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ABSTRACT

Nowadays, the European guidelines boost the coraféfmircular economy” where the
focus is to reuse, repair, refurbish and recyclistex) materials and products. As a result, the
waste can be turned into a resource with benefited economy and environment. In this scope,
composting is a waste management option that cangie the retrieval of waste organic matter
and nutrients, which can be tailored to obtainapct for suppressing soil deficiencies.

This work aimed to evaluate the feasibility of am¥gposting industrial eggshell waste
(ES) with other agro wastes (potato peel, gragspiclgs and rice husks), to obtain an added
value product. For attaining this key motivatingtéa, co-composting was assessed at three
levels: i) process performance, ii) end-productlitpiand iii) added-value of the final product
(compost).

In lab-scale self-heating reactors with forced aena several mixtures were composted.
Firstly, a starting composting mixture of organichr wastes was selected based upon its
biological activity. Then, increasing quantities influstrial eggshell (inorganic material) were
added up to 60% (w/w, wet basis). The influencéNaich sources was also investigated. In
these experiments, temperature and oxygen uptalee ware the main process variables
monitored and conventional physical, chemical atabibty parameters were also evaluated.
Principal components analysis was used to unrawel main relationships structuring the
variability associated to the composting experireefinally, added-value of the composting
end-products obtained was appraised, in termsrptisa capacity and immobilisation of metals
in soil. In this ambit, the fractionation of metalas determined.

Globally, results showed that co-composting of stdal eggshell waste is feasible to
fulfil the pathogen-killing criteria (70°C, for lohr), when an N-rich source was present. At
higher level of ES (60% w/w, wet basis) pathogdhAg temperatures were atained, but aerobic
biological activity was hindered by some physicaigerties of the mixture, namely due to high
density and low water holding capacity. Eggshelhposting product (CES) was stable, non-
phytotoxic and can be an effective liming matenaith intrinsic properties forin situ

remediation of soil contaminated with lead and zinc



RESUMO

Hoje em dia, as diretrizes europeias fomentam gaitmde "economia circular”, onde o
foco é a reutilizacdo, reparacao, recuperacao ielagem de materiais e produtos em fim de
vida. Como resultado, os residuos podem ser tnanafibs em recursos com beneficios para a
economia e meio ambiente. Neste ambito, a compastaguma opc¢do de gestdo de residuos
que pode promover a recuperacdo de matéria orgénicdrientes através da obtengcdo de um
produto adequado para suprimir determinadas deéigé do solo.

Este trabalho teve como objetivo avaliar a apligddle da co-compostagem de residuos
industriais de casca de ovo (RCO) com outros aggimuos (casca de batata, aparas de relva e
casca de arroz), de forma a obter um produto d® w@kescentado para remediacdo ambiental.
Para o efeito, o processo de co-compostagem foiadeaa trés niveis: i) desempenho
operacional, ii) qualidade do produto final e viglor acrescentado do produto final (composto)
para aplicacdo ambiental.

Em reatores laboratoriais de auto-aquecimento earepamento forcado foram testadas
misturas com varias composicoes, de forma a sel@ciama mistura de base tendo como
critério a atividade biolégica. Posteriormente, rjiglades crescentes de casca de ovo industrial
(material inorganico) foram adicionadas até um méxide 60% (p/p, base humida).
Adicionalmente foi também investigada a influéncike fontes ricas em azoto no
desenvolvimento do processo. Nestas experiénclawaeriais, a temperatura e a taxa de
consumo de oxigénio foram os principais variaveisitorizadas, tendo sido avaliados diversos
parametros convencionais de natureza fisica e gajiém como a estabilidade bioldgica.

A analise de componentes principais (PCA) foi zaidia para mostrar as principais
relacbes que estruturam a variabilidade associada testes de compostagem. O valor
acrescentado dos produtos finais de compostagadoskioi avaliado, em termos de capacidade
de sorgéo e potencial de imobilizagdo de metaisohm Neste ambito, foram realizados testes
descontinuos de sor¢do e o fracionamento de nmetas|o.

Globalmente, os resultados evidenciaram que a ggostagem de residuos industriais
de casca de ovo € viavel para cumprir os critdrigenizacao (70°C, durante 1 h), quando uma
fonte de rica em N esté presente na mistura de Naseivel mais alto de incorporacdo de RCO
(60% p/p, base humida), o critério de higienizaipiatingido, mas a atividade biolégica aerébia
foi dificultada por algumas propriedades fisicasniiatura, nomeadamente devido a elevada
densidadebulk e & baixa capacidade de retencdo de agua. Ost@sdihais de compostagem

ricos em RCO sao estaveis, ndo-fitotbxicos e podenutilizados como material de calagem



com propriedades intrinsecas para remediat&itu de solos contaminados com chumbo e de

Zinco.
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Part A. Thesis Scope and Outline

The first part of this thesis presents the framéwof composting as a valorisation
technology for the management of eggshell, whichthis main by-product from the egg
processing industry.

In the first chapter, eggshell production, promstand applications are revised, along
with the legal framework that requires eggshellitssation prior to its use. In this scope,
composting process is pointed out as a sound solit promote eggshell sanitisation, thus
obtaining an eggshell-rich compost with environmaéapplications. This issue is the motivation
and scope of the doctoral work. The outline ofttiesis closes the first chapter.

The second chapter summarises the background wtdcted along the development of
this study enabling to review the main featureoeassed to the composting process, compost

quality and utilisation.
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PART A. THESIS SCOPE AND OUTLINE

1. Introduction

The first chapter of this thesis addresses thdeniggs that the edgrocessing industry
faces towards promoting the adequate managemerggshell, which is a product-specific
waste from egg breaking operations, from an enwremtal and economical point of view.

In this ambit, possible valorisation options ar@radsed, taking into consideration the
properties of eggshell waste and the legal cométraassociated to its use and/or disposal.
Among these valorisation alternatives, compostsgighlighted encompassing the motivation

and scope of this work.

The information presented in this chapter was glfytpublished upon the following publication:

Soares, M.A.R., Quina M.J., Quinta-Ferreira R.120An overview of eggshell waste potential for
sorptive and catalytic processes, presented at GMBERI2014 10-12th September, in Book of Abstracts9R9 to

9-51, Porto, Portugabfal communication).

1 Eggs from other birds (geese, ducks, plovers, gés, quails) are of lesser significance in eggkeg therefore the term “egg”, without a
prefix is related to chicken eggs and is so comsitlén this thesis.
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1.1. The egg processing sector and eggshell production

Hen eggs constitute one of the most important i@sdurces in the framework of world-
wide feeding. They are an important source of dgdenutrients to human diet providing
proteins, fat-soluble vitamins (A, D, E and K) atndce-minerals like iron and zinc (Pirvutoiu
and Popescu, 2012; Roberts et al., 2005). AccordiigAO (2012), in 2009 global consumption
of eggs rose to 8.9 kg/capita/year (167 éggsisumed per person on an annual basis) which
corresponds to an increase of 41% in comparisahdaconsumption registered in 1990. As a
result of such rise, the egg sector has rapidlyaedpd, and nowadays the worldwide egg
production reaches 6.5 x@n/year, representing 185% of the egg producetioRd (FAO,
2012).

Currently the egg sector is segmented in threeerdifft levels (production, producer
market and consumer market) as indicated in Figute Most eggs reach the consumer market
as shell eggs (flu® in Figure 1.1). However, during the past few yahesproducer market has
grew significantly, as reflect of the increasingrdand for liquid, frozen, concentrated or dried
powder eggs (flu® in Figure 1.1).

EGG PRODUCER

PRODUCTION

PACKING
EGG TRADER WHOLESALER
STATION

PRODUCER MARKET

Foop
CONSUMER MARKET PROCESSOR

EXPORT RETAIL CATERING

CONSUMER

Figure 1.1 General structure of the egg sector.
Adapted from CICEI (n.d.).

These products present some advantages in comparntoshell eggs, like higher product
shelf-life, minimal requirements for storage amahsportation (Oliveira et al., 2012). They are

intended to retailersatering activities or further used by the foodusiily, as ingredients, for

2 Using a conversion rate of 54 grams per egg (FZ022).
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manufacturing processed products with added vdike,cooked eggs, bakery products, egg
mayonnaise, energetic drinks, etc. (Roberts e2@05).

The first step of processing consists in receiviagton packages from the distributors
(packing station of Figure 1.1) and storing themaigool humid atmosphere for preservation
until utilisation. After unpacking, visual inspemti is performed to detect leaking broken shells
and eggs of poor interior quality (e.g. developetbe/os, etc.). Washing is performed with
detergents and defoaming agents to remove eggssatid adhering foreign material from shell
surface and then washed eggs are rinsed with assagiagent (Cotterill and McBee, 1995). Egg
breaking and separation of shell from liquid cohtisnperformed by automated machines and
further processing phases of the liquid egg depmnthe desired final product, as detailed in
Figure 1.2.

In terms of waste generation in egg breaking omerat eggshell (ES) obtained from
processing the raw material (shell eggs) is idemtis the main process by-product, regardless
of the egg product obtained. In the literature, saata are available to quantify the specific
waste index of ES. Russ and Pittroff (2004) forregke indicate that ES represents 3 to 12% of
the egg mass product obtained, depending on theleglgproperties (size and shell thickness).
In addition, Jewell et al. (1975) have monitoredstgaand wastewater production in an
American egg breaking industry during three days| again concluded that ES may represent
13% of edible egg product output.

Nevertheless, nowadays annual industrial produdsagstimated because data of ES are
scarce. Table 1.1 presents information about E8yateon in Canada, China, United States of
America, Portugal and some European Union memhbg&sstvhere the largest egg processors are
located, namely France, Germany, Italy and Spagrd ACEAS Consulting Ltd, 2008). In fact,
significant amounts of eggshell waste are potdptiderived from egg breaking industries.
Particularly in Europe, the EU countries considerediable 1.1 contribute with 34% to the total
value estimated for eggshell production. Portugalhe less expressive contributor due to its

lower egg production capacity.
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Table 1.1: Estimated annual ES production by the hen eggegssieg industry, in 2011, for some countries.

Egg production Egg for processing  Estimated eggshell waste

Country (thousand tonnes)  (thousand tonnes) (thousand tonnes)
Canada 436.8 1311 14.4
China 24231.6 484.6 53.3
United States of America 5419.4 1083.9 119.2
France 839.5 251.9 27.7
Germany 777.1 233.1 25.6
Italy 736.8 221.0 24.3
Portugal 122.8 295 3.2
Spain 830.0 249.0 27.4
United Kingdom 662.0 1024 11.2
All European countries 10638.6 3191.6 351.1

" data according to FAO (2012).

™ Egg for processing= Egg production x Processittpfaprocessing factor equals 0.3 for Canada (@Boultry Trends, 2011a) and
France, Germany, ltaly, Spain (Agra CEAS Consultitgy 2008); 0.24 for Portugal (Agra CEAS Consugtittd, 2004); 0.2 for
USA (Global Poultry Trends, 2011a) and 0.02 forr@h{Global Poultry Trends, 2011b).

"1 data from UK egg processing values (DEFRA - Departt for environment food and rural affairs, 2013).
" Eggshell waste=Egg for processing x % mass steljg; % mass shell in egg=11% (Meski et al., 2@li/eira et al., 2013).

The development of an adequate management strdtegthis by-product has been
considered a challenge for the food industry intwdmamcerns environmental protection, not only
due to the large amounts generated but also teigts potential for microbial proliferation or
growth of pathogens (Russ and Schnappinger, 2007ddition, costs related to the growing
eggshell disposal are of great concern. Therefogedevelopment of value-added applications

for ES would be environmentally and financially béaial.

1.2. Eggshell properties

Eggs are mainly formed by a central yolk (yellowtmm) enclosed by the egg white
(albumen) which are surrounded by the shell that alcified organic matrix, acting like a
natural package of the egg content, Figure 1.31@.shell is an essential component of the egg
structure and plays a crucial role in the reprodncmnechanism of chickens. Its main function is
essentially protective (Nys et al., 2004; Robertal.¢ 2005): i) to safeguard the egg content from
exterior physical and microbial aggressions; iiyegulate water and gases exchange during the
embryo formation; iii) to make available enoughcaain for the embryo development. Indeed,
eggshell is a biomineralised composite structurecaitite crystals embedded in an organic
framework of protein fibres, that represents 11%haf total weight of the egg (Meski et al.,
2011; Oliveira et al., 2013). It includes four @ifént layers, as indicated in Figure 1.3 b).



CHAPTER 1.INTRODUCTION

Qrganic cuticle
,l‘ﬂq | Vertical crystal layer
| o) b)

Mammillary layer

Yolk S PP .
~ ... *+——Qrganic shell membrane

Figure 1.3: Schematic representation of cross section a) eddpraggshell.
Figure 1.3 a) adapted from Roberts et al. (2008)Fagure 1.3 b) reprinted from Dauphin et al. (20@8h
permission of Springer.

The most internal layer is the organic shell memeérthat consists of two parts: the inner
membrane that is non-calcified and contacts with dtbumen, and a thick outer layer that is
attached to the calcified shell. These membranesamstituted by collagen proteins fibres that
confer them semi-permeable properties (Lammie.eR@05; Nys et al., 2004; Rose and Hincke,
2009).

The remaining layers (mammillary, palisade andiwaktcrystal) form the mineralised
shell. The mammillary layer is composed by regofatrix of cones where the fibres of the outer
membrane are adhered to and possesses micro srgdtahlcite that are readily dissolved
whenever needed to mobilise calcium for embryo kgweent (Nys et al., 2004; Rose and
Hincke, 2009).

The most extensive layer is the palisade, whereiteatrystals grow, in columns and
perpendicularly aligned with the surface, from thammillary zone until the vertical crystal
layer (Lammie et al., 2005; Rose and Hincke, 200%e vertical crystal layer has a strong
structure of large crystals and thin inter-cryatall organic layer that absorb external shock
impacts and hinder crack propagation to the intestmacture (Nys et al., 2004).

Surrounding the elongated calcite crystals of théspde are narrow pores (7000 to
17000 per egg) with 200 to 400 nm in diameter (Gamd Dash, 2014). Those pores cross the
mineralised shell and allow gas exchange (Messems,e2005; Solomon, 1997). A thin non
calcified protein layer, called cuticle, covers theéernal surface of the mineralised shell (Lunge
et al., 2012). This coat, partly caps the sheltovapores which remain permeable to gases (Tsai
et al., 2006) but inaccessible to microorganismab@2a et al., 2011; Messens et al., 2005). The
cuticle is formed by glycoproteins, polysaccharjdgsds and inorganic phosphorous and is
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important to regulate water exchange mechanisnggf by repelling or retaining water (Rose
and Hincke, 2009).

Some studies have been dedicated to evaluate tscphand chemical properties of
eggshell, especially in the powder form. Tsai e{(2006) studied the physical characteristics of
eggshell (ES) and eggshell membranes powders. Thegiuded that these materials present
macropores or open voids with a total volume 006.6n? g2. In addition, BET surface area for
both materials is in the range of 1.0+0.3 to 1.349¢ g*. Likewise, Gao and Xu (2012) and
Ehrampoush et al (2011) reported BET surface afe@84 and 1.2 mg?, respectively, for
natural eggshell.

In terms of chemical composition, X-ray diffragtipatterns of ES show diffraction peaks
characteristic of calcite that represents the anygtalline species detected (Freire and Holanda,
2006; Park et al., 2007; Rivera et al., 1999; Wito2011). Actually, mineralised shell presents
about 92 to 96% of CaCGdHincke et al., 2010; Lunge et al., 2012; Ok et 2011; Tsai et al.,
2008). Minor quantities of ®s, NaO, SrO, SiQ, MgO, Cl, AkO3;, FeO and NiO have been
reported by Freire and Holanda (2006) amounting.586 of eggshell composition. In addition,
Fourier transform infrared (FTIR) spectra of ESoatenfirms the presence of Cag;Ghowing
significant bands at 1450-1500 ¢mcorresponding to carbonate (C=0) asymmetric ctiieg
vibration, 870 crit and 710 ¢t (Ahmad et al., 2012b; Tsai et al., 2006; Witood]P). On the
other hand, amides and amines in the eggshell namapithat contains positively charged
functional groups (-N&f and —CO-NH>-) are reported by Tsai et al. (2006), due to Sicpmt
peaks of spectra at 3200-3500tm651 cmt, 1538 cmt and 1384 cm. In fact, according to
(Balaz, 2014) the eggshell membrane contains ninare 2 proteins.

Organic matter content of ES is stated to fluctle®veen 2% (Hincke et al., 2010) and
4-5% (Freire and Holanda, 2006; Tsai et al., 2088) its main constituents are proteins,

glycoproteins and proteoglycans (Cordeiro and Hin@011).

1.3. Potential valorisation options for eggshell

Aiming to promote eggshell valorisation taking intonsideration its characteristics,
some technological options have been explored taimkadded-value products from ES that can
be grouped in two main categories (Figure 1.4): maaterials for new products manufacture and

operating supplies for sorptive and catalytic aggilons.
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Figure 1.4: Classification of potential uses for ES

Sorbent

1.3.1. Eggshell utilisation as raw material

The utilisation of ES as raw material is a valdi@a option, applicable to food product
specific wastes, which make use of the bulk progerof the residues (Kosseva, 2009;
Laufenberg et al., 2003). For the egg processinlygtry, options for ES utilisation as raw
material include production of food additive, Seittilizer, purified calcium carbonate, cosmetic

products and biomaterial composites as detailédgare 1.4.

Food additive for human feed

Eggshell contains high levels of calcium (about 39#%v) and low levels of toxic
elements like Pb, Al, Cd, and Hg and thus can leel irs humans, as a dietary supplement. In
fact, Schaafsma and co-workers (2000) reporteddhiaken eggshells present a large store of
waste calcium that can be tailored to suppress humeads for this nutrient, especially in the
cases of osteoporosis. However, calcium in thecrete form is less bioavailable than in other
forms like citrate (Hanzlik et al., 2005; Nicar aRdk, 1985). Calcium citrate obtained from ES

requires a detailed chemical process that invoserguential steps of centrifugation, reaction

10
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with citric acid, filtration, washing with ethanahd drying. The overall yield of the process is
about 64%, mainly due to the low reaction conversatd CaCQ to calcium citrate (67%)
(Oliveira et al., 2013) .

The eggshell membrane obtained from the calciurateiproduction process can be used
as dietary ingredient, since it contains glycosamiycans and proteins (important to preserve
healthy joints and connective tissues). Proteinrdlydates can be also obtained from eggshell
membrane to be further used as food supplemenvdi@i et al., 2013). Toxicological tests
performed to eggshell membrane suggested thahibeaused for human consumption at levels
up to 500 mg per day (Ruff et al., 2012).

Food additive for animal feed

ES powder has been employed as a calcium sourdayfog hens (Cordeiro and Hincke,
2011; Khadka and Subba, 2010). Improved egg pramueind feed utilisation were obtained in
comparison to ground lime (Sim et al., 1983). Iatf&S has been accepted by the Association

of American Feed Control Officials as a feed additior both companion and livestock animals
(Ruff et al., 2012).

Eggshell transformation in powder requires drying8@°C for moisture removal and
microbial inactivation followed by crushing and hmy (Rivera, 1999). This is a simple process
with minimal losses (about 1%) (Oliveira et al.,13) and the powder obtained contains the

whole eggshell matrix (calcium and proteins from thembrane).

Soil fertilizer

Soil nutrient availability is dependent on soilgain pH. In particular, when soils acidity
is high (pH<4.5), calcium levels are low and itedmicessibility is impaired, affecting the normal
development of plants (de Varennes, 2003).

Eggshell properties are reported as being potgnaateptable for suppressing soil needs
in terms of calcium (Cordeiro and Hincke, 2011; &keel and Yousif, 2010; Tsai et al., 2008;
Yoo et al., 2009) due to the high concentration€a€Q. Additionally, its carbonate content
favours acidic soils pH adjustment (usually caltiehing” that consists in applying alkalizing
products to raise soil pH). According to Oliveira al. (2012) ES preparation to soil
incorporation follows the procedure previously greed for ES utilisation in animal feed
additives. Nevertheless, to the author's best kadgg, studies available in the literature
focusing on understanding the effect of eggsheglliegtion on acid soil calcium availability for

plants are scarce.

11
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Purified CaCOs3
Pure calcium carbonate has many applications iasinil activities. For example, it may

be used in the construction sector, as a buildiagerral and as an ingredient of cement and
mortaf. In paper industry, it is also utilised as filtergive brightness and smoothness to paper.
Other possibility is as raw material in glass. Apgtion for paints and dyes manufacture has
also been reported (Kirboga and Oner, 2013).

To obtain purified CaC®(free of organic matrix) from ES, the most effitienethod
involves a calcination step at 900°C, to promoganic matter thermal oxidation and carbonate
conversion to oxide (Oliveira et al., 2013). Thewgter addition in a C@rich environment
promotes CaO carbonation and a Ca@¢h suspension is obtained, which is further ckrged
for water removal and drying. The overall efficignof this process rounds 80%. This
valorisation strategy neglects the potential valfiene of the components of eggshell, which is
the shell membrane.

A study performed by Yoo et al. (2009) evaluated thilisation of calcium carbonate
from eggshells as a coating pigment for ink-jehang paper, with additional recovery of shell
membrane. A dissolved air flotation (DAF) sepanatimit was developed. An air/water mixture
was introduced at the bottom of the separationelessd shell membrane was separated from
eggshell due to density difference between thedamponents: membrane floated up and shell
particles settled down at bottom. Process effigiemitained 96% recovery of shell membrane
and 99% of eggshell particles rich in CaC8owever, a posterior calcination step at 6009C fo
2 h was required to obtain organic free partickeace the cuticle layer of ES was only
successfully removed by thermal oxidation.

In summary, for applications where Cagurity grade is determinant, eggshell should
be submitted to thermal processes for removal@btiganic matrix, which increases energy cost

of eggshell valorisation.

Cosmetics

Collagen is a fibrous protein that plays a relevatd in supporting tissue and structuring
proteins and cells, therefore is one of the ingnedi of many cosmetics that prevent skin
wrinkles and improve its elasticity and thickneSsideiro and Hincke, 2011).

Eggshell membrane is rich in collagen protein fheso it can be used as a source of
collagen to enhance the efficiency of cosmetic potel Furthermore, some studies have

reported that collagen obtained from ES is safes®, since it presents low autoimmune and

3 paste used to bind construction blocks togetherfilithe gaps between them.
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allergic reactions in comparison with collagen agted from other sources (Zhao and Chi,
2009).

Separation methods of membrane from shell may decldissolution of the membrane
with consequent solubilisation of collagen in acibases, salts, by enzymatic digestion (e.g
pepsine digestion) or by fermentation with bacteyeast or mold (Vladimir Vlad, 2007; Zhao
and Chi, 2009). Additionally systems that applyitaion (Vlad, 2009) or dissolved air flotation
(Yoo et al., 2009) are also referred to therebysse membrane from shell.

Moreover, shell particles are also indicated asdgiagial cleansers for skin sebum and

dust removal (Cordeiro and Hincke, 2011).

Biomaterials composites

Hydroxyapatite Ca(PQs)s(OH)2 is a material with a chemical structure similarthe
mineral components found in bones and teeth. lersffan exceptional compatibility with
biological systems, especially human soft tissues therefore can be used in orthopaedic and
dental implants. Application of hydroxyapatite miag performed in powder, porous block or
composite materials to correct bone or dental aefes (Gergely et al., 2010; Rivera et al.,
1999).

Synthesis reaction of hydroxyapatite may be deedrly Eq. (1.1) or (1.2) depending on
the form that phosphate is provided:

3 Ca(PQy)2 + CaO + HO - Cao(PQu)s(OH)2 1.1)

10 Ca(OH) + 6 HBPQy — Cao(PQy)e(OH)2 + 8 HO 1.2)

Amongst raw materials used to provide CaO or Cag@bt)the reaction, eggshells have
been highlighted (Gergely et al.,, 2010; Kumar et 2012; Prabakaran and Rajeswari, 2009;
Rivera et al., 1999; Zhou and Lee, 2011). A prialcination step at 900°C for at least 3 h is
required to remove the organic matrix of ES anddovert CaC®into CaO. When phosphoric

acid is used (Eqg. 1.2) an additional step is reguio endorse CaO hydration (Oliveira et al.,
2013).

1.3.2. Eggshell utilisation as operating supplies

Some environmental and chemical applications hasen bstudied for using ES as
operating supply. Efforts in utilising ES as casalgr sorbent are reported in the literature with
twofold purposes: to promote valorisation of ESd(r@ng its environmental impacts) and to

decrease operational costs by using low-cost segpli
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As previously presented in Figure 1.4, ES utii@atas operating supply encompasses
use as catalyst in biodiesel production, lactosmesisation or dimethyl carbonate synthesis and
as sorbent for pollutant removal or immobilisationiquid, soil or gaseous emissions.

