596 ± 12 0.96 ± 0.05 

CDGAM6 545 ± 55 558 ± 62 539 ± 52 1 ± 0 

CDGAM12 663 ± 33 624 ± 33 569 ± 27 1 ± 0 

 

4.1.3. Zeta Potential 

The presence of functional groups in NP structure is of outstanding importance since it confer 

peculiar properties such as specific active sites for physical or chemical interactions, pH-

responsiveness, optical properties, among others. Moreover, depending on the type of functional 

groups, the material can present a neutral, negatively or positively charged surface that can 

electrically stabilize the sample in suspension media avoiding aggregation phenomena by 

electrostatic repulsion. The potential at the particle surface known as Nernst potential (E0) is not 

directly measurable and exponentially decreases with the distance from the particle (eq. 4.5): 

𝐸 = 𝐸𝑆𝑒−𝑘𝑥         (eq. 4.5) 

where ES and E (mV) are the surface potential at the Stern layer (x) and at x + Δx, respectively. k 

is the Debye-Hückel parameter, dependent on the ionic strength. ES can be substituted with ζ-

potential when the electrical double layer is strictly close to the Stern layer (ES ≈ ζ). 

Hence, the ζ-potential (or electrokinetic potential) is a measure of the surface charge of a 

particle in colloidal systems as potential difference between the electrical double layer (slipping 

plane) and the thin layer of the media. It expresses the potential at the interface particle-fluid, as 

the charge at the particle surface [16] (Figure 4.6). The ζ-potential is directly related with the 

stability of a colloidal system, based on the DLVO theory. It explains the aggregation and 

kinetic stability of aqueous dispersion taken into account the van der Waals attraction forces and 
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the electrostatic repulsion. The higher the value of ζ-potential in absolute terms, the more stable 

is the system [21]. Experimentally, the analysis is performed by measuring the electrophoretic 

mobility (µe = V/E – where V (µm s−1) is the mobility speed and E (V cm−1) is the electrical 

field) of the particle under an electrical field. The most applied model to calculate the ζ-potential 

is Smoluchowski’s theory, which is independent from the shape of the particle and their 

concentration but is limited to thin double layer and negligible surface conductivity. The 

Helmholtz-Smoluchowski function is included in Henry’s equation used to measure the µe [22], 

𝜇𝑒 =
2𝜀𝑟𝜀0𝜁𝑓(𝐾𝑎)

3𝜂
        (eq. 4.6) 

where ε0 (A2⋅s4⋅kg−1⋅m−3) and εr are the permittivity of vacuum and the relative permittivity 

(dielectric constant), respectively. f(Ka) is the Helmholtz-Smoluchowski function varying 

between 1 and 1.5 as function of the experimental conditions, and η (kg·m−1·s−1) is the viscosity. 

It is generally accepted that 25 mV < ζ < −25 mV leads to an excess of repulsion forces, 

electrical stability. However, the ζ-potential values are highly affected by the chemical 

composition of the surface, concentration, size of particle, pH, temperature, solvent and ionic 

strength, among others [12]. 

 

 

Figure 4.6. Representation of the charge layers involved in ζ-potential measurements and their 

dependence to the distance. 

 

The Figure 4.7 states the behavior of the first class of the CDNS, which maintain a positively 

charged surface in the whole pH range. In particular, αCDAM6 and βCDAM6 show a ζ-potential 
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> 30 mV also at pH 9.5, so, they are more electrically stable than αCDAM12 and βCDAM12, 

which ζ-potential value is < 20 mV at pH 9.5. The variation of the ζ-potential seems to be 

correlated with ratio between the total and free moles of nitrogen per gram of NS determined by 

potentiometric titration of the nanosponges (see Figure 4.14 and Table 4.6 – paragraph 4.2 - 

subparagraph 4.2.4) and the CD% content in the polymers indirectly calculated from the data of 

CHNSO elemental analysis (see Table 4.5 – paragraph 4.2 - sub-paragraph 4.2.2.). However, the 

CD% content is inversely correlated with the degree of crosslinking and the free moles of 

nitrogen in the structure. It suggests that beyond the primary amine groups also the secondary 

amine groups can contribute to the electrical stability, confirming that lower CD content led to 

higher degree of crosslinking, so, denser structure (Figure 4.2. – paragraph 4.1. – subparagraph 

4.1.1.), and higher Z-average values (Figure 4.4. and Table 4.2.– paragraph 4.1. – subparagraph 

4.1.2.). Higher values of ζ-potential for αCDAM6 and βCDAM6 led to their lower size due to the 

electrostatic repulsion, reducing the aggregation. At contrary to αCDAM12 and βCDAM12 have 

higher degree of crosslinking, with a dense 3D-network, which means that more amine groups 

in the bulk phase are not easily available. 

The ζ-potential of the second class of CDNSs, αCDGNH2, αCDGAM6, αCDGAM12, βCDGNH2, 

βCDGAM6, βCDGAM12, will be measured by Malvern Zetasizer nanoZS. 
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Figure 4.7. ζ-potential values as function of pH for αCDAM6 (green bar), αCDAM12 (red bar), 

βCDAM6 (black bar), and βCDAM12 (blue bar). 
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4.1.4. Porosity and surface area 

The porosity is a fundamental property, influencing the free volume and the active surface area 

of the material. They have a crucial role in the application areas regulating, for example, the rate 

of sorbent-sorbate interaction in the uptake, delivery, separation and catalytic processes as well 

as the loading capability and entrapment efficiency. Based on IUPAC definition, a material is 

classified as microporous (≤ 2 nm), mesoporous (2 < nm < 50) or macroporous (> 50 nm). It can 

be determined by several methods like He-pycnometry, gas adsorption, mercury intrusion 

porosimetry, small and ultra small angle neutron scattering (SANS and USANS), and TEM [23]. 

The pore diameter (Pd), pore volume (Vp) and specific surface area (SBET), were calculated by 

gas-adsorption analysis which will be discussed in more detail.  

Gas-adsorption is a non-destructive method based on the capillary condensation of liquid or gas 

[24] into the open pores. Different gases can be used as, for example, N2, Ar, O2, CO2, Kr and 

H2O, as function of the average area occupied per molecule in the monolayer. The use of an 

inert gas allows to avoid interferences from chemical interactions. In particular, N2 permits to 

determine pore diameter within 0.35 - 500 nm. The gas-solid interaction is influenced either by 

the experimental conditions or the interaction nature, with them being physical (physisorption) 

or chemical (chemisorption). It must be stressed that the determination of the pore size 

distribution of a solid phase depends on the sorption and its counterpart, the desorption process, 

at certain pressure and temperature. Both processes indicate the direction of the analysis with 

the respective curves, where the point of non-overlapping is called hysteresis (Figure 4.8) 

[25,26]. The hysteresis loop is a reversible process due to capillary condensation at relative 

pressure (p/p0) > 0.4/0.5. The desorption process permits a better assessment of the pore 

diameter and pore shape due to the thermodynamic stability (Figure 4.8.) (eq. 4.7), based on the 

Kelvin equation or Barrett-Joyner-Halenda model (BJH) [30,31], from which is possible to 

obtain a pore distribution. 

∆𝐺 = 𝑅𝑇 ln (
𝑝

𝑝0
)        (eq. 4.7) 

where R (8.314 m3 Pa K−1mol−1) is the gas constant and T (K) is the temperature. Thus, for the 

same amount of volume adsorbed ΔGdes < ΔGads.  
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Figure 4.8. Classification of the sorption-desorption hysteresis [25]. 

 

The Brunauer-Emmett-Teller model (BET) is the most prevalent for surface area determination 

[25][24]. The mathematical expression of the BET model is shown in (eq. 4.8), 

𝑝

𝑋(𝑝0−𝑝)
=

1

𝑋𝑚𝐶
+

(𝐶−1)𝑝

𝑋𝑚𝐶𝑝0
        (eq. 4.8) 

where p and p0 (Pa) are the pressures at the equilibrium state and at saturated vapor pressure, 

respectively, X and Xm (mol g−1) are the adsorption capacity at specific relative pressure values 

and the saturated adsorption capacity of the monolayer, respectively, and C is the BET constant 

related to the interaction strength sorbent-sorbate [26]. Plotting the left-hand side of the eq. 4.8 

as function of the narrow linear range of relative pressure (0.05 < p/p0 < 0.3), Xm and C are 

determined from intercept and slope values. Thus, it is possible to calculate the specific surface 

area (eq. 4.9) [27], 

𝑆𝐵𝐸𝑇 =
𝑋𝑚𝑎𝑚𝑁

𝑀
         (eq. 4.9) 

where am (m2 molec.−1) is the area occupied per adsorbate’s molecule in the monolayer, N is the 

Avogadro’s constant (6.023 × 1023 molec. mol−1), and M (g mol−1) is the molecular weight of the 

adsorbate [28][29]. The total amount of nitrogen taken up gives the total pore volume value, 

then the average pore diameter can be calculated as Pd = 4Vp/SBET, assuming an energetical 

homogeneous interaction at the active sites, giving more importance to the sorbent-sorbate 

interaction at the monolayer. The pore volume and diameter are calculated considering a 

cylindric pore geometry. 
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Figure 4.9. Sorption hysteresis of (a) PCD (orange curve) (b) αCDAM6 (green curve), βCDAM6 

(black curve) and (c) αCDAM12 (red curve), βCDAM12 (blue curve). Sorption curve (full 

square) and desorption curves (empty square). 

 

For the pure PCD, the isotherm type IV (Figure 4.9-a) indicates a mesoporous material with a 

H1 hysteresis loop which suggests a cylindrical pore shape. Due to the higher thermodynamic 

stability, the desorption process was considered to determine the pore diameter (10.85 nm). The 

surface area was obtained by the eq. 4.9, SBET = 11.3 m2 g−1. The continuous increase of the 

volume of gas adsorbed as a function of the relative pressure is related to the multilayer 

formation. 

For αCDAM6 and βCDAM6, the monolayer formation is well defined, with a type IV isotherm 

and H3 hysteresis loop (Figure 4.9-b). H3 hysteresis loop is also suggested for βCDAM12, but 

the multilayer formation is more significant (Figure 4.9-c). The H3 hysteresis indicates a slit-

shaped pores for αCDAM6 (31.7 nm), βCDAM6 (27.4 nm) and βCDAM12 (16.5 nm). 

Differently, for αCDAM12 an isotherm type I was obtained, which is typical of microporous 

material (3.8 nm) characterized by low surface area. The surface areas follow the increasing 

order αCDAM12 (10.7 m2 g−1) < αCDAM6 (17.2 m2 g−1) ≈ βCDAM12 (17.9 m2 g−1) < βCDAM6 

(21.8 m2 g−1). These results agree with the size of particles (Table 4.2 – subparagraph 4.1.2., 

CD% and DC (Table 4.5 – paragraph 4.2 – subparagraph 4.2.2.). 

For the second class of nanosponges, namely αCDGNH2, αCDGAM6, αCDGAM12, βCDGNH2, 

βCDGAM6 and βCDGAM12, it was not possible to determine a specific pore-shape due to the 

absence of hysteresis loop in the adsorption/desorption curves, indicating possible non-porous 

materials, at least within the range of the equipment analysis. Nevertheless, it was possible to 

determine the SBET, Vp and Pd, through the BET model and the values are reported in Table 4.4. 

Generally, the polymers present Pd values ≤ 50 nm, exhibiting a direct relation with the degree 

of crosslinking, cyclodextrin content (Table 4.5 – paragraph 4.2 – subparagraph 4.2.2.) and 

amine groups distribution (Table 4.6. – paragraph 4.2 – subparagraph 4.2.4.) (with the data 

available so far). Vp values seem directly correlated with the surface area, indeed, higher volume 
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led to higher surface area, with the lowest value for βCDGAM6 (9.3 m2 g−1) and the highest SBET 

values for αCDGAM6 and βCDGNH2. 

 

Table 4.4. Parameters of gas-sorption analysis of the second class of CDAM-NS. 

N2-adsorption analysis 

Nanosponges Average pore 

diameter (nm) 

Pore volume 

(cm3 g−1) 

Surface area 

(m2 g−1) 

αCDGNH2 30.5 0.16 20.6 

αCDGAM6 54.8 0.33 23.8 

αCDGAM12 39.6 0.12 12.6 

βCDGNH2 32.2 0.19 23.2 

βCDGAM6 42.9 0.10 9.3 

βCDGAM12 38.2 0.13 14.1 

 

4.2. Chemical characterization 

4.2.1. Fourier transform infrared spectroscopy 

The infrared spectroscopy is a common method performed using the electromagnetic spectrum 

between the visible and microwave region, in particular in the wavenumber range 4000 - 400 

cm−1. The infrared spectrum is characteristic of each molecule, permitting the identification of 

functional groups peak-by-peak. IR-spectroscopy can be performed to gas, liquid or solid 

samples. Solid sample is usually analyzed via mull or pellet preparation. Pellet preparation is 

performed by mixing a maximum of 5% (w/w) of sample with KBr, under pressure [32]. The 

resolution depends on good mixing of the components, thickness and transparency of the pellet. 

The radiation is absorbed by the molecule, converted into vibrational modes and quantified by 

bands. The wavenumber of absorption depends on the relative mass of the atoms and their 

geometry, the bond strength and the molecular environment. Υ is directly proportional to the 

energy of the light in agreement with the Planck equation. The intensity of the bands can be 

expressed as transmittance or absorbance. The vibrational modes usually observed are stretching 

or bending (Figure 4.10) and only the vibrational modes that imply a rhythmical change of the 

dipole moment of a molecule or a functional group can be observed [33]. Stronger dipole 

moment of the functional group led to higher IR signal. The permitted vibrational modes are 

function of the degree of freedom of a molecule of n atoms (3n), distinguished in linear (3n-5) 

and non-linear molecules (3n-6), which include rotational and translational modes. However, 
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the experimental number of theoretical vibrational modes can be increased by overtones or 

overlaps of the bands and decreased by low intensity of the signal or coalescence of two 

vibrational modes [34]. 

 

 

Figure 4.10. Representation of the vibrational modes. 

 

Particularly, the Fourier transform infrared spectrometer (FTIR) has a high signal-to-noise ratio 

resulting from the sum of numerous scans as function of the time. FTIR has also a high 

resolution (± 0.01 cm−1) due to the high-intensity of radiation reaching the detector based on the 

constructive-destructive interferogram, directly proportional to the frequency of the light. In a 

IR spectrum three important regions can be identified: i) within 4000-1300 cm−1 defined as 

high-frequency region and characteristic of specific functional groups as -OH, -NHx and -C=O; 

ii) the complex finger-print region between 1300-950 cm−1 originated from the interaction of the 

vibrational modes of the functional groups; iii) the low-frequency region between 950-650 cm−1, 

where strong bands can indicate the presence of aromatic or halide groups. 

The FTIR analysis of the different sorbent materials were performed via KBr pellets, with a 

maximum of 2% (w/w) of the sample (Figure 4.11). From a first evaluation of the spectrograms 

in Figure 4.11, it is possible to observe that PCD present different vibrational bands than the 

CDAM-NS. 

In PCD synthesis, the HDI was used as a crosslinker with formation of the carbamate group 

(Figure 4.12-a). In the spectra in Figure 4.11-a related to the PCD, the strong band at 1710 cm−1 

indicates the -C=O vibrational stretching (1765-1720 cm−1) of the esther groups. The amide 

group is confirmed by the presence of the bands at 1643 cm−1 and 1550 cm−1 associated with the 

stretching of -C=O in amide I (1680-1640 cm−1) and -NH bending (1560-1530 cm−1). The 

medium stretching band at 1265 cm−1 (1310-1290 cm−1) is associated with the -CN group.  
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Considering the CDAM-NS, primary and secondary amine groups are the main functional 

groups, both as free groups and as a result of the polymerization reaction, respectively (Figure 

4.12-b). As expected, the two classes of amine-nanosponges exhibit similar vibrational bands. 

The two bands around 2900 cm−1 are associated with asymmetrical and symmetrical stretching 

vibration of -CH2- groups. The alkyl chain of the glutaraldehyde for the amine-CDNS spectra 

represented in Figure 4.11-c and 4.11-d must be also taken in consideration. In the second class 

of nanosponges, the effect of the aliphatic chain length of the crosslinker is also noticeable by a 

medium band at 1463 cm−1 due to the scissoring vibration mode of -CH2- groups. The strong 

band at ca. 1660 cm−1 is associated with -NH- groups. Instead, the band with lower intensity at 

ca. 1550 cm−1 indicates the presence of -NH2 groups. Primary and secondary ammine groups 

make them pH-responsive materials. The strong bands at 1150 cm−1, 1080 cm−1 and 1040 cm−1 

are related with stretching vibration of -C-C-N- or -C-O-C- groups (1230-1100 cm−1), -C-NH- 

group (1120-1030 cm−1) and -CH-OH group (1065-1015 cm−1), respectively. Shifting of the 

bands from the associated ranges can be due to inter- and intra-molecular interactions. 

 

 

Figure 4.11. FTIR spectra of (a) PCD (black line), PCD-AC5% (green line), PCD-AC10% 

(blue line); (b) αCDAM6 (green line), αCDAM12 (red line), βCDAM6 (black line), and 

βCDAM12 (blue line); (c) αCDGNH2 (light-blue line), αCDGAM6 (magenta line), αCDGAM12 

(brown line); (d) βCDGNH2 (pink line), βCDGAM6 (orange line), βCDGAM12 (dark-cyan line). 
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Figure 4.12. Representation of the characteristic functional groups in the sorbent materials. 

 

4.2.2. Elemental analysis 

The elemental analysis is employed for the determination of the amount of carbon, hydrogen, 

nitrogen and sulphur for a wide range of substances. The measurements are performed on solids, 

liquids or gases by combustion at high temperature (1000 °C), in static or flow of O2 

atmosphere, with addition of a catalyst (e.g. Pt, Pd, Re). The O2 in the combustion step 

transforms C into CO2, H into H2O, N into N2 or NOx, S into SO2. The products are carried out 

from the chamber by an inert gas passing to high purity copper for reductive reaction. In this 

way, O2 residues and other elements are also removed passing to a sorbent trap. Then, the gas 

goes through a separation technique, such as gas-chromatography, and the elements are finally 

detected by thermal conductivity. The result permits to calculate the crude empirical formula of 

a compound [35]. Disadvantages are represented by air-sensitivity, random errors, and 

calibration. 

CHNSO elemental analysis was performed for a better understanding of the physical structural 

parameters related to the porosity and surface area. Indeed, it enabled the indirectly estimation 

of the unit of CD and the degree of crosslinking. The values are reported in Table 4.5. 

Qualitatively, it was possible to extract the respective empirical formula of the CDNSs: 

CDAM6 (C31H45N1I3O57), CDAM12 (C22H32N1I2O33), CDAM6 (C63H81N1I9O120), CDAM12 

(C14H25N1I1O14), CDGNH2 (C15H28N1O9), CDGNH2 (C12H24N1O7), CDGAM6 (C10H18N1O4). 

From the empirical formula an increment in terms of moles of carbon is registered as CDAM12 

< CDAM12 < CDAM6 < CDAM6, which agree with the CD% values reported in Table 4.5. 

However, higher amount of CD% led to lower DC values due to the presence of higher number 

of active sites reacted in the polymerization reaction (Table 4.6 – subparagraph 4.2.4.). 

Moreover, the higher DC of CDAM12 and CDAM12 can also be determined by the higher 

chain length which is less influenced by steric hindrance. This is in agreement with the denser 

morphology obtained by SEM (Figure 4.2-b and 4.2-d - paragraph 4.1 – subparagraph 4.1.1) 

Considering the data available until now (Table 4.5), the second class of amine-CDNS present a 

direct correlation between the CD% and the DC values. The result suggests that the click-

condensation with glutaraldehyde and the higher length of the arms compared to the first class 
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of CDAM-NS led to a drastic reduction of the steric hindrance influence; indeed, the DC of 

CDGAM6 and CDGAM6 are ≈ 2 and 5-fold higher than for CDGAM6 and CDAM6. 

Additionally, with higher CD% increases the amount in terms of moles of nitrogen per gram of 

NS (Figure 4.14 and Table 4.6 – subparagraph 4.2.4.), in agreement with the DC values and the 

morphological results (Figure 4.3 – paragraph 4.1 – subparagraph 4.1.1.). 

 

Table 4.5. CHNO values from elemental analysis of cyclodextrin-based nanosponges. 

Elemental  

CDNSs 
N% 

(w/w) 

C% 

(w/w) 

H% 

(w/w) 

I% 

(w/w) 

O% 

(w/w) 

CD% 

(w/w) 
DC 

CDAM6 1.04 ± 0.01 27.93 ± 0.19 3.39 ± 0.21 31.91 ± 1.45a 35.74 ± 1.50b 0.69c 1.5d 

CDAM12 1.69 ± 0.01 31.43 ± 0.02 4.10 ± 0.16 36.71 ± 1.17a 26.25 ± 1.19b 0.59c 2.9d 

CDAM6 0.51 ± 0.02 27.37 ± 0.06 2.95 ± 0.09 40.11 ± 1.50a 29.07 ± 1.51b 0.62c 0.8d 

CDAM12 3.25 ± 0.02 38.78 ± 0.07 5.72 ± 0.31 33.13 ± 3.29a 19.14 ± 3.32b 0.46c 7.0d 

CDGNH2 3.84 ± 0.08 50.80 ± 0.02 7.59 ± 0.19 n.a. 37.58 ± 0.08 0.64e 1.4f 

CDGAM6 6.60 ±  61.05 ±  8.46 ±  n.a. 23.67 ±  1.10e 3.1f 

CDGAM12 ‒ ‒ ‒ ‒ ‒ ‒ ‒ 

CDGNH2 4.70 ± 0.30 48.71 ± 0.23 8.04 ± 1.35 n.a. 38.15 ± 2.34 0.67e 2.3f 

CDGAM6 6.56 ± 0.1 56.55 ± 0.05 8.33 ± 0.59 n.a. 28.46 ± 0.57 0.94e 3.8f 

CDGAM12 ‒ ‒ ‒ ‒ ‒ ‒ ‒ 

a I% (w/w) values reported on the table are obtained by EDX analysis, for CDNSs involving CD-I in the polymerization; 
b O% = 100 − (N% + C% + H% + I%); 
c CD% = (C% − Clinker%)/CCD; e CD% = CCDNS% / CCD 
d DC (degree of crosslinking) is calculated as the amount of N per mole of cyclodextrin as obtained by elemental analysis; 
f DC is calculated as the amount of N per mole of glutaraldehyde obtained as difference of C% − CCDNS%. 

‒: values still not available. 

 

4.2.3. Free-cyclodextrin content determination via inclusion complex 

More in detail, albeit from the elemental analysis was possible to calculate the unit of CD for 

both classes of CDAM-NS, the value encompass free-CD (available to form host-guest complex 

in the sorption process) and trapped-CD. In order to estimate the free-CDs, an indirect 

measurement was performed exploiting the CD’s capacity to form inclusion complexes [36–38]. 

Considering the stoichiometric ratio 1:1, phenolphthalein (PP) was used as a guest probe for the 

βCD-based nanosponges, because of the known high binding constant (K11 = 2.4 × 104 or 1.05 × 

104) [39,40]. Stock aqueous solution of phenolphthalein 0.3 mmol L−1 was prepared in aqueous 

solution of Na2CO3 0.02 mol L−1. Alkaline pH ≈10 ensures the complete deprotonation of the 
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phenolphthalein. Calibration was performed in the [PP] range within 0 - 4 × 10−5 mol L−1, at λmax 

= 553 nm (Figure 4.13-a). Considering the reversible process of host-guest complex formation 

described by the equation below (eq. 4.10), the binding constant at equilibrium state can be 

written via the following equation (eq. 4.11): 

       (eq. 4.10) 

𝐾1,1 =
[𝐶𝐷−𝑃𝑃]

[𝐶𝐷]𝑓[𝑃𝑃]𝑓
        (eq. 4.11) 

where [CD]f and [PP]f are the concentration of free or uncomplexed CD and PP, respectively, at 

the equilibrium state. Considering the fraction of PP complexed with βCDf, K1,1 can be 

reformulated: 

𝐾1,1 =
𝑓

(1−𝑓)([𝐶𝐷]𝑇−𝑓[𝑃𝑃]𝑇)
       (eq. 4.12) 

The complexation was quantified by UV-Vis through variation of the absorbance for the guest 

molecule, expressed by the eq. 4.13: 

𝐴𝑏𝑠𝑜𝑏𝑠 = (1 − 𝑓)𝐴𝑏𝑠𝑃𝑃,𝑓 + 𝑓𝐴𝑏𝑠𝐶𝐷−𝑃𝑃     (eq. 4.13) 

where AbsPP,f and AbsCD-PP represent the contribution to the measured signal of free and 

complexed PP, respectively. Thus, the variation in presence or not of the guest is ΔAbsobs = 

Absobs − AbsPP, also expressed by the following eq. 4.14: 

∆𝐴𝑏𝑠𝑜𝑏𝑠 = ∆𝐴𝑏𝑠𝐶𝐷−𝑃𝑃(
[𝐶𝐷 − 𝑃𝑃]

[𝑃𝑃]𝑇
⁄ )     (eq. 4.14) 

Considering the reaction expressed in the eq. 4.10, the law of conservation of mass for the two 

reactants gives the eq. 4.15 and 4.16: 

[𝐶𝐷]𝑓 = [𝐶𝐷]𝑇 − [𝐶𝐷 − 𝑃𝑃]       (eq. 4.15) 

[𝑃𝑃]𝑓 = [𝑃𝑃]𝑇 − [𝐶𝐷 − 𝑃𝑃]       (eq. 4.16) 

Combining the eq. 4.11 with the eq. 4.15 and 4.16, resolving for the complex and substituting 

the expression in the eq. 4.14, the result is the following eq. 4.17 [41][42]: 

∆𝐴𝑏𝑠𝑜𝑏𝑠 =  
∆𝐴𝑏𝑠𝐶𝐷−𝑃𝑃

2[𝐶𝐷]𝑇
 {([𝑃𝑃]𝑇 + [𝐶𝐷]𝑇 +

1

𝐾1
) − (([𝑃𝑃]𝑇 + [𝐶𝐷]𝑇 +

1

𝐾1
)2 − 4([𝑃𝑃]𝑇[𝐶𝐷]𝑇))

1

2}  

          (eq. 4.17) 
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By fitting the ΔAbsobs as function of the [βCD] with a non-linear least-squares algorithm, the 

values of K1,1 = (2.2 ± 0.2) × 104 and ΔAbsCD-PP (1.17 ± 0.03) were calculated (Figure 4.13-b). 

The binding constant value, K1,1, was applied to indirectly determine the content of available 

βCD in the structure of the nanosponges. The analysis was performed by letting in contact 1 mg 

of nanosponge with different [PP] for 24 hours, to ensure the equilibrium state. By fitting the 

ΔAbsobs as function of the [PP] (Figure 4.13-c), with pre-established value of K1,1, the [CD]T 

were determined for the βCDAM-NS (Figure 4.13-d). βCDAM6 shows a CD content 1 × 1022-

fold higher than βCDAM12, which can explain its superior removal efficiency towards IMD as a 

pure active ingredient or commercial formulation. For the second class of amine-CDNS, it 

seems that longer aliphatic chains led to higher CD content, that for βCDGAM6 is 3.7 × 1012 

times higher than βCDGNH2. Moreover, βCDGAM6 has a content of free-CD moles per gram of 

NS ≈ 5 times lower than βCDAM6, that can justify its higher degree of crosslinking. The CD 

content in βCDGAM12 was not determinable as the ΔAbsobs values were of the same magnitude 

of the equipment sensitivity. 

 

 

Figure 4.13. Representation of phenolphthalein host-guest analysis: (a) calibration curve of 

phenolphthalein aqueous solution of Na2CO3 0.02 mol L−1; (b) determination of constant 

binding, K1,1, by using titration; (c) determination of free-βCD content in βCDAM6 (black 

curve), βCDAM12 (blue curve), βCDGNH2 (pink curve) and βCDGAM6 (orange curve), by 

using titration; (d) histogram of the free-βCD values in term of molCD gNS
−1. 
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The free-CDs were also measured in αCD-based nanosponges, however the low binding 

constant value, K1,1, and the low values of ΔAbsobs suggest that phenolphthalein is not suitable 

guest molecule. That can be due to the smaller cavity diameter which does not permit the 

formation of the host-guest complex. In this light, smaller molecules must be used as guest 

probes. 

 

4.2.4. Potentiometric titration 

The presence of primary and secondary amine groups was suggested by the bands at 1550 cm−1 

and 1660 cm−1 (Figure 4.11-b, 4.11-c and 4.11-d – subparagraph 4.2.1), respectively, but 

quantitative data could not be extracted. In order to calculate the mole of amine groups 

responsive to pH, a potentiometric micro-titration was performed. A weighted amount of amine-

CDNS (≈ 0.01 g) was dispersed in 5 mL of aqueous HCl 0.02 mol L−1 and titrated with NaOH 

0.1 mol L−1 (Figure 4.14-a). To highlight the point of inflection, the derivative (dpH/dV) was 

calculated, determining two points of equivalence (Figure 4.14-b). The first point of equivalence 

is related to the neutralization of the excess of moles of HCl, whereas the second point of 

equivalence corresponds to the ammonium groups in the 3D-structure. The moles of free-

nitrogen per gram of NS and its ratio vs. moles of total-nitrogen per gram of NS are shown in 

Table 4.6, in terms of percentage (Figure 4.14-c). The moles of total-nitrogen were calculated 

based on the N% (w/w) determined by elemental analysis (Table 4.5 – subparagraph 4.2.2.). The 

βCDAM6 shows the highest ratio of molNf gNS
−1/molNt gNS

−1, which means a higher availability 

of the ammine groups in the surface, thanks to the higher SBET. The presence of more molNf 

gNS
−1 agrees with the lower DC value and is directly related with the higher CD% value (Table 

4.5 – subparagraph 4.2.2). The high molNf can contribute to the formation of sorbent/sorbate 

interactions, justifying its higher removal capability compared to the other NS of the first class 

of CDAM-NS. For the second class of CDNS, the histogram shows that the amount of molNf 

gNS
−1 increases with the length of the amine arms in the cyclodextrin derivatives. Comparing the 

two class of CDAM-NS, it is possible to observe that the second class of nanosponges have 

higher amount of molNt gNS
−1 and molNf gNS

−1 than the first class of CDAM-NS, but their ratio 

is between 0.1% and 0.5%. This indicates that mostly of the molNt gNS
−1 are involved in the 

polymerization process which increases the degree of crosslinking based on the presence of 

higher CD content in the general order CDGNH2 < CDGNH2 < αCDAM6 < CDGAM6. 
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Table 4.6. Values of the total moles and free moles of nitrogen per gram of nanosponges. 

Nanosponge molNt g−1
NS molNf g−1

NS (molNf g−1
NS)/(molNt g−1

NS) % 

αCDAM6 0.7 × 10−3 1.5 × 10−6 0.2 

αCDAM12 1.2 × 10−3 1.1 × 10−6 0.1 

CDGNH2 2.7 × 10−3 7.4 × 10−6 0.3 

CDGAM6 4.7 × 10−3 21.9 × 10−6 0.5 

βCDAM6 0.4 × 10−3 4.0 × 10−6 1.1 

βCDAM12 2.3 × 10−3 12.4 × 10−6 0.5 

CDGNH2 3.3 × 10−3 2.7 × 10−6 0.1 

CDGAM6 4.7 × 10−3 13.7 × 10−6 0.3 

 

 

Figure 4.14. Representation of (a) pH versus titrant volume; (b) dpH/dV curves; (c) histogram 

of the ratio of molesNf gNS
−1/molesNt gNS

−1. In figure (a) and (b), αCDAM6 (green line), 

αCDAM12 (red line), βCDAM6 (black line), and βCDAM12 (blue line). 
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4.3.  Thermal characterization 

The most relevant thermal methods include differential scanning calorimetry (DSC), differential 

thermal analysis (DTA), thermogravimetric analysis (TGA) and dielectric thermal analysis 

(DETA). These permit to analyse small amounts of solid, liquid or gaseous state samples, via 

temperature programmes, in non-equilibrium state. Depending on the sample properties, these 

techniques can be employed to determine physical and chemical properties through controlled 

heat exchange [43]. The change in a sample property is determined as a function of the 

temperature in the time (Figure 4.15). The analysis can be performed in gradient of temperature 

or in isothermal conditions. It must be considered that a homogeneous heat exchange with the 

sample is a function of its mass, volume, composition and structure complexity. Moreover, 

several experimental parameters can influence the analysis such as heating rate, pressure and 

atmosphere. The heat exchange can be performed by three transfer mechanisms as conduction, 

convection and radiation. It must be kept in attention that indirect complementary analytical 

data (e.g. TGA/DSC or DTA/DSC) is needed to understand molecular processes at 

thermodynamic level [44]. 

 

 

Figure 4.15. Physical and chemical properties obtained by thermal analysis in solid sample. 

 

Thermogravimetric analysis is based on thermodynamic events; but the molecular processes 

involved are usually not known. Thermogravimetry measurement involves sample properties 

changes via mass variation (absorption/desorption, decomposition, oxidation, reduction or 

sublimation) as function of the temperature or time in an open system. The respective graph is 

called “thermal analysis curve”. In this sense when complex polymeric structures are studied, 

the internal network, heterogeneity, presence of numerous functional groups, shape and size 

particle and porosity are important factors such as mass and volume. These can make phase 
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transitions unobservable, because the thermal decomposition or crystolysis, which are directly 

related to break of chemical linkage via thermolysis, may occur before the melting point [45]. 

The equipment employed for the thermogravimetric analysis records the mass variation by a 

thermobalance, which is a combination of a microbalance with an electromagnetic power 

compensation and furnace. This system presents a maximum load of 2 g and sensitivity of 0.01 

µg. More sensitive is the quartz crystal microbalance at expense of stability and working 

temperature range. The microbalance is enclosed by a gas-tight thermostatically controlled 

housing, which reduces temperature influences. Then, the heat exchange is obtained by radiative 

mechanism through an air or inert gas gap between furnace and sample. An alternative is the 

infrared heating with faster heating-rate of the sample, but the development of gases absorbing 

the radiation represents a disadvantage. Different gases can be used (e.g. He, Ar, N2, air, O2, 

CO2) in static or flowing mode, influencing the resultant curves. The gas-flowing reduces gas 

condensation, corrosion phenomena and helps in the cooling process. Their choice must 

consider the reactivity, cost, purity, density and thermal conductivity. The temperature control is 

the most critical point obtained by a thermocouple sensor. As shown in Figure 4.16, several 

thermogravimetric curves can result from TGA which are related to dehydration, single- or 

multi-step decomposition and oxidation processes [46]. It must be stressed that the heating rate 

can strongly affect the resulting curve. As an example, high heating rate as well as dense 

polymeric materials enhance the decomposition temperature and decrease the temperature 

interval. Furthermore, from the mass change associated with a thermal decomposition step, it is 

possible to calculate the rate of mass loss (ML) (eq. 4.18), 

𝑀𝐿 =
(𝑚𝑖−𝑚𝑠)

𝑚𝑠
× 100        (eq. 4.18) 

where mi and ms (g) are the initial and final mass of the sample before and after a thermal event, 

respectively. 

In multi-step decomposition, thermal events can result in overlapping, that is hardly resolved. 

Improved resolution can be obtained modifying the experimental conditions such as lower 

heating rate. Another possibility is to plot the first derivative of the TG curve (dTG) as a 

function of temperature (dm/dT), evidencing the temperature of maximum degradation rate 

(Tmax) of a thermal event. The area under the peak, in a dTG, represents the percentage of mass 

loss and the height indicates the rate of mass variation at a specific temperature [47]. 
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Figure 4.16. representation of the main thermogravimetric curves [46]. 

 

For the thermogravimetric analysis, ground polymeric materials in powder-state (2-5 mg) were 

used to ensure a homogeneous heat exchange, as much as possible. Nitrogen-gas was used 

during the measurement due to its chemical unreactivity, at flow rate of 50 mL min−1. The 

analysis was usually performed with temperature increment, dT/dt = 10 K min−1. The thermal 

analysis curves and the corresponding dTG are represented in Figure 4.17; the values are 

reported in Table 4.7. Generally, from the values reported in Table 4.7, it is possible to observe 

that the decomposition of the sorbent materials is a multistep process.  

In detail, the T1,max temperature values inherent to the dehydration process are higher for PCD 

hydrogels than for CDAM-NS powders. It can be explained considering that a hydrogel is 

defined as an insoluble condensed matter with high water retention capability. The bigger solids 

size and its density can also influence the heat exchange to the bulk phase reducing the 

dehydration rate. The second thermal event, T2,max, is reported around 250 °C for all the 

cyclodextrin-based sorbents, which can be associated with a first degradation process of the 

glucopyranose units. Exception are αCDAM6, βCDAM6, and αCDAM12, which shown a single 

thermal step of degradation at 200 °C, 210 °C and 204 °C, with values of mass loss of 61.5%, 

63.6% and 71.0%, respectively. This behaviour can be due to the lower DC of these materials 

and suggests a homogeneous structure of the material; degradation temperature lower than pure 

cyclodextrin [48] points out a decrease of inter- and intra-molecular interactions. The addition 

of AC in the hydrogel matrix of PCD at 5% and 10% (w/w) splits the T2,max peak of PCD, at ca. 

275 °C and 330 °C. AC probably acts as a spacer of the crosslinker branches allowing more 

degrees of freedom to establish functional group interactions, with denser and softer regions. 
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The peak, T3,max, at 310 °C is also present in βCDAM12 which present the highest degree of 

crosslinking (Table 4.5. – paragraph 4.2 – subparagraph 4.2.2.) and size particle (Table 4.2. – 

paragraph 4.1 – subparagraph 4.1.2.) in the first class of CDAM-NS, with a dense 

morphological structure (Figure 4.2 - paragraph 4.1. – paragraph 4.1.1.). In the nanosponges 

synthesized using the glutaraldehyde, the peak shifts to higher temperature, T3,max ≈ 430 °C; and 

an additional peak at T4,max = 560 °C is shown in αCDGAM6 thermal cruve. The enhancement of 

the decomposition temperatures can be an outcome of a higher degree of reticulation and CD 

content, as well as the stronger hydrophobic interactions and entanglement due to the extended 

aliphatic chain of the branches, and the higher particle size. 

 

 

Figure 4.17. Thermal analysis curves of TG (line) and DTG (dashed line) of (a) and (b) PCD 

(violet line), PCD-ACD5% (grey line), PCD-AC10% (light green line), AC (dark yellow line); 

(c) αCDAM6 (green line), αCDAM12 (red line); (d) βCDAM6 (black line), βCDAM12 (blue line); 

(e) αCDGNH2 (light-blue line), αCDGAM6 (magenta line), αCDGAM12 (brown line); (f) 

βCDGNH2 (pink line), βCDGAM6 (orange line), βCDGAM12 (cyan line). 
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Table 4.7. Thermal parameters of thermogravimetric analysis and derivative TG curves of the 

cyclodextrin-based sorbent materials. 

Compounds Temperature range / (°C) Tmax / (°C) Weight loss / (%) 

PCD T1: 55-215 

T2: 250-350 

T3: 350-520 

T1,max: 95 

T2,max: 288 

T3,max: 470 

T1: 2.1 

T2: 45 

T3: 25 

PCD-AC5% T1: 33-217 

T2: 235-300 

T3: 300-375 

T4: 375-525 

T1,max: 96 

T2,max: 277 

T3,max: 327 

T4,max: 452 

T1: 5.7 

T2: 28.0 

T3: 16.3 

T4: 22.4 

PCD-AC10% T1: 30-210 

T2: 210-310 

T3: 310-375 

T4: 375-515 

T1,max: 95 

T2,max: 262 

T3,max: 327 

T4,max: 452 

T1: 6.6 

T2: 19.1 

T3: 27.1 

T4: 24.5 

AC T1: 30-164 T1,max: 85 T1: 14.0 

αCDAM6 T1: 160-415 T1,max: 200 T1: 61.5 

βCDAM6 T1: 30-110 

T2: 165-382 

T1,max: 98 

T2,max: 210 

T1: 0.6 

T2: 63.6 

αCDAM12 T1: 186-481 T1,max: 204 T1: 71.0 

βCDAM12 T1: 30-195 

T2: 200-255 

T3: 255-325 

T4: 325-480 

T1,max: 140 

T2,max: 226 

T3,max: 310 

T4,max: 415 

T1: 4.4 

T2: 41.6 

T3: 15 

T4: 16.3 

αCDGNH2 T1: 20-156 

T2: 156-330 

T3: 330-538 

T1,max: 55 

T2,max: 239 

T3,max: 424 

T1: 9.3 

T2: 40.1 

T3: 32.2 

βCDGNH2 T1: 20-152 

T2: 152-354 

T3: 354-583 

T1,max: 49 

T2,max: 248 

T3,max: 417 

T1: 8.6 

T2: 39.0 

T3: 11.5 
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αCDGAM6 T1: 20-175 

T2: 175-361 

T3: 361-495 

T4: 495-586 

T1,max: n.a. 