Eggshell potential for catalysis is mainly alligml base-catalysed reactions. One of the
main active phase of this catalyst is the CaO abthifrom ES calcination, which has proved
activity towards transesterification reactions tlatur in biodiesel production (Boey et al.,
2011; Boro et al., 2012; Sharma et al., 2011; Weil.e 2009) or dimethyl carbonate synthesis
(Gao and Xu, 2012). In lactose isomerisation, catccarbonate from ES has also been indicated
as a good catalyst in the conversion of lactodadtulose (Montilla et al., 2005; Paseephol et al.,
2008) with the advantage of not requiring significpre-treatment (only washing and drying) to
present potential value as catalytic agent.

Eggshell is mainly composed by calcium carbondtas it is expected to behave as a
calcite-like sorbent (Guru and Dash, 2014). Thesg@mee of proteins in its porous structure
endows ES with additional sorptive capacities, saashy some research has been focusing on
using ES for organic and inorganic pollutants reatdvom water, wastewater, soils or gas
effluents.

Table 1.2 lists environmental applications of ES agerating supply for sorptive
purposes, giving special focus to the pre-treatmeguired for application as sorbent.
Furthermore, sorption capacities are reported dchespecific pollutant.

For water treatment, ES usage as sorbent has beamynrelated to fluoride and
phosphate removal. In this case, ES is pre-tre@@dination and/or additive incorporation) to
enhance selectivity and sorption capacity towahdgsgollutant. Fluoride sorption by ES-based
sorbent is well described by the Langmuir isothenodel (Bhaumik et al., 2012; Lunge et al.,
2012), while for phosphate uptake, Freundlich (Késeé Kivang, 2011) or Langmuir-Freundlich
(Mezenner and Bensmaili, 2009) models are more wsdeqChemisorption is indicated as the
main sorption mechanism (Bhaumik et al., 2012; Mere and Bensmaili, 2009).

The interest upon the capacity of ES for removaloofanic pollutants has been
exclusively associated to dyes from wastewatershef textile industry. Podstawczyk et al.
(2014) investigated the sorption of malachite graed concluded that physical adsorption and
microprecipitation were the main mechanisms invalvé@dditionally, equilibrium studies
regarding the dyes listed in Table 1.2 pointedtbat experimental data were in good agreement
with Langmuir models. Nevertheless, Freundlich hsoin was also suitable in some cases
(Chowdhury and Das, 2011; Ehrampoush et al., 204 Ifsai et al., 2008).
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Table 1.2 Summary of eggshell application as operating sufgp sorption purposes.

Eggshell pre-treatment

Application Pollutant Water Membrane  Drying Grounding ~ Calcination  Others Sorption  Reference
Washing  manual 50- and sieving  800-950°C capacity
removal 110°C
Water Fluoride Synthesis of eggshell 37 mg Lunge et al.
composite using shell, 1 (2012)
membrane and aluminum (30°C)
sulphate, by calcination
at 450°C , 6 h
Water Fluoride X X X - .1mg Bhaumik et
gt al. (2012)
(30°C)
Water Phosphate X X X X - 23 mg Kose and
't Kivang
(25°C) (2011)
Water Phosphate X X X Sorbent previously 0.6 mg Mezenner
submitted to iron gt and
adsorption (25°C)  Bensmaili
(2009)
Wastewater  Malachite X X X - 56.8 mg Chowdhury
green gt and Das
(dye) (30°C) (2011)
Wastewater  Reactive X X X - 1.26 mg Ehrampoush
red 123 gt et al. (2011)
(dye) (25°C)
Wastewater  Brilliant X X X - 44.7 mg Kobiraj et
green gt al. (2012)
(dye) (30°C)
Wastewater Remazol X X X X Immobilization with a 47 mg Elkady et al.
reactive polymer mixture of gt (2011)
red 198 alginate and polyvinyl (22°C)
(dye) alcohol to obtain
Y biocomposite sorbent
Wastewater  Acid X X X X - 114 mg Tsaietal.
orange 51 't (2008)
(Dye) (25°C)
Wastewater Reactive X X X - 31 mg Pramanpol
yellow 't and
205 (35°C) Nitayapat
(dye) (2006)
Wastewater  Cu (ll) X X X Reaction with 45 mg Ahmad et al.
FeSQ.7H0 and NaOH gt (2010)
to obtain iron oxide (30°C)
coated eggshell powder
Wastewater ~ Radio Co Convertion to 3.6x10*  Zhang et al.
(1 hydroxyapatite by molg®  (2010)
calcination at 900°C and (30°C)
reaction with PG
compound
Wastewater Radio Co Convertion to 6.7x10°  Honggin et
(11 magnetite/hydroxyapatite mg| g* al. (2011)
by calcination at 900°C (30°C)

andin situ precipitation
with FesOs
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Table 1.2 Summary of eggshell application as operating sufgp sorption purposes (continued).

Eggshell pre-treatment

Application Pollutant ~ Water Membrane Drying  Grounding Calcination  Others Sorption capacity  Reference
Washing  manual 50- and 800-950°C
removal 110°C sieving
Wastewater  Pb (ll), X X Boiling in 1M 263 mg ¢ (Pb) Renetal
Cu () NaOH to remove 250 mg ¢ (Cu) (2012)
impurities and (25°C)

membrane; reaction
with FeCh.4H.0 to
obtain FeO4
eggshell powder

Wastewater  Pb, Zn, X X Separation of liquid  Total metal De Paula et al.
Cu, Cd, fraction uptake:3.8x16  (2008)
Ni mEqg! (25°C)
Wastewater Pb (Il) X X X - 154 mg ¢ Vijayaraghavan
(25°C) and Joshi
(2013)
Wastewater  Pb (Il) Reaction of eggshell 500 mg ¢ Meski et al.
with HsPQs to (25°C) (2011)
obtain carbonate
hydroxyapatite
Wastewater  Pb (ll) Reaction with 94 mg ¢'(25°C) Liao et al.
HsPQy at 30-40°C (2010)
for 24 h and pH=1-
3, to obtain
carbonate
hydroxyapatite
Wastewater  Cd (ll), Reaction with 111 mg ¢ (Cd); Zheng et al.
Cu (I) HaPQy at 30-40°C 143 mg ¢ (Cu)  (2007)
for 24 h and pH=1-
3, to obtain
carbonate
hydroxyapatite
Wastewater  Cr(lll) X X X - 160 mg ¢ Chojnacka
(20°C) (2005)
Wastewater Pb,Cd, X X X X - - Park et al.
Cr (2007)
Soil Pb X X X X - - (Ahmad et al.,
2012a; Ok et
al., 2011)
Gaseous COo, X X X X - - Castilho et al.
effluents (2013);
Mohammadi et
al. (2014);
Olivares-Marin
et al. (2012);

Witoon (2011)

Within the removal of inorganic pollutants from wesaters, uptake of heavy metals
have been exclusively appraised by performing tesssmulated agueous media (Table 1.2). In
that context, ES has been tested as sorbent anrpoef sorbents (carbonate hydroxyapatite or
other composites). Interest in ES as a sorbentislynassociated to (Guru and Dash, 2014): i)

carbonate groups which have cation-exchange piepeahd by increasing pH, negative charge
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density of the sorbent surface rise, thus promptinggattraction of metallic ions with positive
charge; ii) functional groups of proteins (carbgxgine and sulfate) can bind metal ions and
form ionic bonds, iii) ion exchange between metatgl the Ca(ll) at ES surface. Besides,
aqueous solutions equilibrated with ES become rbasic, so that metals can precipitate and
deposit on ES surface. Nonetheless, carbonate Xyajpatite also presents a high sorption
capacity for heavy metals, low water solubilityghistability and can be synthesised from ES.
These features justify the reason for several etudre addressing the usage of ES as precursor
for sorptive purposes.

In soils remediation, eggshell has been indicatennanobilising agent for heavy metals,
to reduce its solubility and bioavailability (Guamd Dash, 2014). ES incorporation in soil may
enhance soil Pb immobilisation via formation of ®bl),, adsorption on aluminium containing
minerals and co-precipitation in carbonate formr@sa et al., 2012a).

ES waste has been also highlighted as a compesititeent alternative for GQxapture,
in comparison to commercial materials. In fact, soimvestigations showed eggshell derived
CaO is promising for sorption of anthropogenic -CC€apture. Experimental results have
demonstrated that after commercial CaO, the higli€3t uptake was attained with eggshell
derived CaO (Olivares-Marin et al., 2012). Carbmmatonversion of calcined eggshell was
higher than the one observed for calcined commbraaailable calcium carbonate (Witoon,
2011).

1.4. European legal framework

The European Union (EU) has paid special attertbche disposal and use of animal by-
products that correspond to entire bodies or pHremimals, products of animal origin or other
products obtained from animals that are not intdrfde human consumption. These by-products
may be a potential source of risks to public andnah health and to avoid any threat of
pathogens and disease dispersion, health ruleslaidrdown by Regulation (EC) N° 1774/2002
of the European Parliament and of the Council oD&ober 2002 that was more recently
repealed by Regulation (EC) N° 1069/2009 of theopean Parliament and of the Council of 21
October 2009. Implementation methods defined by Begulation now in force were formerly
concretised by Commission Regulation (EU) N°142120The level of risk that arises from
animal by-products can fall into three categorresf 1 (highest risk) to 3 (lowest risk).

ES is a product-specific waste of egg processidgstry that is classified as animal by-
product and falls into the Category 3, and alteveatfor disposal/use are established to reduce

spreading risk of pathogens into environment anddnuhealth. The different authorised options
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for disposal or use of eggshells are listed in &dbB, where a comparison between legislation
repealed and now in force is also presented. Strisea low-risk material, ES options for use

and disposal are much wider in comparison to higiek animal by-products and enclose

incineration, thermal processing, production offged, composting, transformation into biogas,

fuel combustion (although the calorific value of E3ow) or used/disposed by any other method
that prevents biological hazard. Some operatingditiams for these legal options are also

detailed in Table 1.3.

It should be underlined that EU legal restrictialisnot make impractical the full scale
implementation of some of the valorisations optidesailed in section 1.3. Indeed they became
complementary, since legal constrains make valoisaptions of ES more safe in terms of
environmental and public health, for example:

i) Incineration enables ES conversion to CaO for gatalapplication in biodiesel
production or dimethyl-carbonate synthesis or fgirbxyapatite manufacture;

i) Thermal processing allows further application asdfadditive, soil amendment and/or
operating supply for sorption purposes;

iii) Biological treatment by composting yields a finatoguct for soil amending or
improvement. However, in this process, one musehato consideration that the level of
organic matter available in ES for biodegradatiepresents a small fraction. Thus,
mixing it with other organic wastes with higherfdgtating ability, may be necessary to

achieve the temperature-time requirements imposed.

Since Regulation (EC) N° 1069/2009 is in force, U fsation without any pre-treatment
became possible, under conditions determined bypetent authorities, and some EU members
have taken advantage of this measure. In fact,ednitingdom has allowed eggshell waste
application to land, without prior treatment prosdd that registration and tracking of
microbiological safety is performed (DEFRA - Depaent for environment food and rural
affairs, 2011). Additionally, this EU member haatetl to review this measure frequently and in
case of suspicion or confirmation of an outbreaketévant disease or infection this permission
may be repealed. In Spain, according to the legate 1528/2012, the direct application of ES
to soil as fertilizer or amendment is allowed, wéner there is no doubt of disease transmission
risk to human, animal and environment. Nevertheldglsis measure may have a transitory
application if microbiological safety becomes qimsible, and in that case other options for
use/disposal must be rightly implemented.

From the list of alternatives available, compostimgsents itself an attractive pre-

treatment, because it consists in a biological dgxsition and stabilisation of organic subtracts,
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under aerobic conditions that allow developmenttledrmophilic temperatures as result of
biologically produced heat (Haug, 1993). This peschulfils the temperature-time constraint for
sanitisation of ES, without requiring an externakfgurisation/sanitation unit. This means that

energy costs to sanitise ES could be significargtiuced, by taking advantage of the biological

heat produced during the process.
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Table 1.3:Alternative methods applicable to eggshell product-specific waste, according to EU regulations.

Regulation (EC) N° 1774/2002 (repealed)

Regulation (EC) N° 1069/2009 (in force)

Methods to disposal or
use

Operating Conditions

Legal framework

Operating conditions Legal framework

Incineration or co-
incineration with or
without prior processing

Gas resulting from the process is raised in a controlled aAdicle 6 (2) (a)
homogeneous way, even under the most unfavourabigicle 12
conditions, to a temperature of 850°C for 2 s measured by feex IV
inner wall or at another representative point of the chamber

where the incineration is carried out, as authorized by competent

authority

Gas resulting from the process is raised in a controlled afdicle 14 (a), (b)
homogeneous way, even under the most unfavourable conditions,

to a temperature of 850°C for at least 2s or to a temperatureRefjulation (EC) N°
1100°C for 0.2 s, as measured by the inner wall or at anothd®/2011: Annex I
representative point of the chamber where the incineration is

carried out, as authorized by competent authority

Thermal treatment

Article 6 (2) (b,c)

Particle size T(C) Time Pressure Article 17
(mm) (min) (bar) Annex V
<50 133 20 3
100 125 -
<150 110 120 -
120 50 -
100 95 -
<30 110 55 -
120 13 -
100 16 -
<30 110 13 -
(with fat) 120 8 -
130 3 -
80 120 -
<20 100 60

Equal to conditions defined by Regulation (EC) N° 1774/2002 Article 24 (e)
Regulation (EC) N°

142/2011: Annex IV

Petfood and dogchews

Processed petfood other than canned petfood must be subjeatkd6 (2) (e)
to a heat treatment of at least 90°C Article 18
Annex VIl

Equal to conditions defined by Regulation (EC) N° 1774/2002 Article 14 (d)
Regulation (EC) N°

142/2011: Annex XIlI

Composting

Closed composting reactor with  equipment foArticle 6 (2) (f)
monitoring/recording temperature against time; minimurArticle 15
temperature conditions of 70°C during 1 hour; maximusnnex VI
particle size of 12 mm

Equal to conditions defined by Regulation (EC) N° 1774/2002 Article 14 (f)

Regulation (EC) N°
142/2011: Annex V

Biogas production

Biogas plant equipped with a pasteurisation or hygienisafidicle 6 (2) (f)
unit where temperature must reach 70°C during one hoArticle 15
maximum particle size of 12 mm Annex VI

Equal to conditions defined by Regulation (EC) N° 1774/2002 Article 14 (f)

Regulation (EC) N°
142/2011: Annex V

Other methods or uses

Disposed of by other means in accordance to rules laid dofwtidle 6(2i)
Article 33(2), after consultation of appropriate scientifiérticle 33(2)
committee

Used under conditions, determined by the competent authorityticle 14 (h)

which prevent risks arising to public and animal health

Other processing method that delivers a product winnex IV, chapter IlI
microbiological hazard level reduced: absenceCbdstridium

perfringensin 1 g

Absence offalmonellain 25 g

Maximum number of bacteria equals 300 Hoterobacteriaceae
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1.5. Work motivation and scope

Eggshell is a product-specific waste from the eg@ssing industry that is classified as
an animal by-product, for which specific uses @pdsal methods are legally established by
European regulations.

Composting has been identified as an environmgrgallind option in waste valorisation
(Schaub and Leonard, 1996), which can promote atamt of the materials used and transform
organic matter into a humus-like product, to beher used as soil improver or amendment
material. However, to successfully achieve pathagenination during composting, the starting
composting mixture must contain enough availablergy (easy biodegradable organic matter)
to drive the process into thermophilic temperatu&sace ES is mainly an inorganic material
with about 94% (w/w) CaCg)several questions may arise, namely:

“Is composting a feasibility process for ES preatmeent, when large amount of this
waste is incorporated in the starting mixture?”

“What is the maximum amount of ES that can be thioed in a composting system, to
attain sanitation conditions?”

“Is the evolution of composting significantly affed when ES is used as an ingredient?”

“At what level is the final quality of the compastained influenced by ES presence?”

“Which is the added value that an ES rich compasy present”?

To the author best knowledge, eggshell waste cotimgobas been scarcely addressed
and the answers to these questions have beendetgshe literature. The only study found in
the literature addressing eggshell composting, usanlobial inoculants to aid in the humus
build-up (Kemper and Goodwin, 2009).

In this context, the main goals of this work are to

i) define/select organic materials with enough biodédgbility to attain the desired
temperature;

i) establish the maximum incorporation of ES in theetstg mixture, without compromise
sanitation conditions and adequate evolution ofmtierobial degradation/transformation
of organic matter;

iii) appraise the quality of final products, in terms pbiysical, chemical and biological
properties, regarding the influence of ES incorpora

iv) evaluate the added-value of eggshell rich compgmstfocusing on its application for
environmental purposes, namely immobilisation chuyemetals in contaminated soils

and their removal from liquid environmental matsice
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1.6. Thesis structure

This thesis is structured in five Parts (A to Ejraticated in Figure 1.5.

Chapter 1 - Introduction
Part A
Thesis scope and Chapter 2 - State of the art on composting process
outline /
Chapter 3 - Prediction of free air space in initial composting mixtures by
a statistical design approach
PartB

Properties of
mixtures and reactor

assembly Y

Chapter 4 — Assembly and operation of lab-scale composting reactors

Chapter 5 - Evaluation of self-heating potential in specific mixtures \

Chapter 6 -Valorisation of industrial by co-composting: influence of
eggshell content and N-rich material

Part C
Eggshell €01 Chapter 7 — Analysis of eggshell co-composting by using principal
composting component analysis and data visualisation /
Chapter 8 - Biosorbent potential of an eggshell rich composting
product for lead removal from aqueous solutions
PartD
Environmental Chapter 9 - Immobilisation of lead and zinc in contaminated soil by
applications for using compost derived from industrial eggshell

eggshell compost

o

Chapter 10 - Main conclusions and future work
PartE
Conclusions and
forthcoming work )
/

Figure 1.5: Thesis organisation in five parts

The Part A of this document joins together thdahtivo chapters of the thesis. Chapter 1
comprehends the introduction of the thesis whidwigles a contextualisation upon the origin,
properties, valorisation and legal framework assecito eggshell from the egg processing
industry. The role of composting in the valorisatiof eggshell is also addressed, covering the

scope of this work. In Chapter 2, a review of theofic and biotic aspects that influence the
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composting process is presented. Additionally, cheent understanding about organic matter
and nitrogen biological transformations that ocduring composting are explored and issues
related to the quality of composts are also dismlisShe potential of composting end-products
for environmental applications is also reviewed.

Part B comprises two chapters. In Chapter 3 tlopgaties of the feed stocks primarily
selected for this study are addressed, with spdéc@ls on the use of experimental mixture
design to predict the initial free air space ofoaposting mixture, which is a physical property
that plays an important role in composting. Chaptelis devoted to the assembly and
experimental validation of the laboratorial compugtreactors used for the purpose of this
study.

Part C includes all the research on eggshell copostimg. Aiming to evaluate the features
of eggshell co-composting, firstly the self-heatadglity of some starting composting mixtures
Is addressed in Chapter 5. Then, the influence dfrgh material in the physical and chemical
changes occurring during co-composting of ES isutised in Chapter 6. Chapter 7 is focused
on evaluating the effect of high levels of ES (60¢w) on composting evolution by using
proper multivariate data analysis techniques afainmative visualisation tools.

Part D deals with the application of an eggshéh-compost for environmental
applications, namely removal of lead and zinc fragueous and solid matrices. Specifically in
Chapter 8, compost derived from eggshell wasteotoposting was evaluated as a biosorbent
for Pb(ll) uptake from agueous medium and for comspa purposes, mature compost without
eggshell and natural eggshell were tested as Gielipter 9 focus on evaluating the feasibility of
using the eggshell-rich compost as a soil amendrmnimmobilisation of Pb and Zn in an
acidic contaminated mining soil, by evaluating émvironmental availability of metals, toxicity
reduction and variation of GCefflux from soil, due to the incorporation of arlbanate rich
amendment.

Finally, the most relevant conclusions from thisrkvare resumed in Part E along with
further recommendations on future work (Chapter 10)

The experimental methodologies linked to laboratdests and analytical techniques are
not included as an independent part of the thbsisare described in each chapter of Part B and
C, together with the presentation of the experimlergsults. This option is believed to be most
useful for the reader, since each chapter desctileerelevant experimental methodologies used

to the issues studied.
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The overall information delivered by this thesis lmeen published or submitted in the
following scientific publications (internationaltanles with peer review and communications in

international conferences):

Soares, M.A.R., Quina, M.J., Quinta-Ferreira, R12 Co-composting of eggshell waste in self-
heating reactors: Monitoring and end product gyaBioresour. Technol. 148, 293-301.

Soares, M.A.R., Quina, M.J., Quinta-Ferreira, R112 Prediction of free air space in initial
composting mixtures by a statistical design apgrodcEnviron. Manage. 128, 75-82.

Soares, M.A.R., Quina, M.J., Quinta-Ferreira, R0OL2Immobilisation of lead and zinc in
contaminated soil by using compost derived fronustdal eggshell. J. Environ. Manage. 164,
137-145.

Soares, M.A.R., Marto, S., Quina, M.J., Gando-karel., Quinta-Ferreira, R.. Biosorbent
potential of an eggshell rich composting produat flead removal from aqueous solutions.
Submitted to Ecological Engineering, in March 2015.

Soares, M.A.R., Quina, M.J., Quinta-Ferreira, Rfluence of N-rich material in valorisation of
industrial eggshell by co-composting. Submitte@&twironmental Technology, in October 2015.

Soares, M.A.R., Quina, M.J., Reis, M.S., Quintar&iea, R.. Assessing the impact of using high
levels of industrial eggshell in co-composting wailro-wastegn preparation.

Soares, M.A.R., Quina M.J., Quinta-Ferreira R1£20An overview of eggshell waste potential
for sorptive and catalytic processes, presente@HEMPOR’2014 10-1% September, in Book
of Abstracts, Pg 9-49 to 9-51, Porto, Portugall communication).

Soares, M.A.R., Quina, M.J., Gando-Ferreira, L.infauFerreira, R., 2014. Removal of Pb (II)
from aqueous solutions using eggshell compostirafdyxts, presented at Athens'20129¢ 2
International Conference on Sustainable Solid Whisteagement, 12-14June, In Proceedings,
Athens, Greecdoral communication).

Soares, M.A.R.; Quina, M.J.; Quinta-Ferreira, R120Use of mature organic composts as
immobilising agents of Pb and Zn in a mine soilegented at Proc. WASTES'201392
International Conference Wastes: Solutions, Treatsnand Opportunities, 11-43September,

In Proceedings pg.267-26Braga, Portugal.ofal communication).

Soares, M.A.R.; Quina, M.J.; Quinta-Ferreira, R120Selection of organic materials for co-
composting industrial eggshell waste, presentéd/asteEng2012-"% International Conference

on Engineering for Waste and Biomass Valorisatidh13" September, In Proceedings, Vol.2,
pg 604-609, Porto, Portugabrél communication).

Soares, M.A.R.; Quina, M.J.; Quinta-Ferreira, R120Industrial potato peel composting: blend
formulation using mixture design analysis, presgrde ORBIT'2012 — Global assessment for
organic resources and waste management, 12}u6e, In Proceedings, pg 5a-190 to 5a-197,
Rennes, Franceor@ communication).
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2. State of the art in composting process

This chapter describes main theoretical conceecested to the composting process.
The temperature dependent phases through whigbrdicess evolves, as well as the main biotic
aspects and sanitising conditions are firstly tedklAfterwards, organic matter and nitrogen
biological transformations that occur during contpag are also explored. Special attention is
given to abiotic aspects that influence the reastiattained during aerobic degradation of
organic matter. In the last sections of this chapssues related to the quality of composting

end-products for soil application are discussed too
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CHAPTER 2. STATE OF THE ART IN COMPOSTING PROCESS

2.1. Introduction

Composting may be defined as a process of biolbgeeomposition and stabilisation of
organic substrates, under aerobic conditions, thiédws development of thermophilic
temperatures, as a result of biologically produbedt (Haug, 1993). Due to the metabolic
activity of successive microbial populations, tlegess allows the conversion of organic matter,
from animal or vegetal origin, into a final produtiat should be stable, humus like, free of
pathogens and plant seeds (Pare et al., 1998;vSaid Naydenov, 2007). A generalised

equation of composting follows (Peigné and Girar@id04):

Fresh organic microbial Stabilised organic

matter +£ etabolism »  material (compost) + CexH.O+Energy (heat) + other gases (2.1)

Composting is an ancient practice that has beed tiseugh centuries by nature and
man, especially for farming, as a mean of recycbnganic matter to improve soil physical and
chemical properties (Rynk et al., 1992). Nowaddkere is a renewed attention concerning
composting and its application is not limited tanfacontext but has been broadened to
municipal and industrial frameworks.

Indeed in many nations, legal constrains are reiirig the waste management hierarchy
based on prevention, re-use, recycling and othemdoof recovery depreciating disposal in
landfills. In addition, mandatory targets have b&emting the amount of biodegradable waste
consigned to landfilling, promoting the retrievdltbe waste organic matter and nutrients that
can be tailored to energy recovery or supressdagitiencies. In this scope, composting has
been identified as an environmentally sound altereagChroni et al., 2012; Farrell and Jones,
2009; Gajalakshmi and Abbasi, 2008; Sharma e1887; Tuomela et al., 2000).

Composting has been used to recycle wastes suctuisipal solid wastes (Castaldi et
al., 2005; Gestel et al., 2003; Kumar and Goel,9208ewage sludges (Kang et al., 2011,
Manios, 2004; Paredes et al., 2005; Wei and Li0520agro-food residues (Grigatti et al., 2011;
Pepe et al.,, 2013; Sellami et al.,, 2008) and mahgrs. In addition, aerobic conversion is
reported to be useful in the remediation of sadlstaminated with some chemical pollutants like

aromatic hydrocarbons, pesticides or chlorophefttdsiot et al., 2012; Semple et al., 2001).

2.2. Temperature-dependent phases and general biotic aspects

Temperature plays a determinant role in the evautif composting since it dictates the

phases through which the process evolves. Undeguatie abiotic conditions for microbial
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development (namely moisture, pH, oxygen, nutri@md porosity) composting process can be
divided into four phases (Fogarty and Tuovinen,119Ryckeboer et al., 2003), as detailed in
Figure 2.1.

]
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Figure 2.1: Phases of composting: A-initial mesophilic phdehermophilic phase; C-cooling phase; D-
maturation phase.
Reprinted from Fogarty and Tuovinen (1991) withrpission of American Society for Microbiology.

The early stage of composting is characterised tmgsophilic stage ruled by the activity
and growth of mesophilic organisms and rapid uptakeasily biodegradable organic matter.
Bacillus spp andAzotobacter spp are some of the main bacteria responsiblelégradation
(Nakasaki et al., 1985) and fungal populations séerbe only modestly present during this
initial phase (Hansgate et al., 2005). As tempeeatincreases, non-thermo-tolerants
communities become less competitive and are reglégethermophilies. During this stage,
organic matter degradation rates and oxygen consoimpevels are high and most of the
biomass formation takes pladeedominance of thermophilic microbiota mainly asst@d to
the genusBacillus is reported (Strom, 1985), but if temperaturenidbetween 40-50°C, some
thermo-tolerant micro-fungi and actinomycetes hiaweurable growth conditions, colonise the
mixture and initiate cellulose degradation andihgsolubilisation and or degradation. In fact,
during this stage, actinomycetes are important pters of lignocellulose break down, because
they are more thermo-tolerant than fungi, althof@igigi lignin degradation ability is higher
(Tuomela et al., 2000).

After the peak of organic matter degradation, theghilic activity decreases, mesophilic
biological activity arises and once again dictdte temperature profile that attains the cooling
phase. Benefiting from the temperature decline,indurthis stage active degradation of
hemicellulose by actinomycetes may occur (Gajaladtsind Abbasi, 2008).

Once the temperature reaches ambient levels, theratian phase is started, occurring

recolonisation. Diffusion of actinomycetes and faingecolonisation benefit from temperature
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decrease and degradation of complex organic sulegtanto humus-like compounds becomes
more expressive. Although in this phase, reactaiasr are typically low (Bertoldi et al., 1983).
Lignin degradation is mainly promoted by fungi gpsc belonging to the subdivision
Basidiomycotina (Bertoldi et al., 1983; Grinhut at, 2007; Tuomela et al., 2000) but
actinomycetes are also able to degrade and trangésistant polymers.

Generally, composting is driven by the indigenousraorganisms found in feedstocks.
However, inoculation with specific organisms todav a particular biochemical transformation
of organic matter or enhance global biotransforamahias been studied for several feedstock like
olive mill wastes (Agnolucci et al., 2013; Echevearet al., 2012), cattle/chicken wastes (Wang
et al., 2011), waste paint sludges (Tian et all,220municipal solid wastes (Xi et al., 2012),
spent coffee ground (Hachicha et al., 2012) andmanure (Liu et al., 2011).

Nevertheless, positive effects of inoculation mag $ometimes limited since most
organic wastes already contain diverse commundfesrganisms that multiply rapidly when
favorable conditions are established, though ininidpi the growth of the inoculants added
(Hubbe et al., 2010).

2.3. Pathogen destruction

Many organic wastes contain some indigenous migarosms that are considered
pathogenic to humans, animals and plants.

Table 2.1 summarises some of the pathogens thdiecéound in sewage sludge and solid
urban wastes, which are often treated by compasfigce end-products are intended to be
suitable for soil incorporation, the process mustdonducted in such a way that the final
composts do not contain viable pathogens in letreds can trigger disease spread to humans,
animals and plants (Wichuk et al., 2011).

The mechanisms identified to promote pathogen ea#dn during composting are
diverse (Noble and Roberts, 2004; Ryckeboer et2802; Wichuk et al., 2011; Wichuk and
McCartney, 2007):

1) thermal denaturation of enzymes and consequendeath;

2) production of toxic substances, like organic acasmonia and phenolic compounds;

3) nutrient deplection, specially during maturatioags;

4) lytic activity of enzymes produced in the compost;

5) antagonistic relations between microorganisms &st&ucto the presence of antibiotic

substances produced by certain fungi and actinotegce
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Table 2.1: Pathogenic microorganisms isolated from soils mvastes and sewage sludge and diseases
induced to humans and animals. Adapted from Barétldl. (1983); Haug (1993).

Pathogenic organism

Induced diseases

Polioviruses
Coxsackie
Echoviruses
Hepatitis A virus
Adenoviruses
Reoviruses

Viruses

Salmonella

Yersinia

Bacillus anthracis
Listeria

Vibrio cholerae
Mycobacterium
Leptospira
Campylobacter

Bacteria

Aspergillus fumigatus
Candida albicans
Cryprococcus neoformans

Fungi

Taenia saginata
Ascaris lumbrocoides
Toxocara
Echinococcus

Parasites

Poliomyelitis

Mild infections

Mild infections

Hepatitis A

Respiratory infections
Diarrhea; gastroenteritis

Salmonellosis

Escherichia coli and other coliform species Diarrhea; gastroenteritis

Gastroenteritis
Anthrax
Listerosis
Cholera
Tuberculosis
Leptospirosis
Gastroenteritis

Aspergillosis
Candidiasis
Cryptococosis

Tapeworm infections
Ascariasis

Visceral larva migrans
Hydatid disease

Thermal inactivation is considered the main resfi@smechanism for pathogen

eradication (Farrell and Jones, 2009; Haug, 1998)lé&l and Roberts, 2004; Vinneras et al.,
2003; Wichuk et al., 2011) and depends on two factemperature level and exposure time.
Thus, low temperature during a long period can dpgalty effective as high temperature for a
short period, as detailed in Table 2.2.

Table 2.2: Pathogen destruction by thermal inactivation inagavsludge: Temperature and time relations.

Adapted from Haug (1993).
Destruction Temperature-time

Microorganism Temp. (°C) Time (min) Temp. (°C) Timearf)
Salmonella typhosa 55-60 30 60 20
Salmonella sp. 55 60 60 15-20
Shigella p. 55 60 - -
Entamoeba histolytica cysts 45 few 55 few seconds
Taenia 55 few - -
Trichinella spiralislarvae 55 quickly 60 few seconds
Brucella abortis 55 30 62.5 3
Micrococcus pyogenes 50 10 - -
Sreptococcus pyogenes 54 10

Mycobacterium tuberculosis 66 15-20 67 few
Corynebacterium diphtheriae 55 45 - -
Necator americanus 45 50 - -
Ascaris lumbricoides eggs 50 60 - -
Escherichia coli 55 60 60 15-20
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During composting, high temperatures might be naameid for several days if abiotic
conditions are favourable. Therefore, this is alseslablished pathogen reduction technology
that can lessen the presence of most pathogeniertzgaosiruses, fungi, protozoa and helminth
ova to safe low levels. Guidelines to assure dffednactivation during composting have been

established in many countries, based on temperatangoring and control, Table 2.3.

Table 2.3: An overview of regulatory temperature-time relaaluring composting.
Adapted from British Standard Institute (2011); CEMuidelines for Compost Quality (2005); JRC -
European Commission (2012); U.S. Environmentaldtan Agency (2003)

Composting technology

Country Windrow Aerated static pile In vessel (teac Scope of application
Canada $55°C for at least 15 T>55°C for 3 days 355°C for 3 days All feedstock
days, with 5 turnings
United States  T>55°C for at least 15 T>55°C for 3 days F55°C for 3 days Biosolids
of America days, with 5 turnings
United T>65°C for 7 days (not T>65°C for 7 days T>65°C for 7 days Segregated biowastes,
Kingdom necessarily consecutive) (not necessarily consecutive) (not necessarily consecutive) biodegradable polymers
Moisture=51% Moisture=51% Moisture=51%% and materials; anaerobic
digestate
Belgium T>60°C for 4 days or355°C for 12 days -
Czech T>65°C for 5 days or355°C for 21 days
Republic
German B65°C for 5 days or T>60°C for 5 days or - -
T>55°C for 14 days T>55°C for 14 days
Denmark B55°C for 14 days -
France B60°C for 4 days -
Italy T>55°C for 3 days -

Netherlands ¥65°C for 4 days -

Slovenia B65°C for 4 days or360°C for 5 days or355°C for 14 days

EU members T>65°C for 5 days, 60°C for 5 days or355°C for 14 days Biowaste
(proposal)

EU members T>70°C for 1 hour Animal by-products

In general, regulations from European countriesnawmeh more conservative in terms of
inactivation temperature in comparison to Americard Canadian guidelines. In fact, in a
review about effectiveness of time-temperature legns on pathogen inactivation, Wichuk
and McCartney (2007) reported that pathogens haee betected in end-products of processes
that fulfilled the requirements of 55°C for 3 day$wus, they underlined that this regulation
would not be sufficient to ensure a complete invation. Although the applicability of the
guidelines is rarely questionable, some studiesrteg by Wichuk and McCartney (2007) have

emphasised that: i) 55°C during 15 days in windrésvsiot enough to eliminate protozoan
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parasites; ii) some virus inactivation was not gassat 55°C during 3 daySalmonella may
survive at 60°C for 5 days in biosolids composting.

It should be pointed out that the criteria repoited able 2.3 presume that all particles
reach these conditions. So, cooler zones insidentiteix where pathogemay survive and the
use of discrete temperature measurements at foadibns of the mixture are the main reasons
to fail pathogen inactivation (Wichuk and McCartn@p07). Therefore, the establishment of

time-temperature regulations have tended to be canservative.

2.4. Organic matter and nitrogen transformations

Organic matter constituted by lignin, carbohydsafiecluding cellulose, hemicellulose,
starch, monosaccharides and oligosaccharides)geipsotand lipids suffers mineralisation,
transformation and stabilisation along several léocical pathways that are catalysed by
enzymes, throughout composting (Tuomela et al.,0R0Bs result, changes in carbon and
nitrogen content occur as composting evolves. Garbaised mainly as energy source for the
microorganisms and may also be incorporated ingir ttells (at lower extents). Nitrogen is a
constituent of enzymes, co-enzymes, proteins awteicuacids that have a determinant role in
cell growth and maintenance. In the following sat$, an overview of the transformation of

organic matter and nitrogen during the main stafje®mposting is presented.

2.4.1. Organic matter dynamics

During the active phase of composting, organic enattineralisation prevails with quick
degradation of more labile compounds like simpldchydrates, fats and amino acids forming
carbon dioxide, water and ammonia (Amir et al.,@@ernal et al., 2009). As available organic
substances become scarce, degradation rates de@medsesistant organic substrate such as
cellulose, hemicellulose and lignin start to betipy degraded. Then, aliphatic compounds and
phenols of low structural complexity are releasad turther degraded by microbial activity or
transformed into new complex and polymerized compsuwith similar properties to humic

substancésfound in soil (Sanchez—Monedero and Roig, 1999).

1 Humic substances are considered to be a seretatif’ely high-molecular-weight substances, yeltoviblack coloured organic substances
formed by secondary synthesis reactions in soigr{sbn, 2008)
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On the latter stages of composting (maturatiorg, tlansformations processes prevalil
over mineralisation and organic compounds with HEtgbilisation degree remain (Bernal et al.,
2009). These organic substances are generallyatkesed by small particle size, dark colour,
with a complex chemical structure rich in phenoberboxylic and amine functional groups
(Harrison, 2008).

Several studies in the literature have been destictd track the fate of organic matter
substances during composting for better undergtgntdiochemical mechanisms that lead to
composts with high level of stability. Some worksuds on evaluating water soluble organic
substances (Castaldi et al., 2005; Charest, 20@4#j-FRullicino and Gigliotti, 2007; Said-
Pullicino et al., 2007a, 2007b; Sanchez—Monederd Riig, 1999) since organic matter
degradation and transformation occurs at the ligpiadilm surrounding the solid particles, when
organic compounds are depolymerised by enzymatigitées, into smaller molecules water
soluble and consequently assimilated by the migamsms (Gajalakshmi and Abbasi, 2008).
For this reason, water-soluble substances have bemsidered to reflect the biochemical
alterations of organic matter during compostingloveing the assessment of compost
stabilisation (Bernal et al., 2009; Castaldi et 2005).

On the other hand, monitoring humic substancedsis af interest to understand the
mechanisms of polymerisation and transformatiorhwfic compounds during composting.
Humic substances are heterogeneous mixture of ergaolecules that can be fractioned
according to its solubility at specific pH into Wid acids, humic acids and humin (as detailed in
Figure 2.2 a)). Although these fractions presemnubal and physical differences, it does not
indicate the existence of three distinct typesrgbaic molecules (Sutton and Sposito, 2005).

The chemical structure for humic substances iswelt defined, since a number of
precursors and possible combinations between tlsemxtiremely wide. However, the final
mature compost is believed to contain large orgamitecules with aromatic COOH, aliphatic
COOH, phenolic OH, H-bonded phenolic OH, saccharilenone, peptide and cyclic N units
(Harrison, 2008; Stevenson, 1994). Therefore, rab#te studies focusing on humic substances
evolution throughout composting are based on iféleng the presence of these characteristic
chemical groups or by fractioning and purifying harsubstances according to its pH solubility
(Figure 2.2 a)) (Amir et al., 2010; Barje et al012; Droussi et al., 2009; Lhadi et al., 2006;
Zbytniewski and Buszewski, 2005).
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Figure 2.2: Humic substances: a) classification and chengogperties, b) proposed formation mechanisms.
Adapted from Stevenson (1994).

Despite significant interest in the biochemicalt@ieas of humic substances formation,
this issue is still considered one of the less tsided aspects of humus chemistry. According to
Stevenson (1994) four mechanisms may be consid€igdre 2.2 b)) where amino compounds
synthesised by microorganisms are perceived tot r@&b modified lignins (pathway®),
quinones (pathway® and®) and reducing sugars (pathw@y to form complex dark-coloured
polymers by polymerisation and condensation reasti(Harrison, 2008). Indeed, the exact
mechanism of breakdown and formation of humic srasts during composting is not
consensus (Barje et al., 2012; Harrison, 2008)itisdikely that the prevalence of one or more
of the mechanisms here indicated (or other yeunderstood) is dependent on the nature of the

feedstocks' organic matter and on the compostingitions.
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The fate of organic matter substances during aeraimversion may also be tracked by
following the evolution of polysaccharides and ligioncentration (Alburquerque et al., 2009;
Charest, 2004; Francou et al., 2008; Lashermek,&042; Lhadi et al., 2006; Paradelo et al.,
2013). In fact, since these substances are coesiderundergo biodegradation and not synthesis
in the course of composting, variations in thein@antration are regarded to be better indicators
of organic matter evolution in comparison to otleeganic matter fractions (Paradelo et al.,
2013).

Furthermore, mineralisation of organic matter can duantified based upon the ash
conservation principle, which assumes that ash afomposting matrix remains constant
throughout the process (Figure 2.3).

Despite nitrification (that will be presented ircgen 2.4.2) can slightly increase the ash
fraction due to nitrite and nitrate formation, thientribution is considered negligible in

comparison to the overall content (Himanen and lém 2011).

A
VS,: volatile solids of the feed mixture,
o as fraction of TS (total solids);
>
o
<2 VS,: volatile solids of the product, as
fraction of TS;
VSO A4
VS, Ash,: ash of the feed mixture, as
fraction of TS;
Ashg: ash of the product, as fraction of
TS.
Ash,=Ash
Ash, |4 SM=ASMe » Ash,
Starting Compost
composting product

mixture

Figure 2.3: Generalised bar diagram showing VS and ash coemdsrior starting composting mixture and compost
product. Ash fraction is conservative. Adapted fidaug (1993)

Thus, the mineralisation during composting canéfindd as (Haug, 1993):

VSo—VSp

k., V5, (2.2)
The percentage of ash in feed (4% can be determined as:

Ashy% = % 2.3)
Then,

VS = ZeC R — Ashg (2.4)

Similary, Ash% and V$ can be determined as:
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__ Ashyx100
Ash,% = Ash, TS, (2.5)
_ Ashpx100
Vs, = “ashot Ashy, (2.6)
Thus substituting Egs (2.4) and (2.6) into (2.2) esarranging:
k,, = (Ashp%—Ash%)x100 27)

Ashp%x(100—Asho%)

Additionally, decomposition of organic materialsnhcalso be appraised by monitoring
CQO; production (Cayuela et al., 2012; Chang and H8082 Contreras-Ramos et al., 2004; de
Guardia et al.,, 2010b; Gomes and Pereira, 2008GDa&rdia et al., 2008; Komilis and Ham,
2006; Komilis, 2006; Kulcu and Yaldiz, 2004; Sadédial., 2008; Tosun et al., 2008) or organic
matter losses (Gomes and Pereira, 2008; Paredds 2002, 2001, 2000; Tortosa et al., 2012)
due to aerobic biological degradation. The mainecije of these studies is essentially to
understand the mineralisation phase of organic andtansformations by characterising the
kinetic or stoichiometric behaviour of the biocheatireactions involved. Some models have

been used for that purpose, as indicated in TaMle 2

Table 2.4: Mineralisation of organic matter during compostiag overview of kinetic models.
Adapted from Mason (2006), Sleutel et al. (200%)sUn et al. (2008).

Model type Description Model equation Application
Single-first  Rate of mineralisation is proportional to theC (t) = C,(1 — e~*t) (2.8) Organic carbon
order amount of one pool of available organic and organic matter

matter, following a first order kinetic.

Parallel Existence of two pools of available organic ((t) = CAf(l - e—kff) Organic carbon
first-order ~ matter which are both mineralised + Cp(1 — ekst)

according to first order kinetics. (2.9)
Combined Organic matter presents an easily c(t) = cAf(1 — e—kff) + Cuskst Organic carbon
first and mineralisable pool assuming a first order (2.10)

zero-order  kinetics and a more resistant pool that
follows a zero-order mineralisation kinetic.

Second Rate of decomposition is proportional to c®)=c Cy Organic carbon
order the product of organic matter and AT k,a(l —a)Cat
microorganisms concentration. (2.11)
Levi -Minzi  Net mineralisation follows an exponeaiti  C(t) = kst™ (2.12) Organic carbon
kinetic
Chen- Considers the organic matter as dependen€ (t) (1-R)X Organic carbon
Hosshimoto on a refractory coefficient (R), a kinetic c, fmt —1+K
constant (K) and maximum specific growth (2.13)

rate of microorganisms
Legend: C(t) is the cumulative amount of C mineedi at time t; £is the amount of mineralisable C.
Car and G s are the C pools with fast and slow turn over tinespectively; kand k are the mineralisation rate constants of these
pools; a is the fraction of microbial biomass;ikthe second-order mineralisation rate consfng the refractory cdficient, K is
Chen and Hashimoto dimensionless kinetic consgantt i, is the maximum specific growth rate of microorgarss

In summary, different approaches may be used tk tomganic matter transformation

during composting. The main routes are by analysuager soluble organic matter, humic
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substances or carbon/organic matter mineralisatitowever, it is noteworthy that organic
matter dynamics is highly dependent on factors tik&ure of organic feedstocks and operating
conditions, which determine the microorganisms’ elegment and succession with further

implications on organic matter transformation atadbgisation.

2.4.2. Nitrogen dynamics

Nitrogen dynamics during composting are complex &oitbw a set of successive
processes that can be summarised in ammonificationification, immobilisation and
denitrification, as detailed in Figure 2.4.

Ammonification (also called mineralisation) corresds to the conversion of organic
nitrogen (proteins, aminoacids, urea, etc.) inteeframmonium (NKH/NH3) and this
transformation occurs concurrently with organic terabiodegradation throughout composting.
Thus, NH/NH3 formed during ammonification is added to initimntéent present in feedstock
and constitutes a single pool. Then, nitrogen @trdnsferred to leachates, emitted as ammonia
by stripping, immobilised in turn to organic formg microbial synthesis, directly accumulated in
composting end-product or oxidised to NOy a two-step biological process called nitrifioat
(de Guardia et al., 2010b; Zeng et al., 2012a).

N
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Figure 2.4: Schematic representation of nitrogen transformatamd transfer throughout composting.
Reprinted from Zeng et al., (2012a) with permissibilsevier.

Nitrification occurs during the maturation stage a@dmposting. Firstly, ammonia is
biological oxidised to nitrite (N&) (nitritation) by ammonia-oxidising bacteria anden
converted to nitrate N (nitratation) by nitrite-oxidising bacteria. Nittion is considered the
rate-limiting step of nitrification and 4D is a by-product of NH/NH3 oxidation (Sanchez-
Monedero et al., 2010). Then, the pool of MRO." (NOx) can be transformed by microbial
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activity to Ne via denitrification, with NO gas emission, or suffer immobilisation. Main &fm
routes for N@ are leaching and accumulation in composting ewndiyet (De Guardia et al.,
2010b; Zeng et al., 2012b).

Therefore during aerobic degradation of organiadspN can be exported in the form of
leachates or gaseous emissions characterised bym@mmitrous oxide and NN These gas
emissions are of environmental concern. Ammonias)Ni@ntributes to eutrophication and acid
rain (Colon et al., 2010) and nitrous oxide is eegthouse gas molecule whose contribution to
global warming is even more significant than £ CQ (Shen et al., 2011). Accordingly, one
of the major challenges regarding N transfer aadsfiormation processes is how to minimise
the loss of nitrogen during composting, in order pi@serve the agronomic value of the
composting end-product and to avoid environmentablems associated to N losses (Hubbe et
al., 2010). Several studies in literature have eskld this issue in order to minimise N export
from compost.

Pagans et al. (2006) studied the influence of sxatpre in ammonia emissions during
composting of several wastes (organic fraction ahitipal solid wastes, dewatered raw sludge
and anaerobically digested sludge, animal by-prtsdinom slaughterhouses and hydrolysed hair
from the leather production industry). They conelddhat ammonia emissions exhibited a
similar pattern to temperature profile that meamsx@ponential correlation during thermophilic
stage and a linear relationship during the finasophilic stage.

De Guardia et al. (2008) evaluated the influenteaaration on N dynamics during
composting of wastewater sludge with wood chips @mtluded that ammonification, ammonia
emissions and nitrification are controlled by thegameter. In fact, higher aeration rate induced
ammonia emissions, decreased nitrogen losses blilgaand increased the concentrations of
total ammoniacal nitrogen in the composting mixtdfarthermore, a proportional relationship
was found between nitrification rate and the meamtent of NH*/NHz3 in the mixture.

Additionally, De Guardia et al. (2010) developedudéges on ammonification,
accumulation, stripping and conversion of JMNIH3 and highlighted the significance of organic
mineralisation in N losses due to an increase omama emissions when organic nitrogen
(Nbio) content in the mixture was higher. Lattefeng et al. (2012a) proposed a correlation to
estimate N losses from the initial M¥NH3 content of the composting mixture and the Nbio

content:
Njpsses= s + Bs X |_Nbio + (NH4+ / NHS)initiaI] (2.14)

where 03=0.213, f3=0.913, N, is the organic nitrogen decomposed (g N RgSiiia) and
(NH2*/NHa)initial is the ammonia content in the initial compostinatmx (g N kg! VSinitiar).
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Nitrogen losses are also related to the levebdb@n present in the initial mixtures and a
negative relationship between C:N and N lossesdkas found (Liang et al., 2006; Meunchang
et al., 2005; Sanchez-Monedero et al.,, 2001). lhdese carbon source may promote
immobilisation, thus reducing the effects of amnfication (Barrington et al., 2002). However,
according to Li et al. (2013) not all carbon sosreee effective in reducing ammonia emissions
and even using readily available carbon compouansssions reduction is dependent on the
characteristics of the source.