T2,max: 282 

T3,max: 444 

T4,max: 559 

T1: 0.1 

T2: 20.3 

T3: 27.8 

T4: 17.2 

βCDGAM6 T1: 20-169 

T2: 169-338 

T3: 338-486 

T1,max: 55 

T2,max: 270 

T3,max: 418 

T1: 6.8 

T2: 26.4 

T3: 28.5 

αCDGAM12 T1: 20-157 

T2: 157-374 

T3: 374-600 

T1,max: 45 

T2,max: 254 

T3,max: 446 

T1: 1.5 

T2: 28.2 

T3: 25.0 

βCDGAM12 T1: 20-178 

T2: 178-379 

T3: 379-522 

T1,max: n.a. 

T2,max: 301 

T3,max: 455 

T1: 2.7 

T2: 37.3 

T3: 47.9 
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Chapter 5. 

 

In the current chapter the methodologies applied in order to understand the mechanisms and the 

interactions occurring at level of the two interface systems, liquid-liquid (L-L) and solid-liquid 

(S-L), involving two or more components identifiable by the state of the species studied, will be 

discussed. 

 

5.1.  L-L interface 

The interface L-L is of particular interest when pollutant species, like pesticides, are considered. 

As discussed along the Chapter 1, their physico-chemical properties such as solubility, polarity, 

Ka, Koc, and Kow as well as the environmental conditions can influence their fate in the 

environment. The understanding of the transport phenomena is necessary to predict or evaluate 

the pesticide spreading and impact. One of the main mechanisms of transport is based on mass 

transport which driving-force is the concentration gradient of the solute [1]. Thus, the study of 

the molecular diffusion process has be employed to understand the pesticides behaviour in the 

environment, particularly, in aqueous media (Chapter 6-III). The diffusion is a spontaneous 

process that occurs in presence of a concentration gradient in solution. This is the result of the 

casual motion of the particles, Brownian motion, which lead to an irreversible process in a state 

of non-thermodynamic equilibrium [2]. The fundamentals are based on the Fourier’s theory for 

energy transport [3], adopted by Fick to quantify the mutual diffusion coefficient (D – cm2 s−1) 

driven by a chemical potential gradient (µ) [4]. Considering different assumption such as, an 

isotropic medium and constant temperature, the mass transport as unidimensional process; the 

thermodynamic transport coefficient, in a system of n components, is directly proportional to 

the rate of transfer (J) crossing a unit area section along the axes x, expressed by the Fick’s first 

law equation (eq. 5.1): 

𝐽𝑖 = − ∑ 𝐷𝑖𝑗 (
𝜕𝜇

𝜕𝑥
)

𝑗

𝑛
𝑗=1 (𝑖 = 1,2, … 𝑛)      (eq. 5.1) 

where µ is the chemical potential defined in terms of Gibbs energy (eq. 5.2), ∂µ/∂x indicates the 

changes of µ in the axes x, ij take in consideration the contribute of each component in the 

system. The chemical potential can be described as: 

𝜇𝑖 = [
𝜕𝐺𝑖

𝜕𝑛𝑖
]

𝑇,𝑃,𝑛𝑗

= 𝜇𝑖
0(𝑇, 𝑃) + 𝑅𝑇𝑙𝑛𝑎𝑖      (eq. 5.2) 
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where ai is the activity of the specie i in solution. Considering an isotropic system at an 

infinitesimal concentration, the chemical potential can be substituted with the concentration (C). 

J can be also described as the amount of matter diffused per unit of time, so, the variation of the 

flux along x can be rewritten as the Fick’s second law equation: 

𝜕𝐶

𝜕𝑡
= 𝐷 (

𝜕2𝐶

𝜕𝑥2)         (eq. 5.3) 

The Fick’s first and second law equations can be described in the three Cartesian dimensions x, 

y and z. One of the methods of solution consider an unidimensional process, with diluted and 

fixed concentration of solute C(x, t), in an infinite cylindrical path of infinite perpendicular 

cross-section areas, in which D is assumed to be constant and the unique driving force is the 

chemical potential [4]. In those conditions the diffusion coefficient can be computed by eqs. 5.2 

and 5.3 [5]. The boundary conditions required by geometry and experimental analysis are that C 

= 0 per t = 0 and C = C0 per t > 0.  

For a binary system, the equation 5.1 can be rewritten in terms of the component A and B, with 

a rate of transport Ji across a perpendicular section, at the time t and constant volume, 

𝐽𝐴 = −𝐷𝐴 (
𝜕𝐶𝐴

𝜕𝑥
)  and 𝐽𝐵 = −𝐷𝐵 (

𝜕𝐶𝐵

𝜕𝑥
)      (eq. 5.3) 

assuming that no volume changes occur, the flux rate of each component can be expressed in 

terms of partial molar volume as: 

𝐷𝐴𝑉𝐴 (
𝜕𝐶𝐴

𝜕𝑥
) + 𝐷𝐵𝑉𝐵 (

𝜕𝐶𝐵

𝜕𝑥
) = 0       (eq. 5.4) 

where Vi (cm3) is the partial volume of each component and for the law of mass conservation: 

𝑉𝐴𝐶𝐴 + 𝑉𝐵𝐶𝐵 = 1 (for Vi ≠ 0)       (eq. 5.5) 

by which 𝐷𝐴 = 𝐷𝐵, defined as the mutual coefficients of diffusion, simplifying the system as 

uni-component. 

These fundamentals have been applied in unsteady-state methods (Taylor technique) to study 

the diffusion in water of three pesticide active ingredients: ammonium glufosinate 

(organophosphate - herbicide), cymoxanil (cyanoacetamide oxime – fungicide) and 

imidacloprid (neonicotinoid – insecticide), as binary system (Figure 5.1). 
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Figure 5.1. 3D-molecular structure of imidacloprid, glufosinate ammonium and cymoxanil. 

 

The Taylor dispersion technique (see schematic representation in Figure 5.2) was employed to 

determine the diffusion coefficient, D. In brief, the pesticide solution, at specific concentration, 

is injected into a constant flow of solvent, D0 (water or aqueous solution). The analysis is based 

on the assumption that the diffusion results from the gradient concentration and the gradient 

speed along the capillary tube of length, L, and radius, r (Figure 5.2). Then, the analyte flux is 

measured by a differential refractometer [6]. 

 

 

Figure 5.2. Design of the Taylor dispersion technique. 
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Experimentally, the quantification is obtained by detection of refractive index changes as 

function of the analyte concentration along the tube. Assuming the cylindrical coordinates of the 

capillary of side r and diffusion in x, the diffusion coefficient for a solute of known molar 

concentration: 

𝐷 = [
𝜕2𝐶

𝜕𝑟2 +
1

𝑟

𝜕𝐶

𝜕𝑟
+

𝜕2𝐶

𝜕𝑥2] = 𝑢(𝑟)
𝜕𝐶

𝜕𝑥
+

𝜕𝐶

𝜕𝑡
      (eq. 5.6) 

where u(r) is the rate of the flux respect the experimental coordinates.  

Now, considering the radial component D constant at infinite dilution, in absence of chemical 

interactions, constant density in overall media and a length of the capillary L >> r (radius) 

which make negligible the axial diffusion component; it is possible to calculate the diffusion 

coefficient of an injected solute of known molecular weight quantifying the concentration via 

potentiometer measurement as function of the time [7]: 

𝑉(𝑡) = 𝑉0 + 𝑉1𝑡 + 𝑘∆𝑅∆𝐶(𝑡)       (eq. 5.7) 

where V0 + V1 correspond to the baseline voltage and slope, respectively, k = dV/dn represents 

the signal/noise ratio (sensitivity), ΔR = ∂n/∂C considers the change of the refractive index as 

function of the average radial concentration and ΔC = C(t) – 𝐶̅. By mathematical rearrangement: 

𝑉(𝑡) = 𝑉0 + 𝑉1𝑡 + 𝑉𝑚𝑎𝑥(
𝑡𝑟

𝑟
)

1

2exp [−
12𝐷(𝑡−𝑡̅)2

𝑟2𝑡
]     (eq. 5.8) 

where Vmax is the analytical signal at the maximum peak height, tr is the retention time, r is the 

capillary radius. 

The value of D can be calculated by plotting V(t) as function of t and the fitting is obtained by 

varying the values of V0, V1, Vmax and t, to the gaussian distribution of the concentration [4]. 

In order to mimic the environmental condition, the effect of the ionic strength was also assessed 

for the GLF, by diffusion measurement of the pesticide in aqueous solution of NH4NO3 used as 

solvent and media. In presence of ions, D can changes to highly positive values indicating a 

salting-out effect, or negative values suggesting electrostatic interactions. The analysis permits 

to determine the named tracer diffusion coefficient (DT) in a supposed ternary system. However, 

maintaining the [NH4NO3] >> [GLF], and constant in overall system, the ternary system can be 

simplified to a binary system, being DT = D. 

From the D values, it is possible to derive the molar conductivity of the ionic species by the 

Nernst equation 5.9 [4], 

𝐷𝑖 =
𝑅𝑇

𝑧𝑖
2𝐹2 𝜆𝑚,𝑖

0          (eq. 5.9) 
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where R (8.31 J K−1mol−1) is the constant of a gas in ideal conditions, T (K) is the absolute 

temperature, F (9.65 × 104 C mol−1) is the Faraday’s constant, z and λm,i (S m2 mol−1) are the 

valence and the molar conductivity, respectively, of the ion i. 

From the coefficient of diffusion is also possible to determine the hydrodynamic radius through 

the Stoke-Einstein equation already presented in the equation 4.6 - Chapter 4 - paragraph 4.1. - 

subparagraph 4.1.2. 

 

5.2. S-L interface 

At the interface S-L beyond the analyte, the physico-chemical properties of the sorbent must be 

considered [8]. These were deeply discussed in Chapter 4, emphasizing how the characteristics 

of a polymer changes as function of the synthesis route, substrate and crosslinker. In S-L 

interface over the physical mass transport, chemical interactions can occur due to the presence 

of functional groups at the surface of the sorbent materials. 

In order to evaluate the sorption mechanism, as result of the sorbate-sorbent interactions, kinetic 

and equilibrium analysis can be performed and kinetic and isothermal models applied [9][10] 

(Chapter 6-IV/-V/-VI). In addition, molecular dynamics simulation has been developed for an 

atomistic evaluation of the mechanism, as a complementary analysis (Chapter 6-VII/VIII). 

Sorption is thermodynamically considered an exothermic process based on the Gibbs energy 

formula ΔG0 = ΔH0 – TΔS0 [11]. In the process atoms or molecules of gases or liquids are 

accumulated on the surface of a solid condensed material; inter- and intra-molecular sorbent-

sorbate and sorbate-sorbate interactions can occur by physisorption (2 < ΔH0 (kJ mol−1) < 21) (– 

20 < ΔG0 (kJ mol−1) < 0) involving mass transfer processes, coordination, electrostatic or van 

der Waals interactions [12]; or chemisorption (80 < ΔH0 (kJ mol−1) < 200) (– 400 < ΔG0 (kJ 

mol−1) < – 80) via dipole-dipole, ionic interactions, hydrogen or covalent bonds [13]. Hence, the 

activation energy values make the difference between a faster and reversible process as in the 

former case and a slower and irreversible, but active site-specific process as in the 

chemisorption (Figure 5.3.) [14]. 
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Figure 5.3. Schematic representation of the mechanisms involved in sorption process. 

 

5.2.1. Equilibrium sorption 

The equilibrium sorption models provide information about the sorption capability and 

efficiency of a sorbent material towards a sorbate in a range of concentration, at constant 

temperature. It is based on the condition that sorption and desorption rate are constant, 

providing important information to understanding the adsorption mechanism. This is firstly 

driven by gradient of concentration during the external diffusion step. In a second step the 

contaminant enters in the structure through the pores of the sorbent via internal diffusion. The 

last step regards the establishment of interaction in the active sites [10]. The amount of sorbed 

analyte (qe – mg g−1) correlates the concentration of the analyte at the steady state with a 

constant amount of sorbent and volume solution (eq. 5.10): 

𝑞𝑒 = (𝐶𝑖 − 𝐶𝑒)(
𝑉

𝑚
)        (eq. 5.10) 

where Ci and Ce (mg L−1) are the initial and the equilibrium state concentrations of the pesticide, 

respectively, V (L) is the volume of the solution and m (g) is the sorbent amount. 

Another way to determine the performance of the sorbent material, independent from its amount 

and volume of solution, is the removal efficiency (RE%) (eq. 5.11), 

𝑅𝐸% = (
𝐶𝑖−𝐶𝑒

𝐶𝑖
) × 100        (eq. 5.11) 

To evaluate the isotherm process, various mathematical models have been developed [9,14–16]: 

i) Henry model – one parameter; ii) Langmuir and Freundlich models – two independent 

parameters; iii) Redlich-Peterson, Sips, Toth, Koble-Corrigan, Khan and BET models – three 
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independent parameters; and models with multiple independent parameters. Herein, only the 

isotherm models applied along the thesis will be discussed more in detail. 

The Langmuir isotherm model (eq. 5.12) can be used to describe homogeneous phenomena at 

S-L interface, assuming the presence of finite specific active sites, energetically equivalents, 

with formation of a monolayer in absence of sorbate-sorbate interactions and steric hindrance. It 

is usually applied to fit isotherm of type-I, 

𝑞𝑒 =
𝑞𝑚𝑎𝑥𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
         (eq. 5.12) 

where qmax (mg g−1) is the maximum amount of sorbed solute per gram of sorbent, KL (L mg−1) 

is the Langmuir constant correlated with the binding affinity. Graphically, the value of qmax is 

extrapolated from the plateau, at the monolayer saturation point. The Figure 5.4 shows the 

typical profile obtained by fitting of the Langmuir isotherm model to the experimental data. By 

the value of KL is possible to determine the value of ΔG0 through the equation 5.13, 

∆𝐺0 = −𝑅𝑇𝑙𝑛(𝐾𝑒𝑞)        (eq. 5.13) 

after conversion of KL units L mg−1 to L mol−1 [17]. The analytical parameters reported in Table 

5.1 gives a fast overlook about the influence of the physico-chemical properties of the CDNS 

discussed in Chapter 4, sorbate and experimental conditions (e.g. sorbent amount, pH and 

volume of solution) which optima conditions were assessed by full factorial experimental 

design (paragraph 5.3). From the Langmuir isotherm model, the dimensionless separation factor 

(RL) can be calculated (eq. 5.14), where RL > 1 is for unfavourable, RL = 1 is for linear, 0 < RL < 

1 is for favourable and RL = 0 is for irreversible processes, respectively. 

𝑅𝐿 =
1

1+𝐾𝐿𝐶0
         (eq. 5.14) 

 

 

Figure 5.4. Langmuir isotherm for removal of βCDAM6 towards (a) pure imidacloprid, at S/L = 

5, at pH 3.8 and (b) imidacloprid in Confidor O-TEQ®, S/L = 0.1 (black square) and S/L = 10 

(Bordeaux square), at pH = 6.5. 
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Table 5.1. Analytical parameters of Langmuir sorption model for imidacloprid removal by 

βCDAM6. 

Model βCDAM6 

pH 3.8 6.5 6.5 

S/L (mg mL−1) 0.5 0.1 10 

Langmuir 

qm (mg g−1) 68.3 (± 4.8) 287.8 (± 18.7) 15.8 (± 1.8) 

KL (L mg−1) 0.08 (± 0.02) 0.04 (± 0.01) 17.2 (± 5.0) 

RL  0.7 ‒ 0.02 0.9 ‒ 0.1 0.9 - 0.1 

R2 0.9502 0.9784 0.9272 

 

Differently, the Freundlich model is related to type-III isotherm, with formation of multilayers, 

in reversible sorption processes (eq. 5.15). This empirical model mainly describes the sorption 

process of organic molecules, in which binding sites have different activation energies where 

the stronger sites are occupied first. The model can be described by the following equation: 

𝑞𝑒 = 𝐾𝑓𝐶𝑒
1/𝑛

         (eq. 5.15) 

where Kf (L mg−1) is the Freundlich constant associated to the sorption capacity and n indicates 

the sorption intensity or heterogeneity of the sorbent. 1/n < 1 suggests heterogeneous surface 

with a favourable chemisorption process, and 1/n > 1 is related to homogeneous surfaces 

involving cooperative interactions with multilayer formation. The Figure 5.5-a shows the curves 

obtained by fitting of the Freundlich isotherm model for 1/n ≤ 1 [18]. 

 

 

Figure 5.5. (a) Freundlich isotherm model of PCD, and (b) Sips isotherm model of AC; for 

imidacloprid sorption, at 25 °C. 
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Coupling the Langmuir and Freundlich isotherm models, it is achieved the three parameters 

model, named Sips isotherm (eq. 5.16) available within type-I to type-V isotherms. The Sips 

model can overcome the limits of both models. At low concentration, the model returns to the 

Freundlich isotherm model, but at high concentration it predicts the typical Langmuir isotherm 

(Figure 5.5-b). 

𝑞𝑒 =
𝑞𝑚𝐾𝑠𝐶𝑒

1
𝑛𝑠⁄

(1+𝐾𝑠𝐶𝑒

1
𝑛𝑠⁄

)
        (eq. 5.16) 

where KS (L1/n mol−1/n) is the Sips constant and 1/ns is a factor related with the heterogeneity of 

the system, analogously to the Freundlich parameter. 

Similarly, type-S isotherm (II, IV or V) can be described by fitting of the theoretical BET model 

(eq. 5.17) (Figure 5.6), at three independent parameters [19], 

𝑞𝑒 =
𝑞𝑠𝐶𝐵𝐸𝑇𝐶𝑒

[𝐶𝑠+(𝐶𝐵𝐸𝑇−2)𝐶𝑒−((𝐶𝐵𝐸𝑇−1)𝐶𝑒
2/𝐶𝑠)]

      (eq. 5.17) 

where qs (mg g−1), CBET (L mg−1) and Cs (mg L−1) are the theoretical isotherm saturation 

capacity, BET constant of sorption isotherm and sorbate monolayer saturation concentration, 

respectively. 

The BET model was developed specifically for gas sorption, with the same assumptions of the 

Langmuir isotherm model. As discussed in Chapter 4 – paragraph 4.1. - subparagraph 4.1.2., the 

BET model can be employed to determine the surface area and porosity. 

 

 

Figure 5.6. Representation of the experimental data of the sorption process of imidacloprid in 

Confidor O-TEQ® into αCDAM6, by fitting of the BET isotherm model, at S/L 0.1 mg mL−1, at 

pH = 6.5 and 25°C. 
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5.2.2. Sorption kinetic 

Complementary information can be obtained by sorption kinetic which describes the rate of 

intake or release of a solute, into or from a polymeric material, as function of the time. Several 

sorption kinetic models are presented in the literature [20]. The two most used models to 

describe the sorption kinetics processes were the Lagergren’s pseudo first–order (PFO) 

(eq.5.18), and pseudo second–order (PSO) (eq. 5.19) kinetic models [10,21], obtained by 

integration: 

𝑑𝑞𝑡

𝑑𝑡
= 𝑘1(𝑞𝑒 − 𝑞𝑡) resulting in 𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡)   (eq. 5.18) 

𝑑𝑞𝑡

𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞𝑡)2 resulting in 𝑞𝑡 =

𝑘2𝑞𝑒
2𝑡

1+𝑘2𝑞𝑒𝑡
    (eq. 5.19) 

where qt (mg g−1) is the amount of sorbate uptaken per gram of sorbent at time t (min), k1 (h−1) 

and k2 (g mg−1 h−1) are the corresponding rate constants.  

In Lagergren’s model is considered that the sorption process only occurs on existing specific 

active sites and does not involve interactions between sorbate molecule, atoms or ions. It is 

limited to monolayer formation associated with a maximum of sorption. The external or internal 

diffusion is the rate controlling step; indeed the process is dependent only to the solute 

concentration. On the other hand, the PSO model considers mechanism of chemisorption 

occurring at the active sites with formation of mono- or multi-layers. The interaction at level of 

the active sites is the rate controlling step. 

 

The goodness of the fitting between two or more isotherm or kinetic sorption models was 

assessed through determination of the likelihood as a metric. In this sense, the Akaike’s 

Information Criterion (AIC) was applied. The AIC was chosen because, even if the increment of 

parameter number in a model increases the likelihood of goodness-of the fit, that is penalized by 

the higher complexity of the model in terms of free parameters [22]. The AIC for a general 

model can be expressed as: 

𝐴𝐼𝐶𝑖 = −2𝐿𝐿(𝜃|̂𝑦, 𝑀𝑖) + 2𝐾𝑖       (eq. 5.20) 

where 𝐿𝐿(𝜃|̂𝑦, 𝑀𝑖) is the log-likelihood for a model Mi for its parameters θ, based on the 

experimental data y, Ki is related with number of free parameters in the considered model. A 

more in-depth description can be found in published article of Akaike H. [23]. In particular for 

model comparison, it was used the default expression of the program used for data analysis, 

expressed as follow: 
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𝐴𝐼𝐶 = 𝑁𝑙𝑛 (
𝑅𝑆𝑆

𝑁
) + 2𝐾 +

2𝐾(𝐾+1)

𝑁−𝐾−1
 (for N/K < 40)    (eq. 5.21) 

where N is the number of experimental data, RSS is the residual sum of square and K is the 

number of free parameters. 

 

5.3. Experimental design 

In order to determine the optima experimental conditions to study the sorption process, an 

experimental design can be a powerful tool. A full 2k factorial planning experimental design has 

been performed [24]. The total number of tests is established by: 

𝑁 = 2𝑘          (eq. 5.22) 

where N is the total number of tests needed for a complete design to determine the effect of the 

k factors setting (k=n, m…p), at 2 levels. To investigate the effect of the parameters, a 

polynomial equation derived from a first-order model was applied: 

𝑦 = 𝑏0 + 𝑏𝑛𝑋𝑛 + 𝑏𝑚𝑋𝑚 + ⋯ + 𝑏𝑛𝑚𝑋𝑛𝑋𝑚     (eq. 5.23) 

where y is the chosen parameter affected by the k factors, b0 is the average of the y values, bn, bm 

… are the linear coefficients, bnm takes into account the contribution of the factor interactions, 

and Xn, Xm and Xnm represent the isolated and combined parameters in exam. For each parameter 

is established a maximum and minimum value associated to the level (+1 and −1) to build-up 

the model matrix of the system. It is important for a full factorial design that the matrix is 

orthogonal and the sum of the columns is zero, in order to have a balanced design and avoid 

replicates. 

 

5.4. Molecular dynamic simulation 

Molecular dynamic (MD) simulation is a strong and complementary tool that can be employed 

to evaluate the driving forces involved in the interaction of two species, in aqueous media, at the 

molecular level. The binding enthalpies and the type and strength of non-covalent interactions 

(NCI) between sorbate and sorbent, which involve attractive/repulsive forces such as van der 

Waals and hydrogen-bonds, were further characterized. The interaction is thermodynamically 

described by the standard Gibbs energy (ΔGbind
0 = ΔHbind

0−TΔSbind
0), which gives a robust and 

quantitative understanding of the equilibrium between the favourable enthalpy and unfavourable 

entropy changes [25]. Considering the reactants, generically, as A and B, the simulations were 
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performed from non-interacting (bulk phase, used as reference system) to A-B interacting 

distance favouring the formation of AB complex. Thus, the enthalpy change can be calculated 

from: 

∆𝐻 = 〈𝐻𝐴𝐵〉 + 〈𝐻𝑠𝑜𝑙𝑣𝑒𝑛𝑡〉 − 〈𝐻𝐴〉 − 〈𝐻𝐵〉     (eq. 5.24) 

where each term corresponds to the Boltzmann averaged total potential energies of each 

component considered, corresponding to independent simulations performed at the same 

conditions. The solvated reactant molecules were always considered as system reference [26]. 

Optimized structural geometries and the respective topologies were constructed using semi-

empirical methods [27]. Specifically, all simulations were performed using a cubic box of 7.5 

nm edge-length containing one solvated species or two reactant species, at 300 K and 1 bar. The 

systems were equilibrated during 50 ns as equilibration time, and the total potential energy for 

representative interacting systems were calculated after 200 ns simulation runs [26]. In order to 

identify and quantify the NCI interactions governing the association between the two species A 

and B, the Independent Gradient Model (IGM) was employed [28]. The IGM model, based on 

the electronic densities of each atom in the molecular system, permits to quantify and visualize 

the areas of stabilizing/destabilizing interactions (isosurface) due to NCI. Considering the 

electronic density (ρ) of each component as the point of minimum effect (initial state), NCI 

interactions are quantified in terms of distortion of the electronic density, as result of the 

interactions (eq. 5.25). The overall NCI value is determined from the sum of the N atoms in A 

and B in a unidimensional system (axis x) (eq. 5.26). Hydrogen bonds usually gives high 

negative values indicating strong stabilizing interactions, whereas values tending to zero are 

correlated to van der Waals forces [25]. 

𝛿𝑔𝑖𝑛𝑡𝑒𝑟 = |∇𝛿𝑔𝐼𝐺𝑀,𝑖𝑛𝑡𝑒𝑟| − |∇ρ|      (eq. 5.25) 

(
𝛿𝜌

𝛿𝑥
)𝐼𝐺𝑀,𝑖𝑛𝑡𝑒𝑟 = |∑

𝛿𝜌𝑖

𝛿𝑥

𝑁𝐴
𝑖=1 | + |∑

𝛿𝜌𝑖

𝛿𝑥

𝑁𝐵
𝑖=1 |      (eq. 5.26) 
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We have measured the limiting diffusion coefficients of three different pesticides in aqueous solutions:
glufosinate ammonium, cymoxanil and imidacloprid, highly used for tomato production. The experiments
were carried in aqueous solutions, at 25 °C, at concentrations below 3 mmol dm−3 (depending on the solubility
of pesticides). Mutual diffusion coefficients (D) obtained by using the Taylor dispersion technique, and by using
purewater and different solutions of concentration c, as carrier stream and injection solutions, respectively, show
that the systems can be analyzed as binary ones. The hydrodynamic radii and the respective limiting diffusion co-
efficients of the glufosinate anion, cymoxanil and imidacloprid have also been estimated. For the electrolyte
glufosinate ammonium, by using the Nernst equation, it is also possible to estimate the limitingmolar conductiv-
ity of the glufosinate anion.
In order to mimic field conditions, we have measured the tracer diffusion coefficients of glufosinate ammonium
in aqueous solutions of ammoniumnitrate at different concentrations, permitting us to analysis the salting-in ef-
fects on the diffusion of this pesticide.
From thesemeasurements useful information on the thermodynamic, transport and structural parameters can be
obtained, allowing a better understanding of the behaviour of these compounds in aqueous solution.
These studies have been complemented with 1H and 31P NMR spectroscopy in order to obtain more additional
structural information on the interaction of ammoniumnitratewith glufosinate-ammonium in aqueous solution.
The results obtained support the hypothesis of salting-in effects on the diffusion of this pesticide in aqueous
solution.

© 2019 Elsevier B.V. All rights reserved.

Keywords:
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Cymoxanil
Imidacloprid
Diffusion coefficients
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1H and 31P NMR spectroscopy

1. Introduction

Pesticides provide the primarymeans for controlling organisms that
compete with man for food and fibre or cause injury to man, livestock
and crops. However, pesticides persistence is the key-factor in the for-
mation of resistant species, which consequently demands of higher
amounts of pesticides or to the development of new plant production
products [1]. Besides, the pesticides efficiency is very low; in fact, only
ca. 0.5% of pesticides reach the target, while 99.5% is dispersed in the en-
vironment [2]. Their persistence, toxicity, bio-accumulation and non-
specificity as well as the capacity to permeate the soil, inquinate surface
and ground waters after leaching, run-off and volatilize made them an
issue of increasing concern [3]. Thus, the environmental issues related

with the use and disposal of pesticides is nowadays a key concern that
needs to be solved.

The knowledge of phenomena transport, in particular the diffusion,
is a key point in the assessment of pesticide impact on the biotic and en-
vironment. Examples of that, can be found for the assessment of pesti-
cide permeation through plant cuticles [1,2], soil sorption [4–7] or
wastewater and ground water treatment [8–10]. In the latter, the
knowledgment of diffusion coefficients of the diffusing pesticides are
of outmost importance once it corresponds to the maximum limit
values for diffusion [11]. However, at the best of our knowledge only
few papers are reporting diffusion coefficients of pesticides. In the 90s
of the last century, Reviejo et al. have measured self-diffusion coeffi-
cients of dieldrin, heptachlor, endolsufan and endosulfan sulfate, in a
emulsified solution (containing, e.g., Triton-X and ethyl acetate), by
using polarography. The results range from 2.2 × 10−11 m2 s−1 for
heptachlor to 6.9 × 10−11 m2 s−1 for endosulfan sulfate [12]. More re-
cently, limiting diffusion coefficients of six different pesticides
(tebuconazole, pirimicarb, metazachlor, chlorotoluron, sulcotrione and
cyromazine) have been reported, and range in ascending order from
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3.5 × 10−10m2 s−1 to 7.3 × 10−10m2 s−1, respectively, at 25 °C [13]. The
laterwork alsomake a reviewof fewpapers related to themeasurement
of mutual diffusion and self-diffusion coefficients of some herbicides
[14,15].

In this work we aim to characterize the diffusion properties of three
different pesticides: glufosinate ammonium, cymoxanil and
imidacloprid (Scheme 1) [16]. For that, mutual diffusion coefficients
for all those pesticides in aqueous solutions, at 25 °C, were measured
byusing the Taylor dispersion technique. The correspondingmutual dif-
fusion coefficients (D) were obtained by using pure water and solutions
of concentration, c, as carrier stream and injection solutions, respec-
tively. The computed D values, as well as the dispersion profiles, have
shown that all systems can be analyzed as binary ones. Consequently,
the corresponding limiting diffusion coefficients (D0) and the hydrody-
namic radii have been estimated. In particular, for the glufosinate am-
monium, and through the Nernst-equation, the limiting molar
conductivity of glufosinate anion was also computed. The major draw-
back for using the Taylor dispersion technique is its low detection
limit; for that reason, the effect of ionic strength on the diffusion behav-
iour of pesticides was only evaluated for aqueous solutions of
glufosinate ammonium (the pesticide with highest solubility). Thus,
we have measured the tracer diffusion coefficients (DT) of glufosinate
ammonium in aqueous solutions of ammoniumnitrate at different con-
centrations, permitting us to analysis the salting-in effects on the diffu-
sion of this pesticide. For the sake of clarification both tracer and
limiting diffusion coefficients are quantitative measures of the mutual
diffusion phenomenon but obtained under different experimental con-
ditions. Limiting diffusion coefficients are computed by extrapolation of
the experimental diffusion coefficients. The diffusion coefficients are
measured by using water as the carrier stream and pesticide solutions,
at different concentrations, in the injection solution. On the other
hand, the tracer diffusion measurement is made in a way that an ion
(e.g., glufosinate) at very low concentration is diffusing in the presence
of other (in the present case, nitrate) whose concentration is essentially
constant at all points in the solution [17].

Some additional structural information on the interaction of
glufosinate ammonium with ammonium nitrate was obtained by 1H
and 31P NMR spectroscopy.

2. Experimental section

2.1. Materials

Three different pesticides were tested: glufosinate ammonium (2-
amino-4-[hydroxy(methyl)phosphoryl]butanoic acid), imidacloprid
(N-[1-[(6-chloropyridin-3-yl)methyl]-4,5-dihydroimidazol-2-yl]
nitramide) and cymoxanil ((1E)-2-(ethylcarbamoylamino)-N-
methoxy-2-oxoethanimidoyl cyanide); all pesticides are Pestanal-
analytical standard grade andwere obtained from Sigma-Aldrich. All so-
lutions were prepared by using Millipore-Q water.

For the NMR experiments, the solutions were prepared in D2O (Al-
drich, N0.99).

2.2. Diffusion measurements

The theory of the Taylor dispersion technique has been presented in
detail in the literature [18–20] and, thus, only a brief description of the

apparatus and the procedure used in our study is presented here
[21–24].

This method is based on the dispersion of small amounts of solution
injected into laminar carrier streams of solution of different composi-
tion flowing through a long capillary tube. At the start of each run, a
6-port Teflon injection valve (Rheodyne, model 5020) was used to in-
troduce 63 mm3 of solution into a laminar carrier stream of slightly dif-
ferent composition. A flow rate of 0.17 cm3 min−1 was maintained by a
metering pump (Gilson model Minipuls 3) to give retention times of
about 1.1 × 104 s. The dispersion tube (length 32.799 (±0.001)
m) and the injection valve were kept at 298.15 K (±0.01 K) in an air
thermostat.

Dispersion of the injected samples was monitored using a differen-
tial refractometer (Waters model 2410) at the outlet of the dispersion
tube. Detector voltages, V(t), were measured at 5 s intervals with a dig-
ital voltmeter (Agilent 34,401 A) with an IEEE interface.

Binary diffusion coefficients were evaluated by fitting the dispersion
equation (Eq. (1))

V tð Þ ¼ V0 þ V1t þ Vmax tR=tð Þ0:5 exp −12D t−tRð Þ2=r2t
h i

ð1Þ

to the detector voltages. The additional fitting parameters were the
mean sample retention time tR, radius of the dispersion tube r, peak
height Vmax, baseline voltage V0, and baseline slope V1.

In the first experimental part of this work, we havemeasured values
of D for three pesticides in water. That is, for each pesticide, solutions of
different concentrations were injected into pure water to confirm that
themeasured diffusion coefficients were independent of the initial con-
centration gradient and therefore represented the differential value ofD
at the carrier-stream composition. The diffusion data D were obtained
from, at least, three independent runs, using different concentrations
of the injected solutions in water. The uncertainty of these values is
lower than 2%.

In second part of this work, values of tracer diffusion coefficients, DT,
for glufosinate ammonium (NH4Glu) in aqueous solutions of ammo-
nium nitrate were measured. For the (NH4)2Glu(1)/NH4NO3(2) system
the following dispersion equation should be considered

V tð Þ ¼ V0 þ V1t þ Vmax tR=tð Þ0:5
"
W1 exp −

12D1 t−tRð Þ2
r2t

 !

þ 1−W1ð Þ exp −
12D2 t−tRð Þ2

r2t

 !#
ð2Þ

whereD1 andD2, are the eigenvalues of thematrix ofmain and crossDik

diffusion coefficients and W1 and (1-W1) are the normalized pre-
exponential factors. However, in our experimental set up, the concen-
trations of NH4NO3(2) in the injection and carrier solutions are equal
and, consequently, the 2nd term inside square brackets is null. Addition-
ally, the concentration of NH4NO3(2) is significantly higher than the
concentration of (NH4)2Glu(1) which ensures the occurrence of tracer
diffusion. In these conditions, Eq. (2) becomes equal to the Eq. (1),
being D = DT [25–27].

Scheme 1.Molecular structures of glufosinate ammonium, cymoxanil and imidacloprid (from left to right).

2 L.M.P. Verissimo et al. / Journal of Molecular Liquids 293 (2019) 111459



2.3. NMR experiments

The 1H and 31P NMR spectra were obtained on a Bruker Avance III
HD 500MHz NMR spectrometer. Themethyl signal of tert-butyl alcohol
was used as the internal reference for 1H (δ 1.3) and the 31P signal of a
D2O solution of H3PO4 (85%) used as the external reference for 31P.
The pH values measured with a pH metter Crison Basic 20, equipped
with a glass microelectrode 50/28, pH 0–14. The pH values quoted are
the direct pH-meter readings (room temperature) after standardization
with aqueous buffers.

3. Results and discussion

3.1. Analysis of the mutual diffusion coefficients of some pesticides in aque-
ous solutions

Mutual diffusion coefficients, D, of glufosinate ammonium,
cymoxanil and imidacloprid, in aqueous solutions, at 298.15 K, were
measured and are shown in Fig. 1.

By fitting a linear model equation in the form of D = f(c1/2), for the
electrolyte glufosinate ammonium, and D = f(c) for cymoxanil and
imidacloprid (which are non-electrolytes) [17], to the experimental D
values, the limiting diffusion coefficient at infinitesimal concentration
(c1 → 0) D0 can be computed by extrapolation. The obtained values
are 1.091 (±0.001) × 10−9, 8.333 (±0.001) × 10−10 and 6.593 (±
0.005) × 10−10 m2 s−1, respectively. From these values, D0((NH4)
2Glu) N D0(cymoxanil) N D0(imidacloprid), it can be concluded that
(NH4)2Glu offers less frictional resistance to motion through the liquid,
which can be related with the electrolytic character of the glufosinate
ammonium.

From the limiting diffusion coefficients at infinitesimal concentra-
tion other physico-chemical parameters characterizing the systems
can be calculated. Thus, the limiting diffusion coefficient of the
glufosinate anion (D0

a) can be estimated by using the Nernst Eq. (3)

D0 ¼ RT

F2
Zcj j þ Zaj j
Zc � Zaj j

λ0
cλ

0
a

λ0
c þ λ0

a

ð3Þ

where R is the gas constant in J K−1 mol−1, F is the Faraday constant, T is
the absolute temperature, Zc and Za are the algebraic valences of the cat-
ion (NH4

+) and the anion (Glu2−), respectively, and the λ0
c and λ0

a are
the corresponding limiting molar conductivities. Thus, by knowing the
limiting conductivity for the ammonium ion, λ0

c, which is equal to

73.70 × 10−4 Ω−1 m2 mol−1 [28], the limiting molar conductivity of
the glufosinate anion can be computed: λ0

a = 43.40 × 10−4

Ω−1 m2mol−1. The limitingmolar conductivity of the specie i is related
to ion diffusivity by the equation.

Di
0 ¼ RTλi

0=FZi
2 ð4Þ

Consequently, the limiting glufosinate ion diffusion coefficient can
also be calculated and is equal to 0.578 × 10−9 m2·s−1.

Our calculation demonstrates that the mutual diffusion coeffi-
cient of the glufosinate ammonium at infinitesimal concentration
(D0 = 1.091 × 10−9 m2 s−1) is ca. two times higher than the
corresponding limiting diffusion coefficient for the glufosinate
anion (D0

a = 0.578 × 10−9 m2 s−1). Such a difference may indicate
a non-negligible electrostatic dragging effect of the ammonium
ions on the glufosinate anion.

From the Stokes-Einstein equation [17,29], and being aware of its
limitations, it is possible to estimate the hydrodynamic radius, Rh, for
all three pesticides, in aqueous solution, by the equation,

D0 ¼ kBT= 6πη0Rh
� � ð5Þ

where kB and η0 are the Boltzmann's constant and the viscosity of water
at temperature T, respectively. The following values were obtained: Rh
(Glu2−) = 0.424 × 10−10 m, Rh(cymoxanil) = 0.294 × 10−10 m and
Rh(imidacloprid) = 0.372 × 10−10 m. As it was expected the radius of
the glufosinate ion is significantly higher than the other two pesticides.
In fact, due to its nature, the interactions between these entities and
water molecules are most favoured.

3.2. Tracer diffusion coefficients of glufosinate ammonium in ammonium
nitrate aqueous solutions

Table 1 presents the experimental tracer diffusion coefficients, DT,
for aqueous (NH4)2Glu/NH4NO3 mix solutions, at 25 °C. The use of am-
monium nitrate has the objective of mimetizing the effect of ionic
strength in real pesticide applications in soil and water, often in the
presence of fertilizers. Comparing the tracer diffusion coefficients of
glufosinate ammonium in the presence of ammonium nitrate with the
corresponding limiting diffusion coefficients (see ΔDT/D

0 in the
Table 1), it can be concluded that the presence of the salt in the solution
leads to a significant decrease in the diffusion coefficient. Such negative
deviation, ranging from 17 to 24%,may be interpreted as the occurrence

Fig. 1.Mutual diffusion coefficients, D, of glufosinate ammonium (■), cymoxanil (○) and imidacloprid (Δ), in aqueous solutions, at 298.15 K.

3L.M.P. Verissimo et al. / Journal of Molecular Liquids 293 (2019) 111459



of a salting-in effect [30,31]. That is, the presence of ammonium nitrate
contributes to more favourable interactions between (NH4)2Glu and
water molecules. Subsequently, the entities of (NH4)2Glu offer more
frictional resistance tomotion through the liquid thus, lowering the dif-
fusion coefficient of this aqueous system. However, such effect is not
particularly sensitive to the ionic strength.

Some insights on the structure of the solution of glufosinate ammo-
nium and its structural changes with increasing concentrations of the
salt have been obtained from 1H and 31P NMR spectroscopy. The combi-
nation of 1H and 31P NMR parameters should provide informations on
the degree of protonation and on the conformational changes of the li-
gand in the presence of a large excess of the salt [32–34].

Scheme 2 shows the glufosinate hydrolysis equilibria, as a function
of pH. Accordingly, four different ionized forms of glufosinate are
assigned (H2L+, H2L, HL− and L2−) as a consequence of the differences
in the degree of protonation/deprotonation of the three acidic functions
present in the molecule, the phosphonate group RP(CH3)OOH → RP
(CH3)OO− (H2L+ → H2L) (pKa1 = 2.00), the carboxylic group, R′CO2H
→ R′CO2

− ((H2L → HL−), (pKa2 = 2.90), and the amino group, R″NH3
+

→ R″NH2 (HL− → L2−) (pKa3 = 9.80), at 298.15 K, respectively [35,36].
The proton and phosphorous chemical shifts have been measured

for a solution of glufosinate ammonium, at pH* of dissolution, alone
and in the presence of increasing concentrations of NH4NO3. It is
worth noting that the pH* of (NH4)2Glu(1)/NH4NO3(2) solutions de-
creases by increasing the concentration (Table 2).

Figs. 2 and 3 show, respectively, the dependence of the 1H and 31P
NMR spectra as a function of the concentration of the NH4NO3 added
to a solution of glufosinate ammonium (1.8 mmol kg−1) in D2O, at
pH* of dissolution (pH* 7.34). The numbering used in the 1H assignment
is defined in the Scheme 2.

According with the Fig. 2, the 1H signal of proton H-2 is the most af-
fected, showing a slight shift to higher frequencies with increasing

concentrations of NH4NO3 added to the solution, whereas in the same
conditions, the chemical shifts of the corresponding signals of protons
H-3, H-4 and H-6 are not affected. Similarly to H-2, the 31P NMR signal
shows a slight shift to higher frequencies (Fig. 3). The pattern of the de-
pendence is very similar for bothH-2 and P-5 nuclei which, for better vi-
sualization, is shown in the graphs of the Fig. 4. From the observed
deshielding of H-2 nuclei in the 1H NMR spectra, the increasing of neg-
ative charge of carboxylate group is suggested, in consequence of the
polarization of the bonding electrons from C-2 towards C-1. Likewise,
the 31P NMR spectra indicate for the phosphonate group some confor-
mational changes as a result of the increasing of negative charge of the
atom O-5 [32–34]. As the dominant species of glufosinate in solution
is HL− (Scheme 2), the increasing of the negative charge of the two ter-
minal negative functional groups (carboxylate and phosphonate) with
increasing concentrations of NH4NO3 should be regarded as a result of
the increment of the electrostatic interactions of these sites with the ex-
cess of NH4

+ species. These findings should have a particular impact on
the decreasing of diffusion coefficients with the increasing concentra-
tion of the salt based on “salting in” effect.

4. Conclusions

The limiting mutual diffusion coefficients for three pesticides
(glufosinate ammonium, cymoxanil and imidacloprid) in water and
the tracer diffusion coefficients of glufosinate ammonium, at 25 °C,
were measured.

In water, the differences found for the limiting diffusion coefficients
of these pesticides may be interpreted on the basis of their electrolytic
character.

The effect of ionic strength, simulated by using ammonium nitrate,
on the diffusion of glufosinate ammonium in aqueous solutions has
been studied. It has been found that, in these conditions, a salting-in ef-
fect is affecting the diffusion behaviour. The salting-in effect is more
favourable at high salt concentrations (c = 0.02 mol dm−3). Conse-
quently, the entities of (NH4)2Glu offermore frictional resistance tomo-
tion through the liquid, and, consequently, the diffusion coefficient of

Table 1
Tracer diffusion coefficients,DT, for (NH4)2Glu in aqueous solutions containingNH4NO3, at
25 °C.a

c1/(mol dm−3) DT/10−9 m2 s−1 ΔDT/D
0 b % DT/10−9 m2 s−1 ΔDT/D

0 b %

c2 = 0.01/(mol dm−3) c2 = 0.02/(mol dm−3)

0.001 0.788 −19 0.744 −24
0.002 0.751 −17 0.733 −19
0.003 0.733 −17 0.721 −19

a This table shows the values of tracer diffusion coefficients of glufosinate ammonium in
ammonium nitrate aqueous solutions. To get those values, 70 μL of (NH4)2Glu + NH4NO3

at concentrations, c1 and c2, respectively, was injected into the flow ammonium salt solu-
tion, at concentration c2.

b ΔDT/D0 represent the deviations between tracer and limiting diffusion coefficients of
(NH4)2Glu.
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Scheme 2. Glufosinate hydrolysis equilibria. For the sake of simplicity the hydronium ions have been omitted.

Table 2
pH* values for a D2O solution of glufosinate ammonium
1.8 mmol kg−1 as a function of increasing concentrations of
NH4NO3.

[NH4NO3] (mol kg−1) pH*

0 7.34
0.0089 6.34
0.0178 6.23
0.0356 6.08
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this aqueous system becomes smaller, as a consequence of stronger in-
teractions between ions andwatermolecules. This is supported by NMR
experiments. In the presence of an excess of ammonium ions, the

electrostatic interactions due to an increase of the negative charge in
the phosphonate and carboxylate groups increase, contributing for a
diffusion slow down.

Fig. 2. 1H NMR spectra of a D2O solutions of glufosinate ammonium, at 298.15 K as a function of increasing concentrations of NH4NO3: (a) (NH4)2Glu 1.8 mmol kg−1, pH* 7.34 and
(b) (NH4)2Glu/NH4NO3 1.8:8.9 mmol kg−1, pH* 6.34; (c) (NH4)2Glu/NH4NO3 1.8:17.8 mmol kg−1, pH* 6.23; (d) (NH4)2Glu/NH4NO3 1.8:35.6 mmol kg−1, pH* 6.08. Inset containing an
expansion from 3.75 to 3.93 ppm for better visualization of H-2 signals of (NH4)2Glu alone and in the presence of increasing concentrations of NH4NO3.

Fig. 3. 31P NMR spectra of a D2O solutions of glufosinate ammonium, at 298.15 K, as a function of increasing concentrations of NH4NO3: (a) H3PO4 85% alone (standard - std) and (b) (NH4)
2Glu 1.8 mmol kg−1, pH* 7.34; (c) (NH4)2Glu/NH4NO3 1.8:8.9 mmol kg−1, pH* 6.34; (d) (NH4)2Glu/NH4NO3 1.8:17.8 mmol kg−1, pH* 6.23; (e) (NH4)2Glu/NH4NO3 1.8:35.6 mmol kg−1,
pH* 6.08. Inset containing an expansion from 44.55 to 45.25 ppm for better visualization of 31P signals of (NH4)2Glu alone and in the presence of increasing concentrations of NH4NO3.
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Abstract: Pesticides are widely used in agriculture to increase and protect crop production. A sub-
stantial percentage of the active substances applied is retained in the soil or flows into water courses,
constituting a very relevant environmental problem. There are several methods for the removal of
pesticides from soils and water; however, their efficiency is still a challenge. An alternative to current
methods relies on the use of effective adsorbents in removing pesticides which are, simultaneously, ca-
pable of releasing pesticides into the soil when needed. This reduces costs related to their application
and waste treatments and, thus, overall environmental costs. In this paper, we describe the synthesis
and preparation of activated carbon-containing poly(β-cyclodextrin) composites. The composites
were characterized by different techniques and their ability to absorb pesticides was assessed by using
two active substances: cymoxanil and imidacloprid. Composites with 5 and 10 wt% of activated
carbon showed very good stability, high removal efficiencies (>75%) and pesticide sorption capacity
up to ca. 50 mg g−1. The effect of additives (NaCl and urea) was also evaluated. The composites
were able to release around 30% of the initial sorbed amount of pesticide without losing the capacity
to keep the maximum removal efficiency in sorption/desorption cycles.

Keywords: β-cyclodextrin; activated carbon; hydrogels; pesticides; remediation

1. Introduction

One of the major challenges facing society nowadays is the development of effec-
tive methodologies to eliminate or reduce air, soil and water (surface and groundwater)
contamination as a consequence of growing anthropogenic activities. Urbanization and
industrialization has led to a massive release of different contaminant classes such as
heavy metal ions [1], volatile organic compounds (VOCs) [2], polyfluoroalkyl substances
(PFAs) [3], persistent organic pollutants (POPs) [4] and pesticides [5] into the environment.
These xenobiotics can be harmful for both human health and ecosystems, causing sizable
changes in the flora and fauna equilibria. Depending on their physical–chemical properties,
they show different toxicity levels and mechanisms of action. Pesticides, which include
biocides and plant protection products (PPPs), are mainly applied in the agriculture for
improving harvests. Due to soil persistence, water contamination and food chain con-
centration, pesticides can affect directly or indirectly a wide range of organisms [6]. It
is consensual that pesticides can cause adverse effects to human health leading to acute
or chronic disorders, with effects being a function of time and amount of exposure [7,8].
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Ideally, these products should be highly specific and, thus, selectively toxic to the target
organisms. However, most of the pesticides have a broad spectrum of action and only
ca. 0.1% reach the intended target [9]. Due to the agrochemicals’ highly negative impacts,
its removal from soil and water is a major challenge [10,11]. Hence, the improvement of
environmental remediation techniques [12], e.g., biological treatment [13] and advanced
oxidation processes [14], is pivotal. Sorption processes and materials have wakened great
attention being straightforward in application and often reusable, showing good efficiency
and advantageous cost effectiveness. A wide range of adsorbent materials, including
clays [15], alumina, mesoporous metal oxide [16–18] and zeolites [19–21], can be used for
an extensive range of applications [22], albeit, activated carbon (AC) remains a most promi-
nent material for environmental contaminants removal due to its high sorption efficiency.
This includes the effective sorption of different pesticides as summarized in Table 1.

Table 1. Sorption efficiency of pesticides from activated carbon (AC).

Pesticide AC Source qm
(a) (mg g−1) RE (b) (%) Ref.

Acetamiprid, Atrazine, Azoxystrobin,
Chlorantraniliprole, Difeconazole, Diuron,

Imazalil, Pymetrozine, Pyraclostrobin,
Thiacloprid, Trifloxyztrobin

Starch 66.2
(Pyraclostrobin) >80 [23]

2,4-dichlorophenoxyacetic acid Lagenaria vulgaris 333.3 100 [24]
2,4-dichlorophenoxyacetic acid Date stone 238.1 91.8 [25]

4-chloro-2-methylphenoxyacetic acid Norit 0.8, Aquacarb 207C, Aquacarb
208C, Aquacarb 208EA

133.6, 117.6,
106.2, 105.3 n/a [26]

Acetamiprid Tangerine peels 35.7 92 [27]
Alachlor Juglans regia n/a ≥72 [28]

Ametryn, Aldicarb, Dinoseb, Diuron Carbon-cloth 354.6, 421.6,
301.8, 213.1 n/a [29]

Atrazine Mangosteen peels 51 n/a [30]
Atrazine, deethylatrazine, deisopropylatrazine,

simazine Rayon 238.1, 303, 119,
370.4 n/a [31]

Bentazon CAT, Carbopal 718 n/a [32]
Bentazon Sky fruit husk 166.7 ≥70 [33]

Benzimidazole Arachis hypogaea n/a 70 [34]
Carbofuran Banana stalks 64 97 [35]

Diazinon NH4Cl-AC 250 97.5 [36]
Endosulfan Saccharum officinarum 2.3 ≥93 [37]
Ethaboxam Juglans regia n/a ≥89 [38]

Furadan, Metribuzin,
2,4-dichlorophenoxyacetic acid Bamboo 869, 756.5, 274.7 92.3, 93, 96.7 [39]

Imidacloprid Peach stone 39.4 ≥80 [40]
Imidacloprid Ricinodendron heudelotii 43.5 90 [41]

Hinosan Rice husk 81.4 ≥65 [42]
Methoxychlor, atrazine, methyl parathion Rubber tire 112, 104.9, 88.9 91, 82, 71 [43]

(a)qm maximum sorption capacity per unit weight of the adsorbent; (b) RE is the removal efficiency; n/a: not available.

Despite that, two major AC drawbacks can be pointed out: the high production cost
and the low regeneration capacity [44]. Low-cost materials are vital as AC alternatives
and a wide range of sorbents have gained increasing attention. Amidst them, hydrogels—
materials formed by 3D hydrophilic polymer network capable of sorption large amounts of
water—have been applied to environmental remediation processes [45,46]. Among these
polymers, natural polysaccharides such as starch, chitosan and pectin have been increas-
ingly used as adsorbents due to being biodegradable, inexpensive, non-toxic, abundant,
and renewable [47,48]. The presence of reactive chemical groups such as amine, hydroxyl
or carboxyl permit easy modification as well as notable selective interactions. For these
reasons, polysaccharides and their derivatives are smart alternative sorbent materials with
remarkable sorption efficiency and might as well be easily regenerated by desorption cycles.
Cyclodextrins (CDs) are cyclic oligosaccharides with outstanding properties, including the
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ability to form host-guest supramolecular complexes [49–51]. Consequently, the use of CDs
arises as a natural choice for preparing sorbent materials [52–54] as they can be used as
monomers for hydrogel formation [55–57] and, simultaneously, provide a significant num-
ber of active sites for interaction with less water soluble pollutants as, e.g., pesticides [58].
The synthesis of CD-based hydrogels relies on a covalent binding of a CD to a solid matrix
or a direct linkage of CDs by using a crosslinker (epichlorohydrin and diisocyanates are
commonly used [59–61]).

Additionally, we also want to address the question: is it feasible preparing sorbent
material with the capability to provide for active substances to the soil, when it is needed,
without further maintenance? For such purpose, the sorbent material should be able to
show high sorption-desorption cyclic performance.

In this paper, we describe the synthesis and characterization of poly(β-cyclodextrin)s
(PCD) and activated carbon composites, at different weight ratios. The PCD hydrogels
were initially prepared by copolymerization of β-CD with hexamethylene diisocyanate
(1,6-HDI), acting as crosslinker, through a carbamate forming reaction. The activated carbon
has been used due to its high sorption performance for a vast type of pollutants, whilst the
PCD was chosen due to its low swelling degree, allowing for a long-term encapsulation
of the AC and concomitantly keeping high permeation rates. The obtained hydrogel
composites were assessed towards the removal of two active agrochemical substances:
cymoxanil (CYM) and imidacloprid (IMD), a fungicide of the cyanoacetamide oximes class
and an insecticide of the neonicotinoid class, respectively (Scheme 1). The evaluation was
made on the basis of a thorough study on sorption kinetics and isotherms as well as on the
structural characterization of composites before and after sorption. Besides, the effect of
different additives (NaCl and urea) and sorption/desorption cycles on the gel performance
was also evaluated.
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2. Results and Discussion
2.1. Poly(β-cyclodextrin) Synthesis and Characterization

Crosslinked PCD was prepared by reaction of the primary hydroxyl groups of β-CD
with the isocyanate groups of 1,6-HDI (Figure 1a), forming a urethane linkage. The reaction
is catalyzed by BTL, which acts as Lewis acid by coordination of the Sn with the nitrogen
atom of the isocyanate and, thus, facilitates the attack of the oxygen of the hydroxyl group
to the carbonyl of the isocyanate.

In the PCD/AC composites, the AC is retained by the PCD crosslinked matrix (Figure 1b,c).
A thermogravimetric characterization has been performed to assess the effect of AC

addition at 5% and 10% (w/w) on the thermal stability of poly(β-CD). The TGA and dTG
curves of adsorbent materials are shown in Figure 2a,b. All adsorbents showed an initial
loss of mass up to ca. 12% with a maximum temperature around 100 ◦C, associated with
solvent evaporation. PCD showed a typical second degradation step between 250 ◦C and
350 ◦C with a maximum degradation rate at 277 ◦C and weight loss of ca. 50%; such
thermal event can be assigned to the β-CD degradation [62,63]. All poly(β-CD)-based
materials revealed a further thermal degradation at around 452 ◦C. That can be justified by
the cleavage of the ester bond between β-CD and 1,6-HDI [64]. It should be stressed that the
latter can also be indicative of a successful synthesis of PCD. Taking into account just these
two thermal changes, it can also be noticed that the corresponding maximum degradation
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temperatures, for PCD/AC10%, show a slightly decrease; i.e., they occur at 262 ◦C and
449 ◦C, suggesting that the incorporation of a higher content of AC has a negligible effect
on the stability of the poly(β-cyclodextrin). We can hypothesize that an increase in the AC
content might decrease the intermolecular H-bonds interactions between CDs affecting
its thermal stability. An interesting process is also observed as an additional thermal
transition for PCD/AC5% and PCD/AC10% at 322 ◦C and 327 ◦C. These transitions seem to
indicate that the incorporation of AC does not affect equally the polymeric structure; i.e.,
the hypothetical (microscopically) heterogeneous density of AC might induce polymeric
zones of higher and lower stability. This is supported by the weight loss percentage for
these two regions being similar to that observed just for PCD. Finally, the decrease in the
mass loss shown in the TG of AC can be assigned to devolatilization [65].Molecules 2021, 25, x FOR PEER REVIEW 4 of 21 
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The synthesis of PCD and its composites was also analyzed by FT-IR. The correspond-
ing spectra are shown in Figure 2c. Considering the FTIR spectrum of the PCD it is possible
to observe a broad band around 3400 cm−1 due to the asymmetrical and symmetrical
stretching vibration of the -OH groups. The two bands at 2935 cm−1 and 2862 cm−1 are
associated to the methylene groups stretching vibrations of the 1,6-HDI crosslinker. The ab-
sence of a peak at 2270 cm−1, corresponding to the isocyanate group, indicates a complete
polymerization reaction [64]. A characteristic band appears at 1710 cm−1, which is due to
the stretching vibration of the carbonyl group of the ester bond between the -OH at C-6
position of the β-CD and the terminal carbonyl of the isocyanate group of 1,6-HDI. The
presence of the amide groups is also confirmed by the band at 1547 cm−1 relative to the
bending vibration of the -NH group in secondary amide. The band at 1265 cm−1 results
from the overlapping of bands due to the interaction of the -NH bending vibration and
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-CN stretching vibration of the amide groups. The band at 850 cm−1 is characteristic of the
α - 1→ 4 glycosidic bond [66]. Finally, the weak bands between 800 and 600 cm−1 can be
assigned to the -NH wagging vibrations of the secondary amide groups [67].

Figure 2. Thermograms (a) and corresponding dTGs (b) for PCD (black line), PCD/AC5% (green line), PCD/AC10% (blue
line) and AC (orange line). FTIR and 13C CPMAS solid state NMR spectra are shown in (c,d), respectively.

Comparing the spectra of neat-PCD and its composites with activated carbon at 5%
and 10%, it is not possible to observe any characteristic bands that can confirm or reveal
the presence of the activated carbon, probably due to the weak adsorption bands of the AC.
However, in a more detailed analysis, it is possible to observe two weak peaks at the high
frequency region around 3700–3600 cm−1, indicating the presence of hydroxyl groups. The
bands between 1500 and 1000 cm−1 can be assigned to C-O stretching and -OH bending
vibrations. The bands in the region 950–800 cm−1 are probably associated to the C-H
vibration [68]. However, from the 13C CPMAS solid-state NMR spectra (Figure 2d), which
compares the spectrum of PCD with that of PCD/AC10%, it is observed a broad and low
carbon resonance, around 125.5 ppm, associated with aromatic structures of AC moiety [69].
The other resonances can be assigned to four carbon resonances of the glucopiranose unit:
C1 (101.1 ppm), C4 (82.1 ppm), C2/C3/C5 (72.7 ppm) and C6 (60.7 ppm) [70]. Moreover, it
can be noticed at low field a carbon resonance C7 (157.3 ppm) associated to the carbonyl in
the carbamate (urethane) group while at high field two carbon resonances—C8 (41.6 ppm)
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and C9 (27.7ppm)—related to the carbon of the methylene groups in the aliphatic chain of
1,6-HDI, can be observed.

The swelling behavior of different gels were also evaluated by the analysis of the
water uptake capacity (Table 2). It can be seen that the swelling degree for the PCD is not
high, in line with a semi-rigid (not soft) gel when handled, and the encapsulation of AC
leads to a decrease in the SW. This might be related with the structural effect produced by
the AC into CD structure as seen by the thermogravimetric and BET analysis. Concerning
the latter, it can be observed that the incorporation of AC into pBC increases by 3 times the
surface area of the composite. This increase is accompanied by a continuously decrease in
the average pore diameter with an increase in the AC percentage.

Table 2. Swelling degree and structural properties of the adsorbent materials.

Adsorbents SW% SBET/(m2 g−1) Dpore
(a)/nm

PCD 55 ± 10 11.3 ± 0.2 17.7
PCD/AC5% 50 ± 4 36.1 ± 0.7 10.8
PCD/AC10% 33 ± 3 33.3 ± 0.9 7.91

AC 1272 ± 38 2.05
(a) Average pore diameter (Dpore) was determined by 4VP/SBET.

2.2. Sorption Kinetics

The adsorption kinetic analysis provides valuable information about the adsorption
efficiency of an adsorbent material and a better understanding of the adsorption mechanism.
It should be stressed that these experiments were carried out at two initial pesticide
concentrations 200 ppm and 500 ppm.

Figure 3 shows representative sorption kinetic data for IMD and CYM onto PCD/AC10%.
In general, the maximum sorption capacity is attained (taking a cumulative sorption
capacity of 80%) after ca. 10 and 20 h. Such slow sorption rate might be related to the
relatively low swelling degree of these gels. In fact, independently of the model [71],
there is an inverse relationship between the diffusion coefficient (or rate constant) and the
polymer volume fraction and thus with the swelling degree; i.e., the fractional drag action
on adsorbate movement inside the gels increase by decreasing the swelling degree, and
consequently, their kinetic rate constant [72]. It is also worth noticing that the time needed
to reach the sorption equilibrium is also high and similar in magnitude to that found for
PCD-based hydrogels.

Additionally, the kinetic data were evaluated by the PFO and PSO (Equations (7) and (8));
the fitting parameters for all sorption systems are summarized in Tables 3 and 4 and are
represented by solid and dashed lines in Figure 3. Generally, the determination coefficients
(R2) values are higher than 0.95, indicating a good fit. However, once the R2 values are
similar for the fitting of both equations to the experimental data, the AIC are used to
conclude on the best fitting. It can be concluded that for all systems the sorption kinetic
follows a pseudo-second order mechanism. It is worth noticing that the qe values obtained
by Equation (8), representing the amount of pesticide sorbed at equilibrium time, denote
that the constancy of qe value is not completely reached after 4 days. Hence, a chemisorption
nature is suggested which can be justified by the occurrence of hydrogen bonds or inclusion
complexes formation. That hypothesis can also explain the higher adsorbed amount of
pesticide at higher concentration and larger contact time as observed in the experimental
design and kinetic and equilibrium analysis. Another issue that deserves a comment is
the effect of the initial concentration on the k2 rate constants: by increasing the initial
concentration from 200 ppm to 500 ppm, k2 values decrease significantly. This indicates
that other phenomena than sorbent-sorbate interaction occur; an example of that might
be an increase of sorbate-sorbate interactions upon concentration increase [46]. Both
these findings are in agreement with the sorption isotherms as will be discussed in the
next section.
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Figure 3. Sorption kinetic of imidacloprid (IMD) solution at 200 ppm (a) and 500 ppm (b); and cymoxanil (CYM) solution
at 200 ppm (c) and 500 ppm (d) onto PCD/AC10%. Solid and dashed lines represent the fitting of Equations (7) and (8),
respectively, to the experimental data, at 25 ◦C. The fitting parameters are shown in Tables 3 and 4.

Table 3. Fitting parameters for the fitting of pseudo-first order (up) and pseudo-second order (down)
kinetic equations for the sorption of imidacloprid, at 25 ◦C and 200 or 500 ppm.

Ci = 200 ppm PCD PCD/AC5% PCD/AC10% AC

qe,exp (mg g−1) 10.3 (±0.6) 14.6 (±0.5) 24.1 (±0.3) 37.4 (±0.6)
qe (mg g−1) 10.4 (±0.2) 15.0 (±0.2) 24.1 (±0.4) 37.2 (±0.9)

k1 (10−2 min−1) 75 (±4) 18.4 (±0.7) 27.4 (±0.2) 67 (±5)
R2 0.9869 0.9984 0.9953 0.9758

AIC −20.6 −31.5 −6.2 23.0

qe (mg g−1) 11.0 (±0.1) 19.0 (±0.3) 28.1 (±0.4) 39.2 (±0.5)
k2 (10−2 g mg−1 min−1) 9.7 (±0.5) 0.83 (±0.01) 0.96 (±0.07) 2.4 (±0.1)

R2 0.9953 0.9983 0.9970 0.9951
AIC −33.0 −28.7 −9.8 2.6

Ci = 500 ppm PCD PCD/AC5% PCD/AC10% AC

qe,exp (mg g−1) 23 (±3) 31 (±3) 32 (±2) 223.9 (±0.3)
qe (mg g−1) 24.3 (±0.4) 31.1 (±0.5) 33.3 (±0.6) 219 (±2)

k1 (10−2 min−1) 7.1 (±0.7) 6.5 (±0.5) 8.4 (±0.8) 5.7 (±0.2)
R2 0.9834 0.9890 0.9821 0.9975

AIC 15.0 15.6 27.9 75.7

qe (mg g−1) 27.8 (±0.7) 36.0 (±0.7) 37.6 (±0.7) 258(±1)
k2 (10−2 g mg−1 min−1) 0.33 (±0.05) 0.23 (±0.02) 0.31 (±0.03) 0.030 (±0.001)

R2 0.9844 0.9931 0.9898 0.9996
AIC 15.9 7.6 18.2 32.21
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Table 4. Fitting parameters for the fitting of pseudo-first order (up) and pseudo-second order (down)
kinetic equations for the sorption of cymoxanil, at 25 ◦C and 200 and 500 ppm.

Ci = 200 ppm PCD PCD/AC5% PCD/AC10% AC

qe,exp (mg g−1) 10 (±2) 18.7 (±0.1) 35.2 (±0.1)
qe (mg g−1) n/a 10.2 (±0.3) 18.8 (±0.4) 35.6 (±0.2)

k1 (10−2 min−1) n/a 12 (±1) 22 (±2) 21.5 (±0.5)
R2 n/a 0.9938 0.9858 0.9990

AIC n/a −32.9 −1.9 −21.4

qe (mg g−1) n/a 14.2 (±0.7) 22.7 (±0.7) 43.6 (±0.6)
k2 (10−2 g mg−1 min−1) n/a 0.6 (±0.1) 0.9 (±0.1) 0.44 (±0.02)

R2 n/a 0.9930 0.9883 0.9980
AIC n/a −29.0 −3.0 −9.1

Ci = 500 ppm PCD PCD/AC5% PCD/AC10% AC

qe,exp (mg g−1) 11 (±4) 18 (±4) 27 (±4) 259 (±1)
qe (mg g−1) 10.4 (±0.8) 19.2 (±0.8) 25.4 (±0.7) 253 (±6)

k1 (10−2 min−1) 5 (±1) 3.8 (±0.5) 17 (±3) 11 (±2)
R2 0.9171 0.9651 0.9478 0.9608

AIC 7.6 14.8 40.1 145.5

qe (mg g−1) 11 (±1) 23 (±1) 28.1 (±0.6) 277 (±1)
k2 (10−2 g mg−1 min−1) 0.7 (±0.3) 0.18 (±0.04) 0.65 (±0.09) 0.081(±0.002)

R2 0.9384 0.9714 0.9794 0.9992
AIC 5.8 13.0 22.6 54.0

2.3. Sorption Isotherms

Sorption isotherms for IMD and CYM onto gel composites and activated carbon have
been measured and are shown in Figures 4 and 5, respectively. It can be seen that the
sorption mechanism changes with the sorbent. In fact, for PCD the sorption isotherms
are almost linear, following a quasi-Henry model, suggesting a diffusion of pesticides
into the gel water free volume or a weak interaction between the pesticides and the
cyclodextrins. By increasing the incorporation of AC into PCD the dependence of the qe as
function of Ce becomes more concave and the sorption becomes clearly favorable. For the
activated carbon, the sorption follows an s-shape isotherm, with significantly low Ce values,
suggesting an initial highly favorable sorption towards AC. Such behavior is independent
on the IMD or CYM. A deeper analysis has been done by fitting the Freundlich and Sips
equations to the experimental data (see fitting lines in Figures 4 and 5); the corresponding
fitting parameters are gathered in Tables 5 and 6. In general, the Sips model fits better the
experimental sorption data, considering the determination coefficient and the AIC data.
From the analysis of the fitting parameters reported in Tables 5 and 6, it can be noticed
that the maximum sorption capacity increases by increasing the amount of AC into the gel
matrix. It can also be observed a similar stability constant, for IMD and CYM, registered
for PCD and PCD/AC5%; however, for the PCD/AC10% and AC the interaction between
IMD and the adsorbents is significantly higher. This might be justified by the occurrence
in higher extent of London dispersion forces between the activated carbon and the more
hydrophobic pesticide, IMD.
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Figure 4. Sorption isotherms of IMD onto: (a) PCD, (b) PCD/AC5%, (c) PCD/AC10% and (d) AC, at 25 ◦C.
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Table 5. Sorption fitting parameters for imidacloprid (see Figure 4).

Model PCD PCD/AC5% PCD/AC10% AC

KF (mg g−1 mg−n Ln) 0.06 (±0.01) 0.27 (±0.04) 1.6 (±0.5) 21 (±2)
Freundlich 1/n 0.93 (±0.03) 0.77 (±0.03) 0.48 (±0.05) 1.7 (±0.3)

R2 0.9953 0.9958 0.9651 0.9375
AIC −18.6 −8.6 13.2 26.6

qm (L mg−1) 31 (±9) 48 (±22) 26 (±2) 54 (±3)
Sips KS (10−2 L mg−1) 0.2 (±0.1) 0.2 (±0.2) 2.0 (±0.5) 97 (±4)

1/n 1.20 (±0.1) 1.0 (±0.1) 1.0 (±0.1) 5.2 (±0.8)
R2 0.9979 0.9944 0.9945 0.9935

AIC −27.4 −5.0 −0.2 13.6

Table 6. Sorption fitting parameters for cymoxanil (see Figure 5).

Model PCD PCD/AC5% PCD/AC10% AC

KF (mg g−1 mg−1/n L1/n) 0.06 (±0.02) 0.18 (±0.05) 0.9 (±0.2) 0.9 (±0.6)
Freundlich 1/n 0.75 (±0.07) 0.70 (±0.05) 0.51 (±0.05) 2.4 (±0.4)

R2 0.9736 0.986 0.9576 0.9265
AIC −9.8 −6.6 8.5 25.1

qm (L mg−1) 9 (±3) 12 (±3) 28 (±18) 57 (±5)
Sips KS (10−2 L mg−1) 0.4 (±0.2) 0.8 (±0.4) 0.4 (±0.7) 27 (±1)

1/n 1.3 (±0.3) 1.3 (±0.4) 0.7 (±0.3) 8 (±1)
R2 0.9871 0.9804 0.9527 0.9865

AIC −14.6 −3.4 13.0 17.9

The interaction between IMD and CYM and the four different adsorbents was comple-
mentary evaluated by scanning electron microscopy (Figure 6).
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Figure 6. SEM micrographs of sorbent materials before (top row) and after 24 h in contact with aqueous solutions of
cymoxanil (middle row) and imidacloprid (bottom row), respectively (magnification ×10,000). (a) PCD); (b) PCD/AC5%;
(c) PCD/AC10% and (d) AC. Inset figures are photos of the adsorbents.
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The micrographs show an irregular and amorphous surface for PCD and PCD/AC5%
(Figure 6a,b—top row) and become smoother by increasing the amount of AC. After 24h in
contact with the aqueous solution of CYM and IMD, respectively, significant morphological
alterations have been observed. Thus, the surface morphology of PCD becomes significantly
more featureless in the presence of IMD and a similar behavior occurs for PCD/AC5%,
showing that for this gel composite, the cyclodextrin effect is predominant. On the other
hand, an opposite effect is observed for PCD/AC10% and AC; i.e., the sorption of CYM by
PCD/AC10% (c)-middle row) leads to a highly jagged surface, which is enhanced in the
presence of IMD. In the case of AC the effect of both pesticides on the adsorbent surface
morphology do not follow the same trend, although they are different when compared with
the pristine adsorbent. The former evidence is in close agreement with the fact that IMD
interacts more strongly with the gel than the CYM thus producing a more significant surface
modification; the latter might be related with the high performance of the activated carbon
for the sorption of both pesticides reaching a removal efficiency higher than 98% (Figure 7)
and a maximum amount of sorbed CYM and IMD of 53.4(±0.7) and 49.5(±0.3) mg g−1

(Figure S2) respectively. The analysis of Figure 7 and Figure S2 deserves further comments.
The performance of PCD is the poorest of all adsorbents (tested with RE lower than 35% and
20% for IMD and CYM, respectively), in agreement with the higher affinity of the aromatic
towards the hydrophobic cavity of the CD. However, for the composite gel adsorbents,
the removal efficiency increases by increasing the amount of encapsulated AC and, as a
general trend, decreases by increasing the initial concentration of pesticide. Such a behavior
might be linked to the tendency of pesticides to form dimers [73], which might hamper the
sorption process—as previously discussed. It should be noticed, however, that there is an
increase in the qe values with an increase in the initial concentration of pesticides (Figure S2).
The maximum removal efficiencies of CYM by PCD/AC5% and PCD/AC10% are 45(±2)
and 73(±2)%, respectively, whilst for IMD are 55.9(±0.6) and 80.9(±0.7)%, respectively.
Such behavior is remarkable for two different reasons: the removal efficiency is higher for
the lowest initial concentration (i.e., 50 ppm) and the use of lower amounts of AC leads to
a significant level of removal. Looking at the qe values, an increase in the amount of AC
from 5% to 10% doubles and triples the qe values for CYM, compared to PCD; again, the
AC is playing a main role on the sorption efficiency.
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For the sake of comparison, the values of RE and qm reported in the Table 1 for the
removal of IMD by using AC [40,41] are lower than those obtained by us, and are similar
to those corresponding to the use of PCD/AC5% and PCD/AC10%.

2.4. Effect of Additives on the Pesticide Sorption Isotherms

Saline soils are composed of several types of dissolved salts but NaCl is the most
prevalent one, which is why the effect of salinity on the sorption of pesticides is of great
importance [74]. Furthermore, urea is a nutrient often used in cropping together with
different types of pesticides and has proved to be suitable as a carrier for some of the
herbicides [75]. Hence, the influence of additives like NaCl and urea has been assessed
in the attempt to evaluate the sorption efficiency of composite materials in simulated
environments. The effect of ionic strength and additives on the sorption isotherms of
CYM and IMD have been evaluated by using NaCl (1 g L−1) and urea (1 g L−1) as model
molecules and data are shown in Figures S3 and S4, respectively. Generally, it can be
observed an analogous behavior of the adsorbent materials for IMD in presence of urea
and NaCl, with favorable and cooperative adsorption process as it is suggested from the
value of n and Ks parameters (Tables S4 and S5).

However, there are some issues that deserve further discussion. The amount of
sorbed cymoxanil and the corresponding removal efficiencies for cymoxanil onto PCD
and PCD/AC5%, in the presence of NaCl, are higher than in its absence. Namely, the RE
is twice higher than in the NaCl absence. The structure of cymoxanil shows a significant
number of amine groups able to interact with primary and secondary hydroxyl groups
of β-CD by H-bonding. Simultaneously, it is known that intermolecular CD interactions
might occur strongly [76]. Once this effect is more significant for the gels with lower
amount of AC, we may hypothesize that the screening effect [77] caused by an increase in
the ionic strength decreases the number of CD-CD interactions (in spite of its short-range
nature) [78,79], leaving the CD available to interact with CYM. The sorption enhancement
obtained for PCD/AC5% might also be related to a more porous surface morphology. Even
so, and although urea can be removed by activated carbon [80], it is worth noting that no
modification of the pesticide RE is observed. In the case of IMD removal no significant
changes are observed in the presence of either NaCl or urea.

2.5. Reusability Assessment

Three cycles of adsorption/desorption have been performed using ca. 0.1 g of each
adsorbent in 10 mL of 500 ppm solution of IMD and CYM, respectively. The results are
shown in Figure 8. In general, it can be noticed a slightly increase of the sorption capability
along the three cycles of sorption/desorption for both pesticides. The average values of
qe and RE% for IMD sorption onto PCD, PCD/AC5% and PCD/AC10% agree with the
experimental values obtained by equilibrium analysis. That behavior is more pronounced
for CYM where it can be also observed a decrease of the desorption rate for the three
adsorbent materials. The same result is achieved with PCD/AC10% for IMD while PCD
and PCD/AC5% reach the equilibrium at the first cycle both in sorption and desorption
steps. Hence, it can be suggested that the presence of sorbate molecules plays a prominent
role promoting the sorption process via cooperative mechanism due to sorbate-sorbate
interaction. The results also suggest that the sorption mechanism occurs via dual physi-
and chemisorption.

In addition, AC does not show any ability to desorb either of these pesticides by
diffusion (data not shown). Thus, we can conclude that the desorbed capacity of the
composite gels is mainly due to the PCD. Besides this, it is interesting to observe from
the data in Table S6 that the presence of AC on the composite significantly ruled the IMD
release in contrast with CYM release probably determined by concentration gradient.
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3. Materials and Methods
3.1. Materials

β-cyclodextrin (β-CD) was purchased from ACROS-Organics (MW = 1134.98 g·mol−1,
98%, CAS 7585–39–9). For the poly(β-cyclodextrin) synthesis, hexamethylene diisocyanate
(MW = 168.19 g·mol−1, purity ≥ 98%, CAS 822–06–0, 1,6-HDI) and dibutyltin dilaurate
(MW = 631.56 g·mol−1, 95%, CAS 77–58–7, BTL) were supplied by Sigma-Aldrich (Stein-
hem, Germany). The N,N-dimethylformamide (DMF) used in the syntheses was dried by
treatment with CaO (previously activated at 500 ◦C) for 24 h, followed by decanting and
stirring with NaOH (solid) for 1 h. After further decantation, the solvent is distilled and
stored over 4 Å molecular sieves. Activated carbon (AC, granular, pure) was purchased
from Riedel-de Haën (Seelze, Germany). Cymoxanil (MW = 198.18 g·mol−1, 98.9%, CAS
57966–95–7, CYM) and imidacloprid (MW = 255.66 g mol−1, 100%, CAS 138261–41–3, IMD)
were supplied by Sigma-Aldrich (Steinhem, Germany).

The other chemicals were used without further purification process. All solutions
were prepared with Millipore-Q water obtained with gradient water purification system
Direct-Q® 3UV-R.

3.2. Synthesis of Poly(β-cyclodextrin) and Its Composites

Poly(β-cyclodextrin) was synthesized following a previous work reported in litera-
ture [81]. Briefly, 1.8 mmol of β-CD was solubilized in anhydrous DMF, under stirring
and in a nitrogen atmosphere. After complete dissolution, one drop of BTL was added, as
catalyst. Then, a DMF solution of 1,6-HDI (7.2 mmol) as crosslinker was added dropwise
to the mixture and heated at 70 ◦C for 24 h. Likewise, two PCD composites (PCD/AC)
were prepared by encapsulating 5% and 10% (w/w) of activated carbon. The size of AC
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powder has been measured by sieving and the following size distribution was obtained:
300–212 µm: 49%; 212–180 µm: 7%; 180–75 µm: 3%; 75–38 µm: 17%; 38–25 µm: 13%; and
<25 µm: 9%.

The obtained polymers were washed first with an excess of chloroform, under stirring
for 12 h at room temperature, to remove the organic solvent and then, with ultrapure water,
under stirring at room temperature, to remove the unreacted β-CD [81].

Finally, the solids were collected by filtration in filter paper and dried in an oven
at 60 ◦C. Afterwards, a second drying step was performed at 160 ◦C by using a thermo-
balance (A&D MS-70, Tokyo, Japan) until reaching a mass variation ≤0.001% min−1,
ensuring a complete solvent removal. The xerogels of PCD and PCD/ACs appear as macro-
scopically homogeneous solids, white and dark grey, respectively. The adsorbents were
used as powder. Obtained percentage yields (weight): PCD = 89.3%; PCD-AC5% = 92.5%;
PCD-AC10% = 78.0%.

3.3. Physico–Chemical Characterization of Absorbent Materials

The chemical structure of neat-PCD, AC and their composites was evaluated by
Fourier transform infrared spectroscopy (FT-IR) (Nicolet 6700 FT-IR, Thermo Scientific,
Waltham, MA, USA) in a wavelength interval of 4000 and 400 cm−1 using KBr pellets as
reference. Pellets were prepared at 1% (w/w) for PCD and PCD/AC5% and at 0.5% (w/w)
for PCD/AC10% and AC with KBr.

The incorporation of AC into PCD was further assessed by solid-state nuclear magnetic
resonance (NMR) using 13C cross polarization magic angle spinning (CPMAS) technique.