In what concerns nitrification, it has been a tdraje to understand why this process
occurs in the later stages of composting and homitomise NO emissions. It has been noted
that high temperatures or low pH due to intenseldgoadation inhibit nitrification (Sanchez-
Monedero et al., 2001). However some recent studiesaled the existence of thermophilic
ammonia oxidisers (Jarvis et al., 2009; Yamamotalet 2011, 2010) capable of promote
ammonia oxidation during the early days of compmstiHence, it has been suggested that
biodegradation of organic matter might also be aoasfple for the latter occurrence of
nitrification (Zeng et al., 2013, 2012b), probabhecause the decomposition of easily
biodegradable organic matter leads to a sharpimis®, demand in situ, that limits oxygen

available for ammonia oxidisers.

2.5 Abiotic factors

Aerobic degradation of organic material resultarfrthe interaction of processes that

occur in solid, liquid and gaseous phases (Figusg 2
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Figure 2.5: Schematic interactions involved in solid-liquidsgahases during composting.
Reprinted from Said-Pullicino et al. (2007a) withrmpission of Elsevier.

The solid phase, constituted by particles that aionbrganic and inorganic substances,

interacts with aqueous phase. This liquid phaseeradhto particles forming a biofilm which
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hosts biomass (microorganisms) and the biologicatgsses of organic matter transformation.
The biofilm contains soluble substrate that is ®ad by biomass in the presence efgtovided

by gaseous phase (Petric and Selimbasic, 2008:F&diidino et al., 2007a). The equilibrium
between the reactions in each phase depends ugeh af abiotic factors, namely substrate

biodegradability, moisture, free air space, nutdeaxygen and pH.

2.5.1. Substrate biodegradability

Organic matter present in composting mixture is Iit@n source of substrate to the
microorganisms. Its properties determines the [giokd reactions rate (Berthe et al., 2007), and
thus the length of the composting temperature-dég@phases.

In particular, the biodegradable organic matterteonis of most importance, once it
influences the self-heating capacity of the mixtiarattain thermophilic conditions necessary for
sanitising (Barrena et al., 2011; Ponsa et al.0P0lo categorise the potential biodegradability
of organic wastes (to compare potential self-hgatiapacity), Barrena et al., (2011) proposed
three main categories based on the measuremeln¢ oéspiration activity expressed as the rate
of oxygen consumption:

i) high biodegradableb mg @ gvS?! hl);
i) moderate biodegradable (within 2 to 5 mggVS* hY);
iii) low biodegradables2 mg @ gvS? ).

where VS represents the volatile solids in the omext

In addition, biodegradability of a mixture has beelated to its lignin content (Komilis
and Ham, 2003; Lopez et al., 2010; Vikman et ab02). Lignin is known to hinder the
biodegradation of cellulose, by preventing readyeas of microorganisms to this substrate. This
aspect has implications in terms of composting g@secevolution namely thermophilic
temperatures, reactions rates and time of commgpsAirtorrelation for biodegradable fraction of
volatile solids (B) of a composting mixture has héarmulated by Komilis and Ham (2003) as
follows:

B = 0850 (& 0084) — 0010 ¢ 0003) x L (2.15)

where B represents the biodegradable fraction ofiS6) and L is the initial lignin content (as
% VS) ranging from 10 to 55%.

In other studies, the cellulose to lignin ratio l(Chas been used to assess the biological
stability of organic mixtures (Paradelo et al. 2018 case of C/L is up to 4, this indicates the
organic matter is still potentially biodegradabhbajt values of 0.5 or less are indicative of

biologically stable substrates (Komilis and HamQ2)0
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2.5.2. Moisture

Moisture content is considered as a key factoristmcessful composting. The main role
of this parameter in the process is to host thenbgs activity, by providing a medium for
transport of organic substrate and oxygen diffusrequired for metabolic reactions of
microorganisms (Haug, 1993; Hubbe et al., 2010).

High moisture contents may fill the pores betweartigles, inducing a higher biofilm
thickness that constrains oxygen permeability arftusion, therefore enhancing anaerobic
clumps (Liang et al., 2003). Contrarily, low moigtuconditions can restrict the activities of
microorganisms due to dehydration and provide asighily stable but biological unstable
compost (Bertoldi et al., 1983).

In the literature, there is a wide range of repbmw®oisture values that covers from 25%
to 80% on a wet basis (Ahn et al., 2008a). Butrtfust recommended values are between 50-
70% (Haug, 1993; Liang et al., 2003; Richard andklars, 2002).

Nevertheless, Ahn et al. (2008a) have pointed bat tach material has singular
physical, chemical and biological properties tham @ffect the relationship between moisture
content and the water availability, particle sipmrosity, and permeability of the overall
composting mixture. In fact, Richard et al. (2004Yified that in manure-straw composting
mixtures, gas permeability was augmented by inangake moisture content from 50% to 79%,
apparently due to the aggregations of fines rewylti an increasing proportion of large pores. In
addition, an optimum moisture content was suggestette 60-80% of the material water
holding capacity (Ahn et al., 2008a).

Moisture regulation of a starting composting migtis considered to be a simple task,
requiring water addition, when overall moisturdas/, or amendment with drying agents when

excessive water is present.

2.5.3. Free air space and particle size

Free air space (FAS) is defined as the ratio of fgesl pore volume (Vg) to total
compost mixture volume (Vt), as indicated in Fig@dré. However, the total air void volume can
be fractioned into inter-particle and intra-pasielolumes. Usually, the voids inside the particle
are considered inaccessible to microorganisms (4liererque et al., 2008; Ruggieri et al., 2009).
Nevertheless, in practice the distinction betwdwse two fractions is difficult to establish and
thus the total air void fraction (here assumedA&S)Hs the parameter considered (Alburquerque
et al., 2008).
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vg ‘ Gas Vit: total compost mixture volume;
‘ Vg: gas filled pore volume;
> Vw: water filled volume;
‘ Vs: volume of solids.
VE< vw ‘ Water
Vs < Solids

Figure 2.6: Schematic representation of volume fractions @omposting matrix.
Adapted from Haug, (1993).

FAS is a physical property that may play an impartale during composting, because it
determines not only the air quantity throughoutrtigture, but also the mass and heat transport
mechanisms that intrinsically regulate microbiaddtics (Agnew and Leonard, 2003; Richard et
al., 2004).

Suitable FAS is necessary to maintain aerobic itiond and compensate oxygen
depletion that results from substrate degradat@ptimum values for FAS may be in the range
of 30-60% (Ruggieri et al., 2009). Lack of air v@idan increase the length of the composting
time and lead to anaerobic conditions. Howeveressiwe FAS allows significant heat and
moisture losses which can also hinder microbiattrea rates. Nevertheless, references to FAS
as high as 85-90% without significant negative iot@ae reported by Ahn et al. (2008b).

FAS depends not only on the moisture content, agiqusly stated in section 2.5.2, but
also on the structural characteristics of the nlgeused such as bulk density (BD) and particle
size. BD represents the mass of material withinvargvolume and a decrease of air voids
volume is in general associated to high BD. Patsite determines the availability of substrate
in biofilms that host microbial activity and a mauam accessibility is attained with smaller
particle sizes. However, smaller particles redua& Bnd therefore a balance between these two
properties must be found for successful compogiRymk et al., 1992).

Air picnometry is considered to be the most adegjuadthodology to quantify FAS. The
air volume of a mixture is determined by applyirige tBoyle’s Law to an air picnometer
constituted by two chambers (Figure 2.7).
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Figure 2.7: Simple representation of air picnomet&tapted from Agnew et al. (2003).

Those chambers are connected with a valve, sodmpressed air vessel with known
volume (Vgc) can be isolated. The sample is placed in the Eangssel and the air vessel is
pressurised to a set pressure).(When both chambers are connected in closedmsyste air
pressure is allowed to equilibrateo)(PBy assuming that in a closed system with moeerat
pressures the temperature remains constant, tleetetim NnRT of the ideal gas law remains
constant (Agnew et al., 2003). Boyle’s law can kBeduto derive the general equation for the
pressure—volume relationships under these two pressegimes, by assuming that relative
pressure in the reservoir chamber is initially zero

PlVgC == Pth (216)

where V,, volume of overall system (compressed air chaméieryolume in sample chamber,
pipes and fittings). By ignoring the air volumefitfings and pipes, Eq (2.16) results in:

_ (P1—Py)
Vo="—%"

Vye (2.17)
where Vg is the volume of gas air voids in the siamnp
FAS can be expressed as the ratio of gas fillee¢ polume of the sample (Vg) to total

sample volume (Vs),
(2.18)

The unavailability of commercial picnometers witlheguate volume to analyse this type
of solid matrices can be a drawback in quantifffi#gs. Thus many researchers have been using
self-made picnometers with 1 to 25 L of capacitgiiéw et al., 2003; Ahn et al., 2008b; Berthe
et al., 2007; Richard et al., 2004). Additionallpme theoretical and empirical correlations have

been proposed in the literature to quantify FASJetailed in Table 2.5.
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Table 2.5: Overview of theoretical and empirical relationghigsed for FAS determination.
Adapted from Alburquerque et al., (2008)gRBieri et al., (2009).

Equation Reference Observations
1-DM . DMxOM . DMx(1-0M) More adequate when bulk
FAS =1-BD,, ( ) (2.19) Richard et al. (2004) densities are higher than 400
Dy, PDom PDgsh
kg m®,
‘®  FAS=1-BD, (? + %) (2.20) Agnew and Leonard (2003)
.8 w
pus _ BD,,XxDM BDy,x(1—DM) Haug (1993
§ FAS=1- (GSXSGW ) - [ SGuy (2.21) 9(1999)
= With L = oM (-om)
Gs ~ SGom = SGasn
BD,, I
FAS = (1 — m) (2.22) Adhikari et al. (2009)
Applicable for high-moisture
0, = —_

FAS (%) = 100 — 0.0889 x BD,, (2.23) Agnew and Leonard (2003) and/or low density mixtures
§ FAS = 0.91 — 2.46 X MC89%° (2.24) Uao et al. (1993) -
= . o
£ 00 — _ Applicable for high-moisture
M FAS (%) = 101.84 — 0.0922BD,, (2.25) Mohee and Mudhoo (2005) and/or low density mixtures

FAS (%) = 91.558 — 0.1713BD, (2.26) Mohee and Mudhoo (2005) “PPlicable for high-moisture

and/or low density mixtures

BDy: dry bulk density; BR: wet bulk density; DM: dry matter fraction;,Dwater density (1000 kg #; MC: moisture fraction; OM: organic
matter fraction; PD: particle density; RDwet particle density; P&y: organic matter particle density (1600 k§mPDsss ash particle density
(2500 kgnv); SG,: water specific gravity; Séu: organic matter specific gravity (1.0); @6ash specific gravity (2.5).

According to Ruggieri et al., (2009) when air piomiry to FAS quantification is not
possible, equations (2.19), (2.23) and (2.25) aresidered to be adequate alternatives, taking

into account the observations indicated in Talkle 2.

2.5.4. C:N ratio

Carbon and nitrogen are the most important nusidot microbial decomposition.
Carbon is the main energy source and the basidibgilblock for growth, while nitrogen is a
key element of proteins, amino acids and enzymegssary for cell synthesis and function
(Haug, 1993; Rynk et al., 1992).

Therefore, composting is mainly dependent on #lative proportion of carbon and
nitrogen (C:N ratio) in a starting mixture. If ragen is limiting (high C:N ratio), development of
microbial populations will be impaired and the dafle carbon will be slowly decompose, thus
extending the needed composting period. On the bed, excess nitrogen (low C:N ratio) will
allow that available carbon to be fully used, with@omplete nitrogen stabilisation. In these
conditions, nitrogen losses by volatilisation oadeing may be enhanced (Gajalakshmi and
Abbasi, 2008).
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An initial C:N ratio ranging from 25-30 is often msidered optimum for composting
evolution (Abdullah and Chin, 2010; Hamoda et 4898; Huang et al., 2006). Although C:N
ratios from 20 to 40 are also considered adeqiitek et al., 1992).

These ratios are established assuming that botbomaand nitrogen are relatively
biodegradable. However in practice, C and N cordemtquantified by chemical analysis, which
does not necessarily reflect the bioavailable auraéthese elements. According to Haug (1993)
most of nitrogen is relatively biodegradable, siitds mainly present in the form of proteins. On
the contrary, carbon bioavailability is dependent the nature of bounds in the different
compounds, which in certain cases can be highlgteed to biological degradation.

For the formulation of balanced mixtures that cateptiate nitrogen preservation during
composting, C:N ratio must be based on aerobicdgrtlable carbon (Sanchez, 2007). In fact,
De Guardia et al. (2010a) concluded that chemiddlr@tio may not allow to predict the amount
of organic matter biodegradable during composting.

A methodology to determine aerobic biodegradablgammic carbon (BOC) has been
proposed by Puyuelo et al. (2011) by studying sixterganic solid wastes from different origins
(manures, municipal solid wastes and their org#maiction, sludge and pruning wastes). BOC
determination consisted in a small scale respiromtst (150 g of sample) where gliberated
during aerobic degradation of organic matter wasitoced and assumed to be a direct measure
of the aerobic biodegradable carbon. Results itelicthat all samples presented BOC:N ratios
significantly lower that C:N values (representingtdd60% of the C:N ratio based on total
organic carbon (TOC) measure) which supportedebemmendations to use BOC:N, instead of
C:N. In practice, differences between BOC:N and €aN justify the fact that a higher C:N ratio
does not always indicate prevention of N loss dudamposting of organic wastes (Liang et al.,
2006). Nevertheless, the time of essay necessapyantify BOC can be long (25 days or more)
which represents a drawback in comparison to TOteraenation. Therefore, an alternative

method to estimate BOC in a short period of timgtiisnecessary.

2.5.5. Aeration

In aerobic processes, oxygen concentration istecalrifactor that influences microbial
growth, maintenance and synthesis (Garcia-Ocha&,e2010). During composting, air must be
provided not only to satisfy the oxygen demanddi@anic matter oxidation, but also to ensure
oxygen does not become limiting leading to anaerobnditions (Kulcu and Yaldiz, 2004).
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Stoichiometric oxygen demand may vary between d.24.0 g of Q per gram of
biodegradable volatile solids and a pore spacemum oxygen concentration of 5% (v/v) is
necessary to assure aerobic conditions (Haug, 1993)

In addition, aeration removes heat, water vapour @her gases from the composting
matrix. Heat removal can be necessary to prevegtt lemperatures that hamper biological
activity. Moisture removal, by means of evaporatoaling, is also required to avoid water
accumulation between pore space, which constrakgem permeability and diffusion.
Nevertheless, the balance between the aeratioraratevater/heat removal is not an easy task
and depends on the stage of composting. The irstades are characterised by high oxygen
consumption (high aeration rates), while during uretion phase air flow rate can be much
smaller.

Main aerations methods are based on natural caoweat forced aeration (Haug, 1993)
and different control strategies have been usdd@ds regulate the aeration rate throughout the
composting process, as indicated in Table 2.6.

According to Papadimitriou et al. (2010), aeratiate is the most significant manipulated
parameter in composting, since it directly affeatswide number of parameters such as

temperature gradients, water availability, @@ncentration, reaction rate and moisture gradient

Table 2.6: Brief description of control systems to regulageadion rate in composting.
Aeration rate Description References
controlling strategies
Feedback control based Control signal is provided by oxygen sensors to stdjuet airflow de Bertoldi et al. (1988);
on & content rate and maintain a set point fop.Beveral set point ranges havé&kinci et al. (2006);
been recommended: 10-18%, 15-20%. Also, outlet emygas Magalhaes etal. (1993);
levels between 5-15% are suggested. Puyuelo et al. (2010)

Feedback control based If temperature exceeds the set point, aeratiors i@ie increased to Bari and Koenig (2001);
on temperature maintain a desired temperature. On the other hamden Barietal. (2000); Ekinci
temperature is lower than set point, air flow ratessreduced or air €t al. (2006)
can be provided in an on/off sequence. Usual tlotdshays
between 50-60°C.

Feedback control based Biological activity is evaluated through the contiis measure of Puyuelo et al. (2010)
on oxygen uptake rate the oxygen uptake rate (OUR). The control loop mheiees

variations between consecutive OUR measures andiaeal if

those variations are associated with an increaseredse or

constant airflow.

2.5.6. pH

pH of the substrate matrix may change as resultthef several biochemical
transformations to which organic matter is expoddtese alterations may affect the type and
activity of the microorganisms involved (Gajalakshamd Abbasi, 2008). Bacteria prefer pH

near neutrality (6-7.5) and fungi develop betteslightly acidic environments although, they are
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more tolerable to a wider range of pH (5.5-8.0ntbacteria (Bertoldi et al., 1983; Zorpas et al.,
2003).

Starting from a neutral mixture (pH 7), normal exan of pH during composting is
reported to present an initial drop to acidic values consequence of volatile fatty acids (VFA)
formation and poor buffer properties of the mixtuds@wever, the presence of VFA is transitory,
since as the process evolves they are then consantedmmonification increases. So, usually
pH rises towards 8 or even 9 (Gajalakshmi and Abl2808; Rynk et al., 1992). While pH
remains acidic, a reduction on the degradationssrahd delay of the thermophilic phase are
observed. On the other hand, when pH reaches radkalalues, conditions for ammonia
volatilisation are favoured if organic matrix termgieires are thermophilic (Pagans et al., 2006).

In some studies lime was added to starting mixtimegreventing initial drop of pH to
acidic values (Fang and Wong, 1999; Gabhane e2@l2; Singh and Kalamdhad, 2013; Wong
et al., 2009) which enhanced degradation rateseftleess, this strategy must be cautiously
used, since it can directly affect the acid-basaliggium that regulate nitrogen conservation by

increasing ammonia losses. Therefore, in practitegntrol is not an easy task.

2.6. Compost quality criteria

Final composting products may offer many potertiefits, including soil amendment
and other environmental applications. Indeed, ca@hmocommonly used to improve physical,
biological and chemical soil properties, becauseaih increase soil organic matter, reduce
erosion, enhance water retention capacity and gfercapacity. In addition, compost may also
enhance soil physical structure (aggregate stabdiénsity, pore size) and biological activity
(JRC - European Commission, 2012).

In this scope, the main question is “what defires quality of composting end-product
for soil amendment and which are the parametetg¢fiact that quality?”

According to Bernal et al. (2009) composting emddpicts must present “...a high
degree of stability or maturity, which implies alse OM content and the absence of phytotoxic
compounds and plant or animal pathogens”. Nevieidbestability and maturity are two distinct
concepts:

1) Stability refers to “...the extent to which readilyoegradable organic matter has
decomposed...” (Adani et al., 2006; Komilis, 2015;ctWik and McCartney, 2010) and
is determined by indices of microbial activity. Hever, microbial decomposition can be
inhibited by other factors than low amount of bigaelable organic material, like lack of

nutrients, low moisture content or even inhibitsupstances. Therefore, Komilis (2015)
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proposes that stability would be better definettlas resistance against further microbial

decomposition as long as there is no inhibitionobyer factors not relevant to organic

matter”.

2) Maturity is defined as the “...degree or level of @eteness of composting ...” without

“ ... a negative effect on seed germination or plgnawth” (Bernal et al., 2009). This

means that maturity is an agronomic parameter, mgahat a mature compost should

be non-phytotoxic to plants, but ideally should bdeneficial to their growth (Komilis,

2015).

A set of parameters has been indicated in theatitee to assess compost quality, though

it is acceptable that “quality” cannot be estaldstby a single property (Bernal et al., 2009;

Komilis, 2015). Figure 2.8 shows an overview alqmarameters to assess compost quality.

Typically, the biological-microbiological parameteare allied with the term “stability”,

while the seed/plant growth indexes are relatetl twaturity””. However, the association of the

physico-chemical properties cannot be clearly aasedt to these terms. (Komilis, 2015).

Quality
Parameters
[ |
Biological- Plant-growth
microbiological related

Physico-Chemical

-Odour

-Colour

-Temperature

-Particle size

-Inert materials

-C:N ratio —solid and water extract

-Cation exchange capacity (CEC)

-pH, electric conductivity, organic carbon
-Mineral nitrogen: N-NH," and N-NH;"'N-NO; ratio
-Pollutants: heavy metals and organic substances
-Organic matter composition: lignin,
carbohydrates, lipids, sugars

-Humification: humic-like substances
characterisation and humification indices

-O, consumption or CO, generation
-Respiration quotient (RQ)
-Self-heating potential

-Microbial biomass measurements
(pathogens mostly)

-Enzymatic activity

-Seed germination
-Plant growth assays

Figure 2.8: Overview of parameters proposed to assess corgpasty.
Adapted from Bernal et al. (2009) and Komili®13).

Compost physical appearance may provide a gerdalof the extent of decomposition

and maturity of the material, by presenting a bldekk colour with an earthy odour, soil-like

texture and no recognisable substrate particle ifgadihet al., 2009; Igbal et al., 2010; Mohee
and Mudhoo, 2005; Neklyudov et al., 2006). Nevdeb® these properties do not deliver a

quantitative information about the maturity leveheeved by the compost (Bernal et al., 2009).
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Chemical properties are widely taken into consitena for establishing compost
maturity degree, namely C:N ratio, cation exchawgeacity, mineral nitrogen and humic
substances (Bernal et al., 2009).

C: N ratio is frequently stated as a maturity patmn because it is used to evaluate the
progress of composting, and it should decline asgss evolves. In that scope, starting from a
C:N balanced mixture, the final composting end-pidshould exhibit a C:N ratio less than 20
or even between 10 tol5, which is the value fobletaoil organic matter (de Varennes, 2003;
Gajalakshmi and Abbasi, 2008). In fact, when an @ture compost with a higher C:N ratio is
added to soil, the microorganisms will appropristtame of the soil available nitrogen to
transform the organic carbon of the compost, whichy cause a plant nitrogen deficit.
Nevertheless, some studies refer that C:N is na@deguate indicator of maturity (Goyal et al.,
2005; Komilis, 2015), since C:N ratio of the matucempost is greatly affected by
characteristics of the mixture, namely in termscafbon biodegradability, as stated in section
2.5.4 and no limit value can be defined for genamdlication. Goyal et al. (2005) emphasised
that the decrease of C:N ratio along with othemndleal properties of the composts, can be taken
as a reliable parameter for compost maturity assess

Cation exchange capacity (CEC) represents the mamiguantity of total cations that a
matrix can adsorb or exchange at a given pH. Aspostng progresses and organic matter is
humified, more carboxyl and phenolic functional ype are formed and CEC is increased.
Minimum values of CEC for mature composts are desdrto be 60 to 67 cmol Kgon a dry
ash free basis (Harada and Inoko, 1980; Jiménetantia, 1992).

The ratio between the mineral forms of nitrogen lbesn also used as a maturity criteria.
In fact, during the early stages of composting, amiom is released by ammonification and
then through the maturation phase it can be mttifo nitrate. Therefore, immature composting
products can present high N-WEN-NOs ratio, while as maturation proceeds there is & sin
N-NH4" with a parallel increase of nitrate and conseqdeptetion of N-NH":N-NOs". A value
of 0.16 has been established by Bernal et al. (1&@98escribe a mature compost. However, this
ratio is only useful when the amount of availablérogen is high and thus a limit of
concentration for nitrate of 50 mg NCkg * fresh weight has been suggested (Wichuk and
McCartney, 2010). Additionally, the individual cardration of NH" has been indicated as a
maturity index and a limit value of 400 mg N-MNHwas proposed by Zuconni and de Bertoldi
(1987).

The degree of organic matter humification is coased to be an important criterion of

maturity and stability. For that purpose, humifioatindexes associated to humic substances
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guantities and fractioning have been establisheldaaea summarised in Table 2.7. Nevertheless,
these indexes are not useful for all compostsgesiheir final values depend on the properties of
the materials used in the starting composting mé{Bernal et al., 2009). In particular, some
wastes like manure (Bernal et al., 1998; Bustamatal., 2008b; Paredes et al., 2000) or
anaerobic digestates (Bustamante et al., 2012 prémimification indexes, at the beginning of

the composting, higher than the limits indicatedTible 2.7 and therefore maturity can be
established using these guidelines. As alternagvelution of humification parameters during

composting (that are expected to increase) is dersil a good indicator of organic matter

stabilisation and maturation, but a single valuenca be defined (Bernal et al., 2009; Wichuk

and McCartney, 2010).

Table 2.7: Humification indexes for evaluation of compost uridy degree.

Adapted from Jiménez and Garcia (1992); Liu and @965).
Optimal value for acceptable

Humification index Calculation expression ;
degree of maturity

Humification ratio — HR HR = % x 100 2(27)

Humification index — HI HI = ;g—g x 100 208) >13%

Percentage of humic acids — PHAPHA = EL‘i %X 100 2(29) >62%

Polimerisation degree — DP DP = i’;’—: 2.30) >1.6

Fulvic acid concentration -fx - <12.5 g kg'

Extractable carbon -& - <60 g kg'

>6 g gl water soluble organic carbon
Cext — NaOH extractable carbonyC— carbon associated to extractable humic acigds;—Ccarbon associated to extactable
fulvic acids; TOC - total organic carbon in solatple.