The 13C CPMAS solid state NMR spectra were obtained on a Bruker Avance HD-
400 MHz NMR spectrometer operating at a 13C resonance frequency of 106 MHz and using
a commercial Bruker double-channel probe. To obtain a good signal-to-noise ratio in 13C
CPMAS experiment 20 K scans were accumulated using a delay of 2.5 s. The 13C chemical
shifts were referenced to tetramethylsilane and calibrated with glycine carbonyl signal, set
at 176.5 ppm.

Thermogravimetric (TGA) and differential thermogravimetric (dTG) analysis of PCD,
PCD/AC (5% and 10%) and AC in xerogel forms have been carried out by using TG209-F3
Tarsus (Netzsch Instruments, Selb, Germany). The analysis was performed in TiO2 plates
using approximately 4–5 mg of adsorbent, in the 25 to 800 ◦C temperature range, at a
heating rate of 10 ◦C·min−1, under nitrogen atmosphere with a flow rate of 50 mL·min−1.

The surface morphology of the xerogel was characterized by scanning electron mi-
croscopy (SEM) (Gemini 2-Zeiss, Merlin-Zeiss, Oberkochen, Germany,) at 2.00 kV with
magnification 10,000×. The samples were previously frozen using liquid nitrogen followed
by freeze drying (Labconco, Kansas City, MO, USA, model Free-Zone 4.5) before being
sputter-coated with a thin gold layer. PCD, PCD/AC5%, PCD/AC10% and AC were ana-
lyzed before and after 24 h of contact with 200 mg L–1 IMD and CYM aqueous solutions,
respectively, to determine the morphological effects.

The Brunauer Emmett Teller (BET) specific surface area was obtained through nitrogen
adsorption (ASAP 2000, Micrometrics, Norcross, GA, USA).

The water uptake capacity was determined by swelling analysis, performed in tripli-
cate, using ca. 50 mg of adsorbent at 25 ◦C. The swelling degree (SW) was calculated by
Equation (1):

SW% =
(me −m0)

m0
× 100 (1)

where m0 and me (g) are the masses of the adsorbent as xerogel and swollen state at
equilibrium, respectively.

3.4. Sorption Analysis

The optimal experimental conditions for the equilibrium and kinetic sorption analysis
were assessed by performing a 23 factorial analysis. The effect of three parameters: volume
(5 and 10 mL), amount of adsorbent (50 and 100 mg) and concentration of CYM (7.5 and
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22.5 ppm) and IMD (5.0 and 15 ppm) was considered. The concentration values were
decided taking the analytical range into account. The linearity of the analytical methods,
the analytical range, limit of detection (LOD) and limit of quantification (LOQ) were
statistically determined. The quantification of CYM and IMD concentrations were obtained
by UV-Vis spectroscopy (Shimadzu UV-2450, Kyoto, Japan) between 200 nm and 500 nm,
at the maximum wavelengths: 242 nm and 270 nm, respectively. The statistical parameters
supporting the normal data distribution, absence of outliers as well as the linearity of
the calibration data are reported in Tables S1 and S2, respectively. UV-Vis spectra and
calibration curve are shown in Figure S1 while the analytical parameters of IMD and CYM
are reported in Table S3.

Sorption analysis of CYM or IMD were performed in aqueous solutions at 25 ◦C
and shaken at 120 rpm in an incubator LABWIT (ZWI-100H, Shangai, China) using a
weighted mass of neat–PCD, PCD/AC5%, PCD/AC10% and pristine AC. Nylon teabags
(100-mesh nylon screen) were used to ensure a complete immersion of the adsorbents in
the bulk phase. In the concentration range at which pesticide sorption was evaluated,
control experiments were carried out showing that no measurable sorption of pesticides
onto teabags has been detected. The efficiency of removal (RE%) of both active ingredients
was calculated by using Equation (2),

RE% =
(C0 − Ce)

C0
× 100 (2)

where, C0 and Ce (mg L−1) are initial and equilibrium concentration in the analytical
samples, respectively. The amount of CYM or IMD adsorbed was computed by using
Equation (3)

qe =
(C0 − Ce)

m
×V (3)

where, qe (mg g−1) is the amount of active ingredient adsorbed per gram of adsorbent at
equilibrium state, V (L) is the volume of the analytical solutions and m (g) is the mass of
the adsorbent. Sorption isotherms were performed by using a concentration range from 0
to 500 mg L−1 for CYM and IMD. Additionally, sorption isotherms in a pesticide aqueous
solution, containing either NaCl or urea (both at 1.0 g L−1) were also performed. A mass of
adsorbate of ca. 0.1 g was used.

Based on the experimental data, and assuming a heterogeneous adsorbent, two
isotherm models have been chosen: Freundlich [82] and Sips [83,84] (Equations (4) and (5)),
respectively,

qe = KFC1/n
e (4)

qe =
qmKsC1/ns

e(
1 + KsC1/ns

e

) (5)

where, KF (mg g−1 L1/n mol−1/n) and KS (L1/n mol−1/n) are the Freundlich and Sips
constants, qm (mg g−1) is the maximum sorption capacity per unit weight of the adsorbent
and 1/n and 1/nS are heterogeneous related factors. Equation (5) predicts a monolayer
sorption, characteristic of the Langmuir equation [85], to higher adsorbate concentrations
or when nS equals to 1. The goodness of the fitting was assessed by the determination
coefficient (R2) and the Akaike information criterion (AIC)—Equation (6) [86]:

AIC = Nln
SS
N

+ 2k (6)

where, N is the number of experimental points, SS is the sum of squared errors and k is
related to the number of fitted parameters.

Sorption kinetic analysis were performed using ca. 0.1 g of PCD, PCD/AC5%, PCD/AC10%
and AC in 10 mL of IMD and CYM aqueous solutions at 200 ppm and 500 ppm. The
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sorption kinetic mechanism was assessed by using the pseudo–first order (PFO) and
pseudo–second order (PSO) kinetic models (Equations (7) and (8)), respectively.

qt = qe

(
1− e−k1t

)
(7)

qt =
k2q2

e t
1 + qek2t

(8)

where, qt (mg g−1) is the amount of adsorbate at defined interval of times t (min). k1 (min−1)
and k2 (g mg−1 min−1) are the rate constants for PFO and PSO, respectively.

Sorption kinetics and isotherms were performed in triplicate.

3.5. Reusability Assessment

The reusability of the adsorbent materials was evaluated by performing three sorp-
tion/desorption cycles, using experimental conditions similar to those used for sorption
kinetics. Desorption capability (DC%) was computed by using Equation (9)

DC% =
Cedes

Cesor

× 100 (9)

where, Cesor and Cedes (mg·L−1) are the equilibrium concentrations of the sorbed and
desorbed pesticide, respectively. The analysis was performed in triplicate.

4. Conclusions

Poly(β-cyclodextrin)-activated carbon composite materials were synthesized and their
performance for the removal of cymoxanil and imidacloprid—pesticides highly used in
agriculture of the South of Europe—was evaluated. The use of poly(β-cyclodextrin) and
activated carbon allows to use a highly efficient material (AC) with an amphiphilic material
(CD) with high capacity to interact with low molecular weight compounds. Additionally,
the use of PCD enables to obtain a hydrogel with a low swelling degree. This feature seems
to be of utmost importance because it prevents the release of AC and simultaneously allows
the partial release of pesticides.

Cyclodextrin was polymerized by using 1,6-HDI as crosslinker; two composites, with
5 and 10 wt% AC, were synthesized. The encapsulation was monitored by FT-IR and
13C-NMR. The presence of AC into the gel matrix has no significant effect on the thermal
degradation of the composite but has a significant effect on the swelling degree, suggesting
that the AC might interact with CDs, thus, acting as a further crosslinker. The performance
of hydrogel composites towards pesticide removal was evaluated. Activated carbon has
shown the best performance as adsorbent for IMD and CYM. It has also been shown that
by increasing the amount of AC inside gel-matrix increases the RE and the maximum
amount of sorbed pesticide. This cannot be solely explained by the modification of the BET
surface area. Although those values are significant (higher than 56% and 80% RE for IMD-
PCD/AC5% and IMD-PCD/AC10%, respectively and maximum qe of around 20 mg g−1

for both composites), they are lower than those obtained for the sorption of CYM and
IMD onto AC—this work—but better than the majority of data reported for AC systems.
Furthermore, the sorption mechanism follows the Sips model, suggesting that there is a
dual (physical and chemical) interaction between the pesticides and the adsorbent. This
is observed in the surface morphology of the adsorbent, in the absence and presence of
pesticides, as well as it is in agreement with pseudo-second order sorption kinetics. It has
been found that ionic strength (NaCl) and soil additive (urea) has no significant effect on
the sorption isotherms of CYM and IMD, indicating that the interactions sorbent-sorbate
are weak (e.g., London dispersion forces).

A relevant achievement of this work was to allow to conclude that these composites,
unlike the AC, are able to sorb and desorb both pesticides, in significant amounts, after
three cycles, without losing the ability to reach the maximum amount of sorbed/desorbed
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pesticide; in fact, it has been found that with the reuse cycles the maximum removal
capacity of composites slightly increases. This accomplishment clearly paves the way
for the development of new materials capable of acting simultaneously as sorbents and
carriers, thus, contributing to the decrease of pesticides amounts applied in agriculture
and, consequently, reducing the environmental damages.

Supplementary Materials: The following are available online at, Figure S1: Representation of IMD
and CYM (a) UV-Vis spectra, and (b) curve of calibration., Figure S2: Removal efficiency (RE%)
of CYM (left) and IMD (right) by different adsorbents: PCD (black columns), PCD/AC5% (grey),
PCD/AC10% (white) and AC (lines), Figure S3: Adsorption isotherm of IMD (0–500) ppm onto
PCD (a), PCD/AC5% (b), PCD/AC10% (c) and AC (d), in 1.0 g L−1 urea solution; and onto PCD
(a’), PCD/AC5% (b’), PCD/AC10% (c’) and AC (d’), in 1.0 g L−1 NaCl solution, at 25 ◦C, Figure
S4: Adsorption isotherm of CYM (0–500) ppm onto PCD (a), PCD/AC5% (b), PCD/AC10% (c) and
AC (d), in 1.0 g L−1 urea solution; and onto PCD (a’), PCD/AC5% (b’), PCD/AC10% (c’) and AC
(d’), in 1.0 g L−1 NaCl solution, at 25 ◦C. Table S1: One-tailored Grubb’s test parameters. Table S2:
Two-tailored F-test parameters for equality variance, Table S3: Analytical parameters of imidacloprid
and cymoxanil, Table S4: Fitting parameters for the fitting of Equations (4) and (5) to the sorption
isotherm data for imidacloprid in the presence of urea and NaCl, Table S5: Fitting parameters for the
fitting of Equations (4) and (5) to the sorption isotherm data for cymoxanil in presence of urea and
NaCl, Table S6: Characterization values for three sorption/desorption cycles.
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Synthesis of NSs of amine-β-cyclodextrin 
with linkers with different chain 
lengths. 

• Dependency of the physico-chemical 
properties on the chain length of the 
crosslinker. 

• NS with shorter linker presents higher 
active surface and lower thermal 
stability. 

• High dependency on the physico- 
chemical characteristic of the NSs as 
sorbents. 

• Superior performance of amine-β-cyclo
dextrin nanosponges for pesticide 
sorption.  

A R T I C L E  I N F O   

Keywords: 
β-cyclodextrin 
Nanosponge 
Chain length effect 
Imidacloprid 
Agrochemical 

A B S T R A C T   

This paper describes the synthesis, characterization and sorption performance of cyclodextrin nanosponges 
(NSs). Cyclodextrins are cyclic oligosaccharides with remarkable amphiphilic properties, allowing for a vast 
range of applications. The synthesis of nanosponges of β-cyclodextrins was carried out using two uncommon 
cross-linkers: hexane-1,6-diamine (am6) and dodecane-1,12-diamine (am12). It has been found that the physico- 
chemical properties of the nanosponges are highly influenced by the chain length of the crosslinker. Nanosponge 
with crosslinker with shorter chain length is characterized by a higher active surface area (21.8 m2 cm− 1), pore 
size (24.3 nm) and structural disorder; on the other hand, the use of am12 leads to a higher thermal stability but 
lower porosity (7.5 nm), suggesting the occurrence of intermolecular alkyl chain interactions. It can also be 
concluded that by increasing the crosslinker alkyl chain length, the CD gains additional degrees of freedom and, 
consequently, a higher structural organization is favored. The more compact structure of the CD-am12-CD led to 
less available amine groups, consequently it shows a more pronounced response to pH variation. Such properties 
make the am6–containing NS a better sorbent for imidacloprid – an active substance used as systemic foliar 
insecticide and veterinary substance. A preliminary factorial study was performed to determine the effect of 
several parameters (IMD concentration, amount of sorbent, volume of solution and pH) on sorption abilities of 
the NSs. Hence, the sorption analysis were performed at the optimal experimental conditions pH 3.8, s/l ratio 5 
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and 25 ◦C in which CD-am6-CD shows the ability for an efficient sorption of the active substance. From the 
application perspective, the maximum adsorption capability is 68 ± 5 mg g− 1 and the removal efficiency is 95%.   

1. Introduction 

The cyclic oligomers α-, β- and γ-cyclodextrins (CDs) and their de
rivatives have been studied for over a half-century [1]. They show a 
fascinating structure of truncated-cone-shaped with 6, 7 and 8 
α-(1→4)-D-glucopyranosyl linked units, respectively. The combined 
external hydrophilicity with the internal hydrophobic surface constitute 
a unique “microenvironment”, that confer them the peculiar ability to 
form host-guest complexes with many hydrophobic substances by hy
drophobic interaction, dipole-dipole, electrostatic interaction, Van der 
Waals, dispersion forces and reduction of conformational strain [2,3]. 
Hence, physical, chemical and/or biological characteristics of the guest 
molecules can be modified and/or improved. CDs were explored in a 
wide range of applications and areas including drug-delivery system, 
catalysis, agricultural industries, food and cosmetic industries, pollution 
remediation, among others [4–7]. Due to their ability to form inclusion 
complexes, CDs and derivatives are also applied for analyte extrac
tion/isolation or remediation/decontamination applied to heavy metals, 
dyes, pharmaceuticals and agrochemical [8–11] compounds. 

Pesticides are becoming one of the most relevant environmental 
global issues [12,13]. Albeit they have positive effects for maximizing 
crop production, studies demonstrate that only ca. 0.1% reach their 
targets, which means high-cost implication and soil, water streams and 
air pollution [14]. Moreover, due to their broad spectra of action, 
persistence, bioaccumulation and bioaugmentation, they can indirectly 
affect the biodiversity with species loss and/or resistant species forma
tion, and they have impact upon human health, leading to chronic or 
acute illness [15–17]. 

The sequestrating ability of CDs and their derivatives are widely 
studied for pesticide removal. Derivatives can be prepared via facile 
mono- or per-functionalization due to the intrinsic nucleophilicity of the 
primary and secondary hydroxyl groups [18,19]. In the last few years, 
attention was focused on the use of CDs and derivatives to develop 
versatile supramolecular nanostructures such as nanosponges (NSs) and 
nanogels (NGs) [20,21]. Nanosponges can be defined as 3D-hyper-reti
culated nanoporous structures with high thermal stability that allows 
more applications with hydrophilic compounds. Several classes of 
linkers can be used to synthesize CD-based nanosponges (CD-NSs) and 
common examples are dicarboxylic acid chlorides, anhydrides, diiso
cyanates, dicarboxylic acids, alkyl dihalides and chlorohydrins [8,22]. 
CD-NSs are recently being explored as promising environmentally 
friendly sorbent materials for pesticides, taking advantage of the hy
drophobic cavities of the CDs and the hydrophilic network of the porous 
structure (Table 1). 

In this study we are investigating the sequestrating capability of two 
CD-NSs for imidacloprid (IMD). Imidacloprid is one of the most widely 
used neonicotinoids, accounting for a third of the world market for in
secticides. IMD is widely applied as veterinary substance and systemic 
neurotoxic broad-spectrum insecticide [23]; however, because of the 
massive amount used and long half-life, it promotes soil and 
water-streams contamination. Moreover, studies have demonstrated the 
presence of IMD residues on European topsoil samples [15], plants and 
human urine [24]. Herein, we synthesized CD-NSs using two uncommon 
linkers, hexane-1,6-diamine (am6) and dodecane-1,12–diamine (am12), 
namely CD-am6-CD and CD-am12-CD. NSs were characterized by 
different techniques and the influence of the chain length of the linker 
was assessed. The chemical structure was characterized by 1H-NMR, 
FTIR and thermal stability via TGA and DSC. Particle size and stability 
were determined by DLS and ζ-potential measurements, whereas the 
morphology was analyzed by SEM before and after contact with an 
aqueous solution of the pesticide active ingredient. The removal 

efficiency and the mechanism of sorption of the IMD into both NSs were 
evaluated via sorption isotherm and sorption kinetic. The optimal 
experimental conditions were determined through a 2k experimental 
design, while also evaluating the pH effect on the sorption capability of 
CD-am6-CD and CD-am12-CD, since both materials are pH responsive. 

2. Materials and methods 

2.1. Materials 

For the synthesis of NSs, β-cyclodextrin (β-CD) was supplied by 
Sigma Aldrich (purity 98%, CAS 7585–39–9), triphenylphosphine 
(Ph3P) was purchased from Alpha Aesar and iodine, I2, was supplied as 
resublimed pearls by PanReac. Hexane-1,6-diamine (am6) (CAS 124–09- 
4) and dodecane-1,12–diamine (am12) (purity 98%, CAS 2783–17-7), 
used as crosslinkers, were purchased from Sigma-Aldrich. N,N-Dime
thylformamide (DMF) was obtained from Honeywell (purity ≥ 99.8%, 
CAS 68–12-2) and dried using molecular sieves. Methanol (MeOH) was 
obtained from Chem-Lab (purity 99.8% HPLC grade, CAS 67–56-1). 
Imidacloprid was supplied by Sigma-Aldrich (purity 100%, CAS 
138261–41-3). The other chemicals were used without further purifi
cation processes. For NMR analysis dimethylsulfoxide-d6 (DMSO-d6) 
(purity 99.80%, CAS 2206–27-1) and 3–(trimethylsilyl) propionic acid- 
d4 sodium salt (TMSP) (MW = 172.27 g mol− 1, purity 98%, CAS 
24493–21-8) were purchased from Eurisotop and used as solvent and 
internal reference, respectively. 

2.2. Synthesis of amine-cyclodextrin nanosponges 

The amine-cyclodextrin-based nanosponges are obtained by reaction 
of heptakis-(6–amine)-(6–deoxy)-β-cyclodextrins (amx-CD) with 

Table 1 
Sorption efficiency of pesticides from cyclodextrin-based nanosponges.  

Nanosponges Pesticide qm 
(a) (mg 

g¡1) 
RE (b) 

(%) 
Ref. 

βCD-EPI 
HP-βCD-EPI 

flufiprole n.a. 60–80 [25] 
fomesafen 1.5, 0.7 n.a. [26] 
simazine 0.3, 0.01 
bromacil n.a 10–60 [25] 

0.7, 0.7 n.a. [26] 
fenamiphos n.a. 10–60 [25] 

9.5, 18.2 n.a. [26] 
pretilachlor n.a. 10–60 [25] 

28.7, 28.4 n.a. [26] 
butachlor n.a. 60–80 [25] 

37.4, 19.2 n.a. [26] 
butylenefipronil n.a. 10–60 [25] 

3.7, 2.8 n.a [26] 
fipronil n.a. 60–80 [25] 

2.8, 6.2 n.a [26] 
benalaxyl n.a. 60–80 [25] 

14.2, 28.0 n.a [26] 
atrazine n.a. 10–60 [25] 

0.8, 1.2 n.a. [26] 
βCD-HDI 2,4–dinitrophenol 3.4 76 [27] 

methyl parathion n.a. 55 [28] 
βCD-CTR paraquat dichloride 

hydrate 
20.8 n.a. [29] 

βCD-EDTA-CS 2,4,5–trichlorophenol 9.2 90 [30] 
βCD-TDI 2,4–dinitrophenol 3.9 86 [27] 
βCD-DPC dinotefuran 0.9 90 [31] 
βCD-BDE ciprofloxacin 2 90 [32] 

(a)qm maximum sorption capacity per unit of weight of the sorbent; (b) RE is the 
removal efficiency. 
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heptakis-(6–iodo)-(6–deoxy)-β-cyclodextrin (I-CD). The amx-CDs has 
been obtained by previous modification of native β-CD via nucleophilic 
substitution using excess of I2. 

The synthesis of I-CD was relied on an experimental procedure 
described elsewhere [33]. Briefly, Ph3P (30.0 mmol) was dissolved in 30 
mL of anhydrous DMF. I2 (30.0 mmol) was carefully added to the pre
vious solution and, after complete dissolution, dried β-CD (2.0 mmol) 
was added to the mixture. The solution was stirred under a N2 atmo
sphere, at 70 ◦C, overnight. Then, the solution was cooled to r.t. and 
concentrated by solvent removal (ca. 40%). A fresh solution of NaOMe 
(3 M, 12 mL) was added to the reaction mixture for 30 min, under 
cooling and stirring. The solution was then poured in an excess of MeOH 
and the precipitate is collected by filtration in vacuum. The precipitate is 
superficially washed and Soxhlet extracted with MeOH until no more 
discoloration by the solvent is detected. Finally, the purified product 
was collected, frozen with liquid nitrogen and freeze dried (Labconco 
model Free Zone 4.5). The product, a solid white powder, is stored in 
desiccator until further use. 

The synthesis of amx-CDs was carried out using two diamines with 
different chain length, hexane-1,6-diamine and dodecane- 
1,12–diamine. The intrinsic nucleophilicity of polyamines was exploited 
to easily react with the I-CD. Based on a published research [34], the 
amine-functionalized CD was prepared by nucleophilic substitution of 
the iodine in position C6 with the amine group. I-CD was mixed with a 
20–fold excess of the proper linker. Particularly, to synthesize am12-CD, 
15 mL of DMF is needed to ensure the dissolution of am12 at 60 ◦C. After 
complete dissolution, 5 mL of DMF containing I-CD was added. The 
reaction mixtures of am6-CD and am12-CD were heated at 60 ◦C and 
70 ◦C, respectively, and stirred under a nitrogen atmosphere for 48 h. 
Then, 20 mL of MeOH were added and the resulting solution was added 
dropwise in ca. 200 mL of cold diethyl ether under vigorous stirring. The 
solution was decanted, after settling of the brown gum product, dis
solved in 10 mL of MeOH and precipitated once more in cold diethyl 
ether. The cycles of dissolution-precipitation were repeated until a 
pale-yellow solid was obtained. The products were collected by centri
fugation at 4500 rpm, for 20 min, frozen and freeze-dried. Due to the 
high time consuming, the synthetic routes for am6-CD and am12-CD were 
also performed via microwave-assisted procedure (MW), based on the 
literature [35]. A minimum amount of anhydrous DMF is used to ensure 
the dissolution of the 20–fold excess of am6 and am12. The MW-synthesis 
of am6-CD and am12-CD were performed in a CEM Discover microwave 
using a fixed temperature method, 85 ◦C and 95 ◦C, for 30 min, 
respectively. This procedure allows a drastic reduction of the reaction 
time, with good yield for am6-CD and am12-CD. 

Finally, the synthesis of the amine cyclodextrin-based nanosponges 
was carried out by reaction of amx-CD with I-CD, using 1:1 equivalent 
ratio. The reactants were mechanically mixed and anhydrous DMSO was 
used as media to ameliorate the blending of the reactants. The mixtures 
were heated at 60 ◦C and 70 ◦C, during 48 h, for CD-am6-CD and CD- 
am12-CD, respectively. The product, with a like brown gum appearance, 
was transferred to 10 mL of water and mechanically smashed. The solid 
was collected by centrifugation at 4500 rpm for 20 min. Three cycles of 
washing were performed by sonicating the solid for 10 min in 10 mL 
MeOH. The solid was collected through centrifugation. A final washing 
with diethyl ether was performed and the final product was frozen, 
freeze-dried and stored in a desiccator until further use. 

2.3. Physico-chemical characterization of the cyclodextrin-based 
materials 

The substitution efficiency of I-CD and amx-CDs was determined by 
1H-nuclear magnetic resonance (1H-NMR) at 400 MHz using ca. 10 mg 
of compounds in 1 mL of DMSO-d6 solution containing 0.5% (w/v) of 
TMSP. 

The chemical structure of β-CD, am12, I-CD, am6-CD, am12-CD, CD- 
am6-CD and CD-am12-CD were characterized by Fourier transform 

infrared spectroscopy (FTIR) in a wavelength interval of 4000–400 
cm− 1. 

The thermal stability of the pristine compounds, intermediates and 
final products was determined by thermogravimetric analysis (TGA) 
(Netzsch Instruments, model TG209–F3 Tarsus) and power-compensated 
differential scanning calorimetry (DSC) (PerkinElmer, model DSC 7). The 
TGA analysis was performed using ca. 3 mg of sample in a temperature 
range from 20◦ to 600◦C, heating rate of 10 ◦C min− 1, under a 50 mL 
min− 1flow rate of nitrogen. The DSC experiments were performed in a 
Perkin Elmer DSC7 calorimeter, with an intracooler cooling unit at − 20 
ºC (ethylene glycol-water(1:1, v/v) cooling mixture). The analyses were 
carried out using ca. 3 mg of compound in 30 μL aluminum vented pans, 
in the temperature range from 0◦ to 200◦C, with a heating rate of 20 ◦C 
min− 1, under a 20 mL min− 1 nitrogen flow rate. 

Dynamic light scattering (DLS) and ζ-potential measurements were 
performed using 1 mL of nanosponge dispersion in aqueous solution of 
KCl 0.01 mM at 25 ◦C (Malvern Zetasizer NanoZS). For the DLS mea
surements, a scattering angle of 173◦ was used and the average diameter 
was calculated before and after ζ-potential analysis, verifying the effect 
of the applied potential. The size values were retrieved from the in
tensity distribution values using the cumulants method. ζ-potential 
measurements were performed by aqueous electrophoresis measure
ments and the values were calculated from electrophoretic mobility 
using the Smoluchowski relationship. Moreover, the change of the 
ζ-potential of both materials as function of pH at four values (3.5, 4.5, 
6.5, 8.5 and 9.5) was determined. The pH was adjusted by micro-adding 
of HCl or NaOH 0.01 mol L− 1. 

Nitrogen adsorption-desorption analysis (ASAP 2000, Micrometrics) 
was performed to determine the specific surface area (SBET) with pore 
size given by the Brunauer-Emmet-Teller (BET) model 

Pore size =
4Vpore
SBET

(1)  

where Vpore is the volume of the pores. 
Scanning electron microscopy (SEM) (Gemini 2-Zeiss, Merlin-Zeiss, 

Oberkochen, Germany) micrographs were taken at 4.00 kV and 
10000 × of magnification to analyze the morphology of the NSs before 
and after contact with aqueous solutions of IMD at 500 mg L− 1. 

2.4. Sorption analysis 

Experimental conditions for the sorption analysis were determined 
by experimental design. A full 2k factorial design was performed 
considering three factors, namely concentration of pesticide, amount of 
adsorbent and volume of solution (Table 2). Their influence on the 
amount of pesticide sorbed per gram of sorbent (qe) was determined 
using 

qe =
C0 − Ce
m

× V (2)  

where qe (mg g− 1) is the amount of analyte sorbed by unit of sorbent, C0 
and Ce (mg L− 1) are concentration of IMD at initial and equilibrium 
state, respectively. In turn, m (g) is the mass of the sorbent, and V (L) the 
volume of the solution. 

The total number of tests for a complete design is given as N = 2k, 
where k is related with the factors varied over 2 levels. In this case, k has 

Table 2 
Experimental factors and their designation.  

Code 
(Xi) 

Factor Experimental field 

Min. (− 1) Max. (+1) 

X1 IMD concentration (mg L− 1) 150 500 
X2 Adsorbent amount (g) 0.010 0.020 
X3 Solution volume (L) 0.002 0.010  
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the value 3. 
A polynomial equation based on the first-order model was used in 

order to determine the effect of the three parameters (X1, X2 and X3) and 
their terms of interaction, as shown in 

qe = b0 + b1X1 + b2X2 + b3X3 + b12X1X2 + b13X1X3 + b23X2X3 +

+ b123X1X2X3
(3)  

where b0 is the average of the qe values, b1, b2 and b3 are the linear 
coefficients and b12, b13, b23 and b123 represent the coefficients of the 
interactions. X1, X2 and X3 are the single factors studied in the model 
whereas X1X2, X1X3, X2X3 and X1X2X3 are products of factor values. The 
IMD quantification was performed by UV-Vis spectroscopy. Calibration 
and analytical parameters for IMD quantification were determined and 
reported on our previous study [36]. 

Furthermore, based on the supposition that CD-am6-CD and CD- 
am12-CD are pH responsive materials, due to the presence of amine 
groups, the effect of the pH on qe, removal efficiency (RE) and degra
dation rate (DR) of IMD was also assessed. The RE and DR were calcu
lated using 

RE% =
C0 − Ce
C0

(4)  

DR% = (1 −
Ct
C0

) × 100 (5)  

where Ct is the concentration of IMD solution determined at a defined 
interval of time, 24 h. 

At the same pH values, the degradation rate (DR%) (Eq. 5) was 
assessed for aqueous solution of imidacloprid (500 mg L− 1) within 7 
days, at 25 ◦C with agitation at 120 rpm. 

The study was performed at four different pH values (3.8, 5.8, 7.8 
and 9.8) by using HCl and NaOH 0.1 M. The initial pH of the IMD 
aqueous solution is 5.8. 

2.4.1. Adsorption kinetics and isotherms 
The experimental best conditions to carry out the sorption kinetics 

and sorption isotherms were established from factorial analysis and pH 
effect studies. The sorption analysis for both NSs were performed in 
aqueous solution of IMD at pH = 3.8, solid/liquid (s/l) ratio of 5, shaken 
at 120 rpm and at 25 ◦C. The sorption kinetic was performed with IMD 
aqueous solution of 500 mg L− 1 and the mechanism was evaluated 
through modified pseudo-first order (PFO) and pseudo-second (PSO) 
order kinetic model, respectively 

qt = qe
(
1 − e− k1 t

)
+ c (6)  

qt =
k2q2

e t
1 + k2qet

+ c (7)  

where, qt (mg g− 1) is the amount of sorbate at defined interval of times 
(min). k1 (min− 1) and k2 (g mg− 1 min− 1) are the rate constants for PFO 
and PSO, respectively, and c (mg g− 1) is the estimated initial 
concentration. 

The goodness of the fitting for the models was established by the 
coefficient of determination (R2) and the Akaike information criterion 
(AIC) calculated as follows [37]. 

AIC = Nln
(
RSS
N

)

+ 2k+
2k(k + 1)
N − k − 1

for
N
k
< 40 (10)  

where N is the number of the experimental points, RSS the residual sum 
of squares and k the number of fitted parameters. 

Sorption isotherms were performed in the range of IMD concentra
tion from 0 to 500 mg L− 1, for 24 h as determined from the kinetic 
analysis, at pH 3.8 and a solid/liquid ratio equal to 5. Albeit different 
models were fitted to the experimental data, the Langmuir and modified 

Langmuir-Henry isotherm model were used in this work due to a higher 
fitting ability to the experimental data 

qe =
qmKLCe

1 + KLCe
(11)  

qe =
qmKLCe

1 + KLCe
+ KHCe (12)  

where qm (mg g− 1) is the maximum sorption capacity per unit weight of 
sorbent and KL (L mg− 1) and KH (L g− 1) are the Langmuir and Henry 
constants, respectively. 

Sorption kinetics and isotherm analysis relied in, at least, duplicates. 

3. Results and discussion 

3.1. Synthesis and characterization of amine-cyclodextrin nanosponges 

As previously described, the heptakis-iodination at C6 position of the 
β-CD was carried out using I2, DMF as solvent and Ph3P as catalyst. The 
amination was performed via nucleophilic displacement of the iodine 
atom by the amine groups of the diamine linker. Finally, the CD-am6-CD 
and CD-am12-CD were synthesized via nucleophilic substitution of the 
iodine atoms of I-CD by the amine groups of the proper amx-CDs, using 
a1:1 molar ratio. The synthetic sequences are schematized in Fig. 1. 

The structures of β-CD, am12, I-CD, am6-CD and am12-CD were 
confirmed by 1H NMR and the following information was obtained: 
β-cyclodextrin (β-CD): 1H-NMR ((CD3)2SO): 3.29–3.41 (m, 14 H); 
3.56–3.72 (m, 28 H); 4.49 (t, J=5.6 Hz, 7 H); 4.85 (d, J=3.2 Hz, 7 H); 
5.75 (bs, 7 H); 5.80 (d, J=6.4 Hz, 7 H); Dodecane-1,12-diamine 
(am12): 1H-NMR ((CDCl3): 1.20–1.34 (m, 20 H); 1.43 (q, J=3.5, 4 H); 
2.68 (t, J=3.0 Hz, 4 H); Heptakis-(6-deoxy)-(6-iodo)-β-CD (I-CD): 
yield 3.04 g (91%); 1H-NMR ((CD3)2SO): 3.32 (t, J=4.0 Hz, 7 H); 
3.38–3.44 (m, 7 H); 3.44–3.53 (m, 7 H); 3.60–3.74 (m, 14 H); 3.84 (bd, 
J=4.0 Hz, 7 H); 5.02 (d, J=2.0 Hz, 7 H); 6.03 (bs, 7 H); 6.12 (bd, 
J=4.0 Hz, 7 H); Heptakis-(6-deoxy)-[6-(6-amino-1-hexylamine)]- 
β-CD (am6-CD): yield 0.341 g (96%); 1H-NMR ((CD3)2SO): 1.08–1.66 
(m, 56 H); 2.53–2.98 (m, 42 H); 3.24–3.46 (m, 14 H); 3.56–3.83 (m, 
14 H); 4.86 (bs, 7 H); and Heptakis-(6-deoxy)-[6-(12-amino-1-dode
cylamine)]-β-CD (am12-CD): yield 0.239 g (78%); 1H-NMR 
((CD3)2SO): 0.90–1.63 (m, 140 H); 2.51–2.79 (m, 42 H); 3.05–3.34 (m, 
14 H); 3.56–3.84 (m, 14 H); 4.86 (s, 7 H); 5.77 (bs, 7 H); 5.84 (bs, 7 H). 

The chemical interactions and functional groups of precursors and 
NSs were screened by FTIR spectroscopy. The spectra of all materials are 
shown in Fig. S1, whereas in Fig. 2–a and 2–b are represented the spectra 
of am6-CD and CD-am6-CD, am12–CD and CD-am12-CD, respectively. As 
expected, all spectra, with exception of that for am12, present the typical 
peaks of β-CD at 3300 cm− 1 corresponding to primary and secondary 
-OH groups stretching vibration. At 1640, 1150, 1080 and 1024 cm− 1 

the vibrational modes related to stretching and bending vibration of -C- 
O-C- and -OH groups can be observed and at 855 cm− 1 appears the one 
related with the α-1→4 glycosidic bond [38–44]. 

In the FTIR spectrum of the dodecane-1,12-diamine, bands at 3329, 
3250 and 3160 cm− 1, associated with the asymmetric and symmetric 
stretching vibration and the Fermi resonance of the aliphatic primary 
amine groups, can be observed; at 2917 and 2847 cm− 1 the typical 
bands of the asymmetric and symmetric stretching vibrations of the 
methylene groups of linear chain alkanes are also observed. The medium 
bending and strong wagging vibration bands of -NH2 are present at 1606 
and 900 cm− 1. Weak/medium stretching bands due to -CN stretching 
vibrations are visible between 1100 and 1000 cm− 1. The strong peaks at 
1462 and 720 cm− 1 are related with scissoring and doublet rocking 
bands of the -CH2 groups. 

The per-iodination of β-CD leads to a narrower peak at 3300 cm− 1 

that can be assigned to a decrease of the -OH functional groups at C6 
and, consequently, to the intermolecular hydrogen bonding. The 
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Fig. 1. Synthetic routes for amine-cyclodextrin-based nanosponges.  

Fig. 2. FTIR spectra of (a) am6-CD (wine), CD-am6-CD (blue) and (b) am12-CD (dark cyan), CD-am12-CD (red).  
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presence of iodine is also confirmed by a sharp and strong band at 1150 
and 755 cm− 1 associated to CH2-I wagging and C-I stretching vibration, 
respectively. 

On the other hand, the amination of β-CD leads to a broader band at 
3300 cm− 1 due to contributions of the asymmetrical and symmetrical 
stretching vibrations of the primary and secondary amine groups, 
indicative of the successful substitution. am6-CD and am12-CD also show 
two high peaks around 2900 cm− 1 and a peak at 1460 cm− 1 associated 
to stretching and scissoring vibrations of the -CH2- groups of the 
aliphatic chains. The presence of the primary and secondary amine 
groups is confirmed by peaks in the region 1650–1500 cm− 1, associated 

to their bending vibrations [45]. It can also be seen at 720 cm− 1 a weak 
band related to -N-H wagging band. Once again, the successful of the 
nucleophilic substitution is confirmed by the disappearance of the -C-I 
peak at 755 cm− 1. Considering the spectra of the CD-am6-CD [34] and 
CD-am12-CD, a decrease of intensity of the peaks described for am6-CD 
and am12-CD was observed, probably due to the effect of crosslinking. 

The thermal stability was determined by thermogravimetrical anal
ysis. The thermograms of all compounds, and the corresponding dTGs, 
are depicted in Fig. S2. An initial weight loss is observed for all com
pounds in the temperature range 25–150 ºC, associated with water 
evaporation. As described in the literature, β-CD shows a maximum 

Table 3 
TGA and dTG data of amx-CD and CD-amx-CD.   

temperature range (ºC) Tmax (ºC) weight loss (%) 

am6-CD   
(1) 
160–275  
(2) 275–344  
(3) 344–441   

(1) 
261  
(2) 320  
(3) 395   

(1) 
23.6  
(2) 27.7  
(3) 24.0 

am12-CD   
(1) 
220–315  
(2) 315–382  
(3) 382–497   

(1) 
272  
(2) 339  
(3) 435   

(1) 
25.7  
(2) 26.4  
(3) 34.1 

CD-am6-CD   
(1) 
200–290   

(1) 
211   

(1) 
62.4 

CD-am12-CD   
(1) 
229–310  
(2) 310–375  
(3) 375–465   

(1) 
226  
(2) 310  
(3) 440   

(1) 
32.2  
(2) 18.2  
(3) 14.8  

Fig. 3. TGA (solid line) and dTG (dash dot line) curves of (a) am6-CD (wine), CD-am6-CD (blue), (b) am12-CD (dark cyan), CD-am12-CD (red); (c) DSC of I-CD (green), 
CD-am6-CD (blue) and CD-am12-CD (red). 
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thermal degradation rate temperature, Tmax, at around 312 ºC with a 
weight loss of 84% [39,46,47]. Pure am12 exhibits a unique Tmax at 176 
ºC. I-CD shows a Tmax = 232 ºC [46]. The degradation at lower tem
peratures, compared with β-CD suggests a weaker stability, probably 
due to a decrease in intra- and inter-molecular hydrogen bonding, as 
previously hypothesized based on the FTIR analysis. TG data of am6-CD, 
CD-am6-CD and am12-CD, CD-am12-CD are summarized in Table 3 and 
the thermograms are shown in Fig. 3–a and 3–b. Both 
amino-cyclodextrin derivatives present a similar thermal behavior with 
three degradation steps. However, am12-CD always display higher Tmax 
values, which can be explained by the longer chain length and, conse
quently, higher melting temperature. More in detail, Tmax(1) might be 
associated with a first melting process of β-CD. The Tmax(2) is associated 
with β-CD, while the Tmax(3) is related to the cleavage of the secondary 
amine bond at position C6. Herein, the shift to higher temperature can 
be associated with an increase in the stability, probably due to a better 
intermolecular alkyl chain packing. 

The TGs of NSs show significant differences. In fact, it is worth 
noticing that for CD-am6-CD, only a weight loss transition is occurring, 
with Tmax(1)= 211 ºC whereas CD-am12-CD exhibits a thermal profile 
similar to that of am12-CD. However, for both NSs, Tmax values are lower 

than those observed for the respective amx-CDs. 
The DSC curves in Fig. 3(c) presents two endothermic events 

attributed to solvent loss, since no transitions were observed for these 
samples when analyzed by polarized light thermomicroscopy. For CD- 
am6-CD and CD-am12-CD the peak with a maximum at 140 ºC, corre
sponds to the loss of solvation water from β-CD cavity [32,48]. The 
lower temperature value observed for I-CD suggests weaker interactions 
between water molecules with the β-CD cavity in this derivative. 

Dynamic light scattering and ζ-potential values of the NSs at constant 
ionic strength are reported in Fig. 4 and Table 4. 

Graphical distributions of particle size are shown as insert in Fig. 4 as 
well as the trend of the ζ-potential as pH function. CD-am6-CD and CD- 
am12-CD present a similar particles size of ca. 440 nm. After the ζ-po
tential analysis performed with application of 151 V, CD-am6-CD un
dergoes negligible size variation (1.8%) while CD-am12-CD presents a 
significant size variation (20.6%). This size deviation can be explained 
considering the higher structural flexibility and conformational orga
nization of CD-am12-CD due to the longer chain length of am12. It must 
be stressed that this is an unexpected result taking into account ζ-po
tential values of (41 ± 6) mV and (54 ± 7) mV for CD-am6-CD and CD- 
am12-CD, respectively, which in principle are high enough to prevent 

Fig. 4. N2 adsorption-desorption isotherms of CD-am6-CD (a) and CD-am12-CD (b); effect of pH on the ζ-potential of both NSs (c). Insets show the corresponding 
particle size distributions. 

Table 4 
DLS, ζ—potential and BET parameters.  

Nanosponges Z-average (d.nm) ± std PDI ± std ζ—potential (mV) ± std SBET 

(m2 g− 1) 
Pore volume (cm3 g− 1) Pore diameter (nm) 

CD-am6-CD  446 ± 30  0.38 ± 0.05  41 ± 6  21.8  0.13  24.3 
CD-am12-CD  438 ± 38  0.43 ± 0.03  54 ± 7  17.9  0.03  7.5  
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interparticle interactions (Fig. S3). Moreover, we can observe in Fig. 4–c 
that overall either CD-am6-CD and CD-am12-CD keep a significant pos
itive surface charge albeit ζ-potential decreases with increase of the pH. 
It can be notice that the effect of the pH is higher for CD-am12-CD 
probably because of the lower surface area and condensed structure 
which lead to low availability of the amine groups. The suggestion of 
higher CD-am12-CD interparticle interactions is supported by nitrogen 
sorption analysis. Type-II gas sorption isotherms were obtained for both 
poly(aminocyclodextrins), suggesting a mesoporous structure. The 
slightly marked shoulder for CD-am12-CD and particularly for CD-am6- 
CD indicates an overlap of monolayer and multilayer gas sorption 
(Fig. 4). Additionally, the surface area (SBET), volume and pore diameter 
with ca. 22 m2 g− 1, 18 m2 g− 1 and 24 nm, 7.5 nm for CD-am6-CD and 
CD-am12-CD were determined, respectively, as reported in Table 4. In 
fact, the use of am6 and am12 promotes an anchor between CDs and thus 
it will be expected that am12 will allow the occurrence of am12-am12 
intermolecular hydrophobic interactions and, consequently, a higher 

packing, as observed in other systems such as gemini surfactants and 
CDs [49,50], bolaform surfactants and cyclodextrins [51] or chain en
tanglements between crosslinker chains [52]. On the other hand, the 
shorter spacer am6 leads to a more definite CD-am6-CD structure 
essentially dominated by CDs as it is also suggested by TG analysis. Such 
features are also confirmed by SEM analysis (Fig. 5). 

Micrographs of pristine NSs show two different surface morphol
ogies. For CD-am6-CD (Fig. 5–a) the surface in composed by rod-like 
structures, some of them with more than 1 mm long. On the other 
hand, CD-am12-CD (Fig. 5–b) is characterized by the occurrence of very 
small rod-shape and spherical structures. The former surface suggests a 
more diffuse, porous, surface, whilst the latter is characterized by the 
occurrence of a compact structure, with alveolar architecture, probably 
due to the reorganization of the lipophilic chain of am12. Such an effect 
is also observed by the size of particles by visual observation – see inset 
pictures in Fig. 5(a) and 5(b). 

Fig. 5. SEM micrographs of CD-am6-CD (a, c) and CD-am12-CD (b, d) before (a,b) and after (c,d) immersion in an aqueous solution of IMD. Inset figures show NSs 
in water. 

Fig. 6. Effect of pH to sorbed amount (qe) and removal efficiency (RE %) of IMD into CD-am6-CD (black columns) and CD-am12-CD (lines).  
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3.2. Optimization of the sorption process 

The best experimental conditions to carry out the sorption analysis 
were evaluated by experimental design. The matrix scheme of the 
experimental design, taking into account three different factors (IMD 
concentration, sorbent amount, volume solution) and the corresponding 
qe values for both NSs are shown in table S1. The influence of those in the 
experimental domain can be observed substituting the obtained values 
of bi in Eq. 1, obtaining the following expressions for CD-am6–CD and 
CD-am12-CD, respectively 

qe = 28.98+ 6.12X1 − 1.37X2 + 1.55X3 + 0.38X12 − 2.21X13 +

+ 2.27X23 − 0.45X123
(13)  

qe = 10.60+ 5.15X1 − 0.86X2 + 0.87X3 − 0.35X12 + 0.01X13 +

+ 0.12X23 + 0.34X123
(14) 

The pesticide concentration and the volume of solution have positive 
effects; on contrary, the amount of sorbent has a negative effect on the 
adsorbate per gram of adsorbent. That is, lower amounts of adsorbent 
and higher volume solution and IMD concentration enhance the sorption 
of pesticide onto both NSs. The effects are more pronounced for CD- 
am6–CD. A different perspective is offered if the interaction coefficients 
are considered. The combination of a higher amount of sorbent and a 
larger volume have a positive effect on the sorption performance. An 
approximate optimal ratio between sorbent amount and volume of so
lution was indirectly determined as s/l ratio of 5. The results of the 
interaction coefficients are graphically represented as 3D color map 
surface in Fig. S4. 

Additionally, the stability of IMD in different aqueous solutions, at 
different pH values (3.8, 5.8, 7.8 and 9.8), was assessed and data are 
reported in Fig. S5. It has been found that IMD remains stable up to 7 
days. 

Degradation rate and the effect of pH were assessed for aqueous 
solution of IMD at 500 mg L− 1 in four pH values (3.8, 5.8, 7.8 and 9.8). It 
has been found that IMD remains stable up to 7 days (Fig. S5). 

3.3. Sorption of IMD onto CD nanosponges 

Fig. 6-a and 6-b show the effect of pH on the removal efficiency and 
maximum removal amount of adsorbate (RE% and qe, respectively). It 
can be noticed that highest sorption is achieved in acidic media (pH 3.8) 
due to protonation of amine groups, resulting in high positively charged 
surface. The presence of the abundant primary and secondary amine 
groups promotes sorbent-sorbate interactions by hydrogen bonding. 
Thus, the higher efficiency of CD-am6-CD is justified by its higher active 

surface area, pore size and availability of functional groups as well as by 
its higher hydrophilicity. 

From the analysis of Fig. 6, it can be concluded that CD-am6-CD 
shows qe and RE% values about twice those corresponding to CD-am12- 
CD (a similar picture is clearly visible in the values of the independent 
term in Eqs. 13 and 14). That is, at pH 3.8, the maximum sorption 
reaches qe values of 68.8 mg g− 1 and 32.7 mg g− 1 and RE% of 71.4% 
and 32% for CD-am6-CD and CD-am12-CD, respectively. These values 
show that the low porosity (Table 4) and the close-packed surface 
(Fig. 5-b) of CD-am12-CD are relevant for the IMD sorption process. 

The sorption mechanism was then assessed and Fig. 7 and Table 5 
show the representative sorption isotherms for IMD into CD-am6-CD and 
CD-am12-CD and the fitting parameters of the Langmuir and Langmuir- 
Henry models, respectively. It must be noticed that for CD-am6-CD the 
isotherm models are in agreement, indicating a homogeneous sorption 
system whereas the Langmuir-Henry model presents a higher R2 value 
for CD-am12-CD, suggesting a more heterogeneous system. We can 
justify the increased goodness of fit considering a high contribution of 
the Henry term. That consideration is in agreement with the curve 
shown in Fig. 7–b where we can observe a burst sorption within 0 and 
25 mg L− 1, followed by a linear relationship qe-C0 between 25 and 
300 mg L− 1. Herein, the qe value (7 ± 1 mg g− 1) obtained via Lagmuir- 
Henry model for CD-am12-CD represents the sorbed amount for mono
layer formation at low initial sorbate concentration when the Langmuir 
term has higher influence. Additionally, the more concave curve for CD- 
am6-CD indicates a more favorable process as confirmed by the higher 
value of KL associated with the sorption capacity and the lower values of 
RL in Table 5. Once again, CD-am6-CD shows an excellent sorption 
capability of IMD (qm = 68 ± 5 mg g− 1). 

As previously mentioned, the different performance of the two 
nanosponges can be explained by their physical properties. We suggest 
that the lower removal efficiency of CD-am12-CD is due to the smaller 
active surface, pore volume and size as well as its lower hydrophilicity 
compared to CD-am6-CD. These properties play a key role on the 

Table 5 
Fitting parameters of the Langmuir isotherm model for IMD sorption.  

Model CD-am6-CD CD-am12-CD 

Langmuir qm (mg g− 1) 68.3 ( ± 4.8) 52.4 ( ± 12.2) 
KL (L mg− 1) 0.08 ( ± 0.02) 0.004 ( ± 0.002) 
RL 0.7 – 0.02 1.0 – 0.3 
R2 0.9502 0.9379 

Langmuir-Henry qm (mg g− 1) 66.6 ( ± 15.3) 6.6 ( ± 1.2) 
KL (L mg− 1) 0.08 ( ± 0.03) 0.27 ( ± 0.21) 
KH (L g− 1) 0.01 ( ± 0.1) 0.08 ( ± 0.006) 
R2 0.9553 0.9852  

Fig. 7. Sorption isotherm of IMD into CD-am6-CD (square) (a) and CD-am12-CD (circle) (b) at 25 ◦C and pH 3.8. Langmuir isotherm model (solid line), Langmuir- 
Henry isotherm model (dash line). 
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sorption process, reducing the movement to the pores of adsorbent and 
the availability of the amine groups in the internal part of the network. 
This suggestion is compatible with the SEM micrographs of CD NSs in 
the presence of the IMD (Fig. 5); it can be seen that whilst for CD-am6-CD 
(Fig. 5–c) the surface morphology remains similar with rod-shape 
structures, in the case of CD-am12-CD a significant surface morphology 
modification is occurring; i.e., instead of a compact heterogeneous 
structure the surface shows a sheet-like morphology, resembling a su
pramolecular structure [53]. An interpretation for this come from the 
paper published by Guan et al. [54], where SEM images of sheet-like 

IMD structures are also showed. On the other hand, no significant 
morphological variations were observed for CD-am6-CD (Fig. 5–c) 
probably due to the internal diffusion of IMD (octanol/water partition 
coefficient, logP 0.57) inside the structure favored by NS hydrophilicity. 
Consequently, we can conclude that, sorbent-sorbate interaction mainly 
occurs at the CD-am12-CD outer surface. 

The effect of the initial IMD concentration on the removal efficiency 
of nanosponges are shown in Fig. 8. It can be seen that CD-am6-CD and 
CD-am12-CD reach the maximum RE % value of 96.5% and 89.8% at 
150 mg L− 1 and 10 mg L− 1 of IMD, respectively. We must also stress that 
CD-am6-CD achieves a removal efficiency in excess of 90% in a wider 
range of IMD concentration (20–200 mg L− 1) than CD-am12-CD, which 
is limited to 5 mg L− 1 and 10 mg L− 1. 

3.4. Sorption kinetics of IMD onto CD nanosponges 

For a better understanding of the sorption mechanism and to deter
mine the sorption efficiency of IMD into CD-am6-CD and CD-am12-CD, 
the sorption kinetic analysis was performed in the optimal experimental 
conditions. The experimental data are shown in Fig. 9 and the fitting 
parameters of the PFO and PSO models are reported in Table 6. For both 
materials, the PSO model performs a better fitting to the experimental 
data as confirmed by R2 and AIC values. The PSO model suggests a 
chemisorption mechanism justified by hydrogen bonds or formation of 
inclusion complexes [55–57]. However, due to little difference to the 
goodness of fit in the case of PFO, we cannot exclude the occurrence of 
physisorption phenomena via electrostatic interactions. Those in
teractions can be explained considering the positive charges on the 
sorbent surface due to the presence of the amine groups and the zwit
terionic character of the IMD structure. It should also be emphasized 
that the chain length of the linker not only can influence the physical 
properties but also the sorption abilities of the materials. CD-am6-CD 
displays an IMD sorption efficiency that is twice that of CD-am12-CD, 
which can be explained considering the less aggregated structure and 
hydrophilicity bearing a higher active surface, volume and size of the 
pores as indicated by BET and SEM analysis and consequent higher 
availability for interaction with the amine groups. Contrarily, the lip
ophilicity of CD-am12-CD limits the interactions adsorbent-adsorbate on 
the surface of the material and the IMD internal diffusion. 

4. Conclusions 

The two nanosponges, CD-am6-CD and CD-am12-CD were synthe
sized and applied for the removal of imidacloprid. The 3D-hyperreticu
lated structure of the cyclodextrin-based nanosponges allows to exploit 
both the hydrophilic nanoporous structure and the hydrophobic cavity 
of the cyclodextrin, resulting in a highly efficient material. Additionally, 

Fig. 8. Removal efficiency (RE %) of IMD by CD-am6-CD (black columns) and CD-am12-CD.  

Fig. 9. Sorption kinetic of imidacloprid at 500 mg L− 1 into CD-am6-CD 
(square) and CD-am12-CD (circle) at 25 ◦C, s/l ratio 5, pH 3.8. Fitting of PFO 
and PSO models are represented by solid and dashed lines, respectively. 

Table 6 
Fitting parameters of the pseudo-first and pseudo-second order kinetic models.  

PFO parameters CD-am6-CD CD-am12-CD 

qe, exp (mg g− 1) 62.6 ( ± 5.3) 30.7 ( ± 3.4) 
qe (mg g− 1) 62.0 ( ± 2.2) 30.4 ( ± 2.4) 
k1 (10− 2 min− 1) 26.7 ( ± 3.8) 20.9 ( ± 7.5) 
R2 0.9629 0.8396 
AIC 31.9 30.1 
PSO parameters CD-am6-CD CD-am12-CD 
qe (mg g− 1) 64.9 ( ± 2.1) 31.8 ( ± 2.8) 
k2 (10− 2 g mg− 1 min− 1) 1.2 ( ± 0.2) 2.1 ( ± 1.2) 
R2 0.9772 0.8572 
AIC 25.1 28.7  
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resorting to linkers with different chain lengths allows the modulation of 
physical properties which have shown to be of fundamental importance 
on the material performance. It was observed that hydrophobic in
teractions between the linker’s hydrocarbon chains play an important 
role on the physical-chemical properties. That can be noticed in CD- 
am12-CD in which significant hydrophobic interactions led to reorga
nization of the structure with higher tendency to aggregate and higher 
hydrophobicity than CD-am6-CD. Furthermore, the more compact 
structure leads to a decrease in SBET, volume and size of pores. Hence, 
the sorption abilities of two materials towards IMD was assessed. An 
initial factorial analysis and the study of the pH effect upon these two pH 
responsive materials, has permitted to establish the optimal experi
mental conditions. The sorption kinetics and isotherms were carried out 
at s/l ratio of 5 and pH 3.8 and both materials have shown an excellent 
performance with a maximum qe of (68 ± 5) mg L− 1 and (52 ± 12) mg 
L− 1 and RE % of 96% and 90% for CD-am6-CD and CD-am12-CD, 
respectively. More in detail, CD-am6-CD shows a high removal efficiency 
in a wide range of concentration, contrarily to CD-am12-CD. Kinetic 
analysis suggests that both physi- and chemi-sorption contribute to the 
sorption process. The physical interactions sorbent-sorbate are also 
confirmed by the Langmuir model with monolayer formation. The lower 
efficiency of CD-am12-CD is explained by the higher tendency for inter
particle interaction and higher lipophilicity which limit the internal 
diffusion of IMD on the inner active surface, restricting the interaction to 
the outer surface. Contrarily, the hydrophilic behavior of CD-am6-CD 
promotes the internal diffusion of IMD and therefore the interaction 
with the internal amine groups. That is compatible with the observed 
alteration of the sorbent morphology in the presence of IMD via SEM 
analysis. 
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A B S T R A C T   

Two cyclodextrin-based nanosponges (CD-NSs) were synthesized using diamines with 6 and 12 methylene 
groups, CDHD6 and CDHD12, respectively, and used as adsorbents to remove 2,4-D from aqueous solutions. The 
physico-chemical characterization of the CD‒NSs demonstrated that, when using the linker with the longest 
chain length, the nanosponges show a more compact structure and higher thermal stability, probably due to 
hydrophobic interactions. SEM micrographs showed significant differences between the two nanosponges used. 

The adsorption of 2,4-D was assessed in terms of different parameters, including solid/liquid ratio, pH, kinetics 
and isotherms. Adsorption occurred preferentially at lower pH values and for short-chain crosslinked nano
sponges; while the former is explained by the balance of acid-base characteristics of the adsorbent and adsorbate, 
the latter can be justified by the increase in the crosslinker-crosslinker interactions, predominantly hydrophobic, 
rather than adsorbent-adsorbate interactions. The maximum adsorption capacity at the equilibrium (qe) was 
20,903 mmol/kg, obtained using CDHD12 with an initial 2,4-D concentration of 2 mmol/L. An environmentally 
friendly strategy, based on alkali desorption, was developed to recycle and reuse the adsorbents. On the basis of 
the results obtained, cyclodextrin-based nanosponges appear promising materials for an economically feasible 
removal of phenoxy herbicides, to be used as potential adsorbents for the sustainable management of agricultural 
wastewaters.   

1. Introduction 

The use of agrochemicals can be responsible of a number of diseases 
as a consequence of their carcinogenic, mutagenic and teratogenic ef
fects (Srivastava et al., 2009). Additionally, their mobility and persis
tence in water bodies and soils lead to harmful consequences not only for 
the environment but also for the food chain (Derylo-Marczewska et al., 
2010). The (2,4-dichlorophenoxy)acetic acid (Cl2C6H3OCH2COOH, 2, 
4-D), is a herbicide widely used around the world due to its effective
ness in eliminating broadleaf weeds in a wide variety of crops, including 
rice, soybean and wheat. However, according to WHO, this herbicide is 
toxic and highly persistent, in particular in its salt and acid forms (Tayeb 
et al., 2010; Jaafarzadeh et al., 2017). Thus, it is not surprising that 2, 
4-D is one of the most studied pollutants and its removal from efflu
ents and soil is of paramount importance. 

Nowadays, significant efforts are made to develop new and effective 
methods, targeting recalcitrant and priority pollutants, for remediation 
of water and soils. Those methods should have advantages over con
ventional ones, such as advanced oxidative processes and photocatalysis 
(Peziak-Kowalska et al., 2019), in addition to low cost, absence of 
by-products and intermediates and high removal efficiency, among 
others. 

The adsorption processes, depending on the adsorbent materials, 
have paired these advantages. So far, many different adsorbent materials 
such as clays (Cornejo et al., 2008; Biswas et al., 2020; Mahy et al., 
2022), mesoporous metal oxides (Addorisio et al., 2010), zeolites 
(Andrunik and Bajda, 2021), activated carbon Derylo-Marczewska et al. 
(2010); Blachnio et al. (2020) and biopolymers (Wang and Zhao, 2013; 
Russo et al., 2021; Yaashikaa et al., 2022) have been commonly used for 
the removal of environmental contaminants. 
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Among those adsorbents, the use of environmentally friendly bio- 
based materials is increasingly a priority. Consequently, it is expected 
that polysaccharides are among the most immediate choices for 
adsorption processes, due to their natural origin, abundance, renew
ability, price and, most important, the absence of toxicity (Thakur et al., 
2019; Sharma et al., 2018). From the chemical point of view, poly
saccharides are also quite attractive, since the presence of reactive 
groups such as –NH2, –OH and –COOH on the surface of polysaccharides 
allows for notable selective interactions, as well as their easy modifi
cation in order to improve adsorption efficiency. 

Taking that into consideration, cyclodextrins have been used to 
synthesise different adsorbents either by functionalization of (bio) 
polymers or by polymerization of the cyclodextrins themselves (Mor
in-Crini et al., 2018), due to their excellent sequestering ability for 
amphiphilic molecules, including agrochemicals (Waris et al., 2021; 
Utzeri et al., 2021). Cyclodextrins (CDs) are well-known cyclic oligo
saccharides, the most common being those with 6–8 glucopyranose 
units. The abundance of hydroxyl groups makes their outer face highly 
hydrophilic. However, their ability to form supramolecular host-guest 
inclusion compounds is justified by its hydrophobic cavity (Gao et al., 
2005). Those complexes contain lipophilic cavities in which the guest 
molecules are well retained if their size fits with that of the CD molecule. 
The cavities provide a good microenvironment for guest molecules, 
especially if the latter are hydrophobic, forming highly stable host‒ 
guest complexes (Wankar et al., 2020; Valente and Söderman, 2014) 
which significantly change the guest properties. As a consequence, the 
range of applications is wide, covering areas as diverse as pharmaceu
ticals (Loftsson and Brewster, 2010), water remediation (Cova et al., 
2018) and food technology (Tian et al., 2020). 

The properties of cyclodextrins allow the development of innovative 
materials such as NanoSponges(NSs), versatile supramolecular 3D‒ 
hyperreticulated materials, with high surface area and thermal stability, 
and extraordinary ability to adsorb compounds with different degrees of 
hydrophilicity/hydrophobicity (Utzeri et al., 2022a), including agro
chemicals (Salazar et al., 2018, 2020). 

This work describes the synthesis of oligosaccharide-based nano
sponges, using diamines with different chain lengths as crosslinkers, and 
their performance on the adsorption of 2,4-D. Optimal adsorption con
ditions were evaluated and justified based on the physicochemical and 
surface features of the nanosponges. 

2. Materials and methods 

2.1. Materials 

β‒Cyclodextrin (purity >98%), hexane-1,6-diamine and dodecane- 
1,12-diamine (both with purity higher than 98%), (2,4-dichlor
ophenoxy)acetic acid (99.0% purity) and acetonitrile (HPLC grade) 
were purchased from Sigma-Aldrich. Triphenylphosphine (Ph3P) was 
obtained from Alpha-Aesar and iodine was supplied from PanReac. N,N- 
dimethylformamide (purity ≥99.8%, CAS 68‒12‒2) and methanol 
(MeOH) were supplied from Honeywell and Chem-Lab, respectively. 

2.2. Synthesis of nanosponges 

Amine-nanosponges were synthesized using a three-step route as 
described below: initially, Ph3P and I2, 30 mmol each, were dissolved in 
DMF (30 mL); after that 2 mmol of β-cyclodextrin were added and the 
mixture was kept under stirring overnight, under N2 atmosphere, at 
70 ◦C. The obtained solution of heptakis‒(6‒iodo)‒(6‒deoxy)‒β‒ 
cyclodextrin was then concentrated by solvent removal and sodium 
methoxide (3 M, 12 mL) was added under cooling and stirring. The 
product was precipitated in an excess of methanol followed by filtration. 
The purification was performed by Soxhlet extraction with MeOH until 
no more discoloration of the product was observed. 

The synthesis of the heptakis‒(6‒amine)‒(6‒deoxy)‒β‒ 

cyclodextrins with HD6 or HD12 was carried out by nucleophilic sub
stitution of the iodine groups in β-cyclodextrin C-6 carbon. The synthesis 
was performed with an excess of the diamine monomer, which was 
mixed with the heptakis‒(6‒iodo)‒(6‒deoxy)‒β‒cyclodextrin. This 
synthetic step was improved by the use of a microwave-assisted process 
(CEM Discover microwave). The advantage was the drastic reduction of 
time consuming from 48 h to 30 min at 85 ◦C for HD6 and 45 min at 
95 ◦C for HD12 functionalized cyclodextrins. After that, 10 mL of 
methanol were added and the solution was added dropwise in an excess 
of cold diethyl ether in order to precipitate. Several cycles of dissolution 
in MeOH (10 mL) and precipitation in diethyl ether (200 mL) were 
carried out. The final pale-yellow products were collected by centrifu
gation (Utzeri et al., 2022a). 

The final step consists in the reaction of heptakis‒(6‒amine)‒(6‒ 
deoxy)‒β‒cyclodextrin with heptakis‒(6‒iodo)‒(6‒deoxy)‒β‒cyclo
dextrin (1:1) achieving the amine-β-cyclodextrin nanosponges. The two 
CD derivatives were mechanically mixed, and a minimum amount of 
DMSO was added as media. The polymers CDHD6 and CDHD12 mix
tures were heated at ca. 60 ◦C for 48 h. The obtained brown gum product 
was poured into water and mechanically smashed. Next, the nanosponge 
is separated from water by centrifugation and washed 3 times with 
MeOH with sonication (10 min) and finally washed with diethyl ether. A 
pale-brown product was collected by centrifugation for both NSs (Russo 
et al., 2016) (Utzeri et al., 2022b) (Scheme 1). 

2.3. Physico‒chemical characterization of the CD-NSs 

The chemical structures of CDHD6 and CDHD12 were characterized 
by infrared spectroscopy (FTIR) in the wavelength range of 4000 to 400 
cm− 1. KBr was used as reference and pellets at 2% were used for the NSs. 

Thermograms of CDHD6 and CDHD12 samples (ca. 3–5 mg) were 
obtained in a TG209–F3 Tarsus, from Netzsch Instruments, using a 
heating rate of 5 K/min and a 50 mL/min N2 flow rate. 

The specific surface area (SBET) of the CDHD6 and CDHD12 was 
determined by N2 adsorption using a ASAP 2000 from Micrometrics, and 
the pore size was computed by using the BET model. 

Dynamic light scattering and ζ‒potential were performed in a Mal
vern Zetasizer NanoZS. For the DLS measurements a neon-laser at scat
tering angle of 173◦ was used. The hydrodynamic diameter (Z-average) 
and the polydispersity index (PDI) were determined from the intensity 
distribution obtained by cumulant analysis. The reported values are an 
average of, at least, three independent measurements, carried out at 
25 ◦C. 

The morphology of the NSs before and after contact with aqueous 
solutions of 2,4-D was evaluated by Scanning Electron Microscopy 
(SEM). The images were acquired with FEI Inspect S, Hillsboro, Oregon, 
United States of America, in the range between 15.00 and 25.00 kV and 
at 24,000-25000 x of magnification. 

2.4. Analytical determination 

An Agilent 1200 Series HPLC apparatus (Wilmington U.S.), equipped 
with a DAD, a ChemStation Agilent Software, and a Macharey-Nagel 
Nucleosil 100− 5C18 column (stainless steel 250 × 4 mm) was used to 
evaluate the concentration of 2,4-D in solution. A binary system of 40:60 
acetonitrile:phosphate buffer (0.1%, pH 2.95), used as mobile phase, 
was pumped at 1.2 mL/min flow in isocratic mode. 

The detector was set at 283 nm. The injection volume was 20 μL. The 
quantitative determination was performed using a calibration curve 
obtained with concentrations of 2,4-D ranging from 0.01 to 2.0 mmol/L 
(Sannino et al., 2015). 

2,4-D concentration in solution was analyzed with an Agilent 1200 
Series HPLC apparatus (Wilmington U.S.), equipped with a DAD and a 
ChemStation Agilent Software. A Macharey-Nagel Nucleosil 100− 5C18 
column (stainless steel 250 × 4 mm) was used. The mobile phase 
composed of a binary system of 40:60 acetonitrile: phosphate buffer 
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(0.1%, pH 2.95) was pumped at 1.2 mL/min flow in isocratic mode. The 
detector was set at 283 nm. The injection volume was 20 μL. The 
quantitative determination was performed using a calibration curve. 
The following concentration ranges were adopted 0.01–2.0 mmol/L 
(Sannino et al., 2015). 

2.5. Adsorption experiments 

In each test, 221 mg of herbicide were dissolved in 500 mL of Milli-Q 
ultrapure water thus obtaining a stock solution with a final concentra
tion of 2.0 mmol/L. 

The obtained solution was kept refrigerated and subsequently used 
to prepare all the solutions tested within this work. 

2,4-D removal tests from waters by adsorption on CDHD6 and 
CDHD12 were carried out using batch experiments. 

Aqueous solutions of 2,4-D were placed in contact with each NS 
sample in glass vials with Teflon caps at 25 ◦C; the vessels were 
continuously stirred on an orbital shaker at 150 rpm until steady state 
conditions were attained. Successively, the samples were centrifuged at 
5000 rpm for 30 min at 4 ◦C and the supernatant liquid was analyzed by 
HPLC for 2,4-D quantification. 

The amount of 2,4-D adsorbed was calculated as the difference be
tween its initial and final concentrations in solution. Blanks of 2,4-D in 
ultrapure water were analyzed in order to evaluate 2,4-D stability and 
sorption on vials. The following experimental factors were evaluated:  

(a) Solid/liquid (S/L) ratio: a constant volume of 2,4-D solution (0.1 
mmol/L) was placed in contact with different amounts of CDHD6 
and CDHD12 sample, at pH 3.0 for an incubation time of 24 h. 
The S/L ratios (R = mg of adsorbent/mL of 2,4-D aqueous solu
tion) were 0.1, 0.3, 0.5, 1.0, and 2.0.  

(b) pH: NSs samples, CDHD6 and CDHD12 were immersed in a 0.10 
mmol/L 2,4-D solution at solid/liquid ratio S/L = 0.1 for 24 h 
(this time was shown to be sufficient to attain a steady state). The 
pH of this solution varied between 2.0 and 8.0, by adding the 
proper amount of 0.01 or 0.10 mmol/L HCl or NaOH aqueous 
solution.  

(c) Adsorption kinetics: kinetic studies were performed by using 2,4- 
D aqueous solutions at two different concentrations: 0.10 and 0.5 
mmol/L, at solid/liquid ratio S/L = 0.1 and at two different pH 
values, namely: pH 3.0 for CDHD6 and pH 4.0 for CDHD12. 

Removal tests were performed at different incubation times, 10, 30, 
60, 120, 240, 360, 900 and 1440 min. Successively, the suspensions 
were subjected to the separation procedure as described.  

(d) Sorption isotherm: CDHD6 and CDHD12 were placed in contact 
with solutions at concentrations of 2,4-D up to 2.0 mmol/L, S/L 
= 0.1, T = 25 ◦C and pH = 3.0 or pH 4.0, respectively, for 24 h. 

The pH of each suspension was kept constant by adding proper 
amounts of 0.01 or 0.10 mmol/L HCl or NaOH solution. 

2.6. Desorption and reuse experiments 

The desorption and reuse experiments were carried out by alkali 
desorption. In particular, CDHD6 and CDHD12 adsorbents were pre
liminarily used to adsorb 2,4-D at the initial concentration of 0.5 mmol/ 
L at pH 4.0 and 3.0, respectively, for 24 h. The samples were centrifuged 
at 5000 rpm for 30 min at 4 ◦C and the concentration of 2,4-D in the 
supernatant liquid quantified, by using the method above described. 

Successively, the exhausted samples were put in contact with a 
NaOH solution at 0.1 M concentration for an incubation time of 24 h. 
Thus, the adsorbents were separated by centrifugation, and the con
centration of the desorbed 2,4-D, in the liquid phase, measured. For 
CDHD6, new adsorption tests were carried out to measure the efficiency 
of the regenerated adsorbent; that was achieved by incubating the 
sample for 24 h in a 2,4-D solution, at the initial concentration of 0.5 
mmol/L, at optimal pH. 

Scheme 1. Representation of the theoretical molecular structure of the CDHD6 and CDHD12.  

Fig. 1. FTIR spectra of CD (green line), CDHD6 (black line) and CDHD12 (blue 
line). Reference sample: KBr pellets at 2%. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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3. Results and discussion 

3.1. Physico-chemical characterization 

CDHD6 and CDHD12 were characterized by FTIR analysis (Fig. 1). 
The corresponding assignments of the main vibrational modes are 
summarized in Table 1. The vibrational mode at 3335 cm− 1 shows the 
presence of amine and hydroxyl groups, being sharper than that 
observed for pure cyclodextrin (Abarca et al., 2016). Comparing both 
NSs, it can be seen that the vibrational mode at 2852 cm− 1 is only 
characteristic of CDHD12, once it is related with the hydrocarbon chain 
length. On the other hand, the higher intensity of the mode at 1631 
cm− 1, for CDHD12, can be justified considering its more compact 
structure. It is worthy notice that the –CH2- bending vibration (ca. 1415 
cm− 1) of the aliphatic chain and the stretching vibration of primary and 
secondary amine groups (at around 1197 cm− 1) are only detectable for 
the NS with the shorter linker. 

The comparison between nanosponges was also done by thermog
ravimetric analysis (Fig. 2). The NS with a shorter linker only shows a 
single thermal transition with a maximum at 210 ◦C, as a consequence of 
β-cyclodextrin degradation. On the other hand, for the CDHD12, three 
different thermal steps are observed: the first one occurring at 226 ◦C, 
the second at 310 ◦C and the third at 415 ◦C. The latter might be 
assigned to the breakup of the secondary amine bond at the C-6 of the 
cyclodextrin, whilst at 310 ◦C the degradation of the cyclodextrin is 
occurring (Trotta et al., 2000). Such thermal behaviour suggests that the 
NS with a longer alkyl chain length crosslinker has higher thermal sta
bility, most probably due to hydrophobic interactions among alkyl 
chains, entanglements and more compact spatial arrangement. 

The thermal behaviour agrees with N2 adsorption data (Table 2); i.e., 
it has been found that CDHD12 has a more compact structure with a pore 
volume and diameter equal to 0.03 cm3 g− 1 and 7.5 nm, respectively, 
much lower than those measured for CDHD6 (0.13 cm3 g− 1 and 24.3 nm, 
respectively). However, the BET surface of the CDHD6 is just 20% higher 
than that observed for the CDHD12 (21.8 and 17.9 m2 g− 1, respectively). 
The average size, polydispersion index (PDI) and the corresponding 
ζ-potential, for both nanosponges, are summarized in Table 2. The size 
of the nanosponges, as well as their distribution, are similar indepen
dently of the crosslinker chain length but the PDI and the potential are 
slightly higher for the CDHD12. 

Micrographs of pristine NSs show two different surface morphol
ogies. The surface of CDHD6 (Fig. 3A) is composed by rod-like structures 
which tend to be less compact with each other, i.e. to open after 2,4-D 
adsorption. On the other hand, CDHD12 (Fig. 3B) is characterized by 
the occurrence of very small rod-shape and spherical structures. The 
former sample (CDHD6) suggests a more diffuse porous surface, whilst 
the latter (CDHD12) is characterized by the occurrence of a compact 
structure, with alveolar architecture, probably due to the reorganization 
of the lipophilic chain of HD12. After the adsorption of 2,4-D solution, a 
significant surface morphology modification is occurring. 

3.2. Effect of solid/liquid ratio 

The effects of CD‒NSs dosages on 2,4-D adsorption were firstly 
investigated at 25 ◦C with different amounts of sample (3.0–60 mg/30 
mL final volume) at an initial 2,4-D concentration of 0.1 mmol/L at pH 
3.0. The results reported in Fig. 4 demonstrate that the lower the solid/ 
liquid ratio, the higher is the adsorption capacity. As a matter of fact, 
lower values of solid/liquid ratio were obtained reducing the amount of 
adsorbent added while keeping constant the total volume of 2,4-D so
lution, and consequently the adsorption equilibrium is shifted towards a 
larger amount of solute adsorbed per mass unit of adsorbent. The highest 
amounts of 2,4-D adsorbed on CDHD6 and CDHD12, were 250 and 1000 
mmol/kg, respectively, at a solid/liquid ratio equal to 0.1. 

Therefore, for the same final volume, a mass of 3.0 mg exposed an 
adequate number of sites available for 2,4-D molecules uptake. Previous 
studies performed by our research group showed that the adsorption of 
simazine, 2-chloro-4,6-bis(ethylamino)-s-triazine, on porous silicas 
decreased with increasing s/l ratio (Sannino et al., 2013). Based on these 
considerations, the optimal CDHD6 and CDHD12 dosages for both the 
samples is 3.0 mg/30 mL. 

3.3. Effect of pH 

Fig. 5 reports the amounts of 2,4-D adsorbed on CDHD6 and 
CDHD12, respectively at s/l ratio of 0.1 after a contact time of 24 h, as a 
function of pH. The 2,4-D uptake was found to be low for CDHD6 (about 
130 mmol/kg) and negligible for CDHD12 at very acidic pH values (pH 
= 2.0). The amount adsorbed increased rapidly up to pH 4.0 and pH 3.0, 
in the presence of CDHD6 and CDHD12, respectively, then decreased up 
to pH 8.0. The decreasing effect was very noticeable for the CDHD6 
sample, whereas it was moderate for CDHD12 sample. 

The maximum adsorption occurs at pH 4.0 and 3.0 for CDHD6 and 
CDHD12, respectively, whereby all further experiments were performed 
at these pH values. 

The pH of the solution plays an essential role in adsorption in the 
aqueous phase, especially when adsorbates or adsorbents have several 
functional groups such as –COOH, –NH2, primary and secondary –OH, 
and –CH2 of the aliphatic chains. As a matter of facts, the pH of the 
solution directly controls the charges of these groups on both the ad
sorbents and adsorbate via deprotonation or protonation reactions. 

The optimal pH values observed for nanosponges were both higher 
than the 2,4-D pKa (2.73), suggesting that the adsorption is favoured 
when the herbicide molecule is present as a deprotonated acid and the 
amine groups of the nanosponsponge are protonated, thus allowing 
ionic interactions. 

Lower amounts of 2,4-D, consisting of 15.977 and 665.790 mmol/kg 
for CDHD6 and CDHD12, respectively, were found to be adsorbed at pH 
8.0. At alkaline pHs, the hydroxyl anions - stronger bases than 2,4-D 
molecules - preferentially react with hydrogen atoms of the nano
sponges, thus hindering the 2,4-D molecules uptake. In particular, an 
increase in the pH from 3.0 to 8.0 (for CDHD12) decreases the adsorp
tion efficiency from 100 to 66.6%. 

Hence, lower pH values favour the adsorption of 2,4-D by NSs, which 
is consistent with the reported literature (Herrera-Garcia et al., 2019; 
Aparecida Matias et al., 2019). 

3.4. Kinetic and equilibrium features of the adsorption process 

Fig. 6A and B report 2,4-D uptake from water by CDHD6 and 
CDHD12, using two solutions with an initial herbicide concentration of 
0.1 and 0.5 mmol/L respectively, as a function of time. Whatever the 
experimental conditions adopted, the curves showed initially a fast 
uptake, that gradually slow down and eventually reach a steady state in 
about 24 h. In the tests carried out at higher concentration of herbicide, 
the adsorption kinetics was faster. 

The kinetic data were fitted using four widely adopted models, 

Table 1 
Main FTIR vibrational mode assignments for CD-NSs.  

Wavelength 
(cm− 1) 

Assignment Reference 

3330, 
1153,1087, 
1040, 950 

-OH str. vb., -C-O-C- str. 
vb., –OH bd. vb., α-1→4- 
glycosidic bond 

(Abarca et al., 2016); (Utzeri 
et al., 2021); (Russo et al., 2016); 
(Utzeri et al., 2022a); ( 
Silverstein et al., 2005). 3335 -NH-, NH2 str. vb. 

2850 -CH2- str. vb. 
1631, 1660 -NH2 bd. vb. 
1415 -CH2- bd. vb. 
1197 -NH-, –NH2 str. vb.  
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namely:  

• the pseudo-first order equation (PFO) of Lagergren (Yuh-Shan, 2004; 
Lagergren, 1898) 

dqt

dt
= k1(qe − qt) (1)  

where qt and qe are the adsorption capacities of the adsorbent material 
(mmol/kg) at the time t and at the equilibrium, respectively, k1(min− 1) 
is the adsorption rate constant. 

The integrated form of Eq. (1) is: 

qt = qe
(
1 − e− k1 t) (2)    

• the pseudo-second order equation (PSO) (Blanchard et al., 1984): 

dqt

dt
= k2(qe − qt)

2 (3)  

where k2 (kg/mmol min) is the adsorption rate constant. 
The integrated form of Eq. (3) is: 

qt =
tk2q2

e

1 + tk2qe
(4)    

• the Elovich model (Elovich and Larinov, 1962) 

dqt

dt
= a⋅e− b⋅qt (5) 

The integrated form of Eq. (5) is: 

qt =
1
b

ln(1+ a ⋅ b ⋅ t) (6)    

• the simplified intraparticle diffusion model (Boyd et al., 1947) 

dqt

dt
= a⋅e− b⋅qt (7) 

The integrated form of Eq. (7) is: 

qt =
1
b

ln(1+ a ⋅ b ⋅ t) (8) 

The experimental data were elaborated by nonlinear regressions 
using the mathematical models (2),(4),(6),(8). It should be noticed that 
none of these models was able to satisfactorily describe the experimental 
curves. 