Biological tests are also considered importantefstimating quality of composting end-
products. Aerobic respiration rates have been widskd for assessing compost stability and
biological activity. They are based on assessirg hkat released (self-heating test) or on
determining either the Quptake or the C©production from the biological and chemical adsivi
of a compost sample (Gémez et al., 2006). An edpivy between C@production and self-
heating test is presented in Table 2.8.

Table 2.8: Relationship between respirometric tests.
Adapted from Gémez et al. (2006).
Self-heating grade M aterial status

COz2 production Respir ation rate

(mg CO2g1Cd? eguivalent

0-2 Very slow \% Stable
2-8 Moderately slow V-1 Stable
8-15 Medium M-I Fresh
15-25 Medium-high | Fresh
>25 High I Raw
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Concerning @ consumption tests, values less than 0.5 mgrVS h! are referred to
stable materials (GOmez et al., 2006). These &sténdicative of the biodegradability level of
organic matter still present in the final compastl avhich is inversely associated to the stability
level (Bernal et al., 2009; Wichuk and McCartne§1@).

Biochemical reactions during composting are caaysy enzymes and their activity can
be related with the level of organic matter stpilGajalakshmi and Abbasi, 2008; Wichuk and
McCartney, 2010). In this scope, dehydrogenases @elinvolved in the oxidation of glucose
and the measurement of its activity has been usaddess the microbial activity, due to DH role
in the microbial respiratory chain (Tiquia et &002). The dehydrogenase activity is considered
to be a general index of biological activity (Vase@arcia et al., 2010) which is expected to
decrease as organic matter is transformed into statde forms. Although enzymatic activity is
a relatively simple and fast determination, Wichatkd McCartney (2010) pointed out that
enzymatic activities in stable composts are depandeé the feedstock’s origin, thus making
difficult to set a limiting value.

Phytotoxicity tests are also used to appraise cempmturity degree. Phytotoxicity is
associated with the phenomenon of accumulation lantptissues of potentially harmful
substances (e.g. volatile fatty acids, ammonianphe substances, soluble salts, etc) at levels
that might impair normal growth and development|(iia et al., 1996).

Phytotoxicity assays are classified into germimatdod growth tests (Bernal et al., 2009).
Germination tests are capable of providing infoioratbout the presence or not of significant
guantities of phytotoxins in a compost, are ramdperform (48-76 hours) and widely used
(Gajalakshmi and Abbasi, 2008). On the other hahaht growth essays provide information
about compost effect after the development of p{emits and elongation). But these tests are
more time consuming (10-12 days). In general, thihophytotoxicity tests is not possible to
identify the specific substance that is preserfinal compost, and only information about the
overall acceptability of the compost is obtaine@ri@ination index (Gl) is a lumped parameter
often used to evaluate phytotoxicity and valuesgmethan 50% are indicative of a phytotoxin-
free compost (Bernal et al., 2009). But other valaee reported for safe soil application, namely
60% (Gomez-Brandon et al., 2008) and 80% (TiqudhBaim, 1998).

Biological tests may also encompass sanitationegegf final compost by evaluating the
presence of pathogenSalmonella spp andE. coli are the indirect indicator species mostly
determinedE.coali is usually investigated when faecal materialsused in the starting mixture.
Salmonella may be present in food wastes and in raw matermate an animal origin

(Bustamante et al., 2008a). It is generally acakpbat in mature compostSalmonella spp.
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must be absent in 25 g of compost &doli must not exceed 1000 colony forming unit (cfu)
per g of compost (Noble et al., 2009).

In summary, the establishment of the compost quadit of utmost importance to
potentiate composting end-products value for smaliaation. In practice, despite the recognised
importance, there is still lacking an adequategraggon of the more reliable parameters for
quality classification (Komilis, 2015). Neverthedesquality standards are being defined.
According to technical proposal of the end-of-wasiteria, in Europe, on biodegradable waste
subject to biological treatment (JRC - European @assion, 2014) there are several national
compost quality standards, but a harmonisatioheftiteria established is still required. In fact,
there are some European countries where the comgpabty assurance is required or promoted
by legislation or regulatory authorities (Luxembuigpain and Belgium), whilst in others
countries quality declaration is purely voluntaryewen inexistent. In general, compost quality
regulations or schemes include minimum quality meompents for achieving desired levels of
health and environmental protection, like:

1) minimum organic matter content, to ensure basefulness and to prevent dilution
with inorganic materials;

2) sufficient stability/maturity;

3) absence of certain pathogens that pose hesk ri

4) limited amount of macroscopic impurities (asaaib requirement for usefulness and to
limit the risks of injuries);

5) concentrations of pollutants (mainly heavy netald specific organic pollutants).

Nevertheless, the limits set for each requiremdfeérdrom country to country, as well
as the guidelines for compliance testing (namelynioer of tests, protocols for sampling,
analysis, etc). In this scope, efforts to estaldisliEuropean harmonised standard for composting
end-product quality are ongoing and to the authioe'st knowledge the lasted proposed criteria

for compost quality are the ones presented in T28le
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Table 2.9: European proposed quality criteria for composéng-products.
Adapted from JRC - European Commission (2014).

Par ameter Value

Comment

Minimum organic content 15% (dry weight basis)

iom content after composting phase
and prior to any mixing with other materials;
limit established to prevent dilution with
mineral components like sand or soil

Stability -Respirometirc index of maximum A minimum stability should avoid unwanted

25 mmol Q kg? organic mattef1'?,

emissions during transport and storage and

measured according to EN 16087-1prevent materials from entering the market

-Minimum Rottegrad IlI, IV or V

without proper treatment.

(self-heating test temperature rise of

maximum 30°C above ambient

temperature) measured according to

EN 16087-2

Pathogens content Ngalmonella spp in 25g sample
Maximum 1000 CFU oE. Cali in
1g of fresh sample

Viable weeds and plant 2 viable weed seeds'lof compost
propagules

Macroscopic impurities > 2 0.5 % (dry weight basis)
mm

Heavy metal content (mg kg? dry weight basis)

Zn 600

Cu 200

Ni 50

Cd 15

Pb 120

Hg 1

Cr 100

Organic pollutants
PAH 16 6 mg kg' dry weight basis

Requirement to be complemented with
process temperature-time criteria (as detailed
in Table 2.3).

Requirement to be complemented with
process temperature-time criteria (as detailed
in Table 2.3).

There is a need to djstish natural
impurities from man-made impurities (glass,
metal and plastics).

Maximum content after composting phase
and prior to any mixing with other materials

Maximum content after composting phase
and prior to any mixing with other materials

PAH16: sum of 16 US EPA priority list polycyclicanatic hydrocarbons

2.7. Compost utilisation

Composting of organic wastes is an important berafrecycling method and the soil

application of compost end-product can assumerdiftesuitable uses. Figure 2.9 provides an

overview of compost use in Europe.

By far, agriculture and landscaping are the maipliegtion areas for compost. The

potential of final compost to enhance soil quaiityterms of physical, chemical and biological

characteristics makes composting end-productsctttesfor these uses.
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Hobby gardening Export 1,0% Others
Wholesalers 12,9% = 0,5%
0,9%

Horticulture an

Blends |
6,3%

Landscaping 15,3% _ Soil mixing companies

1,6%

Figure 2.9: Composting end-products use for soil application.
Adapted from JRC - European Commission (2014).

Nevertheless, several authors highlight that composcentration in some nutrients,
especially nitrogen, cannot be sufficient to previd complete nutritional support for crops
(Gajalakshmi and Abbasi, 2008; Hargreaves et 8082 Iglesias-Jimenez and Alvarez, 1993)
because the N fraction that is available for plasteelative small in comparison with mineral
fertilisers. Therefore, the use of compost with watable and controller supplement of N
fertilisers are recommend with beneficial effects $oil-plant system (Iglesias-Jimenez and
Alvarez, 1993).

Application of composting end-products in the lazasng represents also an important
use. In particular for the remediation of browrdiglreas that exhibit very degraded top soils,
compost incorporation is considered to providelfitexture particles capable of retaining water
and nutrients (Jones et al., 2009).

In addition to heavy metals contaminated sites vitnich remediation strategies are
generally based on the extraction or stabilisabbthe pollutants (Cunha-Queda et al., 2010;
Farrell and Jones, 2009), special attention has fmmised on the approaches that promote the
stabilisation of the contaminants, since they ass lonerous and do not affect soil structure as
extraction methods do (Mench et al., 2003).

In this context, composts obtained from severahoig wastes have been studied and
considered for heavy-metal immobilisation in soblg, inducing metal precipitation at alkaline
pH level or by promoting metals sorption into thgamic matter matrix (Cunha-Queda et al.,
2010; Farrell and Jones, 2009; Paradelo et al.1;2Park et al., 2011; Tandy et al., 2009;
Theodoratos et al., 200@or example, soil application of poultry compostmased Cd uptake
of plants by 56-62.5% and green waste compost egtl@al and Zn leaching from soil by 48%
(Park et al., 2011).
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Part B. Properties of mixtures and

reactor assembly

This second part of the thesis includes two studlest precede the composting

experimental tests.
Firstly in Chapter 3, statistical mixture desigoltare applied to predict and understand

the influence of a mixture proportion on free gace. In Chapter 4, special attention is given to
the definition and operational testing of an expemtal apparatus for monitoring the

composting process
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3. Prediction of free air space in initial composting mixtures by
a statistical design approach®

Free air space (FAS) is a physical parameter tlaat glay an important role in
composting processes to maintain favorable aerotmclitions. Aiming to predict the FAS of
initial composting mixtures, specific materials poations ranged from O to 1 were tested for a
case study comprising industrial potato peel wabtracterized by low air void volume, thus
requiring additional components for its composting.

The characterization and prediction of FAS foriatitmixtures involving potato peel,
grass clippings and rice husks (set A) or sawdsst B) was accomplished by means of an
augmented simplex-centroid mixture design approddte experimental data were fitted to
second order Scheffé polynomials. Synergistic daganistic effects of mixture proportions in
the FAS response were identified from the surfakrasponse trace plots in the FAS response.
Moreover, a good agreement was achieved betweemdiue! predictions and supplementary
experimental data. In addition, theoretical and ieicgd approaches for estimating FAS available
in literature were compared with the predictioneagated by the mixture design approach.

This study demonstrated that the mixture desigrau&tlogy can be a valuable tool to
predict the initial FAS of composting mixtures, sibeally in making adjustments to improve

composting processes containing primarily potal.pe

Keywords
Industrial potato peel; free air space; mixtureglescomposting

*The information presented in this chapter was Bag®n the publications:

Soares, M.A.R., Quina, M.J., Quinta-Ferreira, R12 Prediction of free air space in initial comirog mixtures

by a statistical design approach. J. Environ. Manag8, 75—-82.

Soares, M.A.R.; Quina, M.J.; Quinta-Ferreira, R120Industrial potato peel composting: blend foratioh using
mixture design analysis, presented at ORBIT'2012Glebal assessment for organic resources and waste

management, 12-15th June, In Proceedings, pg 51248197, Rennes, Fran@gal communication).
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3.1. Introduction

Potato peel (PP) waste is a by-product from thegs®ed potato products industries such
as French fries, chips and puree. Although PPzera value waste for those plants, disposal,
sanitation, and environmental problems must beaovee (Arapoglou et al., 2010). During the
processing of potatoes at industrial level, depamain the technology used (steam, abrasion or
lye peeling) losses caused by potato peeling caohrd5 to 40% of the total raw materials
(Schieber et al., 2001).

Though the food industry manages PP waste as avaloable by-product, its
composition may be suitable for several applicatisach as dietary fibre for baking products
and animal feeding (Djomo et al., 2008), biohydrogad ethanol production (Arapoglou et al.,
2010; Djomo et al., 2008; Mars et al., 2010), sewt natural antioxidants (Al-Weshahy et al.,
2010; Schieber et al., 2001; Wijngaard et al., 2Gi# bio-methane production (Kaparaju and
Rintala, 2005; Kryvoruchko et al., 2009; Parawitaak, 2004). Our study addressed the PP
valorisation through composting. This process maydefined as the biological decomposition
and stabilization of organic subtracts, under aerawnditions that allow development of
thermophilic temperatures as result of biologicaignerated heat, to obtain a final product that
is stable, free of pathogens and plant seeds #mabe beneficially applied to land (Haug, 1993).
It should be noted that PP valorisation by compgstan be quite interesting for the food
industry, given that a volume reduction of by-produup to 40% can be achieved (Schaub and
Leonard, 1996). Nevertheless, to the best of oomkedge, PP composting has been scarcely
addressed in literature. PP waste is usually chenaed by high interparticle water content
which might hinder composting evolution, due toh@g oxygen diffusion resistance in pores
between particles. Therefore, its valorisation mexyuire previous mixture with other materials,
aiming to reach an adequate formulation for compgst

Mixture formulations for composting are often basedohysical and chemical properties
of the wastes (Barrena et al., 2011) in order jaskdnoisture content and C:N ratio to optimal
values and favourable to the growth and activitynotrobial populations. Indeed, it is well
known that one of the most important factors foerthophilic composting is the carbon to
nitrogen ratio (C:N) with optimum values around &&41 (Abdullah and Chin, 2010; Hamoda et
al., 1998; Huang et al., 2006) and moisture contetite range of 50-65% (Abdullah and Chin,
2010; Liang et al., 2003).

However, more recently the free air space (FAS) ofixture has also been indicated as

a physical property that may play an important rdleing composting (Agnew et al., 2003;
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Barrena et al., 2011; Eftoda and McCartney, 200éh&d et al., 2004; Ruggieri et al., 2009).
This parameter is defined as the ratio of gasdfijere volume to total compost mixture volume
and it determines the air quantity and movementéthe process, as well as the intrinsic air
content, carbon dioxide, moisture and heat reméwvah the system (Richard et al., 2004;
Rugagieri et al., 2009). FAS depends on the strattharacteristics of the materials used such as
bulk density, particle density and water contentniimum value of 30% is usually required to
ensure aerobic condition in the composting mix{itaug, 1993), and optimum values for FAS
may be in the range of 60%. In literature there raferences to FAS as high as 85 to 90%
without significant negative impact (Ahn et al. 08) Ruggieri et al., 2009). To quantify FAS for
a given composting mixture, some theoretical erogiricorrelations have been developed
(Agnew et al., 2003; Haug, 1993; Oppenheimer et1#97; Richard et al., 2004). Moreover,
experimental procedures by using air pycnometryehasen studied and compared (Ruggieri et
al., 2009). But so far, the study of an approade &bpredict FAS for a given mixture based on
its individual components proportions has beenseldddressed (Soares et al., 2012).

Mixture design is a statistical technique assodidai® the concept of planning and
execution of informative experiments concerning iatane of different components, and it has
been widely used to establish formulations in clwamipharmaceutical and food industries
(Eriksson et al., 1998). The method consists inyimgr the proportions of two or more
ingredients of the mixture and studying the infloerf the independent variables (proportions
of different components) into the measured respongech is dependent on the ingredient
composition (Akalin et al., 2010).

In this scope, the present work aims to use theumadesign approach to understand and
predict the influence of each component, on the IBA&n initial mixture containing primarily
potato peel waste (PP) for further composting. Riggk (RH) or sawdust (SD) were selected as

bulking agents, and grass clippings (GC) as nitnagirce.

3.2. Materials and methods

3.2.1. Composting materials

The materials used were collected from differenirses: potato peel (PP) is from a
national industry of potato chips, rice husk (RHswprovided by a rice husking factory, sawdust
(SD) is from a local pine sawmill, and grass cligs (GC) were obtained from a national
football stadium. Grass clippings were sieved tgloa 5 cm mesh to obtain a homogeneous

material in size and shape. The other materialsndidrequire any specific treatment. The
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characterisation of the each material was carrigdusing a composite sample of 25 L obtained
from five individual samples of 5 L taken from thmetial laboratory samples of about 120 L.
Then, each composite sample of 25 L was homogerisdddivided into four parts, with one
being eliminated. This procedure was repeated satiples of about 1-2 L were obtained for

further analysis.

3.2.2. Mixture design establishment and validation

The mixtures tested in this study were groupedvim $ets (Set A and Set B) according to
the type of bulking agent used. Each set comptilseze mixture factors or ingredients (set A:
PP + GC + RH; set B: PP + GC + SD) and their mipngportions were individually allowed to
range from O to 1.

Therefore, a regular and triangular experimentaigieregion is expected for each set,
with the constraint that the sum of all feedstogk’sportions must be 1. Vertices of the design
region correspond to the formulations that are jpleads.

The main objective of this design was to prethetfree air space (desired response) for
any mixture tested by modelling the mixing surfaggh mathematical equations. It was
assumed that the measured response was only deperiehe relative proportions of the
ingredients (considered as independent variablgs)di on the amount of the mixture.

The models considered in this study were Schefiémiaal polynomials (Smith, 2005):

Linear: q
E(Y):Zﬁi X 3.1)
i=1
Quadratic: Iq g1 g
E(Y):Zﬁixi "‘ZZﬁij i X (32)
i=1 i=1 j=i+1
Spec_igl q g-1 q g2 g-1 ¢
Wb E(Y)=D BXi+ D D BXiX D DY B XiX Xy (3.3)
i=1 i=1 j=i+l i=1 j=i+lk=j+1
Full
cubic: q g1 9
E(Y):Zﬁi Xi +Z Zﬁijxixj
i=1 i=1 j=i+l
g-1 g-2 g-1 g (3.4)
+ Z}/UX|X](X|_X])+Z Zﬁ”kXIX]Xk
i=1 j=i+1 i=1 j=i+lk=j+1
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Special q g1 q
Quiartic: Zﬁu X, +Z :Bu X,X
i= i=1 j=i+1
gl g g-2 g-1
S (X% )2 Y Zﬁ,lkx X X +
i=1 j=i+1 i=1 j=i+lk=j+1 (3.5)
2 g1 gq-2 g-1
Z Zﬁ,lkx X2X, ZZ Zﬁ,lkx X X
i=1 j=i+lk=j+1 i=1 j=i+lk=j+1

where E(Y) is the expected value of the output variaBleX are the independent variablgs,
corresponds to the polynomial coefficiergss the number of components (in this cgs8).

Since the experimental mixture region is regulat eonstitutes a simplex shaped region,
an augmented simplex-centroid mixture design amprosas used to define the number of
mixtures necessary to attain the desired respdi?s® yalue). This approach allows to detect the
model curvature in the interior of the design regiand it includes the points (mixtures)
indicated in Figure 3.1, namely pure mixtures (eed of the triangle), binary mixtures

(midpoints at each side of the triangle), and miegunvolving three components.

Potato
peel

7:10 12) 8
1,00 /(7:10) v (OAN 0,00

Grass 0,00 0,25 0,50 0,75 1,00 Rice husk
clippings or
Sawdust
Figure 3.1: Mixtures tested according to a simplex-centroidtorie design (values in brackets represent blend

order preparation and analysis).

In the interior area of the triangle there is a tomi& of one third each of all ingredients
(called centroid point) and three mixtures locateidway between the centroid and each pure
material. The pure and centroid mixtures were asa\twice to detect possible lack of fit and
pure experimental error. According to this methodygl each set comprised 14 experiments.

Each mix was prepared, for a total load of 2 kgwmrghing the different components
and mixing them by hand during 10 min, accordinght® pre-defined proportions and random

sequential order indicated in Figure 3.1. Beforeture preparation, every single individual
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ingredient was manually mixed to promote homogeiuisgrior to weighing Design-Expert ®
version 8.0.4 was used to analyse experimentalatatdo evaluate of the model that best fits the
composition effects in the response variables.

Some extra mixtures were prepared and analysedligate the response of the model.
This assessment was accomplished by comparing tlaelnpredictions and experimental FAS

values for these specific mixtures.

3.2.3. Analytical methods

The main response variable under analysis is FABSveas calculated according to Eq.
(3.6) (Adhikari et al., 2009):

FAS = (1— %) x 100% (3.6)
whereBD is the wet bulk density (kg B andPD is the wet particle density of the mixture (kg
m3).

The parameterBD was determined according to a standard procedesrithed
elsewhere (US Department of Agriculture and US Castipg Council, 2001). Briefly the
procedure consisted in the following steps:

a) transfer a 600 cfaliquot of as-received compost into a 2000-mL geded
beaker through the wide neck funnel. Promote umifanaterial packing by
allowing the beaker+material to fall freely ontoubber mat once from height of
15 cm;

b) repeat the filling with 600 cfand free falling operation, two more times (three
times total). After the third free-fall drop, fihe graduated beaker to volume with
sample material, 1800 mL. Do not repeat free-fedpdafter topping off. Topping
off should be limited to 2-3 cm;

c) weigh and record gross weight of 2000-mL gradubtsaker containing 1800 ém
of as-received material,

d) calculate BD from the mass of material recordedtep c) and the volume of
material used (1800 mL).

PD was estimated based on the procedure defined hikau et al. (2009):
)] measuring the density of kerosene by adding aifspgolume and weighing a

graduate cylinder of known mass;
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i) adding a known mass of fresh composting mixtureatother dry graduate
cylinder, previously weighed, and then adding kenesuntil all the particles are
covered and free of air bubbles;

iii)  recording the total volume of the cylinder contegt,well as the weight of the its

content.

The volume of the patrticles is calculated by saditng the total volume recorded in step
iii) from the volume of added kerosene (calculatiesn the density in step i) and the mass of
kerosene obtained in step ii). By knowing the nmafgsarticles (from step ii)), one can calculate
the particle density.

Water absorption capacity (WAC) of the bulkingeaty tested was performed based on
the procedure described by Adhikari et al. (2088known mass of dry material (at 105°C) was
soaked in distilled water for 24 h. Then water wWesned off by gravity for 24 h under cover to
limit evaporation, and then weighed. The WAC (% swamputed as:

WAC (%) — Msoaked and drained sample(g)_mdry sample(g) (3 7)
Mdry sample @) )

Moisture content of each fresh sample was detedriyedrying it in an oven at 105 °C
until constant weight. Organic matter was measasedolatile solids (VS) by burning 2.5 g dry
sample in a muffle furnace at 550 °C for 4 h (uoihstant weight). Total organic carbon{C
was determined in a Carbon-Sulphur Analyzer (Laewsiruments, model SC-144 DR), where
carbon was oxidized to carbon dioxide by heating5it °C. The total nitrogen content (N) was
quantified by elemental analysis (EA 1108 CHNS-®eFE). All determinations were performed

at least in triplicate.

3.3. Results and discussion

3.3.1. Characterisation of the composting materials

Physical and chemical parameters determined fointfieidual materials are shown in Table
3.1, where the results were reported by meanz atdndeviation and the values in brackets
indicate the number of samples analysed.

These determinations show that the key componetéruanalysis, PP, is characterized
by the highest moisture content and the lowest HA&ed, although PP revealed a favourable
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Corg:N ratio for microbial activity, its valorisatiorhtoughout composting may be hindered by
the low inter-particle volume of voids available tixygen diffusion.

Table 3.1: Physical and chemical properties of individual tmig components.

Materials tested

Property PP GC RH SD
85.0£2.8 755847 10705 11.6:0.4
0]
MC (%) (n=8) (n=4) (n=6) (n=9)
95.0+1.0  84.846.0  84.1+0.0  99.740.0
0,
VS (%) (n=7) (n=3) (n=3) (n=6)
8D (kg ) 207271 149427 12243 25643
g (n=8) (n=3) (n=6) (n=6)
101621 1071487  902+109 1525243
3
PD (kg nT) (n=5) (n=3) (n=6) (n=6)
300470  857+1.6  86.3tl7  85.043.3
04Ya)
FAS (%] (n=5) (n=3) (n=6) (n=6)
47.044.6 5004182 46.3+1.1  52.1%0.2
0,
Cory (%, dm) (n=4) (n=3) (=3) (=)
1.940.4 45:34  08:01 03201
0,
N (%, dm) (n=4) (n=3) (n=3) (n=3)
oo 256425 114427  57.648.5 150442
orgr (n=4) (n=3) (n=3) (n=3)
WAC (%) n.d. n.d. 350 440
% particles retained ®) 76 47 14

ina 2mm sieve

Abbreviations: MC- moisture content; VS- volatilgids; BD- wet bulk density; FAS- free air spacesgE organic carbon;
WAC- Water absorption capacity, dm- dry matted,.not determined.
(a)-Calculated by using Eq. (3.6); (b)-particleshwdimensions less than 2 cm.