Consequently, a composite model was adopted to describe the ki
netics of the adsorption of 2,4 D by β-cyclodextrin-based NSs. The 
composite model was obtained adopting the Elovich and the pseudo 
first-order models to describe the initial and the later stages of the 
adsorption process, respectively. Fig. 6A and B shows the interpolation 
curves obtained using the composite model. The parameters of the 
composite model obtained by nonlinear regression are reported in 
Tables 3a and 3b. 

The adoption of a composite model is justified by the fact that, in the 
adsorption system studied, the overall driving force responsible for the 
inclusion phenomenon is the sum of several types of contributions 
(Pereira et al., 2015). As a matter of facts, the inclusion process com
prises several host-guest interactions, most of them of hydrophobic na
ture. The inclusion process is also affected by other weak interactions 
such as van der Waals, hydrophobic or hydrogen-bonding, though none 
of these is enough to form a supramolecular complex. 

It is worth noting that the Elovich model is usually valid to describe 
chemiadsorption processes (Wang and Guo, 2020a), justified by the 
formation of inclusion complexes by hydrophobic interactions occurring 
between the lipophilic aromatic ring of 2,4-D and the cavity of nano
sponges. Consequently, the Elovich model can be responsible for the 
formation of the adsorbed first layer of 2,4 D onto nanosponges. The 
formation of the subsequent 2,4-D layers can be described by the pseudo 
first-order model. In fact, previous works (Ezzati, 2020) have demon
strated that pseudo first-order model can describe the adsorption process 
when the system is close to equilibrium. 

Fig. 7 (left side) reports the isotherm for CDHD6. This isotherm, 
showing a quite complex behaviour, can be considered a type IV 
isotherm. The best model to describe this isotherm was obtained by the 
additive superposition of the models of Langmuir and Sips (Buttersack, 
2019), yielding the following mathematical expression: 

qe = Q0 ⋅

⎛

⎜
⎝

Ce
1
b′ + Ce

+
C5

e
1

b′′ + C5
e

⎞

⎟
⎠ (9)  

where Ce is the equilibrium concentration (mmol/L) and qe is the 
amount of 2,4-D adsorbed per kilogram at equilibrium (mmol/kg). Q0 is 

Fig. 2. TGA and dTG of CDHD6 (black line) and CDHD12 (blue line). Heating rate: 5 K/min. N2 flow rate: 50 mL/min. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Z-average size and ζ—potential for nanosponges (Utzeri et al., 2022b).  

NSs Z-average (d.nm) PDI ζ potential (mV) 

CDHD6 446 ± 30 0.38 ± 0.05 41 ± 6 
CDHD12 438 ± 38 0.43 ± 0.03 54 ± 7  
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a constant related to the adsorption capacity (mmol/kg), b’ is the energy 
of adsorption (L/mmol), and b’’ is a parameter of the model of Sips (L5/ 
mmol5). The computed values of Q0, b’ and b’‘, obtained by nonlinear 
interpolation, are: 1.22 × 103 (mmol/kg), 5.30 (L/mmol) and 8.56 ×
10− 3 (L/mmol), respectively. 

In order to understand the physical meaning of the Langmuir-Sips 
model, we can observe that, at lower values of Ce, eq. (9) becomes the 
Langmuir model, thus describing a monolayer adsorption where the 
interaction between adsorbate molecules is negligible (Wang and Guo, 
2020b). On the contrary, at higher values of Ce, a multilayer adsorption 
is likely to occur, due to noncovalent π− π stacking interactions between 
cyclodextrins, and consequently the experimental data are described by 
the more complex Langmuir-Sips model. It should be considered that the 
Sips model combines the Langmuir and Freundlich models, and in many 
studies the Freundlich isotherm has been applied to represent 
multi-layer adsorption processes (Wang and Guo, 2020b). Different 
alternative models suitable to describe multilayer adsorption, such as 
Temkin and BET models, have been tested, although less satisfactory 
results have been obtained. 

With regard to the CDHD12 isotherm (Fig. 7), it can be seen that, at 
the analyzed concentration range, the adsorption can be described by 
the Henry model: 

Fig. 3. Micrographs of CDHD6 (A) and CHD12(B) before (left) and after (right) 2,4-D adsorption. Images acquired in the range between 15.00 and 25.00 kV and at 
24,000–25000 x of magnification. 

Fig. 4. Effect of solid/liquid ratio on the adsorption of 2,4-D by CDHD6 and 
CDHD12, respectively. Experimental conditions: T = 25 ◦C, pH 3.0, orbital 
shaking at 150 rpm. S/L units are mg/mL. 
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qe = q0 + Ce⋅b (10) 

The values of q0 and b obtained by linear interpolation were 168 
(μmol/kg) and 1.01 × 104 (L/μmol), respectively. 

The maximum values of qe measured in our experiments were 4040 
mmol/kg for CDHD6 and 20,903 mmol/kg for CDHD12, when the 

Fig. 5. 2,4-D adsorbed on (A) CDHD6 and (B) CDHD12 respectively, from a 0.1 mmol/L 2,4-D solution as a function of pH. Experimental conditions: T = 25 ◦C, 
orbital shaking at 150 rpm contact time 24 h. 

Fig. 6. Adsorption kinetics of 2,4-D on (A) CDHD6 and (B) CDHD12. Experimental conditions: T = 25 ◦C, pH 3.0 (for CDHD6) or 4.0 (for CDHD12), solid/liquid ratio 
(S/L) = 0.1, orbital shaking at 150 rpm. 

Table 3 
a Fitting kinetic parameters for the adsorption of 2,4-D onto CDHD6. 
b.Fitting kinetic parameters for the adsorption of 2,4-D onto CDHD12.   

(2,4-D) = 0.1 mmol/L (2,4-D) = 0.5 mmol/L 
CDHD6 

Elovich model (initial 
stage) 

a = 3.35 × 10 mmol kg− 1 

min− 1 

b = 1.24 × 10− 2 kg 
mmol− 1 

a = 1.29 × 103 mmol kg− 1 

min− 1 

b = 1.44 × 10− 2 kg 
mmol− 1 

Pseudo I order (final 
stage) 

qe = 3.72 × 102 mmol kg− 1 

k1 = 1.82 × 10− 2 min− 1 
qe = 6.69 × 102 mmol kg− 1 

k1 = 1.13 × 10− 2 min− 1 

R2 0.991 0.995  

(2,4-D) = 0.1 mmol/L (2,4-D) = 0.5 mmol/L 

CDHD12 

Elovich model (initial 
stage) 

a = 1.04 × 102 mmol kg− 1 

min− 1 

b = 8.04 × 10− 3 kg 
mmol− 1 

a = 3.73 × 10 mmol kg− 1 

min− 1 

b = 1.61 × 10− 4 kg 
mmol− 1 

Pseudo I order (final 
stage) 

qe = 1.17 × 103 mmol kg− 1 

k1 = 4.87 × 10− 3 min− 1 
qe = 2.11 × 103 mmol kg− 1 

k1 = 3.33 × 10− 2 min− 1 

R2 0.996 0.976  

Fig. 7. Adsorption isotherms of 2,4-D on CDHD6 (spheres) and CDHD12 
(squares). Experimental conditions: T = 25 ◦C, pH 3.0 (for CDHD6) or 4.0 (for 
CDHD12), solid/liquid ratio (S/L) = 0.1, orbital shaking at 150 rpm. 
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equilibrium concentration of 2,4-D in solution was 2 mmol/L (see 
Fig. 7). These values are compared in Table 4 to those observed in 
previous studies focused on the adsorption of 2,4-D using different 
materials. On the basis of these results, it can be concluded that the 
adsorption performance of both CDHD6 and CDHD12 was satisfactory. 

3.5. Desorption and reuse of β-cyclodextrin nanosponge adsorbents 

In order to find an environmentally friendly strategy, an alkali 
desorption procedure was developed, based on the incubation of 
exhausted samples of CDHD6 and CDHD12 in a NaOH solution. 
Different conditions were tested in terms of incubation times and NaOH 
concentration. The best results were obtained carrying out the incuba
tion in a 0.1 M NaOH aqueous solution under stirring at 25 ◦C for 24 h. 
CDHD6 adsorbent was subjected to four consecutive washing cycles to 
evaluate the efficiency of the desorption method. The completely 
desorption of 2,4-D is achieved after 4 washing cycles (Fig. 8). 

Successively, the adsorption capacity of regenerated CDHD6 was 
evaluated by contacting with a 0.5 mmol/L 2,4-D solution. The results 
obtained showed that CDHD6 kept unchanged its adsorption capacity, i. 
e. about 700 mmol/kg, in the experiments carried out both before and 
after the regeneration procedure. 

Experimental conditions of adsorption: T = 25 ◦C, contact time = 24 
h, pH 3.0, initial 2,4-D concentration = 0.5 mmol/L, orbital shaking at 
150 rpm. 

Experimental conditions of desorption: T = 25 ◦C, incubation time =
24 h, initial NaOH concentration = 0.1 M, orbital shaking at 150 rpm. 

4. Conclusions 

Two cyclodextrin-based nanosponges were employed as adsorbents 
to remove the herbicide 2,4-D from aqueous solutions. Two different 
linkers were used, namely hexane‒1,6‒diamine (HD6) and dodecane‒ 
1,12‒diamine (HD12), to assess the influence of the chain length of the 
linker on sorption performance. 

The FTIR analysis demonstrated that, when using a linker with a 
longer chain length (HD12), the nanosponges show a more compact 
structure. The higher structural compactness of the CDHD12 was 
confirmed by the lower values of pore volume and diameter, obtained 

from N2 adsorption data, and by the lower specific surface, measured by 
BET analysis. 

The TGA and dTA analyses showed that linkers with a longer chain 
confer higher thermal stability to the CD‒NSs, probably due to the 
generation of stronger hydrophobic interactions. 

The average size and the polydispersion index were not significantly 
affected by the crosslinker chain length. SEM micrographs showed sig
nificant differences in surface morphology between the two nano
sponges tested. The morphology underwent further changes during the 
adsorption of 2,4-D. 

The maximum adsorption for CDHD6 and CDHD12 was obtained at 
pH 4.0 and 3.0, respectively. We demonstrated that, under these con
ditions, the 2,4-D molecules are deprotonated, whereas the amine 
groups of the nanosponge are protonated, thus causing electrostatic 
attraction. 

A composite model was adopted to describe the kinetics of the 
adsorption of 2,4-D by CD-NSs, obtained by adopting the Elovich and the 
pseudo first-order models to describe the initial and the later stages of 
the adsorption process, respectively. 

The isotherm for CDHD12 could be described by the Henry model, 
whereas that pertaining to the CDHD6 required a more complex model, 
obtained by the additive superposition of the models of Langmuir and 
Sips. 

In order to find an environmentally friendly strategy for the reuse of 
the nanosponges, an alkali desorption procedure was developed, 
allowing a full recycle and reuse of the adsorbents. 

On the basis of the results obtained, it can be concluded that the 
CDHD6 and CDHD12 nanosponges showed a remarkable ability for 2,4- 
D removal, making them suitable to be used as potential adsorbents for 
the sustainable management of agricultural wastewaters. Consequently, 
the use of CDHD6 and CDHD12 with real wastewaters is worthy of 
further research efforts. 
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Table 4 
Comparison of the maximum values of qe measured in our experiments with the 
values observed in previous studies focused on the adsorption of 2,4-D.  

Adsorbent qe (mmol/ 
kg) 

Reference 

Organically modified bentonite 36.2 Salcedo et al. (2021) 
Activated carbon 1809 Vedenyapina et al. 

(2017) 
OPAC (Orange Peel Activated Carbon) 2332 Pandiarajan et al. 

(2018) 
Nitrogen-enriched carbon, derived from 

melamine@metal-azolate framework-6 
3166 Bhadra et al. (2022) 

MOF (metal–organic framework) 2515 Jung et al. (2013) 
Activated carbon 1293 Jung et al. (2013) 
USY, zeolite 1158 Jung et al. (2013) 
Organo-modified bentonite clay 227 de Souza et al. (2019) 
Aminosilane grafted mesoporous carbons 642–864 Goscianska and 

Olejnik (2019) 
Fly ash 31.7 Kuśmierek and 

Świątkowski (2016) 
[Co–Al–Cl] layered double hydroxide 136 Calisto et al. (2019) 
Activated carbon 167 Dornelas Marsolla 

et al. (2022) 
Amino-functionalized magnetite 525 Zadeh et al. (2020) 
Single-walled carbon nanotubes 4434 Bazrafshan et al. 

(2013) 
Fe-crosslinked chitosan 5317 Zhou et al. (2017) 
CDHD6 4040 This study 
CDHD12 20,903 This study  

Fig. 8. Desorption of 2,4-D (%) from CDHD6 as a function of cycles.  
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A B S T R A C T   

Imidacloprid is one of the most widely used soluble neonicotinoid insecticide, which is non–volatile and persists 
in the soil, with hazardous effects on birds, honeybees, and mammals. It is used in both agricultural and vet
erinary applications, and is found in at least 7% of European topsoils. One of the commercially available for
mulations is Confidor O–TEQ® that exhibits higher retention, spreading, and penetration capacity being in form 
of an oil suspension. In this work, porous materials based on cyclodextrin nanosponges (CDNSs) were developed 
for the efficient removal of imidacloprid. In the synthesis of CDNSs, α– and β–cyclodextrin and two diamine 
monomers, hexane–1,6–diamine (HDA) and dodecane–1,12–diamine (DDA) were used. It was found that linkers 
with longer aliphatic chains resulted in CDNSs with higher thermal stability and crosslinking degree. αCD2–HDA 
and βCD2–HDA showed superior sorption efficiency for Confidor O–TEQ®, as evaluated by kinetic and equi
librium sorption analyses at optimal conditions. To better understand the effects of monomer chain length and 
type of cyclodextrin, the sorption performance of αCD and βCD, αCD–HDA and βCD–HDA, αCD–DDA and 
βCD–DDA, dimeric αCD2–HDA and βCD2–HDA, and αCD2–DDA and βCD2–DDA with imidacloprid was also 
investigated by atomistic molecular dynamics simulations. Relevant contact patterns based on the identification 
of the stabilizing/destabilizing noncovalent interactions within the CD-based complexes were described in detail. 
Results suggest that significant modulation of the sorption performance of CDNSs for imidacloprid can be ach
ieved by imposing various features, with direct implications for the rational design of supramolecular materials 
with high sorption capacity for pesticides.   

1. Introduction 

Persistent organic pesticides have long been responsible for con
trolling human disease vectors and significantly increased agricultural 
productivity. In recent years, however, the effects of pesticides on the 
environment, biodiversity, and human health became a major concern. 
These chemicals include organochlorines, such as imidacloprid, a sys
temic chloronicotinyl insecticide that can persist in the environment for 
prolonged periods and is readily absorbed by living organisms. It acts by 
contact and ingestion as postsynaptic nicotinic acetylcholine receptors 
and blocks insect neurotransmission. 

Sorption systems have integrated efficient technologies to prevent or 
eliminate pesticides from the environment, as they are based on low-cost 
materials such as clay minerals, zeolites, aluminum, and iron oxides or 
oxyhydroxides, and biomaterials [1–10]. Within the latter, nanosponges 
(NSs) proved to be versatile materials with application in catalysis [11], 

sensors [12], biomedicine [13], and remediation processes [14–17]; 
especially for efficient removal of organic and inorganic pollutants from 
water and soil [18,19]. The most studied types of pollutants have been 
heavy metals, dyes and drugs, and to a lesser extent, pesticides [18–23]. 
In the case of pesticides, it should be emphasized that the agrochemical 
active ingredients most studied in recent years have been atrazine 
[24,25] and 2,4–dichlorophenol [26–29]; other examples of studied 
pesticides or their percursors can be found in the literature [30–33]. 

Imidacloprid has been used for seed treatment, in soil and veterinary 
applications [34], but it has been considered highly toxic to bees and 
birds even at low concentrations [35–37]. For this reason, neon
icotinoids have been banned in Europe, and a recent study reported the 
presence of imidacloprid in 7 % of topsoil samples [38]. Thus, due to the 
large amount of imidacloprid used and the respective long half–life, it 
can have a serious impact on the environment and biodiversity, which 
requires cost-effective solutions for its removal. 
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NSs are defined as water insoluble, supramolecular, porous 3D 
polymeric materials with high thermal stability [19]. Among the various 
monomers suitable for their synthesis, cyclodextrins (CDs) are the most 
common, due to their amphiphilic properties and high ability to form 
host–guest complexes. Moreover, CDs are characterized by a large 
number of hydroxyl groups, located at the major and minor edges of the 
truncated cone, which are susceptible to functionalization. 
Cyclodextrin-based nanosponges (CDNSs), nanoporous 3D-dimensional 
structures, with high degree of crosslinking and unique physicochem
ical properties, have recently been recognized as promising environ
mentally friendly sorbents for pesticides, taking advantage from the 
hydrophobic cavities of CDs and the hydrophilic network of the porous 
structure.[39 18,19,40]. The synthetic conditions (e.g., molar ratios, 
temperature, and pH), type and dosage of adsorbent, thermodynamics 
signatures, isothermal adsorption models, kinetics, contact time, 
competing ions, toxicity and safety of CDNSs are important factors 
affecting the adsorption and removal of pesticides and requiring a 
thorough evaluation [41]. The synthesis of CDNSs can be tailored to the 
desirable properties for the required functions by varying the synthetic 
routes, the crosslinkers and solvents, among other factors [42,43]. 

In this work, the effect of alkyl chain length of crosslinkers, for two 
different natural cyclodextrins (α-CD and β-CD), obtained by a new 
synthetic route, for the sorption of imidacloprid from a commercial 
formulation (Confidor O–TEQ® [44]), is reported (Scheme 1). The 
synthetic route is characterized by a faster microwave assisted proced
ure and by the use of hexane–1,6–diamine (HDA) and dodeca
ne–1,12–diamine (DDA) as linkers. 

The novelty thus consists in the synthetic route, and on the ability to 
explain, at the molecular level, the role of the HDA and DDA cross- 
linkers in the adsoprtion efficiency of α-CD and β-CD NSs, with Con
fidor O-TEQ as guest. 

The O–TEQ family brand represents an oil dispersion formulation 
that contains adjuvants and vegetable oil to provide better retention, 
distribution and penetration properties [45]. This oil dispersion is 
defined as a stable suspension of the active ingredient in a water 
immiscible fluid [46]. 

NSs were characterized using a range of techniques for complete 
morphological, physicochemical and thermal characterization. The in
fluence of the oil component was also evaluated by measures of surface 
tension. In addition, the sorption mechanism and efficiency were 
assessed by kinetic and isothermal sorption analysis at the optimal 
experimental conditions in term of S/L ratio and pH. The sorption per
formance of the polymeric materials was further tested in the presence 
of ionic and non–ionic fertilizers as model interfering factors as well as 
their reusability. Finally, the binding enthalpies and stabilizing/desta
bilizing noncovalent interactions within the complexes between αCD/ 
βCD, αCD/βCD–HDA, αCD/βCD–DDA, and α/βCDNSs in dimeric models 
and imidacloprid were investigated by explicit water molecular dy
namics simulations (MD), together with a description of the noncovalent 

interactions (NCI) including their spatial distribution features. The 
analysis of NCI was performed using the Independent Gradient Method 
(IGM) [47], which allows to visualize the regions of low charge density 
corresponding to stabilizing/destabilizing NCI. These are based on the 
analysis of the electronic charge density of the interacting molecules and 
their gradients, as well as on the quantitative comparison of the strength 
of NCI by calculating the IGM descriptor δg, which directly corresponds 
to the charge density gradient(s) in real space (for details, see ref. [47]). 

2. Materials and methods 

2.1. Materials 

For the synthesis of NSs, α– and β–cyclodextrins were supplied by 
Sigma Aldrich (purity 98 %), triphenylphosphine (Ph3P) by Alpha Aesar, 
and iodine (I2) as resublimed pearls by PanReac. Hexane–1,6–diamine 
(HDA) and dodecane–1,12–diamine (DDA) crosslinkers were purchased 
from Sigma-Aldrich. N,N–dimethylformamide (DMF) was obtained from 
Honeywell (purity ≥ 99.8 %) and dried using molecular sieves and 
methanol (MeOH) was obtained from Chem–Lab (purity 99.8 %). 
Commercial Confidor O–TEQ® (206 g/L in imidacloprid content) was 
acquired under license from Direção-Geral de Alimentação e Veterinária 
(Portugal). Urea and ammonium nitrate, used as additive models, were 
obtained from Fagron (purity 100 %) and Chem–Lab (purity greater 
than 99 %), respectively. The other chemicals were used without further 
purification, unless otherwise stated. 

2.2. Synthesis of amine–cyclodextrin nanosponges 

Four different nanosponges were synthesized using a similar pro
cedure, which was described in a previous work [18]. Anhydrous cy
clodextrins were modified with iodine to obtain per–(6–iodo)– 
(6–deoxy)–cyclodextrin (CD-I) [48]. The per-6-iodo cyclodextrins were 
subject to a second per–nucleophilic substitution with the crosslinker 
(either HDA or DDA), in a 20–fold excess, using a microwave-assisted 
procedure with temperature control (85 ◦C for 40 min). Finally, the 
synthesis of nanosponges was carried out by reacting CD–I with 
CD–HDA or CD–DDA in 1:1 (mol iodine per mol amine). The mixture 
was mechanically grinded and homogenized, a minimal amount of 
DMSO was used to facilitate the interaction of the reactants, and the 
reaction was carried out at 70 ◦C for 48 hr. In the following, the different 
NSs are referred as: αCD2–HDA, αCD2–DDA, βCD2–HDA and βCD2–DDA. 
All NSs were freeze–dried and grinded for storage. NMR characteriza
tion of the αCDs is reported below. The yield and substitution effi
ciencies for CD–I and CD–HDA (or DDA) were determined by 1H–nuclear 
magnetic resonance (1H NMR) at 400 MHz, using 10 mg mL− 1 of com
pounds in DMSO‑d6 containing trace amounts of sodium salt of trime
thylsilylpropionic acid-d4. 

The synthesis of hexakis– (6–iodo)–(6–deoxy)–α–cyclodextrin 

Scheme 1. Molecular structure of Imidacloprid (left); representative structure of NS with HDA as linker.  
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(αCD–I), yield (73 %), was confirmed by 1H NMR in DMSO–d6: 
3.32–3.42 (m, 12H); 3.47–3.56 (m, 6H); 3.58–3.67 (m, 6H); 3.71–3.78 
(m, 6H); 3.79–3.85 (m, 6H); 4.95 (d, J = 3.2 Hz, 6H); 5.65 (d, J = 2.4 Hz, 
6H); 5.80 (d, J = 7.2 Hz, 6H). 

Substitution with HDA or DDA was confirmed by NMR. Hexakis–[(6– 
(6–amine–1–hexylamine)–(6–deoxy)–α–cyclodextrin (αCD–HDA), yield 
(85 %), 1H NMR in DMSO–d6: 1.30–1.53 (m, 48H); 2.77–2.81 (m, 24H); 
3.02–3.14 (m, 6H); 3.25–3.37 (m, 6H); 3.59–3.97 (m, 24H); 4.81 (bs, 
6H). Hexakis–[(6–(12–amine–1–dodecylamine)–(6–deoxy)–α–cyclo
dextrin (αCD–DDA), yield (80 %), 1H NMR in DMSO-d6:Hexakis–[(6– 
(12–amine–1–dodecylamine)–(6–deoxy)–α–cyclodextrin (αCD–DDA), 
yield (80 %), 1H NMR in DMSO‑d6: 1.13–1.58 (m, 120H); 2.52–2.54 (m, 
12H); 2.63–2.78 (m, 24H); 2.98–3.11 (m, 6H); 3.23–3.35 (m, 6H); 
3.67–3.87 (m, 12H); 4.79 (bs, 6H). 

Solubility assays were carried out by using the following solvents: 
water, methanol, acetone, dimethylformamide, chloroform and toluene. 
The solubility measurements were performed by adding a weighed 
amount of nanosponge to 5 mL of solvent and left in equilibrium, with 
helical stirring, during 1 week. After that time, the samples were 
centrifuged. The supernatant was collected and the corresponding 
UV–vis spectrum was obtained by using a Shimadzu UV–vis 2600 I 
spectrophotometer; the solid was lyophilized and weighed (by using a 
RADWAG AS 220/C/2 balance). Gravimetric analysis showed negligible 
changes on the weight taking into account an uncertainty of 5 %. On the 
other hand, supernatant spectra, for all solvents, do not show any band 
characteristic of CD-HDA and CD-DDA. We can conclude that, in the 
aforementioned conditions, no solubilization occurs. 

2.3. Characterization of nanosponges 

The chemical structure of CDNSs, such as the presence of functional 
groups were characterized by Fourier transform infrared spectroscopy 
(Thermo Scientific, model Nicolet 6700 FT–IR) in a wavelength range of 
4000–400 cm− 1 using KBr pellets. The percentage (w/w) of N, C and H 
of CDNSs, in powder state, was determined by elemental analysis (EA 
1108 CHNS–O, Fisons); the experiments were carried out in triplicate. 

The thermal stability of the polymers was determined by thermog
ravimetric analysis (TGA) (Netzsch Instruments, model TG209–F3 
Tarsus), and differential scanning calorimetry (DSC) (PerkinElmer, 
model DSC 7). For TGA, data were acquired using the NETZSCH Mea
surement v. 6.0 program and processed using NETZSCH Proteus Thermal 
Analysis. The analysis were performed using approximately 3–5 mg of 
powdered material at a temperature range between 25 and 500 ◦C, at a 
heating rate of 5 K min− 1, and a nitrogen flow rate of 50 mL min− 1. 
Thermal analysis was performed before and after contact of NSs with an 
aqueous suspension of Confidor O–TEQ® at approximately 150 mg L− 1 

of IMD for 24 h, at 25 ◦C. The DSC experiments were performed using ca. 
3 mg of compound in 30 μL aluminum vented pans, in the temperature 
range from 0◦ to 200 ◦C, with a heating rate of 20 ◦C min− 1, under a 20 
mL min− 1 nitrogen flow rate. 

Particle size distribution and surface charge were determined by 
dynamic light scattering (DLS) and ζ–potential analysis (Malvern Zeta
sizer NanoZS), using an aqueous suspension of CDNSs (0.2 mg mL− 1) 
sonicated before measurements. These measurements were performed 
at four pH values (3.5, 4.5, 6.5, 8.5, 9.5) to evaluate the effect of pH. A 
neon laser with scattering angle of 173◦ was used for the DLS mea
surements. The hydrodynamic diameter (ζ–average) and polydispersity 
index (PDI) of NSs were determined from the intensity distribution ob
tained by cumulative analysis. ζ–potential values were calculated from 
electrophoretic mobility using the Smoluchowski relationship. Values 
are averages of three independent measurements. The active surface 
area (SBET), pore volume and pore size distribution were determined by 
nitrogen adsorption–desorption analysis (ASAP 2000, Micrometrics). 
Surface morphology and near-surface elemental composition of NSs 
were determined by scanning electron microscopy (SEM), and energy 
dispersive X-ray (EDX), operating at 4 kV and 7 kV, respectively (Gemini 

2-Zeiss, Merlin-Zeiss, Oberkochen, Germany). EDS data represents an 
average of three measurements carried out in three different areas of the 
sample. Prior to analysis, the samples were sputter-coated with a thin 
gold layer. 

To determine the role of the oil formulation of Confidor O–TEQ®, the 
surface tension of the aqueous suspension and the aqueous imidacloprid 
solution, both at 150 mg L− 1 of IMD, were measured and compared. The 
analysis was performed using a tensiometer (Sigma702, Biolin Scientific) 
at constant temperature of 25 ◦C (HAAKE AC150 coupled with HAAKE 
A10, Thermo-Scientific). Measurements were performed in triplicate 
using the Du Noüy ring of platinum and the Huh-Mason correction 
method [49]. 

2.4. Sorption analysis 

For the sorption experiments, we took into account the preparative 
indication for Confidor O–TEQ® concentration, the dosage value of 75 
mL hL− 1 (ca. 150 mg L− 1 of imidacloprid) in water recommended for use 
against Colorado potato beetle (Leptinotarsa decemlineata) in potato 
crops. 

The rate of degradation (DR) of Confidor O–TEQ®, 

DR = (1 −
(

Ct

C0

))

× 100 (1) 

Measured by quantification of the active ingredient, imidacloprid, 
was also tested at four pH values (3.5, 4.5, 6.5, 8.5 and 9.5) within 7 
days, at 25 ◦C and under stirring, at 120 rpm. The pH was adjusted by 
micro addition of HCl or NaOH 0.01 M. The natural pH of an aqueous 
suspension of Confidor O–TEQ® at 150 mg L− 1 of IMD is 6.5. 

The sorption analysis can be divided into two phases. First, the 
optimal conditions were determined hence, the effect of the solid/liquid 
ratio (S/L ratio, mg of sorbent per mL of solution) and the influence of 
pH were evaluated. The experiments were performed at 25 ◦C, with 
agitation at 120 rpm, for at least 24 h. 

The effects of S/L (mg mL− 1) ratio and pH were evaluated as a 
function of the amount of pesticide sorbed per gram of sorbent (qe as mg 
g− 1) and removal efficiency (RE) calculated using 

qe =
C0 − Ce

m
× V (2)  

RE =
C0 − Ce

C0
(3) 

where C0 and Ce (mg L− 1) are the concentration of IMD in the initial 
and equilibrium states, respectively, m (g) is the mass of the sorbent, and 
V (L) is the volume of the suspension. 

In the second phase, the kinetic and equilibrium sorption analysis 
were performed at the optimal conditions of S/L and pH for the most 
effective materials for the sorption of imidacloprid: CD–HDA. Both NSs 
have shown as optimum S/L = 0.1 mg mL− 1, and pH 4.5 and 6.5, for α– 
and β–CD, respectively. It must be emphasized that βCD2–HDA also 
shown remarkable removal efficiency at S/L = 10 mg mL− 1 which was 
further investigated. Kinetic sorption was performed in an aqueous 
suspension of Confidor O–TEQ®, 150 mg L− 1 of imidacloprid, for 30 h 
and kinetics was modelled using pseudo-first order (PFO) (4), and 
pseudo-second order (PSO) equations, respectively 

qt = qe
(
1 − e− k1 t) (4)  

qt =
k2q2

e t
1 + k2qet

(5) 

where qt (mg g− 1) is the amount of sorbate at time, t (min). k1 
(min− 1) and k2 (g mg− 1 min− 1) are the rate constants for PFO and PSO, 
respectively [50]. The goodness of fit of the equations to the experi
mental data was evaluated using the adjusted coefficient of determina
tion (Adj.-R2) and the Akaike information criterion (AIC), which was 
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calculated as 

AIC = Nln
(

RSS
N

)

+ 2k+
2k(k + 1)
N − k − 1

for
N
k
< 40 (6) 

where N is the number of the experimental points, RSS is the residual 
sum of squares and k is the number of fitted parameters. 

Isothermal sorption analysis was performed in an IMD concentration 
range of 2.5–150 mg L− 1. Fitting to the experimental data was per
formed using the equations of Langmuir and Brunauer-Emmet-Teller 
(BET), respectively 

qe =
qmKLCe

1 + KLCe
(7)  

qe =
qsCBET Ce

[
Cs + (CBET − 2)Ce −

(
(CBET − 1)C2

e/Cs
) ] (8) 

where qm (mg g− 1) is the maximum sorption capacity per unit weight 
of sorbent and KL (L mg− 1) is the Langmuir constant. qs (mg g− 1), CBET (L 
mg− 1) and Cs (mg L− 1) are the theoretical isothermal saturation capac
ity, BET constant for sorption isotherm and sorbate monolayer satura
tion concentration, respectively. 

Since βCD2–HDA is the best sorption material, its sorption capacity 
was tested at S/L = 0.1 mg mL− 1 and 10 mg mL− 1, at pH 6.5 in the 
presence of NH4NO3 or urea (two of the most commonly used nitrogen 
fertilizers) as ionic and non-ionic interfering substances, respectively, at 
a molar ratio within 0.25–2 (mol/mol) with Confidor O–TEQ® (150 mg 
L− 1 of imidacloprid). 

The reusability of αCD2–HDA and βCD2–HDA was assessed. The 
analysis was performed considering the optimal experimental condi
tions in term of qe, i.e. S/L = 0.1 mg mL− 1 for both NSs, imidacloprid 
concentration of 150 mg L− 1 as Confidor O–TEQ® at pH = 4.5 for 
αCD2–HDA and 6.5 for βCD2–HDA. The reusability was evaluated by 
performing 5 cycles of sorption/desorption (each one of 24 h), at 25 ◦C. 

2.5. Molecular dynamics simulations 

The specific recognition between αCD/βCD, αCD/βCD–HDA, αCD/ 
βCD–DDA, and αCD/βCDNSs, represented as dimeric models, and imi
dacloprid was investigated by calculating the binding enthalpies asso
ciated with the formation of 1:1 complexes between these monomeric 
(αCD/βCD, αCD/βCD–HDA, αCD/βCD–DDA) and dimeric models 
(αCD2/βCD2–HDA, αCD2/βCD2–DDA) and imidacloprid, and by 
analyzing the topological features of the electronic charge densities of 
the –binding partners. Such an approach is described in detail in refer
ences [51] and [52]. 

The binding enthalpies are calculated from 

ΔH = 〈H〉complex +〈H〉purewater − 〈H〉CD − 〈H〉Imidacloprid (9) 

where 〈H〉complex, 〈H〉purewater, 〈H〉CD, and 〈H〉Imidacloprid correspond in 
each system to the Boltzmann averaged total potential energies for the 
complexes, pure water, solvated αCD/βCD, αCD/βCD–HDA, αCD/ 
βCD–DDA, and αCD2/βCD2–NSs and solvated imidacloprid simulations, 
respectively. 

The nature and strength of intermolecular interactions from CD 
systems is decoupled and a complementary rationale to the influence of 
monomer chain length on αCD/βCDNS structure and sorption behavior 
is provided. 

Single, solvated αCD/βCD, αCD/βCD–HDA, αCD/βCD–DDA, αCD2/ 
βCD2–HDA and αCD2/βCD2–DDA, and imidacloprid molecules were 
considered as system references. For αCD2/βCD2–HDA and αCD2/ 
βCD2–DDA backbones, two units of αCD/βCD–HDA and αCD/βCD–DDA 
were considered. 

The starting geometries of CD-based and imidacloprid molecules 
were constructed in Avogadro and Pymol and optimized with the sem
i–empirical Antechamber/SQM method. Specifically, αCD/βCD–HDA 

and αCD/βCD–DDA, with a net charge of 12 (αCD) and 14 (βCD), were 
constructed from the initial coordinates of αCD/βCD extracted from the 
RCSB protein data bank (PDB codes: 4FEM and 1DMB, respectively), 
and by replacing the primary hydroxyl groups with HDA and DDA 
chains, to achieve the appropriate substitution degree of the αCD/ β CD 
used experimentally. The αCD2/βCD2–HDA and αCD2/βCD2–DDA di
mers, with a net charge of 22 (αCD2) and 26 (βCD2), were constructed 
using, respectively, one HDA and one DDA chain as linker. The topol
ogies for each binding partner were generated using the Automated 
Topology Builder server (version 3.0) and partial charges for each 
molecule were obtained from the semi-empirical (AM1) with bond 
charge correction (BCC) method. [53]. 

A cubic box of 7.5 nm edge-length was used for each system con
taining one single molecule or one molecule of each binding partner, 
solvated with explicit SPC216 water molecules. 

MD simulations were performed with the GROMACS package 
(version 2019.1) using the all-atom gromos54a7 force field to describe 
both CD-based and imidacloprid molecules, under periodic boundary 
conditions, and with a NPT ensemble [47,54]. 

A constant temperature and pressure of 300 K and 1 bar, respec
tively, were imposed in all simulations, by the coupling constants of 0.1 
ps and 2 ps, to v–rescale and Parrinello–Rahman external baths. Stan
dard time steps of 1 (for dimers) and 2 fs (for monomers) were used for 
both equilibration and production runs. Nonbonded interactions were 
computed based on a neighbor list, updated every 10 steps. Len
nard–Jones interactions and electrostatic interactions were computed 
using a cut-off of 1.2 nm and the particle mesh Ewald (PME) method, 
respectively. The constraints in the binding partners were imposed by 
the LINCS algorithm. 

To obtain the starting configurations, each system was firstly sub
jected to energy minimization steps. Equilibrium properties, structure 
and dynamics of CD systems were calculated over the 200 ns simulation 
runs, after the systems were equilibrated for 50 ns. No pressure coupling 
was imposed during the production runs, allowing to keep the size of the 
simulation box constant. The simulated time was sufficient to provide 
robust statistics for the binding enthalpies, and the last 5 ns were sub
jected to the standard analysis. These include time-dependent RMSD for 
all αCD/ β CD, αCD/ β CD–HDA/DDA, and αCD2/ β CD2–HDA/DDA 
atoms free in solution and upon complexation, and geometric clustering 
performed to identify similar structures, sampled during the MD simu
lations. The algorithm for geometric cluster analysis is based on the 
hierarchical (top–down) approach, as described in [55], and allows 
evaluating the conformational prevalence of each CD structure, and 
selecting a representative complex conformation for further analysis by 
the Independent Gradient Method (IGM). 

2.6. Analysis of noncovalent interactions 

Evaluation of the noncovalent interactions (NCI) within αCD/ β CD: 
imidacloprid, αCD/βCD–HDA/DDA:imidacloprid and αCD2/ 
βCD2–HDA/DDA:imidacloprid complexes was performed based on IGM 
[28,36], and using the IGMPlot software (version 2.0). This method 
enables the analysis of the electronic charge density of the binding 
partners and the respective gradients, and the visualization and quan
tification of regions of stabilizing/destabilizing noncovalent in
teractions. It is based on the topological characteristics of the electronic 
charge density, ρ, of each system, and uses quantities corresponding to 
the first and second derivatives of the density. The computed δginter is the 
IGM descriptor estimated by the difference between the first derivatives 
of the charge densities for the final complexes and the respective free 
components, 

δginter =
⃒
⃒∇ρIGM,inter

⃒
⃒ − |∇ρ| (10) 

The nature and strength of NCI are detected when δginter takes posi
tive values and is determined the size of the descriptor at a point in 
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space. The term ∇ρIGM,inter is calculated from the sum of the N atoms in 
the two binding partners (A and B) along the x–direction, 
(

δρ

δx

)IGM,inter

=

⃒
⃒
⃒
⃒
⃒

∑NA

i=1

δρi

δx

⃒
⃒
⃒
⃒
⃒
+

⃒
⃒
⃒
⃒
⃒

∑NB

i=1

δρi

δx

⃒
⃒
⃒
⃒
⃒

(11) 

Visualization of NCI is enabled by IGMPlot by selecting the pre
computed atomic charge densities to estimate a pro-molecular density 
that has a minimal effect on the non–covalent interactions. While δginter 

allows identifying NCI regions, ∇2
ρ , the second Laplacian derivative of 

the density, is used for discriminating stabilizing/destabilizing NCIs. 
The decomposition of ∇2

ρ into the 3 eigenvalues (λ) of maximal varia
tion, ∇2

ρ = λ1 +λ2+λ3(λ1 ≤ λ2 ≤ λ3), provides information on the stabi
lizing (λ2 < 0) or destabilizing (λ2 > 0) interactions. Larger negative 

values of sign(λ2)ρ suggest stronger interactions (e.g., hydrogen bonds) 
while sign(λ2)ρ values close to zero indicate weak NCI (e.g., van der 
Waals forces). These values reflect both the extent and (de)stabilizing 
nature of the interactions. 

The coordinates of the complexes were extracted from the ensemble 
of structures at the equilibrium state, sampled from the production runs 
using the clustering procedure detailed in [47] and the coordinates of 
the corresponding binding partners were isolated to perform the anal
ysis. For each complex relevant NCI occurring between host and guest 
molecules are represented by isosurface volumes proportional to the 
δginter values and are colored according to the sign(λ2)ρ range. For details 
see [56]. 

Fig. 1. FTIR spectra (a) and differential scanning calorimetry thermograms (b) of different NSs: βCD2–HDA (black), αCD2–HDA (green), βCD2–DDA (blue) and 
αCD2–DDA (red). 

Fig. 2. TGA (solid curves), and dTG (dashed curves), of (a) pure βCD2–HDA (black) and αCD2–HDA (green) and, (c) in the presence of Confidor O–TEQ®; (b) pure 
βD2–DDA (blue) and αCD2–DDA (red) and, (d) in the presence of Confidor O–TEQ®. 
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3. Results and discussion 

The rationale behind the development of CDNSs is becoming 
increasingly important, especially for the elimination of pesticides. 
Relying on supramolecular structures, which involve a degree of 
complexity related to, for example, the type and amount of CD, the type 

and size of the crosslinker, variations in conformational behavior must 
be supported by a deep understanding of the sorption mechanism. In this 
context, several questions arise: how can CDNSs with optimal sorption 
performance for imidacloprid be formed? Does the length of the 
monomer chain matter? What determines the sorption behavior at the 
molecular level? What are the most important interaction forces? These 

Table 1 
Elemental analysis, EDX and N2 adsorption results for CDNSs.  

Elemental and EDX analysis 

CDNSs N% (w/w) C% (w/w) H% (w/w) I% (w/w)a CD% (w/w)b DCc 

αCD2–HDA 1.04 ± 0.01 27.9 ± 0.2 3.4 ± 0.2 32 ± 1 0.69 1.5 
αCD2–DDA 1.69 ± 0.01 31.43 ± 0.02 4.1 ± 0.2 37 ± 1 0.59 2.9 
βCD2–HDA 0.51 ± 0.02 27.37 ± 0.06 2.95 ± 0.09 40 ± 2 0.62 0.8 
βCD2–DDA 3.25 ± 0.02 38.78 ± 0.07 5.7 ± 0.3 33 ± 3 0.46 7.0  

N2 adsorption        

SBET (m2/g) Porevolume (cm3 g− 1) Porediameter (nm)    

αCD2–HDA 17.2 0.16 31.7    
αCD2–DDA 10.7 0.01 3.8    
βCD2–HDA 21.8 0.13 27.4    
βCD2–DDA 17.9 0.03 16.5     

a I% (w/w) values are merely indicative because they are obtained by EDX analysis. 
b CD% = (C% − Clinker%)/CCD. 
c DC (degree of crosslinking) is calculated as the amount of N per mole of cyclodextrin as obtained by elemental analysis. 

Fig. 3. SEM micrographs of CDNSs before and after contact for 24 h with a solution of Confidor O–TEQ® at imidacloprid concentration equal to 150 mg L− 1 

(magnification × 10000 and 2.0 kV). (a) αCD2–HDA, (b) αCD2–DDA, (c) βCD2–HDA and (d) βCD2–DDA. 
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challenging aspects are investigated below, combining insights from 
elemental analysis, N2–sorption, surface tension, FTIR, TGA and DSC, 
SEM and EDS, DLS and ζ–potential and MD simulations. 

3.1. Characterization of nanosponges 

The FTIR spectra for α- and β–CD-based nanosponges are shown in 
Fig. 1a. It can be seen that the four polymers are characterized by similar 
vibrational modes at ca. 3340, 1650, 1150 and 1080 cm− 1, which are 
related to stretching and bending vibrations of the secondary –OH and 
–C–O–C– groups [57]. Even though, the band at ca. 3340 cm− 1 of 
CDNSs is sharper than that normally observed in pristine cyclodextrin, 
which is due to the substitution of primary –OH groups in C6 position by 
primary and secondary –NH groups. The two bands at 2920 and 2850 
cm− 1 are associated with symmetric and asymmetric stretching vibra
tions of –CH2– groups from the aliphatic chain of the monomers. These 
are better resolved for αCD2–DDA and βCD2–DDA with a longer aliphatic 
chain. Primary and secondary amine groups are also confirmed by the 
peaks at 1650, 1150 and 940 cm− 1, which are related to the –NH2 and 
–NH– bending and wagging vibrations and the –C–N stretching vibra
tion, respectively [18]. 

Looking at the effect of CDs and crosslinkers in the thermal analysis 
(Fig. 2), it can be seen that α CD2–HDA, βCD2–HDA and αCD2–DDA have 
similar thermograms, with a single maximum of thermal degradation 
temperature (d2(weight loss)/dT2 = 0), Tmax(2), at about 200 ◦C for 
αCDNSs and 210 ◦C for βCD2–HDA (Fig. 2-a and 2-b). The slightly higher 
stability of βCD2–HDA can be justified by the high content of CD units 
per nitrogen unit, which prompts the formation of numerous inter- and 
intramolecular hydrogen bonds (see Table 1). The single degradation 
step may also indicate a more homogeneous supramolecular structure, 
as confirmed by SEM micrographs. In contrast, βCD2–DDA exhibits three 
maximum of degradation temperatures; the first initial degradation 
temperatures (at 226 and 310 ◦C) may be related to the degradation of 
CDs in two different states (native and functionalized) [58], while the 
third degradation temperature (Tmax(4)), which occurs at 415 ◦C, may be 
due to amine bond breaking [18]. No significant changes in the thermal 
profile of the αCDNSs were observed after 24 h of contact with Confidor 
O–TEQ® suspension. It should be noted that a slight shift to higher 
temperatures was observed for βCD2–HDA (Tmax(2) = 220 ◦C), which can 
be related to the formation of inclusion complexes that increases the 
thermal stability of βCD2–HDA by establishing inter– and intramolecular 
interactions. On the other hand, βCD2–DDA shows a decrease of Tmax(3) 
to 280 ◦C, which is probably due to the highly compact structure of the 
materials. The diffusion of the pesticide into the porous network forces 
the structure to a more unstable conformation. A complete character
ization of the thermograms is summarized in Table SI1. 

Taking in mind the Tmax(2) values corresponding to the first thermal 
degradation, the DSC analysis were performed within 0 – 200 ◦C. No 

reversible transitions were observed during the cycles of heating/cool
ing (not shown). As it can be seen (Fig. 1b), all NSs show a very similar 
thermograms with two irreversible endothermic events. These are 
probably related with residual solvent loss such crystalline water, since 
the range of temperature is matching with that of TGA curves. 

The elemental composition of the NSs was evaluated by elemental 
analysis and EDX (Fig. 3) and data are reported in Table 1. From Table 1, 
it can be concluded that HDA–nanosponges are those with the lowest 
content of nitrogen and the highest values for CD%. Furthermore, degree 
of crosslinking increases in the order: βCD2–HDA < αCD2–HDA <
αCD2–DDA < βCD2–DDA. Thus, there seems to be a strong correlation 
between the degree of freedom of crosslinkers, and consequently of NSs, 
and the ratio between N% and CD%. These outcomes agree with the 
results obtained by nitrogen adsorption (Table 1) and SEM (Fig. 3). It 
can also be concluded that in all NSs the amount of unreacted C-I groups 
is significant. 

In general, it can be stated that SBET depends on DC, i.e., lower DC 
leads to a higher SBET. An exception is βCD2–DDA, where both DC and 
SBET are high. That can be justified by an entanglement of the longer 
monomer, which limits the CD content per unit of free –NH2 and distorts 
the cyclodextrin structure. Thus, the higher degree of freedom of the 
aliphatic chain leads to a structural collapse and highly compact struc
tures. It can also be observed that the pore volume and diameter depend 
essentially on the length of the alkyl chain of the anchor. In fact, the 
lowest pore volume for αCD2–DDA and βCD2–DDA is a possible 

Fig. 4. Representation of particle size distribution (a) and ζ–potential (b) as a function of pH. Key: αCD2–HDA (green), αCD2–DDA (red), βCD2–HDA (black) and 
βCD2–DDA (blue). 

Table 2 
DLS and zeta–potential parameters of CDNSs.  

Nanosponges Ph Z–average ± std (d.nm) PDI ± std ζ ± std (mV) 

βCD2–HDA  3.5 253.7 ± 0.2 0.137 ± 0.006 46.0 ± 1.8  
4.5 267 ± 3 0.13 ± 0.02 40.5 ± 0.3  
6.5 320 ± 6 0.20 ± 0.03 39.6 ± 0.4  
8.5 306 ± 5 0.28 ± 0.01 34.5 ± 0.5  
9.5 481 ± 4 0.37 ± 0.01 31.3 ± 0.6 

αCD2–HDA  3.5 163 ± 2 0.16 ± 0.01 37.4 ± 1.0  
4.5 241 ± 4 0.18 ± 0.02 37.2 ± 1.0  
6.5 263 ± 3 0.19 ± 0.02 38.3 ± 0.4  
8.5 503 ± 36 0.46 ± 0.08 28.9 ± 0.5  
9.5 478 ± 24 0.41 ± 0.02 31.9 ± 0.5 

βCD2–DDA  3.5 814 ± 78 * 0.44 ± 0.04 39.4 ± 0.7  
4.5 7249 ± 122 * 0.6 ± 0.1 38.9 ± 1.1  
6.5 886 ± 84 * 0.6 ± 0.1 37.2 ± 0.3  
8.5 714 ± 52 * 0.51 ± 0.04 32.2 ± 0.2  
9.5 1432 ± 99 * 0.61 ± 0.08 18.9 ± 0.7 

αCD2–DDA  3.5 1696 ± 293 * 0.79 ± 0.08 33.5 ± 1.0  
4.5 1592 ± 193 * 0.8 ± 0.2 38.0 ± 0.68  
6.5 1682 ± 193 * 0.75 ± 0.06 32.0 ± 0.4  
8.5 2050 ± 145 * 0.747 ± 0.008 32.2 ± 0.2  
9.5 3311 ± 485 * 0.7 ± 0.2 18.8 ± 0.2  

* Values obtained considering two nodal distributions. 
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indication of a more compact structure, which is also confirmed by the 
surface morphology, as seen on SEM (see Fig. 3); indeed, HDA- 
containing NSs show a less smooth, rod-like structure than the 
DDA–NSs. Thus, the high SBET, pore volume and diameter of αCD2–HDA 
and βCD2–HDA, combined with a less dense surface morphology, are 
key–factors for the interaction between NSs and Confidor O–TEQ®. 
Upon sorption of Confidor O–TEQ®, the surface morphology of 
αCD2–HDA and βCD2–HDA is altered, with increased aggregation and an 
apparent increase in pore size (for αCD2–HDA). However, αCD2–HDA 
and βCD2–DDA exhibit a smoother surface, which may be due to in
teractions at the outer surface (see the section on MD) with formation of 
Confidor O–TEQ® layer. 

To better characterize NSs, the effect of pH on the particle size and 
zeta potential (ζ) was investigated (Fig. 4 and Table 2). CD-based NSs 
show a positive ζ value in all pH ranges, and no noticeable effect of pH is 
observed – the exception being for αCD2–DDA and βCD2–DDA at pH 9.5, 
where the ζ values increase by ca. 50 and 100 %, respectively. Such 
positive ζ values indicate that no NS aggregation occurs. This is indeed 
true for αCD2–HDA and βCD2–HDA, which have smaller hydrodynamic 
diameters (approximately 163–480 nm and 250–480 nm, respectively). 
At pH ≤ 6.5, PDI less than 0.2 confirms the existence of monodisperse 
particles, suggesting that the HDA–NSs are characterized by a homo
geneous network arrangement and size distribution. For DDA–NSs on 
the other hand, PDI ≥ 0.5 indicates a non–negligible polydispersity, 
which is also confirmed by the observation of a particle size at least 
twice as high as that found for αCD2–HDA and βCD2–HDA. In addition, 
the occurrence of two particle size populations for αCD2–DDA and 
βCD2–DDA is noteworthy. The higher particle size and aggregate for
mation is due to hydrophobic interactions and entanglements of the 

longer aliphatic chain of DDA. Thus, the balance between the surface 
charge displacement and the hydrophobic/hydrophilic interactions 
could play a crucial role in the dispersion and therefore in size distri
bution and, as we will see below, in the sorption efficiency. 

3.2. Sorption analysis 

Preliminary tests were conducted to investigate the effect of pH in 
the degradation of Confidor O–TEQ®, more specifically of its active 
ingredient, and the effect of CD–NSs dosages on Confidor O–TEQ® 
sorption. The stability of the aqueous suspension of Confidor O–TEQ® 
(150mg L− 1) at different pH values was initially evaluated [596061]. As 
can be seen in Figure S1, no significant degradation is observed up to 6 
days (DR is always lower than 12% - Figure S1). Such behavior is a 
necessary condition for accurate quantification of imidacloprid in Con
fidor O–TEQ®. The dosage effect was evaluated by quantifying the 
maximum amount of adsorbate, qe, and removal efficiency (RE) of 
imidacloprid, at different solid/liquid (S/L) ratios, from 0.1 to 10 mg 
mL− 1, at natural pH (6.5) – Figure S2. The maximum amount of imi
dacloprid adsorbed by α CD2–HDA and β CD2–HDA (131 mg g− 1 and 
112 mg g− 1, respectively) was determined for S/L = 0.1 mg mL− 1. These 
values are approximately 10-fold higher than the values obtained for α 
CD2–DDA (8.5 mg g− 1) and β CD2–DDA (12.3 mg g− 1) at their optimal S/ 
L = 1.0 mg mL− 1. 

These results clearly indicate that the linker plays the key role in the 
adsorption mechanism, either directly interacting with the adsorbate or 
by modifying the NS structures, thus equilibrating the hydrophilic/hy
drophobic character. It is also worth noting that when the removal ef
ficiency data (Fig S2-b) were analyzed, the best performance was 

Fig. 5. Sorption analysis of Confidor O–TEQ® at 25 ◦C (a) into αCD2–HDA at S/L = 0.1 mg mL− 1 (green circles); (b) βCD2–HDA at S/L = 0.1 mg mL− 1 (black squares) 
and S/L = 10 mg mL− 1 (purple squares); (c) removal efficiency of βCD2–HDA at S/L = 0.1 mg mL− 1 (black bars) and at S/L = 10 mg mL− 1 (purple bars). 
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obtained by βCD2–HDA, with a 92 % removal of imidacloprid, followed 
by αCD2–HDA and βCD2–DDA, with 46 % and 45 %, respectively. 
However, the best RE was obtained by βCD2–HDA at S/L = 10 mg mL− 1, 
indicating a RE improvement by increasing the adsorbent mass. These 
studies were complemented by the putative effect of pH (ranging from 
3.5 to 9.5) on the physical parameters of adsorption: qe and RE 
(Figure S3). This was done using the optimal S/L ratios 0.1 and 1.0 mg 
mL− 1 for HDA- and DDA- based NSs, respectively. Although no signifi
cant effects were observed for REs, pH strongly affects the maximum 
adsorption amount of imidacloprid on αCD2–HDA and βCD2–HDA, 
showing maximum qe values for 4.5 (qe = 151 mg g− 1) and 6.5 (qe = 213 
mg g− 1), respectively. In addition, the pH effect was also assessed for 
βCD2–HDA, at S/L = 10 mg mL− 1, and the REs are similar (ca. 95 %) in 
all pH ranges (Figure S4). 

3.2.1. Sorption isotherms 
Considering the previous discussion, the best materials, αCD2–HDA 

(S/L = 0.1 mg mL− 1) and βCD2–HDA (S/L = 0.1 and 10 mg mL− 1) were 
selected for further analysis. The sorption isotherm data are shown in 
Fig. 5. From Fig. 5 a) and b), the profile of qe as a function of Ce changes 
significantly as a function of CD. While the sorption of imidacloprid (in 
Confidor dispersion) by the βCD–NS follows a Langmuir model, the 
sorption onto αCD–NS follows a BET isotherm. However, comparing the 
isotherms for the same S/L, the maximum sorbed concentration of 
imidacloprid is similar for both NSs: αCD2–HDA and βCD2–HDA. To gain 
further insight into the sorption mechanism, several sorption equations 
were fitted to the experimental data. Fig. 5 and Table 3 show the best 
fitting lines and corresponding fitting parameters for the equations of 
BET (eq. (8), αCD2–HDA) and Langmuir (eq. (7), βCD2–HDA). The 
sorption of imidacloprid by αCD2–HDA is well described by the BET 
model (eq. (8)), which is usually associated with mesoporous materials 
with a heterogeneous sorption process through the formation of multi
layers via cooperative sorbate–sorbate interactions, while the saturation 
of monolayers is indicated by the qs value (43 ± 4 mg g− 1). Additionally, 
hydrophobic chain–π interactions with the pyridine and imidazole rings 
can also occur. On the other hand, the Langmuir equation (eq.7) for 
βCD2–HDA at two different S/L best describes the sorption process, 
indicating a homogeneous distribution of active sites. This is com
plemented by a favorable sorption, as suggested by the separation factor, 
RL, which is less than 1 [62]. From the experimental data Fig. 5a) and b), 
it can also be concluded that the maximum amounts of sorbed imida
cloprid are 231.4 and 287.8 mg g− 1 for αCD2–HDA and βCD2–HDA, 

Table 3 
Fitting parameters for Langmuir and BET models.  

Model βCD2–HDA, 
S/L = 0.1 mg mL− 1 

βCD2–HDA, 
S/L = 10 mg mL− 1 

Langmuir qe, exp (mg g− 1) 235 (±75) 11.6 (±0.8) 
qm (mg g− 1) 288 (±19) 15.8 (±1.8) 
KL (10− 2) (L mg− 1) 4.2 (±1.0) 17.2 (±5.0) 
RL 0.9 – 0.1 0.9 – 0.1 
Adj.-R2 0.9748 0.9181 

Model αCD2–HDA, S/L = 0.1 mg mL− 1 

BET qs (mg g− 1) 42.6 (±4.5) 
CBET (L mg− 1) 10.0 (±5.0) 
Cs (mg L− 1) 162.7 (±4.0)  

Fig. 6. Dependence of qe and RE on the concentration of (a–b) NH4NO3 and (c–d) urea for two different S/L ratios, by using βCD2–HDA.  
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respectively, and again, increasing the mass of the latter leads to 
removal efficiencies greater than 95 % (Fig. 5c). 

The above results are still surprising compared with those obtained, 
for the same NS-βCD2–HDA, for the sorption of pure imidacloprid from 
an aqueous solution (qe = 27.4 mg g− 1 for a S/L = 5 mg mL− 1 [18]). This 
clearly suggests that the Confidor O–TEQ® formulation plays a signifi
cant role in the sorption process, and dramatically increases the avail
ability of active sites for sorption. 

In the absence of information about the overall composition of 
Confidor, the possible effects of the two most commonly used fertilizers: 
ammonium nitrate and urea on the IMD sorption were evaluated [63]. 
From the analysis of Fig. 6, it can be concluded that the interactions 
between sorbate and sorbent are affected by both interfering factors. In 
particular, the salt affects the adsorption of imidacloprid at concentra
tions higher than 0.25 M. Indeed, at S/L = 0.1 mg mL− 1, a decrease up to 
66 % and 30 % of qe and RE, respectively, was observed. At S/L = 10 mg 
mL− 1, qe is not affected, but RE decreases from 93 % to 75 %. This effect 
can be explained by the fact that NH4

+ and NO3
− ions act as counterions 

and reduce the active sites by electrostatic interaction between the 
positive and negative active sites of sorbate and sorbent. On the other 
hand, urea has a smaller effect on the sorbate–sorbent interactions, and 
no significant effect in terms of qe. Concomitantly, a decrease in removal 
efficiency from 30 % to 11 % (S/L = 0.1 mg mL− 1) and from 93 % to 80 
% (S/L = 10 mg mL− 1) is observed. This is likely due to a competitive 
sorption mechanism. 

It is known that the sorption mechanism involves several steps, some 
of which depend on surface tension [64]. For this reason, we measured 
the surface tension of Confidor O–TEQ® and an aqueous solution of 
imidacloprid, at 25 ◦C. The following surface tension values were ob
tained: 29.1 (±0.2) mN m− 1 and 67.6 (±0.4) mN m− 1. This suggests that 
the lowest surface tension obtained for Confidor could be responsible for 
a higher sorption capacity of the NS. This evidence remains to be 
confirmed. 

The performance of αCD2–HDA and βCD2–HDA was tested in term of 
reusability (Fig. 7). As we can see, both NSs present similar sorbent 
capacity towards imidacloprid with an average value of qe = 250 mg 
g− 1. Thus, the removal efficiency of the sorbent material is kept con
stant, taking into account the experimental error, along the 5 cycles. 
That is a noticeable result because it shows the potential of these mes
oporous materials for real application in the removal of pesticides. It 
should also be stressed that just water is used in the regeneration step. 

3.2.2. Sorption kinetics 
The rate at which imidacloprid is sorbed by the HDA–based 

nanosponges was evaluated only for those that showed higher values of 
qe and RE; i.e. βCD2–HDA at S/L ratios of 0.1 and 10 mg mL− 1 (Fig. S5b). 
At S/L = 0.1 mg mL− 1 sorption is quite fast, reaching 82 % of cumulative 
removal in only 5 min. Such removal prevents a deeper kinetic analysis 
by using the models described in equations (4) and (5) once the fitting is 
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Fig. 7. Reusability of αCD2–HDA (green bar) and βCD2–HDA (black bar) for 
imidacloprid adsorption from Confidor O–TEQ®. 

Table 4 
Fitting parameters for the fitting of PFO, PSO kinetic models to sorption of 
imidacloprid, in Confidor O–TEQ® dispersions onto β CD2–HDA at S/L = 10 mg 
mL− 1, and αCD2–HDA* at S/L = 0.1 mg mL− 1.   

PFO  PSO  

βCD2–HDA 
S/L = 10 
mg mL− 1 

qe, exp (mg 
g¡1) 

13.3 (±0.1)   

qe (mg g¡1) 11.7 (±0.3) qe (mg g¡1) 12.2 (±0.3) 
k1 (10¡2) 
(min¡1) 

24.5 (±6.2) k2 (10¡2) (g mg¡1 

min¡1) 
3.0 (±0.7) 

Adj.-R2 0.9125 Adj.-R2 0.9621 
AIC 8.0 AIC − 2.0  

αCD2–HDA* 
S/L = 0.1 
mg mL− 1 

qe, exp (mg 
g¡1) 

226.7 
(±5.3)   

qe (mg g¡1) 172.2 
(±83.3) 

qe (mg g¡1) 191.1 
(±64.2) 

q0 (mg g¡1) 127.6 
(±9.3) 

q0 (mg g¡1) 117.6 
(±12.9) 

k1 (10¡2) 
(min¡1) 

0.2 (±0.2) k2 (10¡5) (g mg¡1 

min¡1) 
1.9 (±2.2) 

Adj.-R2 0.9056 Adj.-R2 0.86 
AIC 63.7 AIC 67.6 

*the parameter values for αCD2–HDA were obtained by a modified PFO and PSO 

equations: qt = qe
(
1 − e− k1 t)+q0 and qt =

k2q2
e t

1 + k2qet
+ q0, respectively.  

Table 5 
Averaged total potential energies computed for the complexes between αCD/ 
βCD, αCD/βCD–HDA, αCD/βCD–DDA, αCD2/βCD2–HDA and αCD2/βCD2–DDA 
and imidacloprid (Imd) in solution and the corresponding binding enthalpies 
(kJ.mol− 1).    

αCD βCD 

System Simulation Potential Energy (kJ. 
mol¡1) 

Potential Energy (kJ. 
mol¡1) 

CD:Imd Pure Water − 551465 − 46686 
Host − 551037 − 45732 
Guest − 551584 − 46689 
Complex − 551240 − 45759  

Binding Enthalpy Binding Enthalpy 
ΔH − 84 − 25 

CD–HDA: 
Imd 

Pure Water − 548584 − 125303 
Host − 553144 − 129656 
Guest − 548753 − 125311 
Complex − 553262 − 129695  

Binding Enthalpy Binding Enthalpy 
ΔH 51 − 31 

CD–DDA: 
Imd 

Pure Water − 546785 − 156829 
Host − 551140 − 155392 
Guest − 546912 − 156839 
Complex − 551263 − 155434  

Binding Enthalpy Binding Enthalpy 
ΔH 4 − 32 

CD2–HDA: 
Imd 

Pure Water − 541487 − 253670 
Host − 548006 − 252427 
Guest − 541568 − 253624 
Complex − 548103 − 252417  

Binding Enthalpy Binding Enthalpy 
ΔH − 16 − 36 

CD2–DDA: 
Imd 

Pure Water − 544603 − 392882 
Host − 552625 − 389990 
Guest − 544736 − 392845 
Complex − 552746 − 389940  

Binding Enthalpy Binding Enthalpy 
ΔH 12 13  
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controlled by the large number of data points in the sorption equilib
rium. On the other hand, the sorption kinetic for βCD2–HDA is slower at 
S/L = 10 mg mL− 1: after 5 min 67 % of the cumulative removal is 
achieved, and only after 90 min the cumulative removal (83 %) is 
similar to the one obtained at S/L = 0.1 mg mL− 1. At the S/L ratio of 0.1 
mg mL− 1, αCD2–HDA reaches the equilibrium after 5 h (Fig. S5a). These 
kinetic data may be indicative of the best performance of NS, at a lower 
S/L ratio. For the latter, the PFO and PSO equations (eq. (4) and (5)) 
were fitted to the experimental data, and the fitting parameters are 
summarized in Table 4. The PSO is the model that best fits the experi
mental data for βCD2–HDA, which is consistent with the Langmuir 
equation for modelling sorption isotherms. The chemisorption process 
refers to the formation of hydrogen bonds between acceptor atoms, such 
as hydrogens in amine and hydroxyl groups, and donor atoms, such as 
nitrogen and oxygen in amine, hydroxyl, nitro groups and heterocycles. 
Adj.-R2 and AIC values of PFO and PSO for αCD2–HDA are lower for the 
PFO fitting. Furthermore, the sorption kinetics for αCD2–HDA follows a 
diffusional behavior (i.e., qt is linear as a function of t1/2 – not shown). 

3.3. In silico rationale for describing CDNSs:imidacloprid interactions 

Results pertaining to MD simulations are discussed in what follows. 
Table 5 summarizes the total potential energies for the simulations of the 
complexes, single αCD/βCD, αCD/βCD–HDA, αCD/βCD–DDA, αCD2/ 
βCD2–HDA, αCD2/βCD2–DDA, imidacloprid, and pure water, and the 
resulting binding enthalpies. It can be seen that the substitution of αCD 
and βCD primary hydroxyl groups by hexane–1,6–diamine and dodec
ane–1,12–diamine chains has a significant effect on the binding 
strength, as also found experimentally and in previous in silico studies. 

[52]. 
For αCD–based systems (Table 5) the binding enthalpies follow the 

order αCD:Imd < αCD2–HDA:Imd < αCD–DDA:Imd < αCD2–DDA:Imd <
αCD–HDA:Imd. The formation of αCD:Imd and αCD2–HDA:Imd are 
enthalpically favoured (− 84 kJ.mol− 1 and − 16 kJ.mol− 1, respectively), 
while the formation of αCD–DDA:Imd, αCD2–DDA:Imd and αCD–HDA: 
Imd are entalpically penalized as as evidenced by their positive values 
(4 kJ.mol− 1, 12 kJ.mol− 1 and 51 kJ.mol− 1, respectively). The presence 
of HDA and DDA chains and the distortion of αCD structure (see 
Figure S6, top) percludes the inclusion of Imidacropid. 

In βCD-based systems, the complexes that are more enthalpically 
favoured are βCD2–HDA:Imd (− 36 kJ.mol− 1), βCD–DDA:Imd (− 32 kJ. 
mol− 1) and βCD–HDA:Imd (− 31 kJ.mol− 1). This enthalpy contribution 
is smaller in the complex involving the natural βCD (− 25 kJ.mol− 1). The 
ΔH values follow the order βCD2–HDA:Imd < βCD–DDA:Imd <

βCD–HDA:Imd < βCD:Imd < βCD2–DDA:Imd, suggesting that the most 
stable complexes are those containing the βCD2–HDA dimer with shorter 
chain length (− 36 kJ.mol− 1) and the βCD functionalized monomer with 
longer chain length (− 32 kJ.mol− 1). While αCD:Imd, αCD2–DDA:Imd, 
βCD2–HDA:Imd, βCD–DDA:Imd, βCD–HDA:Imd, and βCD:Imd com
plexes display binding enthalpies within typical range (see [52]), the 
αCD–DDA:Imd, αCD2–HDA:Imd, αCD–HDA:Imd and βCD2–DDA:Imd 
complexes display positive ΔH values, suggesting that the association 
between the two binding partners is unlikely (see Table 5). This can be 
explained by the higher degree of distortion/collapse observed for the 
βCD2–DDA backbone (see Figures S6 and S7, top, in Supporting Infor
mation), either free in solution or in the presence of imidacloprid. This is 
due to the higher flexibility of the DDA chains and to the ability of some 
βCD glucopyranose units to rotate with respect to the cavity plane, 

Fig. 8. Interaction patterns of the αCD:Imd and αCD2-HDA:Imd complexes, corresponding to the most favorable binding enthapies (− 82 and − 16 kJ.mol− 1, 
respectively), illustrated by the 3D isosurfaces (right) and 2D scatter plots (left). Stabilizing/destabilizing NCI are represented in blue/red, and van der Waals forces 
are colored in green (volume cutoff of δginter = 0.05; color coding: − 0.1 ≤ sign(λ2)ρ ≤ 0.1). αCD and αCD2–HDA backbones are featured in gray as licorice, while 
imidacloprid is represented in ball-and-stick and colored in yellow. Nitrogen, oxygen, chlorine, and hydrogen atoms are represented in blue, red, purple, and white, 
respectively. 
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which requires a high energy to fill the βCD cavities, preclude the 
interior vacuum states, and prevents the inclusion of imidacloprid. This 
behavior has been previously reported for other flexible hosts [55]. 
including other cyclodextrin derivatives [65]. In addition, electrostatic 
repulsion between the DDA chains is expected to overcome the stabi
lizing interactions that would favor complex formation. 

In contrast, the presence of imidacloprid in the reference systems 
(αCD/βCD:Imd) and in αCD/βCD–HDA:Imd clearly prevents cyclodex
trin distortion (as shown in Figures S6 and S7, top, of Supporting In
formation). This result is also confirmed by the smaller distances 
(Figure S6 and S7, bottom, in Supporting Information) between the 
centroids of the binding partners, indicating the formation of inclusion 
complexes. However, the distance profiles for αCD-DDA:Imd, 
αCD2–HDA:Imd, αCD2–DDA:Imd, βCD–DDA:Imd and βCD2–HDA:Imd 
suggest that the interaction occurs mainly outside the CD cavity, with 
the aliphatic chains, suggesting a prevalence of weak interactions 
outside the CD cavity. The interaction of Imidacropid with HDA and 
DDA chains is also illustrated by the 3D isosurfaces in Figs. 8, 9 and 10 
and Figures S8 and S9 (Supporting Information). 

Further inspection of intermolecular signatures of the complexes 
allows evaluating the type and strength of the NCI interactions as a 
function of the respective electronic charge densities. Areas of low 
density, corresponding to stabilizing/destabilizing NCI within the 
different complexes are decoupled and represented by 3D IGM 

isosurfaces (Figs. 8, 9 and 10). These isosurfaces reflect the binding 
specificity by highlighting discrete regions of enhanced interactions, and 
are influenced by the nature of the αCD/βCD, αCD/βCD–HDA, αCD/ 
βCD–DDA, αCD2/βCD2–HDA and αCD2/βCD2–DDA groups involved in 
the complexation. The volume of the interacting regions reflects the 
extent of the interactions. While stronger stabilizing (attractive) and 
destabilizing (repulsive) interactions are represented in blue and red, 
respectively, weak van der Waals forces are represented in green flat 
volumes. 

A volume cutoff of δginter  = 0.05 a.u. and a color range in − 0.1 ≤
sign(λ2)ρ ≤ 0.1 a.u. are used to represent the 3D convex surfaces. The 
corresponding 2D scatter plots depict the effective interactions between 
the binding partners as contact points, which represent the total inter
action points for δginter ≤ 0.1 in the range of − 0.2 ≤ sign(λ2)ρ ≤ 0.2. In 
each system, 35 Å spheres centered on the complexes were used, 
providing similar values for the lattice points and allowing relative 
comparison between complexes. The favorable nature of the in
teractions is reflected in the asymmetry of the peaks. In all cases, the 
peaks on the positive, destabilizing side of the 2D plot are smaller than 
the corresponding peaks on the negative, stabilizing side, indicating that 
the balance of NCI in the complex as a whole favors the complex 
formation. 

The 3D isosurfaces represented in Fig. 8 and Figure S8 (Supporting 
Information) indicate that the favorable binding enthalpy of αCD:Imd is 

Fig. 9. An overview of the interaction patterns illustrated by the 3D isosurfaces (right) and 2D scatter plots (left) for each natural βCD, and monomeric βCD–HDA and 
βCD–DDA. Stabilizing/destabilizing NCI are represented in blue/red, and van der Waals forces are colored in green (volume cutoff of δginter = 0.05; color coding: 
− 0.1 ≤ sign(λ2)ρ ≤ 0.1). βCD, βCD–HDA, βCD–DDA, backbones are featured in gray as licorice, while imidacloprid is represented in ball-and-stick and colored in 
yellow. Nitrogen, oxygen, chlorine, and hydrogen atoms are represented in blue, red, purple, and white, respectively. Also included are the individual atomic 
contributions (left) to the complexation highlighted in the isosurfaces. A relative score (%) is attributed to each atom, which is colored using a gray–to–red color 
gradient, according to this percentage, with blue corresponding to no contribution to the noncovalent interaction, and red to a significant relative contribution to the 
CD–imidacloprid interaction. 

G. Utzeri et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 455 (2023) 140882

13

explained by the presence of mainly N–H⋯O, O–H⋯O and C–H⋯O 
interactions between the nitro group of imidacropid and the primary 
hydroxyl groups and the cavity C–H goups of αCD, as shown by large 
volumes in Fig. 8 (left) and intense peaks (Fig. 8, right) at − 0.01 < sign 
(λ2)ρ < –0.03. In the αCD2–HDA:imd complex N–H⋯O and C–H–π 
interactions between the nitro group of imidacropid and the N–H group 
of HDA chains, as well as between the pyridine ring of imidacropid and 
the CH2 groups of HDA chains, also favour the complex formation 
(− 0.01 < sign(λ2)ρ < –0.02, Fig. 8). 

In βCD:Imd complex (Fig. 9), due to the polar nature of the βCD, 
stronger hydrogen-bonding interactions are also conceivable with imi
dacloprid. These include O–H⋯Cl, N–H⋯O and O–H⋯O interactions. 

The stability of the monomeric βCD–HDA:Imd complex (Fig. 9) is 
largely determined by N–O⋯H and C–H⋯O type interactions, as 
shown by large volumes in Fig. 9 (left) and large peaks (Fig. 9, right), 
with respective maxima defined at − 0.01 < sign(λ2)ρ < –0.02. No in
teractions between the CD cavity and imidacloprid were detected in the 
presence of βCD–DDA. The interaction occurs outside the cavity and 
between two DDA chains and imidacloprid and is based on C–H⋯π 
dispersion interactions, C–H⋯C–H interactions and N–H⋯O in
teractions. The latter is shown as a large diffuse peak at sign(λ2)ρ ≈
− 0.02 in Fig. 8 (left). This suggests a competitive effect between the two 
DDA chains and the CD cavity. The two chains promote a higher number 
of stabilizing interaction sites, as also indicated in Table 5. Similar 
behavior was found for the βCD2–DDA dimer which binds to imidaclo
prid through C–H⋯π dispersion interactions and two distinct N–H⋯O 
interactions (Fig. 9, left), that are established between the DDA chain 
and the nitro group of imidacloprid. 

These observations suggest that the introduction of the HDA chains 
into the dimeric CD structure prevents the formation of an inclusion 
complex, because the affinity between HDA chains and imidacloprid 

predominates. No stable complex is formed in the presence of longer 
alkyl chains (DDA), as suggested by the positive ΔH value (Table 5) and 
by the weak and diffuse N–H⋯O interaction (Fig. 9), and confirmed by 
sorption analysis. 

Although βCD2–HDA and βCD2–DDA dimers have the possibility of 
forming hydrogen bond with the nitro group of imidacloprid, bonding 
involving HDA is more likely, based on the volumes of the isosurfaces 
and the corresponding peak densities. These interaction patterns 
confirm the previous results from the experimental studies and the 
corresponding estimated binding enthalpies. 

4. Conclusions 

Four different CD-based nanosponges were synthesized and charac
terized. Their performance as adsorbents for Confidor O–TEQ® were 
assessed. Of all the adsorbents evaluated βCD2–HDA is the one that 
shows the best results both in absolute terms and when compared with 
the adsorption of the active ingredient imidacloprid. The maximum 
amount of sorbed Confidor O–TEQ® (288 mg g− 1) is ca. 4 times higher 
than that obtained for pure IMD (68 mg g− 1) per gram of sorbent. This 
might be justified by the decrease in surface tension of the oil formu
lation of Confidor O–TEQ® that leads to an improvement in wettability 
and the consequent increase of the amount of imidacloprid sorbed by β 
CD2–HDA. In addition, the maximum sorption for Confidor O–TEQ® in β 
CD2–HDA is observed at a pH of 6.5 while that for IMD it is found at pH 
of 3.5. 

Although there are extensive experimental and theoretical studies on 
the complexation of organic pollutants in nanostructures based on CDs, 
a comprehensive description of the effects of the type and amount of CD, 
the type and size of the crosslinker, and the conformation on the sorp
tion behavior of CDNSs, especially at the atomic level, is lacking. 

Fig. 10. IGMPlot isosurfaces (right), 2D scatter plots and individual atomic contributions (left) for the complex formation between βCD2–HDA and βCD2–DDA dimers 
and imidacloprid (Imd). For details see Fig. 9. 
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Synthesis and sorption analysis of amine–cyclodextrin nanosponges and 
MD simulations were used in this work as tools to bridge this gap. MD 
simulation shed light on the relevant contacts between the interaction 
pairs and suggests that the αCD2–HDA and βCD2–HDA dimers with 
shorter chain lengths are potential materials for capturing imidacroprid 
from water. However, the βCD2–HDA dimer outperforms αCD2–HDA 
due to the possibility of forming stronger hydrogen bonds (N–H⋯O) 
between the nitro group of imidacloprid and the N–H group of HDA 
chains and C–H–π interactions between the pyridine ring of imida
cropid and the CH2 groups of HDA chains. 

Modulation of the interaction between amine-CDNSs provides gen
eral rules for identifying the forces that govern binding with pesticides. 
The main driving forces are host–guest interactions, i.e., hydrogen 
bonding and van der Waals interactions. The present approach can be 
used to gain a detailed understanding of the mechanisms that determine 
the sorption behavior of nanosponges for environmental applications. 
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Abstract 

Bentazon (BTZ) and mecoprop (MCP) are two soluble and widely used post-emergence foliar 

herbicides. Various crops, such as soybeans, peanuts and corn, are sprayed with bentazon, which 

acts as a photosynthesis inhibitor. Mecoprop and bentazon present a half-life time (DT50) in soil 

of ca. 25 and 75 days, respectively. Their solubility is a major concern due to their spread into 

surrounding soils and water-streams, where bentazon has a high persistence (DT50 = 200 – 7000 

days). Herein, a click-imine synthesis reaction is proposed for the preparation of mesoporous, 

thermally stable and amine-rich α-, β-CD nanosponges with size ca. 500 nm, namely αCDGNH2, 

αCDGAM6, αCDGAM12, βCDGNH2, βCDGAM6 and βCDGAM12. The nanosponges were 

characterized by FTIR, TGA, CHNSO elemental analysis, phenolphthalein inclusion complexes, 

pH-titration, SEM, DLS and gas-sorption. The cyclodextrin-based nanosponges were applied as 

highly efficient sorbent materials towards bentazon and mecoprop. Both compounds were 

simultaneously quantified by HPLC-DAD through a novel analytically developed method with a 

LOD and a LOQ of 0.013 and 1 mg L−1, respectively. As a first approach, αCDGNH2, βCDGNH2 

and αCDGAM6 have shown a superior performance for bentazon and mecoprop, both in 

individual batches and in mixtures, reaching a removal yield of ≈ 97% and ≥ 99% for BTZ and 

MCP, respectively. Molecular dynamic simulation have been used as complementary to tool for 

better understanding the sorbent-sorbate interactions at molecular level. 
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1. Introduction 

According to the European pesticides database, around 350 tons of pesticides were sold in 2021; 

fungicide-bactericide, herbicide and insecticide groups represent 43%, 33% and 15%, of the 

global sales, respectively. [1]. Their application is in line with the expanding of global population 

that is expected to reach ca. 10 billion by 2030 [2]. These pesticides have around 95 different 

modes of action [3–5], acting at the level of the nervous system and muscles, as inhibitor of 

photosynthesis, amino acids’ or pigment syntheses, growth regulators or neurotransmitter 

inhibitors in the control of insects, weeds, bacteria or fungi [6,7]. However, only 0.1% reaches 

the target organisms, causing serious environmental concerns and human risks [8,9]. In Europe, 

there are 450 approved active substances and, once introduced into the environment, pesticides 

can follow different pathways depending on their physicochemical properties and the surrounding 

environment [10–15]. In fact, poorly soluble active ingredients are more persistent in soil than 

soluble compounds that show higher mobility [10,16–18]. Herein, two soluble active substances 

were taken into account: bentazon and mecoprop. The former is a benzothiazinone and the latter 

a phenoxypropionic compound; both are employed as post-emergence foliar-herbicides [19,20]. 