With respect to rice husks and sawdust both haga bgtensively used in composting as
structural or drying amendments to reduce bulk idgr@d increase air voids of the mixture
(Chang et al., 1999; Chang and Hsu, 2008; Gao.,e2@10; Huang et al., 2006; Jolanun et al.,
2008; Nakasaki et al., 1989, 1986). In our stubgsé materials exhibited low moisture content
(less than 12%) and high water absorption cap#449% for SD and 350% for RH) which are
compatible to the purpose of correcting moistureess of PP. In addition, the high FAS of these
components (about 80%) indicates that they are tabheaintain air spaces between particles in
the composting mixture with PP waste and ensurpraper aeration. With respect to GC, this
material also exhibits high FAS. However, in thése it decomposes rapidly during composting,
and thus it is not a good bulking agent for comipgstmixtures. On the other hand, its low
CorgN ratio turns GC into a good nitrogen source whenenecessary. In summary, the
ingredients selected in this study seem to be ateqo obtain well balanced mixtures, since

their properties are complementary.
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3.3.2. Response regression model analysis

To evaluate how a specific composition determihesRAS for mixtures containing PP, GC
and RH or SD as bulking agents, experimental resgmiof FAS were obtained for each trial
listed in Table 3.2. Those responses were fitteBgo(3.1) to (3.3) by using Design-Expert ®.
Full cubic, Eq. (3.4), and special quartic, Eq5)3models were excluded from the evaluation,
because the number of model terms should be lesstththe number of unique points in the
design (10 in this experimental design).

Table 3.2: Experimental response values of FAS for set AHWRH) and B (with SD) (n=3).

Independent variables Set A (RH) Set B (SD)

Blend X1 (PP) X» (GC) X3 (RH BD(kgm® PD(kgm®) FAS BD(kgm® PD(kgm’) FAS

order or SD) +sd +sd (%)+sd +sd +sd (%)xsd
1 1.000 0.000 0.000 619+10 938+40  34.0+3.0798+19 1043+32 23.5%+3.0
2 0.167 0.167 0.667 134+3 1348+4  90.1+0.2 26412 1213+55 78.2%#1.0
3 0.000 0.000 1.000 122+4 833150 85.3+1.0257+2 1525+80 83.1+0.9
4 0.000 0.500 0.500 118+2 1022+154 88.4+1.8233+21 1015+151 77.0+4.0
5 1.000 0.000 0.000 62519 963+53  35.1+3.7788t14 1053+21 25.240.9
6 0.000 1.000 0.000 13712 1069491 87.1+1.1179+8 1264+90 85.8+1.2
7 0.000 1.000 0.000 136+2 951+75  85.7+1.1 1758 1257+72 86.1+1.0
8 0.667 0.167 0.167 290+1 879118 67.0+0.7426+20 1065159 60.0%+2.9
9 0.333 0.333 0.333 168+7 1198+18 86.0+0.6311+4 1233t5  74.8+0.3
10 0.500 0.500 0.000 26714 1042433  74.4+0.9343+23 1197423 71.4%+2.0
11 0.167 0.667 0.167 151+3 1034+23  85.4+0.4238+9 1064+40 77.6+1.2
12 0.000 0.000 1.000 122+1 1013+46 87.9+0.6255+10 1735+97 85.3%1.0
13 0.500 0.000 0.500 178+0 1179+41 84.9+0.5340+4 1219+64 72.1+1.5
14 0.333 0.333 0.333 186+19 1067160 82.5+2.0309%11 1201+20 74.3%1.0

The polynomial fitting results are presented in [€aB.3 with respect to common
statistical parameters, lack of fit and sequentddel sum of squares. In fact, the model
summary statistics includes standard deviatiofy; Roroportional reduction in the variance
resulting from fitting the model), 3ed (@mount of variation in new data explained byriedel)
and PRESS statistic (prediction residual error saingquares, which describes how well the
model fits data).

The lack of fit compares the residual error witk grror expected in the response, if the
experiment is repeated (pure error). Since it is desirable that residual error significantly
exceeds the pure error, models with a p-value greatin 0.1 should be considered. Regarding

sequential model sum of squares, this parameteesepts the sum of the squared deviations
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from the mean for each model, and it indicatesoterall cumulative improvement in the fit as
terms are added.
Table 3.3: Model regression statistics for set A (with RH@d (with SD).

Model summary statistics

Sequential model

Rengg%sesllon g;?/g%rg R2ag; R%wed  PRESS L‘;(_:\I/( aloljeﬂt sum of squares
p-value

Set A
Linear 8.91 0.777 0.673 1515 0.0005 0.0001
Quadratic 1.28 0.995 0.985 69.43 0.5469 <0.0001
Special Cubic 1.12 0.996 0.990 45.01 0.8036 0.1018

Set B
Linear 7.88 0.850 0.794 1112 0.0003 <0.0001
Quadratic 1.52 0.994 0.985 78.80 0.1226 <0.0001
Special Cubic 1.46 0.994 0.970 161.6 0.1256 0.2325

Among the regression models under considerati@nséhection of the best one to predict
the experimental response was based on the folgperiteria:
i) Low standard deviation, high’R; and Ryeqsand low PRESS;
i) Low probability of response improvement as adddiderms are addeg-{alue in the
sequential model sum of squares less than 0.05);
1)) High p-value in the lack of fit test.

Therefore, for set A, special cubic model compheth criteria i) and iii); however, the
p-value associated to the sequential model sum of squatésates that there is no significant
improvement of the model fit due to additional terrilence, a quadratic model was selected in
this case. For set B, criteria i) and iii) werefifldd by quadratic and special cubic models.
Nevertheless, the probability of response improvemes low for the higher order model, and
thus the quadratic model was also selected.

The regression coefficients obtained for the setkotodels are shown in Table 3.4.

Table 3.4: Regression coefficients of the quadratic modepfedicting FASof set A (with RH) and B (with SD).

Set A Set A (reduced model) Set B

Coefficient Independent termp-  Coefficient Independent Coefficient Independent termp-
value variable value' value variable value variable value'
34.56 X 34.52 X 24.79 X
86.40 X% 86.61 % 85.74 )
86.77 x 86.97 *% 84.13 )
50.41 XX2 <0.0001 50.81 2 61.55 XXz <0.0001
92.98 XX3 <0.0001 93.38 3 68.66 XX3 <0.0001
3.24 XoX3 0.5351 - %X3 -38.85 %X3 0.0002

* If a term is not significant for the model, thewadue is >0.05 and model reduction should be atatli

The second order polynomial describing FAS respdosanixtures with PP:GC:RH
presented a non-linear term >&g) that is not significant. Therefore, a reduced slodas
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evaluated, by removing the term with the highgestlue until all p-values are less than 0.1
(Smith, 2005). This procedure was performed usiegi@h-Expert ® and led to the response
indicated in Table 3.4. As a result, parametets; Rnd Rpred Were slightly improved (from
0.994 and 0.985 to 0.996 and 0.991, respectively).

As usual, obtained models for predicting FAS wemsda on the assumption that errors
are independent and identically distributed withozemean and homogenous variance (Smith,
2005). The confirmation of these conditions wadqgrered by visual inspection of the normal
probability plot of the studentised residuals (heck for normality of residuals), by comparing
their values with the predicted ones. Although dswobserved some scatter, normal plot of
residuals followed a straight line suggesting amadrdistribution.

3.3.3. Surface and response trace plots analysis

Trace and surface/contour plots were drawn to ewelithe effects of individual
ingredients on FAS response. For sets A and Baserplots are depicted in Figure 3.2 a) to b)

which include the projection of the response irDar@presentation.
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Figure 3.2: Contour plots for FAS: a)- set A (A:PP; B: GC;RH); b) set B (A:PP; B: GC; C: SD); Response trace
plots for FAS: c)- set A, d)- set B.
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In these figures, mixture compositions that produite same response are indicated by a
contour line. For both sets A and B, maximum valB&$ are located towards pure blends of
GC and RH/SD. In fact, contour lines in Figure 3.2ab) indicate a broad range of GC and
RH/SD proportions where FAS assume identical vallieshould be noted that large amounts of
GC may seem to ensure high values for FAS. Howehes,material decomposes quickly and
then tend to compact, reducing pores between canpposcles (Rynk et al., 1992).

Moreover, the response surface in Figure 3.2 byvshbat the binary mixture of SD with
GC acts antagonistically on FAS parameter, whichreiffected in the negative coefficient
associated to X3 (Table 3.4). The main reason for this result is ¢neat importance of the
particle size distribution of the bulking agentthe structural condition of the mixture. In our
study, 86 % of SD particles are lower than 2 mmictvlis a high value comparing with the one
suggested by Haug (1993) (50% of particles passingesh of 2.23 mm). By mixing SD with
GC, the interstices of GC were probably occupiedséywdust, thus reducing FAS, rather than
what is expected of a good bulking agent.

Trace plots, Figure 3.2 c) to d), enable to comphaeeeffects of all components in the
design space and determine the sensitivity of #spanse to deviations from the formulation
near the reference mixture (the centroid of thengle, design points n°® 9 and 14 from Table 3.1.
The lines in Figure 3.2 c) to d) correspond to BA&S response due to variations in the
proportions of a selected component, keeping canh#te ratio of the others ingredients and the
sum of mixture components equal to one. The reseaitsal that independently of the bulking
agent used, PP (ingredient A) has a strong effedhe reduction of FAS as mixtures deviate
from the centroid. When RH is used, Figure 3.2thg response trace to GC is nearly a
horizontal line, meaning that it has a negligibiiee on FAS. When SD is tested, Figure 3.2 d),
GC and SD response curves are overlapped, andiss components have roughly identical
linear effect on FAS. This result may be explaifgdthe particle size of the SD used in our

study, as previously mentioned.

3.3.4. Validation of the response regression model

Three compositions were selected for each bulkiggng for validating regression
models, Eq (3.8)-(3.9), previously obtained for FAS

FASg, o =34.52X,; +86.61X, +86.97X ;3 +50.81X; X, +93.38X, X4 (3.8)
FASq, g = 24.79X, +85.74X, +84.13X 5 + 61.55X, X, + 68.66X, X 5 —38.85X, X, (39
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The selection was based on the range of ingredmfgortions that are favorable to
composting in what concerns MCy§&N and FAS. Restrictions imposed tedN are in the
interval 20-40:1 (Rynk et al., 1992). The upperitimas slightly broadened for MC (55-75%)
due to the high absorption capacity of bulking agenvolved (Barrena et al., 2011). Mixture
proportions that fulfilled the requirements for M@d Grg:N were calculated according to the
principle of mass conservation to a blend of PP,&&@ RH or SD, whose characteristics were
listed in Table 3.1. FAS was allowed to vary betwé6-85%. By combining the constraints of
the parameters MC,«gN and FAS, an interception area (shaded regidfigare 3.3) is defined
for selecting the mixtures RH1 to RH3 and SD1 t@Sior FAS model validation.

Figure 3.3: Contour and response trace plots for FAS foreaps(A:PP; B: GC; C: RH), RH1-RH3 are the
validating mixtures; b) set B (A:PP; B: GC; C: SBP1-SD3 are the validating mixtures.
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The numerical results for validating the models,(E&) and Eq (3.9) are shown in Table

3.5.
Table 3.5: Experimental conditions tested and validation ltesu
FAS (%)
Mixt. Ref. X1 X2 X3 (RHor MC VS  BD (kg m® Exp. result Model prediction Pred. Interval
(PP)  (GC) SD) (%) (%)

RH1 0.587 0.192 0.219 70.5 86.7 240 76 74 4.2
RH2 0.506 0.324 0.170 69.6 85.9 229 76 77 4.0
RH3 0.660 0.081 0.259 64.3 86.2 245 74 71 4.5
SD1 0.400 0.400 0.200 67.5 90.5 325 71 73 5.3
SD2 0.343 0.516 0.141 714 88.5 268 78 76 5.3
SD3 0.600 0.300 0.100 70.8 90.0 440 67 63 +6.5

Experimental results for FAS were found to be velyse to the predictions of the
models, with relative errors ranging from -2.7 t@%, but within the prediction intervals.
Therefore, the models developed by mixture desgpraach for predicting FAS, Eq.(3.8) to
(3.9), can be used to properly calculate the fiespmace of ternary mixtures of PP, GC, RH or
SD.

In this study FAS was quantified by using the siespltheoretical correlation available,
Eq.(3.6), although air pycnometry is pointed out tae most reliable technique for its
determination in composting matrices (Ruggieri &t 2009). But the unavailability of
commercial picnometers for this type of solid maleconditioned the cross-confirmation of our
theoretical correlation based results.

In literature, FAS has been estimated by theoidetioa empirical approaches
(Albuquergue et al., 2008). Figure 3.4 compares pAglictions of the models developed in our
study, Egs. (3.8)-(3.9), with the ones calculatgaequations proposed by Richard et al. (2004),
Eq.(3.10), and Agnew et al. (2003), Eq.(3.11):

FAS, =(1— BDX[l_ bM , DM xOM , DM ><(1_0'\")}}100(%, (3.10)
Dw I:)DOM I:’Dash
FAS,, = 100-0.0889x BD (3.11)

whereBD is the wet bulk density (kg #), DM the fraction of dry matter, OM the fraction of
organic matter in dry basifw the density of water (kg 1), PDom the particle density of
organic matter (1600 kg andPDas» the particle density of ash (2500 kgP)m

In general, for mixtures RH1 to RH3, FAS calculateg Eq.(3.10)-(11) are slightly
higher than the predicted by models of our study(3E8)-(3.9). However, in the case of SD1 to
SD3 (sawdust as bulking agent), correlations vafittesl inside the prediction intervals. These
differences might be related to the applicabilitgynditions of theoretical and empirical
approaches for FAS quantification.
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Figure 3.4: Comparison between FAS predictions Error barscatdi prediction intervals with a significance of
95%.

According to Ruggieri et al. (2009), properties lsutees BD and MC have a strong
influence on FAS estimated by these correlatiomg] bBoundaries were established to its
application. Namely, FAS Eq.(3.10), is limited for materials where BD isipsrior to
400 kg m3; below this level FAG may lead to misleading values. Also FSEQ.(3.11), seems
restricted only to high-moisture and/or low-densityaterials where FAS may provide
misleading values. In our study, mixtures with R&vé low bulk densities (<245 kghand
FASr were the highest ones, over estimating R4& (relative error ranged from -4.2 to -
11.3%). FAS indicated by FA$were also overestimated but within the relativersr(-3.8 to -
10.1%). For mixtures with SD, FASand FASg were equally consistent with FASe

predictions.

3.4. Conclusions

This study aimed to predict free air space of megufor further used in composting,
based on mixture design approach. The organic raltdested were potato peel (PP), grass
clippings (GC) and rice husks (RH) or sawdust (SIhe results proved that the mixture design
methodology led to reliable mathematical models gogdicting FAS of mixtures containing
primarily PP. In particular, for mixtures with PBC and SD the FAS model pointed out the

antagonistic effect of the binary mixture of GC & to the overall property. Contour plots
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revealed the occurrence of a wide range of GC dndb®lking agent) proportions where FAS
assume identical values; nonetheless, large priopsrof GC should be avoided.

As expected, response trace plots clearly indic#ttedl independently of the bulking
agent used, the addition of potato peel has a gtedfect on reducing the mixture air voids
volume.

The models obtained for predicting FAS were conmgbaveh theoretical and empirical
correlations proposed in literature which consiaéexture properties like DM, OM and BD. For
formulations with SD, correlations are consisteithwur model prediction. When RH was used
as bulking agent both literature correlations ostngated the FAS but even so the deviations
were low.

In summary, mixture design approach led to goodli®go estimate FAS of initial
mixtures with industrial potato peel waste, avaigithis way, trial and error methods often used
to establish the ingredients proportions. By oy@rlag contour plots that describe the influence
of the mixture composition in FAS, it was possilite find a range that complies with
requirements in what concerns moisture content,r@atid and FAS.

Future studies should address how model predicteoasaffected by two aspects: 1)
variability of wet basis properties since they effthe surface areas of the feedstock particles
and pore space formation and 2) biodegradabilityhef mixture, because when the materials
decompose quickly, pores between particles arecestiand composting evolution may be
hindered.
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4. Assembly and operation of lab-scale composting reactors

In this section the composting reactors lab-assetdhéte described and tested.

Firstly, some specific design criteria such as m@uand shape definition are explored.
Monitoring systems were coupled to the reactors éetdiled description is indicated. Then,
composting experimental procedures in terms of dampmonitoring and homogenisation are
presented.

Finally, a set of exploratory tests are describ&@de main goal was to provide
information about the adequacy of the reactors @odedures to achieve the objective of this
thesis. Bi-dimensional temperature gradients wasedyaed to determine the hot-spot, as well as
the vertical and radial gradients. The capacityhef gas cooling system to meet the operating
conditions of the @sensor in terms of temperature and humidity is algplored in this section.

At last, the suitability of the composting procegltw the ash conservation principle was tackled.
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4.1. General design concepts of composting reactors

A significant number of lab scale composting desiteve been developed with the
purpose to mimic full-scale facilities conditioria. that scope, self-heating reactors (SHR) are
frequently used to simulate the typical thermodyiwamegime of composting process that
includes mesophilic, thermophilic, cooling and nmation phases. SHR rely only on microbial
heat production to attain process temperaturessesssig no temperature control apart from
external insulation (Lashermes et al.,, 2012; Maaod Milke, 2005). On the other hand, for
studying the process at a particular temperatwstead of evaluating the process dynamics, fixed
temperature reactors are considered more adequiates the desired temperature is imposed by
external heating or cooling devices (Mason and &ik005).

Within the scope of present work, SHR were seledtwd evaluating the level of
thermophilic sanitising temperatures achieved. désign aspects of major concern for SHR are
(Mason and Milke, 2005; Petiot and de Guardia, 2004

1) Surface area to volume ratio (SA:V), once it defags the wall heat flux; this ratio

depends on the volume and shape of the systemughhoylindrical structure is the
most used,;

2) Type and thickness of insulation material usedhi@ éxternal surface to increase

thermal resistance;

3) Reactor to particle diameter ratio (D:dp), duethe influence of wall effects on

preferential airflow inside the composting matrix.

To aid the volume selection of a cylindrical SHRy @stimate of the ratio between
instantaneous convective/conductive/radiative (Cl#dt losses through the reactor wall and the
biological heat produced during composting can aleutated. The calculation followed the
procedure suggested by Mason and Milke (2005) asritbed in the supplementary material
(section 4.7).

In Figure 4.1 the instantaneous CCR heat loss:picdd heat ratio (CCR:BH) is
presented as a function of reactor volume (V) aAdvSatio, for a cylindrical reactor with
different height (H) to diameter (d) proportiongrFCCR:BH calculations, an Aeroflex EPDM
rubber based elastomeric product was consider@tsakation material (thermal conductivity of
0,035 W mt K1, 19 mm of thickness). This material presents &drignechanical resistance in
comparison to other insulation materials (like glagool), thus facilitating the reactor loading

and unloading, or even homogenisation phase bingoll
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Figure 4.1: Influence of a) the volume of a cylindrical seHdting reactor, b) SA:V in CCR heat loss:BH.
(Considerations: PVC cylindrical reactor, rubbesdzhelastomeric insulation layer= 38 mm, ambient
temperature=25°C, composting mixture temperaturec)/0

According to the data presented in Figure 4.1, riector volume has a significant
influence on the instantaneous CCR losses, as &xpe&t volumes lower than 30 L, a simple
insulation is not sufficient to allow proper seldting, as indicated by Petiot and de Guardia
(2004), since CCR losses represent more than 20%eobiological heat produced by the
biomass contained into the reactor. Although smadlactors are easy to handle, less expensive
and easier to control, it would be necessary 320Ilay@r of insulation materials to limit CCR
losses to 5%, in a 21 L cylindrical reactor with d49.3m. On the other hand, to restrict
CCR:BH near 6% without increasing insulation thieks, large-scale reactors with working
volumes higher than 785 L are necessary.

Recently, Lashermes et al. (2012) developed a SHRlowhere the wall temperature
was controlled within 1-2°C bellow the temperatafehe compost material. That configuration

allowed the study of a natural self-heating prodesa small scale reactor. Nevertheless, the
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amount of instrumentation was significant, whiclsed the cost of the overall composting
system.

Therefore, taking into consideration logistic issum this work SHR will be designed
with an operating volume of between 100-130L, cpomding to a CCR:BH near 12%
considering a cylindrical shape with H/d=1-1.5. S bhoice leads to SA:V in the range of 10-12,
which is similar to some works reported by Masod &tilke (2005). In addition, the reactor to
particle diameter should be higher than 10 to mimémvall effects on preferential airflow inside
the solid matrix (Mason and Milke, 2005).

4.2. Description of the reactors

4.2.1. General characteristics

A system of four self-heating reactors (R1 to R¥parallel was assembled. The reactors
were identical in size, shape and other generabclexistics. Figure 4.2 displays an overview of
one SHR and its main components.

Orifice for temperature

Air outlet for G, measurement

measurement .
Lid

- — Insulation

a Extruded
- polystyrene foai

4

y.
& A

Tube for air entrance 4
‘—b Wood pallet

Figure 4.2: Experimental setup overview of the SHR used ig tnrk.

Each reactor was made of PVC with 0.8 m high, @4i& diameter (total volume of 145
L) and insulated with two layers (total of 38 mmf) @ rubber based elastomeric material
(Aeroflex_ EPDMI thermal conductivity of 0.035 W ™K™) (Figure 4.2). The lid of each
reactor was externally insulated with a layer ofdflex EPDMI to lessen heat losses.

At the top of the reactor there are two connegtiomts for the temperature sensor (at the

centre region) and for outlet air flow. The reactsrin contact with a board of extruded
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polystyrene foam to decrease heat transfer. ThHigpsies settled on a wood pallet to allow
subsequent weighing.

For aeration purposes, an air plenum with 0.10 rheiight was created at the bottom of
the reactors with a perforated acrylic board tonpte air flow distribution. As a result, the
available working volume of each reactor was set2d L with a H/D= 1.5. The acrylic board
has 16 radial rows of orifices, totalising 145 Isoleith a diameter of 5 mm each. Bellow that
board there is an orifice with a quick fit conneatito the air supply system. That same orifice

also allows the withdrawal of leachates by discating the air inlet tube and tilting the reactor.

4.2.2. Temperature monitoring

Temperature monitoring system involved one thermpt per reactor connected to an

acquisition system (Figure 4.3) with the charastars indicated in Table 4.1.

LEGEND:

@ - Power supply

@ -Data logger

® - Analog input module
@ - Temperature probe

Figure 4.3: Overall view of the components of the temperataomitoring system.

Table 4.1: Temperature monitoring system: components’ desorip

Component Temperature system component Generalathastics

0] Power supply Input: 100-240 V AC; 1.5 A; 50/60 Hz
Model DR-4524; (MeanWell) Output: 24V DC; 2A

@ Data logger Supports up to 16 Modular Controller Series Modules
VIRTUAL HMI CSMSTRSX 2 RS-232 Serial Ports
(Red Lion) 1 RS-422/485 Serial Port

10 Base-T/100 Base-TX Ethernet Connection Can Connect
To Multiple Devices Via Up To 10 Protocols Simukausly

CompactFlash ® Slot Allows Process Data to be Logged
Directly to CSV Files

Power supply: 24V

® ANALOG INPUT MODULE Channels: 8 single-ended; Effective Resolution: EGHbit;
CSTC8 (Red Lion) Sample Time: 200 msec, for 4 inputs

@ Thermocouple BS.T.K.1.8.500.S5 Type: Ni-Cr-Ni (0-1100°C)
(Bresimar) SheathDiameter= 8 mmLength = 50 mm
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This system allowed the continuous monitoring afcter temperature every 10 min, with
simultaneous record of readings in a compact ftast with 64 Mb capacity. Software Crimson
2.0 was used to configure the data logger modulepanovided an interface between the user and
the data logger for data access and transfer.

Each thermocouple was located at the geometrice@ftthe composting mixture. For
such, the probe was able to slide through the hémnever adjustments were necessary. For this
purpose, a quick fitaccord and a poliamide and inox tubes with 10 mm of maérdiameter

were used, as detailed in Figure 4.4.

Figure 4.4: Adjustment of the temperature probe to the reditor

The location of the probe according to the geoimetentre of the composting mixture

was adjusted as describe in Figure 4.5.
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Figure 4.5: Description of the adjustment procedure for terapge probe to the centre of the mixture (measures

are in cm, composting mixture is represented bygticemesh)
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4.2.3. Air flow and oxygen measuring systems

Air flow was supplied by compressed air source amésured through a meter E4K-
4BR, Kytola Instruments, as indicated in Figure &.6Before passing through the air meters, the
compressed air was conducted to a filter regulatmicator with pressure gauge, for removal of
liquid condensates and air pressure regulationib@sion of the air meters was manually
performed by using a home-made wet air flow meyestesn, Figure 4.6 b), with 1000 mL
capacity. Inside the glass cylinder, a soap butthieels a limited volume between two marks, in
a measured time, thus indicating the air flow. Eahflow measurement was performed for at

least five times.

Figure 4.6: a) Air flow measuring system, b) home-made weflaw meter.

Oxygen concentration was measured in the exitgears of each reactor, as indicated in
Figure 4.2. The gases were conducted to a watprhiefore analysing oxygen concentration
(v/v) with a gas sensor, XLS1047, XLlogger (Figdt&). The water trap allowed to condensate
the water vapour in the saturated hot gases anediace temperature before gases contact with
the oxygen sensors (0-40°C).

Figure 4.7: a) Water trap for the oxygen measuring systenoxigyjen gas sensor and measuring cell.
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4.3. Composting procedure

Composting tests at laboratory scale comprisedethessential steps, namely i)
ingredients collection and pre-treatment, ii) mnetpreparation, iii) operation of the composting
reactors and sampling.

Most of the ingredients were gathered on the defork starting the composting
experiments, except ES which was collected ancefrazithin 2-4 h at -14°C. Then, 24 h before
starting the tests, ES material was thawed at rtmperature. Whenever necessary materials
were sieved with a 5 cm mesh, in order to obtdwrmogenous material in size and shape.

Mixture preparation consisted in weighing the imljeats according to predefined
proportions and thoroughly blend for 15-20 min. &ees were weighted after loading.

The reactors start-up procedure included air fldjustment near to 0.5 L nifnper kgof
organic matter (OM), which is within the range 048-0.86 L mint kg* OM used by Lu et al.
(2001) for food waste. Afterwards, process contmhprised manual changes of air flow rate to
guarantee an outlet oxygen concentration in thgeasf 5 to 15% (v/v) and to maintain the
thermophilic phase as long as possible. In facyger concentration lower than 5% can cause
anaerobic conditions, while values above 15% adeative of excessive aeration that favours
cooling of the material (Puyuelo et al., 2010). Aseviously mentioned, temperature
measurement was automatically performed every 1) mhile G monitoring was manually
executed. More specifically, oxygen was measur&dtiGies a day during thermophilic period,
while monitoring frequency was reduced to 2-3 tirmeky, for mesophilic conditions.

In general, to prevent or reduce gradient of plajsand chemical properties of the
mixture, including a homogenisation phase may bemropriate procedure (Papadimitriou et
al., 2010). Some homogenisation schemes have besgrilied in the literature: consecutive
unloading, homogenisation and loading (Doubletlgt2011) or a vertical rotating axis with
blades fixed at the top of the reactor (Petricle2809). The first option removes too much heat
from the composting matrix, while the second sche&maore adequate for small scale reactors.
In this work, the homogenisation of reactors wemenmted by rolling them on the floor for a
distance equivalent to 14 rotations. Axial mixingsvhelped by hand, without unloading the
reactor. This procedure required to disconnectsapply and on-line monitoring system.
Therefore, it was performed as quickly as possitdeminimize perturbation effects in the
process. The reactor was homogenised on a dailg dasing thermophilic conditions, every

two days during mesophilic conditions and wheneagnples were withdrawn.
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After homogenisation, the composting mixture wasigived using an electronic
weighing device, Figure 4.8 ayith a precision of 0.1 kg. A lift pallet (Figu#&e8 b)) was used
to raise the reactor (Figure 4.8 c)). Then, theghvieig device was placed under the reactor and
the lift gently dropped the composting reactor lumtwas fully supported by the scale (Figure
4.8 d)).

A |

Figure 4.8: Reactor’s weighing procedure: a) scale; b) péiftet) raising of the reactor; d) reactor adjustmhto

the scale.

Leachates (if any) were drained before reactor lgmnisation as previously described
and solid samples collected after homogenisati@echEample withdrawn from the reactor was
collected considering three regions, as detaileBigure 4.9, according to the mixture height.
This means that a sub-sample was removed fromofheoft each area to obtain a composite
sample for analysis.

The sample withdrawn should be small in comparisatie total amount of mixture and
defined according to the envisaged number of samgpmivents and the mass requirements for
physical, chemical and biological analysis. Inteéactor composting tests performed by An et al.
(2012) and Petric et al. (2012) at lab scale, ttal tamount of sample withdrawal during the
complete composting period represented 9 to 16%)wf the starting mixture. In this study,

this range was a guideline for establishing thepday size.
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n/3 cm

n/3 cm

Figure 4.9: Definition of the sampling areas of the reactor.

Table 4.2 depicts the maximum amount of sampledsétivn in each sampling event,

according to the mass of the starting compostingure.

Table 4.2: Correspondence between mass of sample withdrad/iméial composting mass.

Mass inthe SHR  Maximum sample withdrawn in each

(kg) sampling event (kg)
20 0.8
25 1.0
30 1.2
35 1.4
40 1.6
45 1.8
50 2.0
55 2.2
60 24

" Considering 4 sampling events

In addition, all samples collected were weighed &ken into consideration in the overall
mass balance of the reactor. Thus, the fractiomrgénic matterx—t) not degraded during
0

composting was calculated as follows (Gomes, 2001):

VSe _ mtx(l—fq,t)vas,t
VSo mox(l_fH,O)XfVS,O_Z}zomjx(l_fH,j)XfVS,j

fort=1, n (4.1)

wheremy andm (kg) is the mass at the start and during the catimpptrial, respectivelymy (kg)
is the mass of sample in the j withdraviug, ftandfu; are moisture fractions in the composting
mass at the start, during composting and in samplespectively;fyso, fvst and fysj are the
fractions of volatile solids in dry basis, at th&ar§ during composting and in sample j,

correspondingly.
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Before each sampling event, the height of the unéinside the reactor was recorded for
assessing the variation of mixture bulk densitgnglprocess evolution.

As the process evolved, the temperature sensorregssitioned inside the reactor to
follow the compression of the mixture, by measurthg mixture height inside the reactor
throughout the process, as detailed in Figure 4.5.

Composting reactor operation lasted until oxyggmake rate (OUR) of the mixture
attains values of 0.5g:&g* VS h* which is the threshold for considering a compasgtirixture
as stable (Gomez et al., 2006). After that, madtedancluded maturation phase in small piles at

room temperature, that were homogenised and meisturected, on a weekly basis.

4.4. Exploratory tests

As previously indicated, the goal of the explorgttasts conducted in SHR was to gain
insight about the performance of the reactors. Texatpre profiles, oxygen monitoring and

application of ash mass balance were considertdtese studies.

4.4.1. Temperature gradients and oxygen measuring system

An important aspect concerning temperature momigorn composting process is the
position of sensors (Ekinci et al., 2004). In gahelemperature measuring points are established
to obtain an overview of the temperature distritmtiPapadimitriou et al., 2010). Central
readings seek for hot-spots and peripheral measuntsnprovide information about air transport
throughout the solid matrix.

However in the case of unmixed SHR, the definitadnan inner core volume where
temperature readings are taken maybe more adetjuatgsess process evolution (Mason and
Milke, 2005). That core volume is generally baspdruthe horizontal and vertical temperature
profiles.

Oxygen concentration is widely used to assess ¢lgeee of aerobiosis (Papadimitiiou et
al., 2010). It is usually evaluated in the off gasm the composting system, though interstitial
O2 concentration can be measured depending on thialalessensor technology.

Electrochemical sensors are cells mainly constitbtea Teflon membrane, anode, semi-
solid electrolyte paste and cathode. The oxygerrenthe sensor through the membrane,
contacts with the cathode and is immediately reducehydroxyl ions. These ions migrate
through the electrolyte to the anode, generallystiiied by lead. There, hydroxyl ions react

with the anode which is then oxidised to lead oxfle reduction-oxidation reaction takes place,
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a current is generated which is proportional te Ebncentration, allowing a precise
guantification. These electrochemical cells aresge to temperature (which interferes with the
output signal) and excessive moisture in the gdmcfwrestricts the gas permeability through the
membrane). Consequently, a working range in teriisroperature and moisture are generally
imposed for these types of sensors. In the cagbeokensors used in this work (gas sensor,
XLS1047, XLlogger), operating conditions are resad to 0-40°C (with internal compensation
of the temperature) and gas humidity <95% (non eosihg).

Thus, the following exploratory test has a two-folgjective: i) to confirm that the centre
temperature readings were acceptable to obtainctarei of the self-heating capacity of the
mixture, by obtaining bi-dimensional temperaturefii@s and ii) to evaluate if the cooling and
condensing system coupled to the reactors wastalblgfil the oxygen sensor requirements, in

terms of gas temperature and humidity.

4.4.1.1. Material and methods

This assessment was performed by mixing indusBRlfrom a national industry of
potato chips with grass clippings (GC). Wheat st(#6) was used as amendments to moisture
and free air space correction of the compostingumgx These materials were blended according
to the formulation presented in Table 4.3. Opegationditions are also depicted in Table 4.3.
Air flow rate in these experiments was controllacbrder to maintain the oxygen concentration

of the outlet gas in the range of 5 to 15% (v/v).

Table 4.3: Composting mixture properties and reactor opegatonditions.

Composting mixture SHR Operating conditions
. Initial
PP GC WS Moisture . Inlet gas .
Reactor (Yowiw)  (Yow/w)  (Yow/w) CN content (%) C;ng?ﬁ'g)g temp. (°C) Alr flow rate
R3 52 30 18 24.9 67.2 29 17 Controlled to maintain

5%<[Oz)oulet gas<15%

Temperature was recorded in the points indicatedFigure 4.10, after 10 min
stabilisation of the probe. These measurements perermed in the first and fourth days of
composting, and on average all measurements tomkt &n30m to 3 h. During that period, the
lid of reactor was removed and a 15 cm in thickipedgurethane foam, perforated as detailed in

Figure 4.10 b), was placed on the surface of theure to minimize heat losses.
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Figure 4.10: Schematic representation of the temperature miegspoints a) perpendicular plane, b) radial plane
(the validation point is indicated in blue, at h=30).

Since this composting trial was exploratory, theration and sampling procedure was
simpler than the one described in section 4.3. Ngm® withdrawl of the matrix was
performed, but homogenisation of reactor conters garied out as detailed in section 4.3.

Bi-dimensional temperature profiles were obtaibgdusing Matlab (version 7.8.0.347,
Mathworks, USA) using a biharmonic spline interpioia method (MATLAB® 4
griddata method) that only supports 2-D interpolatiThese profiles were calculated between
the h=0 cm (near the air distribution plate) ancihbbeneath the mixture height. For validation
purposes, the temperature was measured at thee agfntnhe matrix (h=30cm), as indicated in
Figure 4.10 a).

In what concerns oxygen monitoring, the measucely showed in Figure 4.7 b) and a
glass thermometer (0-100°C) were used. The formaticondensates in the measuring cell was

visually evaluated.
4.4.1.2. Results

Bi-dimensional temperature profiles in the axiatl aadial directions observed for the

first and fourth days of composting are depicte#ligures 4.11 and 4.12, respectively.
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Figure 4.11: Bi-dimensional temperature profiles for thédiay of composting (inlet air temperature: 17°C).
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During the first four days of composting, the hptswas located about 10 cm above the
geometrical centre of the matrix. However, the ed#hce between hot-spot and temperatures
observed in the centre was only near to 3%. Thikates that measurements at the centre of the
matrix is a good strategy for determining the maximtemperature. Profiles calculated by using
the Matlab were in very good agreement with thesuess in the validation point (relative errors
of 0.5% for day 1 and 0.9% for day 4, respectively)

As expected, temperatures near the air entrance leever and the circular plots in
Figures 4.11 and 4.12 show that its influence aldeto the reactors surface surroundings,
especially for 5 cm height. Maximum vertical tengiare gradients were near 0.3 °C%m
considering the values recorded at 5 cm and 30 e@ghhand at the centre of the air entrance
plan. Schloss and Walker (2000) found similar weeitigradients (0.4-0.9°C ¢t in a
composting reactor with 30 cm of diameter and @ralrmixture height of 47 cm.

Table 4.4 shows the maximum radial temperaturdilgsorecorded for each height
indicated in Figure 4.10 a).

Table 4.4: Radial temperature gradients found for the sedfting reactor.

First day Fourth day

Height (h) (cm) |Radial gradient| (°C €én Height (h) (cm) |Radial gradient| (°C én
5 0.9 5 0.6
10 0.5 10 0.6
15 0.6 15 0.4
20 0.5 20 0.2
25 0.5 25 0.3
35 0.5 36 0.6
42 0.5

In general, higher temperatures lessen radial testyre gradients, while at the bottom
gradients are more relevant. Average radial tenperagradient is 0.5°C chwhich is above
the ones reported by Schloss et al. (2000) (0.13fC), but lower than the value found by
Saucedo-Castaneda et al. (1990) (5°C)cBy comparing radial with vertical gradients, aam
conclude that heat transport is favoured in thécadrdirection.

Figure 4.13 depicts the temperature recorded enettit gas stream, oxygen measuring
system, as well as in the geometrical centre ofiiheure. The grey area indicates the operating
range of the @sensor. The experimental data clearly show thactoling/condensing system
was adequate for the operating conditions of theeDsor. Moreover, it was observed that water
condensation occurred mainly in the tube connectimg reactor and the condensing flask
(Figure 4.7 a)), but not in the measuring cell (ffeg4.7 b)).
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Figure 4.13: Temperature profiles during five days of composththe mixture centre, exit gases, oxygen
measuring system and ambient.

4.4.2. Ash conservation

Inorganic fraction of the composting matrix shob&have has a conservative constituent
throughout the process (Haug, 1993), as previaleycted in Figure 2.3.

The procedure adopted in the laboratory envisalgesmeighing and withdrawl of the
samples during process evolution to gain insighthef organic matter and nitrogen dynamics.
Thus, the following exploratory test was perforntedassure that the ash conservation principle

was appropriate to the experimental tests.

4.4.2.1. Material and methods

The composting mixture prepared according to thefbation in Table 4.5 was tested in
three reactors (R1 to R3). Industrial potato pB&l)( grass clippings (GC) and wheat straw (WS)
were the ingredients used. In Table 4.5 the inifiafation rate is also indicated, but this
parameter was controlled over time to maintain akggen concentration of the outlet gas
between 5 to 15% (v/v). The procedure for operattsmd sampling of the reactors was
previously described in section 4.3. Moisture cohend volatile solids were determined in each

sample as described in section 3.2.3.
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Table 4.5: Composting mixture properties and reactor opegatonditions.

Composting mixture SHR Opgraling
conditions
Reactor PP GC WS C/IN Moisture VS colnqltlgsltin Air flow rate
©wiw)  (Y%wiw)  (Y%wiw) content (%) (%) posting (L min? kg VS)
mass (kg)
R1 29.5 0.30
R2 52 30 18 24.9 73.6 88.1 29.2 0.98
R3 29.2 1.59
4.4.2.2. Results
Ash content was determined as:
Mysp, = (1 —VS)(1 —MC) X m; (4.2)

where m (kg) is the mass of the mixture in the reactor,i¥8e fraction of volatile solids in dry
basis and MC is the moisture content.

Mass balance closure for ash in consecutive samphents (period in which no sample
Is withdrawn) was determined by:

Mgsh,initperiod i
Ash closureyeripg i (%) = =272 x 100% (4.3)
Mash,fin,period i

wheremas,initperiodi IS the mass of ash at the beginning of periohd; finperiodi is the mass of ash
at the end of period i argbriod i represents the interval between sampling evenist¢ 4).
Experimental results suggested that the mass dmlatosure for ash is in general
satisfactory giving rise to calculated values raggirom 95-107%, as indicated in Table S4.2
(supplementary material, section 4.7). Komilis let(2011) indicated values between 88-135%
closure for C-C@measurements in 100 L composting reactors withatkwd-sludge. Defaults
in those values were attributed to the inherenérogeneity of the composting system and, in
some extent, to the analytical errors. In additimojsture content determination is also pointed
out as an error income for ash mass balances (ZwadhdVatsuto, 2010). In fact, by analysing
the standard deviation for moisture content in €&hH.2 the values obtained were much higher
than for VS determination. For that reason it wasidked that in future studies, moisture
determination would be based on five replicates taedmean value based upon the three more

consistent values.

4.5. General conclusions

Exploratory tests on a composting lab installat{@ith four SHR) indicated that its
operation was adequate, in particular with respetite following aspects:
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1) temperature in the centre of the composting mixtume representative of the hot
spot;
i) radial temperature gradients were more signifitiaanm in the axial direction;

i) gas cooling and condensing apparatus allowed gaser@ature and moisture to fit
within the operating conditions of the oxygen s&ss0

1Y) sampling procedure reasonably fulfilled the ashseovation, though analytical
error associated to the moisture determinationsildhbe lessen by performing

more replicates.
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4.7. Supplementary material

According to Mason and Milke (2005), steady staathransfer across a wall, Q (W),
maybe modeled by Eq (S4.1), which is equal to CCR(W
Q =UA(T, - Ty) (S4.1)

For a cylinder with a two component wall, the tdd# may be determines as follows:

1 1 n (:_i) l"(:_;) 1

UA  2mriLhg; = 2mkal  2mkgl  2mryL(heo+hy)

(S4.2)

where Q is the heat flux due to convective/condedtadiative (CCR) heat transfer through the
reactor wall (W); U is the overall heat transfeeffizient (W m? .K™%); A is the surface area
(m?); T is the temperature (K)¢Is the convective heat transfer coefficient (W {Y); k is the
thermal conductivity (W m .K™1); h is the radiative heat transfer coefficient (WP nik™h); r is
the radius (m); L is the height of cylinder (m} refer to the inside and outside locations in the
bulk mixture immediately adjacent to the wall boandlayers; A, B represent different types of
materials (PVC and AeroFlex_EPDML,2,3 represent the inner to outer radii, respeist

Biological heat (BH) is defined by:

BH = BHO X BD X Vypgetor (54.3)
where BHO is the peak of biological heat outputKitrs), BD is the dry mixture bulk density
(kgrs M), Vieactoris the volume of the reactor frand TS represents the total solids in the

mixture. For estimating instant CCR and BH, da&spnted in Table S4.1 were assumed.
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Table $4.1: Data used for estimation of CCR heat losses anddizbheat production on a cylindrical self-heataogmposting

reactor. Adapted from Mason and Milke (2005).

Parameter Units Value
Peak biological heat output (BHO) W-kg 28.0
Mixture bulk density (BD) kg M 250
Moisture content of mixture % 65
Compost temperature °C 70
Ambient temperature °C 25
PVC thermal conductivity W m?t K? 0.092
Thickness of PVC mm 5
AeroFlex_EPDM thermal conductivity W m?t K? 0.035
Thickness of AeroFlex EPDM mm 36
Convective/radiative heat transfer coefficient

W m?2 K1 10

(hc, hr)

Table S4.2 summarizes experimental results foryama) the ash balance closure (%),

which was calculated according to Eq.(4.3).

Table $4.2: Experimental results of ash conservation for SHR.

Sampling period

1st 2nd 3|'d 4th
Composting

SHR days O 2 2* 4 4% 7 7* 10
Parameters

R1 m (kg) 29.5 28.3 28.0 27.2 26.7 23.2 22.0 21.2
MC (%zsd, n=3) 73.6+2.6 73.24¢0.1 73.2+0.1 73.7+3.13.7+3.1 78.9+1.0 78.9+1.0 78.7+0.5
VS (%+sd, n=3) 88.1+0.3 88.1+0.5 88.1+0.5 87.8+087.8+0.3 83.3+0.5 83.3+0.5 83.3%0.1
Mash (KQ) 0.93 0.90 0.90 0.87 0.86 0.82 0.78 0.76
Ash balance closure (%) 97 97 95 97

R2 m (kg) 29.2 26.2 26.0 23.9 235 21.8 21.3 20.9
MC (%zsd, n=3) 73.6+2.6 76.3+24 76.3+2.4 72.4+1724+1.1 73.5+1.8 73.5+1.8 70.0+2.6
VS (%=sd, n=3) 88.1+0.3 85.6+0.4 85.6£0.4 86.3x0.26.3+0.2 83.9+0.5 83.9+0.5 84.5+0.2
Mash (KQ) 0.92 0.93 0.92 0.93 0.89 0.93 0.91 0.97
Ash balance closure (%) 102 102 104 107

R3 m (kg) 29.2 25.7 254 235 23.0 22.4 21.6 21.3
MC (%zsd, n=3) 73.612.6 74.8+4.1 74.8+4.1 74.3x0.84.3x0.8 72.8+0.9 72.8+0.9 73.1+0.7
VS (%+sd, n=3) 88.1+0.3 86.5+t0.4 86.5+0.4 84.7+084.7+0.6 84.8+0.3 84.8+0.3 84.5+0.3
Mash (KQ) 0.92 0.87 0.86 0.92 0.90 0.93 0.89 0.89
Ash balance closure (%) 95 107 103 100

*- initial conditions after sample withdrawal.

110
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industrial eggshell waste

The third part of the thesis integrates the corethd work developed regarding
composting studies. Firstly, in Chapter 5 a scregnof starting composting mixtures is
performed to select the most promising formulationterms of self-heating potential. The
influence of eggshell (up to 30% w/w) and N-richteral on the composting process evolution
and end-product quality is thoroughly studied ina@ter 6. Chapter 7 is devoted to the
application of Principal Components Analysis (PC#) unravel the main relationships
structuring the variability of data collected froexperimental studies that addressed the

incorporation of high levels (up to 60%) of eggshelste in a composting mixture.
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5. Evaluation of self-heating potential in specific mixtures*

Industrial eggshell waste (ES) is classified asaamal by-product not intended to
human consumption. For reducing pathogen spreadskgdue to soil incorporation of ES,
sanitation by composting is a pre-treatment optidiming to attain pathogen-killing
requirements, the inorganic nature of ES obligescitmposting with organic materials to

upsurge the energy input for the process.

In this work, the selection of a starting compagtmixture to allow eggshell waste
recycling is addressed. Potato peel, grass cligparg rice husks were the organic materials
considered.

This study showed that the presence of grass aljspienhanced the self-heating

potential.

Keywords
Industrial eggshell waste, composting, self-heapogpntial, starting mixture

*The information presented in this chapter was tag®n the publications:
Soares, M.A.R., Quina, M.J., Quinta-Ferreira, R12 Co-composting of eggshell waste in self-hgatéactors:

Monitoring and end product quality. Bioresour. Tiech 148, 293-301.

Soares, M.A.R.; Quina, M.J.; Quinta-Ferreira, R120Selection of organic materials for co-compastidustrial
eggshell waste, presented at WasteEng2012- 4ttnaitenal Conference on Engineering for Waste aiodnBss
Valorisation, 10-13th September, In Proceedingd,2y@g 604-609, Porto, Portugabr@ communication).
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5.1. Introduction

There are millions of hen eggs that are brokenyeday in food plants. The eggshell

(ES) is usually seen as a waste from this industhgse production can represent from 0.03 to
0.12 of the mass of the egg products obtained #ggs (Russ and Meyer-Pittroff, 2004).
In 2011, European countries produced about 10.komilon of eggs from which about 30% was
diverted to egg breaking processing (Agra CEAS @ling Ltd, 2008; FAO, 2012). Since ES
represents 11% of the total egg weight (Meski et 2011), the annual production of ES in
Europe may ascend to 350 thousand ton.

The adequate handling and disposal of this wastdoban considered a challenge for the
food industry in what concerns environmental priooec due to not only the large amounts
generated but also to its potential for microbiadliferation or growth of pathogens (Russ and
Meyer-Pittroff, 2004).

Suitable management strategies have not been stableshed for ES and disposal in
landfills has been traditionally used (Tsai et 2008). However, recycling and recovery should
be investigated to avoid the waste of resources.

In accordance with Regulation (EC) N° 1069/2009hef European Parliament and the
Council, the ES is nowadays classified as an anbygiroduct (ABP) not intended to human
consumption. ABP are categorized into three categowhich reflect the level of risk to public
and animal health arising from those wastes, anc&#&ch category, a list of disposal and use
alternatives is imposed in that Regulation. ESiaduded in the inventory of Category 3, and in
this case composting prior to soil incorporationars alternative to disposal/use, in order to
reduce spreading risk of pathogens to the envirom@red human health.

Composting may be defined as a process of biolbdeeomposition and stabilization of
organic substrates, under aerobic conditions, thiédws development of thermophilic
temperatures, as a result of biologically produbedt (Haug, 1993), for human and plant
pathogens inactivation. It can transform organidtensof animal or vegetal origin into a final
product that is stable, free of pathogens and pémetds, rich in humus and beneficial for
recycling of soil organic matter and nutrients.

Nowadays, there is a renewed attention concerrongposting and its application is not
limited to a farm context but is broadened to mig@icand industrial frameworks. In this scope,
composting has been identified as an environmgntsdlund alternative, for tailoring the
recovery of waste organic matter and nutrientsufgpeess soil deficiencies (Farrell and Jones,
2009).
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Due to the high nutrition content of ES, namelycalcium, its recycling by composting
seems quite interesting. In fact, the applicatiberoiched calcium compost to soils deficient in
this nutrient may constitute an option to promot récycling into a value-added product and
consequently recover a natural resource contaméuds ABP.