MCP is a systemic pesticide, with a half-life (DT50) = 20 - 33 days in soil [21] that acts as a growth 

regulator at the neurological level and is associated with an increased risk of non-Hodgkin’s 

lymphoma [22]. BTZ is used to control a wide range of weeds in various crops, such as soybeans, 

peanuts, and corn, acting as a photosynthesis inhibitor [23]. Moreover, BTZ is persistent in 

aqueous media with a DT50 = 200 – 7000 days [24], and is moderately toxic to birds and fish. Due 

to their persistence in the environment, these substances are of high environmental and health 

concern. 

Hence, efficient strategies for water treatment are of utmost importance. In this work, six non-

soluble cyclodextrin 3D-structures (α- and β-CDGNH2, CDGAM6 and CDGAM12) have been 

synthesized for the first time via a click condensation reaction between the aldehyde groups of 

the glutaraldehyde and the amine groups at the C(6) position, of three different heptakis-amine-

cyclodextrins (NH2CD, AM6CD and AM12CD) obtained using both αCD and βCD. The nanosponges 

(NS) were characterized by means of different techniques, including scanning electron 

microscopy (SEM), dynamic light scattering (DLS) and ζ-potential, gas-adsorption, Fourier-

transform infrared spectroscopy (FTIR) and elemental analysis. The cyclodextrin content was 

indirectly assessed by the formation of inclusion compounds, using probes, and potentiometric 

titration was performed for the determination of free amine (Nf). The nanosponges were employed 

as polymeric sorbent materials toward BTZ and MCP. An elution gradient HPLC-DAD method 

for the simultaneous quantification of BTZ and MCP, has been developed. 

 



 
 

2. Materials and methods 

2.1.Materials and methods 

For the synthesis of cyclodextrin-based nanosponges (CDNS), α- and β-cyclodextrin (98% of 

purity), hexane-1,6-diamine (AM6) and dodecane-1,12-diamine (AM12) and a 25% aqueous 

solution of glutaraldehyde (GLT – d = 1.06 kg dm−3 at 25 °C) were supplied by Sigma-Aldrich. 

Triphenylphosphine (Ph3P) was acquired from AlfaAesar and resublimed iodine (I2) and sodium 

azide (NaN3 – purity 99%) from Panreac. Bentazon and mecoprop, of analytical grade, were 

supplied by Sigma-Aldrich (purity > 99%). 

 

2.2.Materials and methods 

The three amine-cyclodextrin derivatives of α-CD and β-CD were obtained by substituting the 

iodine in the heptakis-(6-iodo)-(6-deoxy)-cyclodextrin (I-CD) with -NH2, AM6 and AM12. 

Subsequently, the CDNS were obtained by polymerization with glutaraldehyde, according to the 

scheme depicted in Figure 1. 

The I-CD (a white powder) was synthesized by a nucleophilic substitution (SN2) through 

formation of a transition state via coordination with Ph3P [25][26][27]. AM6- and AM12-modified 

cyclodextrin were synthesized by microwave-assisted procedure (MW) at fixed temperature (85 

°C) for 30 min, in a CEM Discovery microwave [25,26,28].  

The NH2CD was obtained via formation of the per-6-azido-cyclodextrin (N3CD). N3CD was 

synthesized by reacting CD-I, in dried dimethylformamide (DMF), with NaN3 (molar ratio 1:9 

CD:NaN3), at 60 °C for 20 hours, in N2-atmosphere. The volume of DMF was reduced via rotary 

evaporator, and the product was precipitated in a large excess of water. N3CD was filtered in 

vacuum and washed with water, resulting in a white powder. Then, the amine was prepared by 

reacting N3CD with Ph3P in DMF through the Staudinger reaction, which involves the formation 

of an iminophosphorane. Finally, the iminophosphorane intermediate was hydrolysed by adding 

an ammonia solution dropwise until a white suspension was formed. The mixture was then stirred 

overnight at room temperature. After volume reduction, the obtained product was precipitated in 

EtOH and collected through vacuum filtration [27]. 

The substitution yields for I-CD, AM6CD and AM12CD for both α-CD and β-CD have been reported 

in the previous scientific outcomes [25,26].N3CD and NH2CD were analyzed by 1H-nuclear 

magnetic resonance (1H-NMR) spectroscopy at 400 MHz, using 10 mg of each polymer dissolved 



 
 

in DMSO-d6 and D2O, respectively, and 0.25% (m/v) of sodium trimethylsilylpropionic acid-d4 

(TSP, 98%, Euriso-Top).  

The per-substitution with -N3 in α-CD and β-CD, namely hexakis-(6-azido)-(6-deoxy)-α-

cyclodextrin (N3αCD – yield 97%) and heptakis-(6-azido)-(6-deoxy)-β-cyclodextrin (N3βCD – 

yield 94%), was confirmed by 1H-NMR (400 MHz, DMSO-d6): 

1H-NMR of N3-αCD,  (ppm): 3.30 – 3.35 (m, 6H), 3.41 – 3.43 (m, 6H), 3.62 (dd, J = 13.4, 6.9 

Hz, 6H), 3.69 – 3.91 (m, 12H), 4.92 (d, J = 3.6 Hz, 6H), 5.58 (sl, 6H), 5.72 (sl, 6H) 

1H-NMR of N3-βCD,  (ppm): 3.33-3.38 (m, 7H), 3.40-3.46 (m, 7H), 3.62-3.67 (m, 14H), 3.76-

3.84 (m, 14H), 4.95 (d, J = 3.5 Hz, 7H), 6.08 (sl, 7H), 6.19 (sl, 7H). 

The structures of hexakis-(6-amino)-(6-deoxy)-α-cyclodextrin (NH2αCD – yield 40%) and 

heptakis-(6-amino)-(6-deoxy)-β-cyclodextrin (NH2βCD – yield 86%), were confirmed by 1H-

NMR 400 MHz in D2O): 

1H-NMR of NH2-αCD,  (ppm): 2.91-2.97 (m, 6H), 3.12-3.19 (m, 6H), 3.46-3.51 (m, 6H), 3.82-

3.84 (m, 6H), 3.92-4.01 (m, 12H), 5.08 (sl, 6H).  

1H-NMR of NH2-βCD,  (ppm): 2.75-2.93 (m, 7H), 3.03 (approx. d, J = 13.7 Hz, 7H), 3.36 (t, J = 

9.2 Hz, 14H), 3.68 – 3.83 (m, 14H), 4.96 (sl, 7H). 

The last step of polymerization involved adding a 25% aqueous solution of GLT to the aminated 

intermediate in an agate mortar. The mixture was mechanically mixed to ensure a homogeneous 

and complete reaction. The click-imine reaction led to an instantaneous crosslinking with the 

immediate change of color from pale yellowish to red. The observed color change confirms the 

successful formation of the imine linkages (also known as Schiff bases) between the amine groups 

at C(6) of the cyclodextrin intermediate and the aldehyde groups of GLT. The click reaction 

drastically reduces the reaction time from 48 hours to some minutes, and increases the amount of 

polymer obtained, compared to other reported reactions [25,26]. However, imine groups are 

chemically unstable unless they are part of conjugated system; in acidic media, the reaction can 

be reversed with an optimum at pH = 4 [29]. Thus, the imine groups were reduced by reaction 

with NaBH4 in methanol at molar ratio of 1:9 mol/mol amine-CD derivative/NaBH4. When the 

formation of H2 has ceased, the mixture was stirred and heated overnight, at 60 °C, under a N2 

atmosphere. The product was then filtered under vacuum, washed through 10 min sonication 

cycles with methanol, water and finally acetone, and then centrifuged to remove the supernatant. 

Prior to application, the nanosponges were ground by ball-milling at 30 Hz for 30 min. 

 



 
 

 

Figure 1. Schematic representation of the synthesis of the cyclodextrin-based nanosponges. 

 

2.3.Physico-chemical characterization 

The physical characterization was performed by means of several techniques. Morphology was 

evaluated by scanning SEM (Gemini 2-Zeiss) and the micrographs were obtained using an 

accelerating voltage of 1 kV and 4 kV for two magnifications ×1 and ×10k, respectively. Size 

particle was determined via dynamic light scattering (DLS) measurements using nanosponge 

dispersion of 1 mg mL−1 in water at 25 °C (Malvern Zetasizer nanoZS), with refractive index (RI) 

of 1.33 and a dynamic viscosity of 8 × 10−4 kg m−1 s−1. The particle size was determined using a 

He-Ne laser at 663 nm, detector at 173° angle backscattering, and the General Purpose algorithm 

for the determination of the intensity scattering distribution.. Active surface area (SA – m2 g−1) 

and porosity were determined by N2-adsorption analysis (ASAP 2000, Micrometrics); and the 



 
 

average pore diameter (Pd – nm) was calculated by the single-point value of Brunauer-Emmett-

Teller (BET) model: 

𝑃𝑑 =
4𝑉𝑝𝑜𝑟𝑒

𝑆𝐴
         (eq. 1) 

where Vpore (m3) is the pore volume. 

For the chemical characterization, FTIR spectroscopy (Thermo Scientific, model Nicolet 6700 

FT-IR) allows to assess the presence of the main functional groups. The measurements were 

carried out using KBr pellets with CDNS at 1% (w/w). The CHNSO elemental analysis (EA 1108 

CHNS-O, Fisons) was performed in order to determine the weight percentage (w/w) of C, N, H 

and O. Moreover, in order to better understand the polymer properties and their influence on the 

sorption process, the free amine groups (molNfree) of 10 mg CDNS were protonated in 0.02 mol 

dm−3 aqueous HCl solution and determined by pH titration via micro-addition of aqueous NaOH 

solution 0.1 mol L−1. The content of free cyclodextrin (CD-free), which is likely capable to form 

inclusion complexes with bentazon [30] and mecoprop, was quantified using 1 mg of βCDNS in 

a constant concentration of phenolphthalein ([PP] = 4.2 × 10−5 mol dm−3). Phenolphthalein was 

the guest probe of choice due to its high association constant (Kcomplex = 2.4 × 104 or 1.05 × 104) 

[31,32]. The quantification of phenolphthalein was performed by UV-Vis (λ = 553 nm) using an 

aqueous solution of Na2CO3 0.02 mol L−1, and the analytical range was determined (0 – 4 × 10−5 

mol L−1). The thermal stability of the CDNSs was measured via thermogravimetric analysis 

(TGA) (Netzsch Instruments, model TG209-F3 Tarsus). The analysis was performed using a 

temperature ramp within 25 – 600 °C, at a heating rate of 10 K min−1, with a nitrogen flow of 50 

mL min−1. 

 

2.4.High-Performance liquid chromatography 

The quantification of bentazon and mecoprop was performed with a modular high-performance 

liquid chromatography (HPLC) Agilent-Technologies – 1260 Infinity II, equipped with a Agilent 

Manual FL-injection valve (up to 600 bar) coupled with 200 µL loop, quaternary pump G7111B 

(up to 600 bar), diode array detector (DAD) model G7115A set at 40 Hz (0.13 s response time), 

column and guard column Agilent, Poroshell 120 EC-C18 (2.1 × 150 mm × 4 µm) and Poroshell 

120 EC-C18 (2.1 × 5 mm × 4 µm). The data were collected and treated with Agilent OpenLAB 

CDS ChemStation Edition v. A.01.10.128. The analysis was performed in an elution gradient, 

using acetonitrile and aqueous solution of phosphoric acid at 0.05 mol dm−3 40:60 (v/v) as mobile 

phase, at a flow rate of 0.75 mL min−1. The elution gradient was performed increasing the ACN 

percentage from 40% to 60% (v/v) in 6 min. For the detection of BTZ and MCP, the absorbances 



 
 

at 225 nm and 230 nm were used, respectively. A stock solution of mixed BTZ/MCP at 50 mg L−1 

was freshly prepared in Millipore water filtered via a 0.22 µm cellulose acetate syringe filter, and 

stored at 6 °C. The method was developed based on the literature [33–37] (Table 1). 

 

Table 1. Parameter values of HPLC protocols for bentazon and mecoprop quantification. 

High-performance liquid chromatography 

Bentazon 

 

Mobile phase Flow rate 

(mL min−1) 

Retention 

time (min) 

LOD/LOQ 

(mg L−1) 

Ref. 

λ = 230 nm, 

at 25 °C 

MeOH:H2O 

(60:40 v/v) pH 4.6 

0.8 1.59 0.1 × 10−4 / 

190 × 10−4 

[33] 

λ = 215 nm, 

at 40 °C 

ACN:FAc 0.1% 0.6 6 60 / 200 [34] 

λ = 202 nm, 

at 25 °C 

ACN:H3PO4 0.25% 

(64:36 v/v) 

0.7 4.6 n.a. [35] 

λ = 225 nm, 

at 25 °C 

ACN:H3PO4 0.05 

mol L−1 (gradient) 

0.75 4.3 0.004 / 

0.013 

this 

study 

Mecoprop      

λ = 228 nm, 

at 25 °C 

ACN:H3PO4 0.1% 

(50:50 v/v) pH 

2.68 

1.0 6 n.a. [36] 

λ = 230 nm, 

at 40 °C 

ACN:H3PO4 0.05 

mol L−1 pH 2.5 

1.0 9.5 1.0 × 10−6 / 

3.4 × 10−6 

[37] 

λ = 230 nm, 

at 25 °C 

ACN:H3PO4 0.05 

mol L−1 (gradient) 

0.75 5.3 0.004 / 

0.013 

this 

study 
Notes: LOD: limit of detection; LOQ: limit of quantification; MeOH: methanol; ACN: acetonitrile; FAc: formic 

acid solution. 

 

The linearity of the experimental data was statistically validated by one-tailed Grubb’s and 

Mandel’s tests to assess the data distribution and the presence of outliers, two-tailed F-test that 

confirm the homoscedasticity of the protocol. Thus, ordinary least square regression was used in 

the calibration with eight standard solutions in triplicate, to determine the analytical parameters, 

limit of determination (LOD) and limit of quantification (LOQ), through the residual standard 

deviation of the regression line. 

The dead time (td) was determined by injecting a blank solution consisting of double-distilled 

water, filtered through a cellulose acetate syringe filter with a cut-off of 0.22 µm. Samples were 

injected after centrifugation at 4500 rpm for 30 min to ensure the removal of CDNS particles. 

 



 
 

2.5.Sorption analysis 

The sorption mechanism was studied through sorption kinetics and isothermal analysis, within 

the analytical range of BTZ and MCP, with a solid-liquid ratio (S/L) of 1 mg mL−1, using 1 mg of 

CDNS in 1 mL of solution. The batches were shaken at 150 rpm, at 25 °C, in a LABWIT ZWY-

100H incubator. The amount of pesticide sorbed per gram of sorbent (qe – mg g−1) and the removal 

efficiency (RE%) were calculated as follows: 

𝑞𝑒 = (𝐶0 − 𝐶𝑒)
𝑉

𝑚
        (eq. 2) 

𝑅𝐸% =
(𝐶0−𝐶𝑒)

𝐶0
× 100        (eq. 3) 

where C0 and Ce (mg L−1) are the concentrations at initial and equilibrium state, V (L) is volume 

of the solution and m (g) is the mass of sorbent. 

 

2.6.Kinetic sorption 

2.7.Equilibrium sorption 

Equilibrium sorption analysis was performed using 1 mg of each nanosponge left in contact with 

1 mL of pesticide aqueous solution, corresponding to a S/L = 1 mg mL−1. In this way, the qe values 

are only dependent on the initial and equilibrium concentrations and not on the volume of the 

solution or the mass of the sorbent. The batches are left 24 hours under shaking at 120 rpm, at 25 

°C. In particular, the sorption analysis was performed on aqueous solution of BTZ, MCP and their 

mixture within the analytical range (0.13 – 1 mg L−1), to understand the removal efficiency for 

each active ingredient and the influence caused by the presence of both compounds. The 

experimental data of qe plotted as a function of Ce were fitted by the Sips model, with the 

following mathematical expression: 

𝑞𝑒 =
𝑞𝑚𝐾𝑠𝐶𝑒

1/𝑛

1+𝐾𝑠𝐶𝑒
1/𝑛          (eq. 4.) 

where qm (mg g−1) is the maximum sorbed amount, Ks (L1/n mg−1/n) is the Sips constant related to 

the sorption capacity, and n is a constant associated with the heterogeneity of the sorbent system. 

 

2.8.Molecular dynamic simulations 

 



 
 

3. Results and discussion 

3.1. Characterization of cyclodextrin-based nanosponges. 

The presence of functional groups resulting from the synthetic route was confirmed by FTIR 

analysis (Figure 2.). The band at 3400 cm−1, in Figures 2-a and 2-b, is associated with stretching 

vibrations of -OH and -NHx groups, provided by the cyclodextrin and crosslinker structures, 

respectively. The presence of primary and secondary amine groups is confirmed by the occurrence 

of a strong band at 1660 cm−1 and a weak band at 1550 cm−1, assigned to the bending vibrations 

of the -NH-, and -NH2 groups, respectively, or their protonated forms [25,38]. The change in 

intensity of these two bands associated to the primary and secondary amine groups in the 

nanosponge structure, can be justified by the total moles of nitrogen per gram of NS (molNt gNS
−1) 

indirectly assessed by CHNSO elemental analysis N% (w/w) values (Table 2), the free mole of 

nitrogen per gram of NS (molNf gNS
−1), measured by pH titration, and their ratio (molNf 

gNS
−1/molNt gNS

−1) (Figure 2-c/2-d and Table 3.). The higher molNt gNS
−1 values for αCDGAM6 

and βCDGAM6, reported in Table 3, can be due to their higher cyclodextrin content (CD%), 

directly related to the higher degree of crosslinking (DC) (Table 2). The two peaks around 2990 

cm−1 are related to symmetrical and asymmetrical stretching vibrations of the -CH2- groups, which 

intensity and separation increase from CDGNH2 to CDGAM12 probably related to the lengthening 

of the aliphatic chain. The methylene groups also present an intense peak at 1460 cm−1 associated 

with their scissoring vibration. The bands at 1150 cm−1, 1080 cm−1 and 1040 cm−1 are related to 

stretching vibration of -C-C-N- and -C-O-C- groups (overlapped bands), -C-NH- group and -CH-

OH group, respectively. 

 

Table 2. CHNSO elemental analysis results of cyclodextrin-based nanosponges. 

CDNSs N% (w/w) C% (w/w) H% (w/w) O% (w/w) CD% (w/w)a DCb 

αCDGNH2 3.84 ± 0.08 50.79 ± 0.02 7.58 ± 0.19 37.58 ± 0.08 0.32 1.4 

αCDGAM6 6.6 ± 61.05 ± 8.46 ± 23.67 ± 0.55 3.1 

αCDGAM12       

βCDGNH2 4.7 ± 0.30 48.70 ± 0.23 8.04 ± 1.35 38.15 ± 2.35 0.32 2.3 

βCDGAM6 3.25 ± 0.02 38.78 ± 0.07 5.72 ± 0.31 19.14 ± 3.32 0.47 3.8 

βCDGAM12       

a CD% = CCDNS% / CCD; 

b DC (degree of crosslinking) is calculated as the amount of N per mole of glutaraldehyde obtained as difference of C% 

− CCDNS%. 

‒: values still not available. 

 



 
 

Table 3. Molar nitrogen content in nanosponge structure. 

Nanosponge molNt g−1
NS molNf g−1

NS (molNf g−1
NS)/(molNt g−1

NS) % 

CDGNH2 2.7 × 10−3 7.4 × 10−6 0.3 

CDGAM6 4.7 × 10−3 21.9 × 10−6 0.5 

CDGNH2 3.3 × 10−3 2.7 × 10−6 0.1 

CDGAM6 4.7 × 10−3 13.7 × 10−6 0.3 

 

 

Figure 2. FT-IR spectra (a and b), potentiometric titration curves of amine groups in CDNS with 

NaOH 0.1 mol L−1 (c) and histogram of the ratio of molesNf gNS
−1/molesNt gNS

−1 (d). αCDGNH2 

(blue line), αCDGAM6 (magenta line), αCDGAM12 (brown line), βCDGNH2 (pink line), 

βCDGAM6 (orange line), βCDGAM12 (dark-cyan line). 

 

Exploiting the CDs host-guest formation capacity and considering that the CD% values in Table 

2 are representative of the total amount of CD, the mol of free-CD per gram of NS was evaluated. 

Using the highest [PP] and considering a molar stoichiometry of 1:1, the Kcomplex was computed 

using the equation 5 [39,40], by plotting the variation of the measured physical property (ΔAbsobs) 

as a function of the [βCD]. 

∆𝐴𝑏𝑠𝑜𝑏𝑠 =  
∆𝐴𝑏𝑠𝐶𝐷−𝑃𝑃

2[𝐶𝐷]𝑇
 {([𝑃𝑃]𝑇 + [𝐶𝐷]𝑇 +

1

𝐾1
) − (([𝑃𝑃]𝑇 + [𝐶𝐷]𝑇 +

1

𝐾1
)2 − 4([𝑃𝑃]𝑇[𝐶𝐷]𝑇))

1

2}  

          (eq. 5) 



 
 

By fitting the eq.(2) to the experimental data, using a non-linear least-square method, the Kcomplex 

= (2.2 ± 0.2) × 104 and ΔAbsCD-PP = (1.17 ± 0.03) were obtained (Figure 3-a). The Kcomplex value 

was used to determine the amount of free-CD in the βCDNS (Figure 3-b). As shown in Figure 3-

c, the content of CD in βCDGAM6 (4.9 × 10−5 molCD gNS
−1) is 3.7 × 1012 times higher than in 

βCDGNH2 (1.3 × 10−17 molCD gNS
−1), suggesting a possible greater contribution to the sorption 

process. Moreover, the result confirms a strong influence of the aliphatic chain length on the CD% 

and DC. Once this arises, the longer linker achieves higher degree of freedom, being able to react 

with a greater number of amine active sites located on different CD units (Table 2.). The content 

of βCDGAM12 was not determinable since ΔAbsCD-PP values were in the range of the equipment 

sensitivity. 

 

 

Figure 3. Host-guest complex analysis using [PP] = 4.2 × 10−5 mol L−1, in a 0.02 mol L−1 Na2CO3 

aqueous solution (a) plot of the measurable parameter of CD-PP as function of [βCD] for the 

determination of constant binding, Kcomplex, by titration; (b) plot of the measurable parameter of 

CD-PP as function of [PP], to determine [CDT] in βCDGNH2 (pink) and βCDGAM6 (orange), by 

titration; (c) histogram of the βCD-free in terms of molCD gNS
−1. 

 

How do the type of CD and crosslinker as well as CD%, DC, primary and secondary amine groups 

affect the physical properties of the CDNSs? The SEM micrographs at ×1 k magnification, 

reported in Figure 4-a to Figure 4-f, show that the surface morphology of NSs is deeply affected 

by branch length rather than the type of CD. αCDGNH2 (Figure 4-a), βCDGNH2 (Figure 4-b), 

αCDGAM12 (Figure 4-e) and βCDGAM12 (Figure 4-f) have heterogeneous surfaces with 

aggregates of different sizes. The heterogeneity and the presence of aggregates is also confirmed 

by the polydispersity index (PDI) ≥ 0.8 (Table 4.). The Figure 4-a and 4-b show a similar 

morphology for αCDGNH2 and βCDGNH2, with monoliths surrounded by small particles with 

flatten globular-shape as it can be seen in Figure 4-a’ and 4-b’. Such a characterization is 

confirmed by the N2 adsorption; i.e., αCDGNH2 and βCDGNH2 have similar surface areas: 30.5 

m2 g−1 and 32.2 m2 g−1, respectively (Table 5.). More in detail, the morphological heterogeneity 



 
 

strongly influences the size of NS particles, expressed by the average intensity values for 

αCDGNH2 (489 ± 77) nm and βCDGNH2 (600 ± 12) nm; the larger particles of βCDGNH2 are 

also the result of a higher degree of crosslinking (Table 2). Considering αCDGAM12 and 

βCDGAM12, the presence of the smaller particles suggested by Figure 4-e and 4-f is actually an 

effect of an irregular surface as observed in Figure 4-e’ and Figure 4-f’, with the presence of pores 

of 39.6 and 38.2 nm, respectively (Table 5). The DLS and BET analysis also indicate that 

αCDGAM12 and βCDGAM12 have similar average sizes (584 ± 62) nm and (663 ± 33) nm (Table 

4.), and surface area values of 12.6 m2 g−1 and 14.1 m2 g−1, respectively (Table 5.). Interestingly, 

αCDGAM6 and βCDGAM6 have a completely different morphology with homotattic surfaces in 

smooth monoliths (Figure 4-c and 4-d). The compact structure of αCDGAM6 and βCDGAM6 can 

be explained by their higher values of CD% and DC (Table 2), which can influence the average 

intensity size value of (493 ± 5) nm and (545 ± 55) nm (Table 4.), respectively. The similar particle 

size can be explained by the content of cyclodextrin and DC values (Table 2). The Figure 4-c’ and 

4-d’ at higher magnifications suggest the absence of pores or channels, in contradiction to the 

BET analysis results which show the highest Pd values of 54.8 nm and 42.9 nm, for αCDGAM6 

and βCDGAM6, respectively (Table 5.). The influence of the type of cyclodextrin can be observed 

by comparing the particle size values between analogous CDNSs. Indeed, particle size values of 

the αCDNSs are smaller than the corresponding βCDNSs. 

 

Table 4. Size particle parameters of the CDNSs measured by DLS analysis. 

Dynamic light scattering 

Nanosponges Intensity size 

(d. nm) 

Volume size 

(d. nm) 

Number size 

(d.nm) 

PDI 

CDGNH2 489 ± 77 505 ± 96 467 ± 91 0.8 ± 0.1 

CDGAM6 493 ± 5 507 ± 3 474 ± 9 0.8 ±0.1 

CDGAM12 584 ± 62 619 ± 76 562 ± 62 0.9 ± 0.2 

CDGNH2 600 ± 12 616 ± 14 596 ± 12 1.0 ± 0.1 

CDGAM6 545 ± 55 558 ± 62 539 ± 52 1 ± 0 

CDGAM12 663 ± 33 624 ± 33 569 ± 27 1 ± 0 

 

 

 

 

 



 
 

Table 5. Parameters of N2-sorption analysis of the cyclodextrin-based nanosponges. 

N2-sorption analysis 

Nanosponges Average pore 

diameter (nm) 

Pore volume 

(cm3 g−1) 

Surface area 

(m2 g−1) 

CDGNH2 30.5 0.16 20.6 

CDGAM6 54.8 0.33 23.8 

CDGAM12 39.6 0.12 12.6 

CDGNH2 32.2 0.19 23.2 

CDGAM6 42.9 0.10 9.3 

CDGAM12 38.2 0.13 14.1 

 

The thermal stability of the CDNS were evaluated by thermogravimetric analysis (Figure 5 and 

Table 6). All polymers show three degradation steps, except for αCDGAM6. The first degradation 

(T1,max) occurs at around 50 °C and represent the dehydration process, with a maximum weight 

loss of ca. 9%. The second degradation (T2,max) occurring between 239 °C and 301 °C is associated 

with the thermolysis of αCD and βCD. It can also be seen that T2,max changes in the order: 

αCDGNH2 < βCDGNH2 < αCDGAM12 < βCDGAM6 < αCDGAM6 < βCDGAM12, which agrees 

with the CD% and DC values (see Table 2). From the thermogram shown in Figure 5-a, it can 

also be observed that the first degradation step for αCDGNH2 and αCDGAM12 is splitted, 

probably due to the heterogeneous morphology of the NS (Figure 4-a and 4-e). The T3,max can be 

associated with the breaking of the bond between cyclodextrin and amine group at C6 or between 

the amine group and glutaraldehyde. Moreover, αCDGAM6 presents a fourth degradation 

temperature at T4,max = 559 °C, probably due to its compact structure and high number of molesNf 

gNS
−1 (Table 3.) which can contribute to enhance thermal stability by forming inter- and intra-

molecular electrostatic and hydrogen bonding interactions. 

 

 

 

 

 

 

 

 



 
 

Table 6. Thermogravimetric analysis parameters of cyclodextrin-based nanosponges 

Compounds temperature 

range (°C) 

temperature 

peak max (°C) 

mass loss 

(%) 

αCDGNH2 T1: 20-156 

T2: 156-330 

T3: 330-538 

T1,max: 55 

T2,max: 239 

T3,max: 424 

T1: 9.3 

T2: 40.1 

T3: 32.2 

βCDGNH2 T1: 20-152 

T2: 152-354 

T3: 354-583 

T1,max: 49 

T2,max: 248 

T3,max: 417 

T1: 8.6 

T2: 39 

T3: 11.5 

αCDGAM6 T1: 20-175 

T2: 175-361 

T3: 361-495 

T4: 495-586 

T1,max: n.a. 

T2,max: 282 

T3,max: 444 

T4,max: 559 

T1: 0.1 

T2: 20.3 

T3: 27.8 

T4: 17.2 

βCDGAM6 T1: 20-169 

T2: 169-338 

T3: 338-486 

T1,max: 55 

T2,max: 270 

T3,max: 418 

T1: 6.8 

T2: 26.4 

T3: 28.5 

αCDGAM12 T1: 20-157 

T2: 157-374 

T3: 374-600 

T1,max: 45 

T2,max: 254 

T3,max: 446 

T1: 1.5 

T2: 28.2 

T3: 25.0 

βCDGAM12 T1: 20-178 

T2: 178-379 

T3: 379-522 

T1,max: n.a. 

T2,max: 301 

T3,max: 455 

T1: 2.7 

T2: 37.3 

T3: 47.9 

 

 

Figure. 5. TG (line) and DTG (dashed line) curves of: (a) αCDGNH2 (blue line), αCDGAM6 

(magenta), αCDGAM12 (brown); (b) βCDGNH2 (pink), βCDGAM6 (orange), βCDGAM12 (cyan). 



 
 

 

Figure 4. Micrographs of αCDGNH2, βCDGNH2, αCDGAM6, βCDGAM6, αCDGAM12 and 

βCDGAM12, taken with magnification ×1k and 1 kV (a-f) and ×10k and 4 kV (a' - f'). 



 
 

3.2.HPLC parameters for pesticide quantification 

The analytical solutions for the calibration were measured in triplicate and the data was 

statistically validated. The presence of outliers was evaluated by one-tailed Grubbs test (G(0.05, 8) 

= 2.13) at 95% of confidence interval (CI); the variation of the deviation standard was tested by 

the two-tailed Fisher test (F(0.005,7,7) = 8.9) at 99% of CI indicating a homoscedastic system. The 

linearity was also confirmed by the one-tailed test-F(0.01,1,5) = 16.26, allowing the application of 

the ordinary least square method. The presence of the outliers in the model was tested by the 

Mandell test, one-tailed F(0.01,1,5) =16.26. The analytical parameters were determined by matrix 

treatment, the robustness was confirmed by the relative error (RE% < 30) and two-tailed t-student 

at 95% and 99% of CI (t(0.05,8) = 2.31 and t(0.01,8) = 3.36). The limit of detection and quantification 

were calculated by using, respectively: 

𝐿𝑂𝐷 =
2×𝑡(0.05,5)×𝜎𝑏0

𝑏1
        (eq. 6) 

𝐿𝑂𝑄 =
6×𝑡(0.05,5)×𝜎𝑏0

𝑏1
        (eq. 7) 

where t(0.05,5) is the one-tailed t value calculated at 99% of CI and 6 degree of freedom, σb0 is the 

standard deviation of b0 (intercept) and b1 is the slope, obtained by plotting the peak areas as 

function of the concentration (Figure 6.). 

In order to determine the accuracy of the method, the recovery test (RI%) was performed in 

triplicate, at three concentrations level low, medium and high (0.013, 0.0875 and 0.875 mg L−1), 

using a 5.0 mg L−1 mix solution for spiking. The presence of outliers was assessed by the Grubbs 

test and the values of RI% were confirmed by two-tailed t-test at 95% and 99% of CI and p_value 

> 0.05 (Table 7.). 

 

 

Figure 6. Representation of the calibration curve and molecular structures of bentazon and 

mecoprop. 

 



 
 

Table 7. Recovery test of the HPLC analysis method. 

Bentazon Level RI% p_value 

Analytical range 

(0.013 – 1.0) mg L−1 

low - I 94.2 0.131 

medium - II 95.5 0.092 

high - III 103.0 0.656 

Mecoprop Level RI% p_value 

Analytical range 

(0.013 – 1.0) mg L−1 

low - I 94.6 0.062 

medium - II 94.2 0.064 

high - III 102.2 0.438 

 

3.3.Sorption isotherm 

In order to properly discuss the results, it is important to remember that BTZ and MCP have Ka = 

3.51 and 3.11, respectively, which means that they are theoretically in a negatively charged state, 

at the pH of water, as reported in the literature (Figure 7) [41–44]. It must be noticed that only the 

isotherm sorption for BTZ individually and as a mixture (Figure 8-a and 8-b) are reported, for 

both αCDGNH2 and βCDGNH2. A RE% ≥ 99% of MCP, singularly or in mixture batches, was 

obtained by αCDGNH2, βCDGNH2 or αCDGAM6 in the analytical range, as noticeable in Figure 

8-c, 8-d and 8-e, so non-isotherm can be extrapolated. 

 

 

Figure 7. Scheme of BTZ (a) and MCP (b) speciation as function of pH. 

 

 



 
 

The higher removal efficiency of the nanosponges towards MCP than BTZ, can be explained by 

the localized negative charge on the carboxylate group compared to the delocalized negative 

charge in BTZ species, at pH > pKa. It can be suggested that MCP can form more stable 

electrostatic interactions with the positively charged amine groups in the CDNS surface. On the 

other hand, even if the RE of BTZ reaches up to ≈ 90%, at higher concentration, the delocalized 

charge can play an unfavourable role in the sorbate-sorbent interactions, especially at low 

concentrations. In fact, it can be observed in Figure 8-a and 8-b that the sorption capability of 

αCDGNH2 and βCDGNH2 towards BTZ increases with its concentration, as single specie or as 

mixture. This indicates that the presence of more moles of BTZ favours the formation of sorbent-

sorbate interactions followed by cooperative sorbate-sorbate interactions, in agreement with the 

constant values (1/n) > 1 (Table 8), which indicates a homogeneous system characterized by 

multilayer formation involving cooperative processes. The Sips model was fitted to the 

experimental data of BTZ sorption, singularly and as a mixture (Figure 8-a and 8-b). The qm values 

reported in Table 8 indicate that BTZ sorption increases in presence of MCP, ca.2-fold with 

βCDGNH2, suggesting that BTZ establishes non-selective cooperative interactions, perhaps 

through hydrogen bonding or π- π stacking between the aromatic rings of both substances. 

αCDGAM6 exhibited a different behaviour for BTZ alone or as a mixture, where the presence of 

mecoprop plays a key role in the sorption process. As shown in Figure 8-e, in the mixture batch, 

the removal efficiency for BTZ is ≥ 99% with a slight decrease to 97% at the higher [BTZ], 

probably caused by the active site saturation. For the single batch, the RE% reaches 97% only at 

the highest concentration, confirming the cooperative interactions. 

 

Table 8. Fitting parameters for the application of the Sips isotherm model to the bentazon 

sorption. 

model bentazon mix-bentazon 

Sips αCDGNH2 βCDGNH2 αCDGNH2 βCDGNH2 

qm (mg g−1) (× 10−2) 63 ± 5 66 ± 2 92 ± 4 109 ± 35 

Ks (L
1/n mg−1/n) (× 106) 6 ± 36 214 ± 1055 0.002 ± 0.001 0.0003 ± 0.0006 

1/n 5.0 ± 0.1 5.59 ± 0.04 2.78 ± 0.01 2.1 ± 0.1 

R2 0.9794 0.9930 0.9995 0.9784 

 



 
 

 

Figure 8. Performance of αCDGNH2 (azure line) and βCDGNH2 (pink line) in terms of sorption 

isotherm up-side (a) bentazon, (b) bentazon in mixture solution; and removal efficiency down-

side of (c) αCDGNH2, (d) βCDGNH2, (e) αCDGAM6. 

 

 

 

 

 



 
 

4. Conclusions 

Bentazon and mecoprop are two soluble foliar-pesticides widely applied and persistent in water. 

Hence, their application and spreading represent an environmental and social concern. A novel 

protocol for simultaneous quantification of bentazon and mecoprop via HPLC was developed 

with LOD and LOQ of 0.013 and 1 mg L−1. Six mesoporous amine-cyclodextrin-based 

nanosponges, αCDGNH2, αCDGAM6, αCDGAM12, βCDGNH2, βCDGAM6, and βCDGAM12, 

were synthesized through a click-imine reaction resulting in a drastic reduction of the reaction 

time and an increase in the polymerization yield. The nanosponges present the size of ca. 500 nm, 

with a morphology strongly influenced by the length of the aliphatic chain, with heterogeneous 

surfaces for αCDGNH2, βCDGNH2, αCDGAM12 and βCDGAM12 and smooth homotattic surface 

for αCDGAM6 and βCDGAM6. The dense structure of the CDNS led to low active surface areas. 

Moreover, the length of the aliphatic chain also causes an increase in the number of moles of free 

cyclodextrin and amine groups per gram of material. The polymers were applied as sorbent 

material to remove bentazon and mecoprop from aqueous media, both individually and as a 

mixture. αCDGNH2, βCDGNH2, αCDGAM6 have shown a superior performance reaching a RE% 

of ca. 97% and ≥ 99% for bentazon and mecoprop, respectively. In particular, it was observed 

that the nanosponges present higher efficiency at higher concentrations, as demonstrated by the 

sorption isotherms of bentazon which indicates the formation of multilayers via sorbent-sorbent, 

bentazon-bentazon or bentazon-mecoprop, interactions. 
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Conclusion and future perspectives 

 

Several aims have been achieved throughout the thesis. 

New routes for the synthesis of the cyclodextrin-based nanosponges have been developed and 

those include the use of greener route and lower energetic costs. The functionalization time using 

AM6 and AM12 a novel linker was reduced from 48 hours to 40 minutes, from wet-chemistry to 

microwave-assisted procedure, with an energetic and solvent consume benefit, not affecting the 

reaction yield (≥ 80%). The synthesis route was valid not only for β-CD but also for α-CD. In the 

synthesis of the second class of nanosponges, CDGNH2, CDGAM6, CDGAM12, CDGNH2, 

CDGAM6 and CDGAM12, the polymerization step was upgraded from nucleophilic 

substitution reaction (48 hours) to click-condensation reaction (some minutes) using the highly 

reactive glutaraldehyde as crosslinker, used for the first time in nanosponge synthesis. 

As results, a batch of 10 CDAM-NSs was developed and the effect of α-CD or β-CD as substrates 

and -NH2, AM6, AM12 and GLT as linkers was assessed both in the physico-chemical properties 

of the polymeric 3D-structures and in sorbent performance. The aliphatic chain length of the 

crosslinker plays a key role in defining the characteristics of the sorbents due to growing 

hydrophobic character, their entanglement and steric hindrance. Generally, longer linkers are less 

affected by steric hindrance allowing higher DC in both classes of CDAM-NS. In the first class 

of CDAM-NS, higher N% (w/w) led to higher DC, larger particle size and thermal stability, with 

a decrease of CD% and free-CD. The higher surface area, CD% and free-N per gram of 

CDGAM6 can justified its superior performance towards pure-imidacloprid and its commercial 

formulation, with a constant efficiency after 5 cycles of reuse. In the second class of CDAM-NS, 

longer linker led to higher DC directly related to CD% and free-CD, free-N and its ratio with 

total-N per gram of NS. The second class of CDAM-NS also shown a higher thermal stability 

than the first class. Moreover, considering the data available CDGNH2, CDGNH2 and 

CDGAM6 reach a complete removal of mecoprop (≥ 99%) from aqueous solution without or 

with presence of bentazon. CDGAM6 presents the highest removal efficiency for bentazon with 

a maximum of 97% at higher concentration, in individual batch, probably due to its higher amount 

of molNf per gram of NS. In presence of mecoprop the uptake capability rises to ≥ 99%, at lower 

concentrations. 

Molecular dynamic simulation was used as powerful and complementary tool for better 

understanding the effects of pure or modified cyclodextrins used as substrate and of the different 

crosslinkers. Thermodynamic assessment of the sorbent-sorbate non-covalent interactions is 

obtained. It also makes possible to quantify and visualize the point of interaction. 
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The major drawback of these systems is their powder-state which form suspensions in water, 

making difficult the recovery and reuse, at expense of possible industrial application; even 

considering the high removal efficiency towards several pesticides. 

At this regard, it could be of great interest the development of polymeric carrier matrix such as 

membranes. A first method, it could be the homogeneous dispersion of the CDAM-NS in a neutral 

membrane matrix such as cellulose acetate. A second method, it can consider the grafting of the 

amine-cyclodextrin derivatives or CDAM-NS at the surface of the membrane containing available 

and reactive functional groups. In this way, the recovery and the reuse of the materials would be 

facilitate paving the way for their application as sorbent materials and/or pesticide carriers. 
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