In a composting process the major energy inputiestd the organic content of the initial
mixture (Haug, 1993). Since ES is mainly an inorganaterial with about 94% (w/w) CaGO
(Tsai et al., 2008), it may be expected that therggnreleased from organic decomposition may
not be sufficient to rise the temperature of thenposting matrix to the thermophilic range
adequate for pathogen inactivation. Consequendimposting of ES with other materials should
be considered to upsurge the energy input for thecgss, aiming to satisfy sanitizing
requirements for ES (70°C for 1 h) (Commission Ragan (EU) N°142/2011).”

The main objective of this work was to evaluate Hedf-heating ability of a set of
composting mixtures, to ensure proper sanitatioeggshell. Potato peel (PP) (from the food
industry), grass clippings (GC) and rice husks (R¥¢ye the organic materials considered to

seek for a balanced initial composting mixture.

5.2. Materials and methods

5.2.1. Self-heating reactors

Experiments were performed in a system of threehsglting reactors (SHR), whose
characteristics were previously described in Chrapt&

Biological activity of the composting mixture wassassed by calculating oxygen uptake
rate (OUR) defined as (Barrena et al., 2009):

_QxAQ, x 3198
1000xVgxV§

OUR (gQ, kgVS*h?) (5.1)

whereQ (L h?) is the airflow ratedO, (mL L) the difference in oxygen concentration between
the inlet and the outlet airflow, 1000 is the casi@n factor from mL to LVg (L mol?) the
volume of one mole of gas at inlet conditions, 81(§ mot') is the molecular weight of Qand
VS (kg) the weight of the organic matter of the contpasmixture, at instant t.

The profile of organic matter loss during experitsewas fitted to a first order kinetic

model (Bustamante et al., 2008):

VSo—-VS VSpi -
0 t — Z2bio o (1 —e kt) (5.2)
VSo VSo

where VS is the initial weight of organic matter in the mixe (kg), VSuio IS the maximum

amount of organic matter degraded (Kg)s the rate constant (daf)sandt is the composting
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time (days). After fitting, the obtained equatiorasvused to quantify instantaneovs.
Cumulative OUR was calculated by numeric integrataf the instantaneous OUR values

recorded during composting.

5.2.2. Materials and experimental design

Potato peel (PP) was gathered at a Portuguesetinaispotato chips, rice husk (RH)
was provided by a rice husking factory and gragsprigs (GC) were obtained from a garden
maintenance service from a national football stediMaterials were used in composting
experiments immediately after their collection. €ralippings were sieved through a 5 cm
mesh, in order to obtain a homogenous materiaiz@ and shape. The other materials did not
require any specific treatment.

To select a composting mixture with an adequateldgoadability level to drive the
process into thermophilic conditions, three forniolas were tested (Table 5.1) involving PP,
GC and RH as ingredients. Since PP is a very w&mah(~85% moisture) and with low inter-
particle volume of voids available for oxygen dgffon, RH was added as structural and drying
amendment material. Free air space (FAS) of imidtures was predicted according to a model
based on the ingredients proportions and descelseavhere (Soares et al., 2013).

Each blend was prepared by weighing the componactsrding to the pre-defined
proportions indicated in Table 5.1, for a total doaquivalent to a volume of 99 L. The

ingredients were mixed thoroughly for 20 min, beftwading the SHR.

Table 5.1: Composting mixtures characteristics tested irs#i&heating reactors.

SHR SHR SHR:

PP (Y%owiw) 58.7 50.6 66.0
GC (%w/w) 194 324 8.1

RH (Y%w/w) 21.9 17.0 25.9
Mixture mass (kg) 23.8 22.7 24.2
Moisture Content (%)+sd 70.5%1.3 69.6£1.5 64.3+1.2
Volatile Solids (VS) (%)+sd 86.7+0.03  85.9+0.03 B&M.03
Predicted FAS (%)pi 73.9+4.2 76.7+4.0 71.0+4.5

SHR: self-heating reactor; PP: potato peel; GCsgdippings, RH: rice husk, sd: standard deviation
pi: prediction interval

The initial airflow rate was 7.5 L mih) and afterwards it was manually adjusted to
guarantee an outlet oxygen concentration in theggaof 5 to 15% (v/v). Composting
experiments lasted 25 days and the content ofdhetors was homogenised in a daily basis.
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Samples were taken for analysis on day 0, 4, 11artB25, as previously described (Chapter
4.3).

5.2.3. Analytical methods

The moisture and VS content were determined aslelétan Chapter 3.2.3. FAS of the
composting mixtures during aerobic biodegradatias walculated as described in the previously
referred Chapter (Eq (3.6)). Additionally, duringpngposting monitoring, FAS was also
quantified by Eq (3.10) a theoretical approach psagl by Richard et al. (2004).

5.2.4. Statistical analysis of data
Statistical analyses, model fitting and numeriegnations were performed in software

Matlab (Version 7.8.0.347, Math- works, USA).

5.3. Results and discussion

It is well established that the self-heating catyacf a composting mixture depends on
the heat production rate during the microbial bdeakn of organic materials. This parameter
can be considered as linearly dependent on theemxggnsumption rate (Barrena et al., 2006)
and determines the extent to which easily biodeaiyked organic matter has decomposed
(Barrena et al., 2011). In fact, also accordingtaglia et al. (2000) higher demand of oxygen
per unit of organic matter can be understood asenigrelease of heat produced by
biodegradation.

To categorise the biological activity of organicxtares and thus establish a comparison
of the potential self-heating capacity, Barrena aneworkers proposed three main categories
based on the rate of oxygen consumption (Barreah,&2011):

) high biodegradable (respiration activity highemttamg Q. gvS* hl);
i) moderate biodegradable (respiration activity withito 5 mg Q. gvS* h!) and
i) low biodegradable (respiration activity lower tHamg Q. gvVS?t hl).

In the scope of this work, the selection of theiahimixture for subsequent composting
of eggshell was performed on a high self-heatingedaconcept, meaning that finding the
composting mixture with higher oxygen consumptioar mnit of organic matter during

thermophilic activity was the prime goal.
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For each mixture tested in the reactors SHRSHR, whose properties were indicated in
Table 5.1, Figure 5.1 a) shows the temperatureaafidw profiles and Figure 5.1 b) depicts the

OUR evolution, over 25 days of composting trials.
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Figure5.1: Evolution of (a) temperature and airflow rate §bjJOUR for SHRto SHR; reactors.

The results reveal that regardless of the mixt@mposition, temperature profiles have
the expected behaviour over time, where the thiessic phases are well observed (Zhu, 2006).
Indeed, a short initial phase is visible due todbgvity and growth of mesophilic organisms that
increase the temperature within the first 24 h ofmposting. Then, the thermophilic phase
(T>40°C) was developed and lasted about 7 daysngirog degradation of materials, while
non-thermo-tolerant organisms were inhibited. Fynahe mesophilic activity arose once again

and determined the temperature profile, reflectthg depletion of readily biodegradable
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components. The maximum temperatures achieved 6&& 60.4 and 57.5°C for SHRo
SHRs, respectively.

Differences between mixtures were also observeadrins of time/temperature relations
for thermal inactivation of pathogens. In accordate Haug (1993), most common pathogens
and parasites present a minimum threshold of 55%hg 10 to 60 min of exposure for thermal
inactivation. In this study, SHRpresented a lower exposure period of 5 consectibegs to
55°C, while for SHRand SHR that period attained 81 and 68 hours, respectigyertheless,
none of the mixtures tested attained the critefigeimperature exposure (70°C for 1 h) imposed
by Commission Regulation (EU) N°142/2011 now inc&rwhich might be a consequence of
excessive aeration (high airflow rates).

However, according to Figure 5.1 a) the heat reah&yy convection may have been
lower for SHR in comparison with SHRand SHR, because the air flow rate applied by kg of
VS was smaller in the former case. Therefore diffiees found in terms of time/temperature
exposure should be attributed to the biodegradgbdf the organic matter in the starting
material. The lower capacity of mixture SEHR® achieve and maintain higher temperatures is
also observable in OUR profile. According to Figbr& b) the maximum OUR reached in SHR
ranged the interval characterized by moderate igiadiability as indicated by Barrena et al.
(2011), which points out a smaller availabilitylmbdegradable organic matter. This is probably
due to the presence of higher amounts of rice htieltscontain significant levels of recalcitrant
organic matter. In addition, also biodegradabitifyhe potato peel may play a role owing to the
presence of compounds like lignin and phenolic wraes (Ezekiel et al., 2013) that are rather
resistant to degradation and their rate of disapea is not as fast as that of polysaccharides
(Said-Pullicino et al., 2007).

For the mixtures SHRand SHR the maximum OUR reached the level of “high
biodegradability”, but the OUR cumulative values tbermophilic phase (T>40°C) were 432
and 624 g @kg*! of organic matter for SHRand SHR, respectively. This means that the SHR
mixture is characterized by a higher thermal enamydrive the composting process into
thermophilic temperatures and induce pathogen editian as required for eggshell recycling by
composting.

However, high biodegradable mixtures may impair posting because when materials
decompose quickly, pores between particles are cesluand gas transfer conditioned
(Alburquerque et al., 2008). Therefore, FAS wasngjtiad according to Eq (3.6) and (3.10) and

pore space evolution during composting is preseint&igure 5.2.
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Figure5.2: Evolution of FAS during composting of SHFSHR,, SHR; a) by Eq (3.6) b) by Eq (3.10)
(measurements correspond to means of 3 replicatesreor bars indicate standard deviation).

In general, FAS calculated by Eq. (3.6) is slightiwer than quantification provided by
the theoretical approach proposed by Richard e(28l04), Eq. (3.10), with relative errors
ranging between -1.6 to -8.9%. Nevertheless, FAGu&on during composting was similarly
described by the two equations used in this stady, both emphasized that SHRdergoes a
more prominent reduction of FAS during the mostvacphase of biodegradation (the initial 7
days of compost). But the proportion of rice husknixture SHR allowed to maintain FAS far
above 30%, which is commonly considered to beithiihg value (Huet et al., 2012).

Thus, it was considered that the higher biodegriéittabf SHR> places no restriction on
the pore volume. Therefore, the SHRixture was considered for further experiments with

eggshell waste.
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The effect of air flow on reaction temperaturedhed SHR mixture was still evaluated.

In this experiment, the mixture formulation (SFHR%ES) was equal to SHRa working reactor

volume of 105 L was used, and the starting airfimas set to 3.5 L mihy equivalent to

0.5 L mint kg?! of initial organic matter. The air volumetric rates adjusted over time, and

homogenisation and sampling procedures followedrtethods aforementioned.

Figure 5.3 compares temperature, airflow rate arldROobserved in SHR and
SHRAO%ES for 25 days of composting.
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Figure5.3: Evolution of (a) temperature and airflow rate §bJOUR composting for SHRand SHR +0%ES.

By reducing the air flow initially fed to the mixtel SHR from 1.3 to 0.5 L mirt kg of

initial organic matter, a significant increase Ire tmaximum temperature was attained (from
60.4°C to 72.8°C, Figure 5.3 a)). These findingkciate that the mixture was sensitive to the air

flow rate with respect to heat removal by convettioring composting.

121



CHAPTER 5. EVALUATION OF SELF-HEATING POTENTIAL IN SPECIFIC MIXTURES

Regarding biodegradability, the maximum OUR reachad slightly reduced in the early
stage of the process (5.3 to 4.8 g k&' VS h!, Figure 5.3 b)), probably due to an initial
limitation in oxygen concentration during that sagut that change was determinant to reduce
convective heat losses, and therefore attain tlsgede sanitation temperatures needed for ES
treatment. Nevertheless, seeding of the initialtonexwould be a worthwhile option to evaluate
in further studies. In fact, the addition of addguanoculants could enhance global
biotransformation (reaction rates) with consequedtction of the mixture susceptibility to the
air convective effects (Nakasaki and Akiyama, 1988)

A preliminary experiment was performed to addréssdffect of eggshell (ES) waste on
composting process evolution. For this, two mixsumgere tested: SHFRO%ES and SHR
30%ES involving 30% (w/w) of ES and 70% (w/w) ofraxture equal to SHRO%ES. The
operating conditions were the ones previously desdr(105 L of reacting volume, airflow of
0.5 L mint kg! of initial organic matter) and homogenisation aadhpling procedures followed
the aforementioned methods.

Profiles shown in Figure 5.4 reveal a rapid inceeas temperature for both mixtures,
mainly due to microbial metabolism favoured by tmesence of readily available organic
substances. The reaction temperature reached @b®0tand remained above that value for 18
consecutive hours for SHR0% ES and 8.7 hours for SEH30% ES. Thus, the addition of 30%
of ES allows compliance with the minimum time aathperature sanitising requirements of 1 h
at 70°C, proposed by Commission Regulation (EUARFA011.

—— SHR, - O%ES
SHR, - 30%ES

Temperature (°C)

Air flow
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T T T
15 20 25 30
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Figure5.4: Evolution of temperature and air flow rate, durcmmposting of SHRwith 0 and 30% ES (w/w).
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5.4. Conclusions

The objective of this work was to select a mixtaoenposition of potato peel (PP), grass
clippings (GC) and rice husks (RH) with self-hegtpotential enough to promote sanitation of
eggshell waste (ES). The composting experimentestiadhat the three organic mixtures tested
with PP, GC and RH ranged from moderate to hightglégradable. The mixture with higher
content in RH and lower proportions of GC presentied smaller biological activity. In
opposition, upper GC fractions enhanced the selfthg potential, therefore SHRwas
suggested for future experiments with ES. Resotgcated the air flow rate may be controlled
to avoid excessive heat removal.

Preliminary experimental tests showed that ES pa@tion did not affect significantly
the capacity of the composting mixture to reachtsamg conditions. Nevertheless, the higher
content of nitrogen in SHRRdue to the upper fraction of grass clippings, raage some issues
regarding nitrogen conservation during compostirag will be addressed in the next chapter.
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6. Valorisation of industrial eggshell by co-composting:
influence of eggshell content and N-rich material*

Industrial eggshell (ES) is an animal by-producBRA involving some risk if not
properly managed. Composting is a possible treataggoroved for its safe use. This study aims
to assess the influence of using N-rich materighgg clippings) to improve co-composting of
ES mixtures for reaching sanitising temperaturegoised by the animal by-product regulation
from the European Union.

Two sets of mixtures (Mand M) were investigated each containing industrial fmota
peel waste, grass clippings and rice husks at:3:h8d 3:0:1 ratios by wet weight. In each set,
ES composition ranged from 0 to 30% (w/w). Compuastrials were performed in self-heating
reactors for 25 days, followed by maturation irepilResults showed that only Mials attained
temperatures higher than 70°C for 9 consecutiveshdaut N-losses by stripping on average
were 4 to 5-fold higher than M

In the absence of N-rich material, biodegradabiitymixtures was “low” to “moderate”
and organic matter conversion was impaired. Phlysateemical and phytotoxic properties of
finished composts were suitable for soil improveméut M; took more 54 days to achieve
maturity. In conclusion, co-composting ES with NMkrimaterials is important to assure the

fulfilment of sanitising requirements, avoiding aayditional thermal treatment.

Keywords
Eggshell waste, co-composting, N-rich ingredieelf-Beating potential, sanitising

*The information presented in this chapter was dag®n the following manuscripts:

Soares, M.A.R., Quina, M.J., Quinta-Ferreira, Rfluence of N-rich material in valorisation of irgtrial eggshell
by co-composting. Submitted to Environmental Tedbgy, in October 2015.

Soares, M.A.R., Quina, M.J., Quinta-Ferreira, R12 Co-composting of eggshell waste in self-hgat#actors:
Monitoring and end product quality. Bioresour. Tiech 148, 293—-301.
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6.1. Introduction

Composting is an ancient practice that has beed imsecenturies by man, as a mean of
recycling organic matter to improve soil physicadachemical properties (Rynk et al., 1992).
Although this technology was first developed foreus farming activities, nowadays its
application has broadened to municipal and indaistsiastes. In fact, regulatory targets are
limiting the amount of biodegradable waste senlatalfill, promoting the retrieval of organic
matter and nutrients that can be tailored to sigspseil deficiencies. In this scope, composting
has been identified as an environmentally sounerrative (Chroni et al., 2012; Farrell and
Jones, 2009; Gajalakshmi and Abbasi, 2008; Shatrmala, 4997; Tuomela et al., 2000).

Composting has been used to recycle several typegasies such as municipal solid
wastes (Castaldi et al., 2005; Gestel et al., 28@Bnar and Goel, 2009), sewage sludges (Kang
et al., 2011; Manios, 2004; Paredes et al., 200&;afd Liu, 2005), agro-food residues (Grigatti
et al.,, 2011; Pepe et al.,, 2013; Sellami et alQ820and many others. More specifically,
composting is also amongst the list of optionsufee and disposal of animal by-products defined
the European Union legislation (Regulation (EC)1889/2009 of the European Parliament and
of the Council of 21 October 2009), which imposesoperating condition a temperature-time
relation of 70°C for 60 min, to achieve successéudlitation. In the literature, some studies have
already addressed the viability of this sanitizreguirement by performing composting tests
with animal carcasses (Barrena et al., 2009), pouttanure (Bijlsma et al., 2013) and
hydrolysed leather or blood meal (Cayuela et &i1,22.

Eggshell (ES) is a by-product of egg processingisitny that is categorised as an animal
by-product (ABP). Actually, this ABP is mainly irganic (94% CaCeg) (Tsai et al., 2008) and
its production may annually ascend to 350 thoudandes in Europe (Soares et al., 2013a)
which constitutes a huge environmental issue (ibradt al., 2015). Raw ES typically has a low
C:N ratio &2), mainly due to the organic content of proteilycgproteins and proteoglycans
fibres present therein (Baldz, 2014; Cordeiro ammcke, 2011; Guru and Dash, 2014). Thus,
mixture formulation must be tailored for promotiB§ composting with effective retention of N,
as well as for having enough self-heating capatityallow the fulfilment of sanitizing
requirements.

The N availability in composting starting mixtunssreported to have a relevant influence
on organic matter degradation rate, chemical emwiygaseous losses and likely in quality of
the end-product composts (Cayuela et al., 20129;2B8ndey et al., 2009; Sanchez-Monedero et
al.,, 2001; Sanchez-Monedero et al., 2010). On tteerohand, self-heating capacity is
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intrinsically related to the feedstock biodegratighiwhich depends upon the materials origin
(de Guardia et al., 2010a).

Due to these issues, a comprehensive understaodihginfluence in the physical and
chemical changes occurring during co-composting®is required and yet not addressed. Thus,
this study highlights the effect of N-rich materigrass clippings, GC) in ES composting
mixtures, where potato peel (PP) is the startigpoic feedstock and rice husk (RH) is the
bulking agent. The influence of GC on ES co-comipgstvas considered at four levels: self-

heating capacity, physical changes, nitrogen tansdtion and end-product quality.

6.2. Materials and methods

6.2.1. Composting materials and experimental design

Potato peel (PP) was collected from a potato cimgsstry, rice husk (RH) was provided
by a rice husking factory and grass clippings (Gé&re obtained from a national football
stadium. Materials were used in composting expertmen less than 24 hours after their
collection. GC was sieved through a 5 cm mesh,thetother materials did not require any
treatment. The eggshell waste was collected intiarad industry of pasteurized liquid eggs and
boiled eggs, and immediately preserved at -12 °@ further use. ES was thawed at room
temperature before use. The main properties otdngposting ingredients are reported in Table
S6.1 in section 6.7.

The experimental design consisted in eight quatgreomposting mixtures divided in
two sets (M and M, with and without GC, respectively), where ES rh§rom 0 to 30%. In all
mixtures, the ratio RH/PP was kept constat.§4). Homogeneous mixtures according to the
predefined proportions were obtained (Table 6.1) mm water was required. Total mass loaded
to each reactor varied between 25.7 to 35.9 kg.

Table 6.1: Composition of mixtures and composting experimeoctalditions

M1 M1 M1 M1 M2 M2 M2 MZ
Parameter gy es  +10%ES +20%ES  +30%ES  +0%ES ~ +10%ES  +20%ES  +30%ES
PP 50.6 45.6 40.5 35.4 74.5 67.1 59.6 52.2
(Yow/w)
GC

32.4 29.1 25.9 22.7 0.0 0.0 0.0 0.0
(Yow/w)
RH 17.0 15.3 13.6 11.9 25.5 22.9 20.4 17.8
(Yow/w)
ES 0.0 10.0 20.0 30.0 0.0 10.0 20.0 30.0
(Yow/w)
;Illg)tal mass 25.7 27.8 30.5 33.9 26.9 29.7 32.6 35.9
:E'rt]!f)ll air-flow 5, 215 215 212 228 234 223 234
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6.2.2. Experimental set-up and composting tests

Co-composting experiments were performed in folfrteEating reactors with a working
volume of 105 L. The characteristics of each rea@e well as the air distribution systenp, O
and temperature monitoring devices were previodsscribed in Chapter 4.

Composting trials lasted for 25 days in self-hegat@actors. Airflow was initially set from
204 to 234 L mirt, which is equivalent to 0.5 L minper kgof organic matter (OM). This
aeration rate is within the range of 0.43-0.86 Intikg! OM used by Lu et al. (2001) for food
waste. The air flow was adjusted to assure an toaxggen concentration in the range of 5 to
15% (v/v) and sustain the thermophilic phase ag las possible (Puyuelo et al., 2010). To
ensure homogeneous conditions during tests, reaatere rolled for a distance equivalent to 14
rotations. The homogenisation procedure was peddron a daily basis during thermophilic
conditions, and whenever samples were withdrawgs(da 12, 20, 25). After 25 days, mixtures
were allowed to conclude maturation phase in spilb that were homogenised and moisture
corrected £50%) every week, until 90 days of composting for and 144 days for M During
this stage, sampling was performed at days 61n€Q.44.

All samples withdrawn were weighed and the massagch was considered in the overall

mass balance of composting, as detailed in Chdpt@&he fraction of organic matte‘%) not
0

degraded during composting was calculated accotdiig). (4.1)

6.2.3. Monitoring parameters

During composting trials in self-heating reactdms]ogical activity of the mixture was
assessed by calculating oxygen uptake rate (OUf)edieas previously indicated in Eq. (5.1).
The profile of organic matter loss during experitsaemas fitted to a first order kinetic model
(Eq. (5.2)).

Wet bulk density (BD, kg ) was determined by weighing the reactor conteg} énd
calculating the mixture volume from the height lo¢ tmass inside the reactor (H1) measured as
established in Chapter 4.2.2 (Figure 4.5). Freespace (FAS) of the composting mixtures
during aerobic biodegradation was calculated adegria Eq. (3.6).

The moisture content was determined as the loagight after samples were dried in an
oven at 105°C to constant weight. Water holdingacep was determined as described in section
3.2.3 (Eq. (3.7)).
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pH and electrical conductivity (EC) were measuredvater extracts 1:5 (v/v) for 1 h. pH
was measured directly in suspensions, but a fitnalvas performed in the case of EC and the
contribution of water, glassware and filter papg®aiik essay) was subtracted.

The calcium carbonate content was assessed pgraiiag 1 g dry basis of compost in
50 mL 0.5 N HCI (with heat) and back-titrating td @ with 0.25N NaOH (Kog¢ et al., 2014).

Organic matter was estimated as volatile solif)(Wy measuring the fraction of sample
(2.5 g) loss at 550 °C for 4 h. Organic carbon determined with a Carbon-Sulphur Analyzer
(Leco Instruments, model SC-144 DR).

Kjeldhal nitrogen (Neidha) Was quantified on 0.50 g of sample dried and ggdolby
mineralizing it with sulfuric acid 98%, followed bgteam distillation and then titrimetric
determination with HCI (McGinnis et al., 2011). NAN was extracted with KCI (2M)
(1:10w/v) and nitric nitrogen (N-N&©F N-NOy) with water (1:10 w/v) for 2 h (Tremier et al.,
2005). Mineral nitrogen concentration was determhiri®y colorimetry with a segmented
continuous flow analyzer (Skalar SAN Plus ) usinmethod based on the modified Berthelot
reaction for N-NH" and promoting the reaction with sulfanilamide ahdl-naphthyl
ethylenediamine dihydrochloride for nitric nitrogéenito et al., 2009).

The organic nitrogen contentddy of the samples was calculated by Eq (6.1):

Nog = Nyegha =N (6.1)

NHZair—dried
where Nijeidnal iS the sum of organic nitrogen compounds and anenaoinair dried sample and

N-NH4" air-dried refers to ammonia content of air dried samples.

The capability of the compost to reheat was evatlidty using the Dewar self-heating
test. Vessels of about 1.8 L were filled with corsipgamples moisture corrected to 50% of their
water holding capacity, as described by Woods EeskRrch Laboratory (2005). During the test,
external temperature of the vessels was kept &.20fximum temperature of the compost
mass was daily recorded, until heat productiondested. The degree of stability was attributed
according to the maximum temperature achievedetsled in Table 6.2.

Table 6.2: Interpretation of Dewar self-heating test.

Maximum temperature in vessel  Cjass of stability ~ Description of maturity/stabylit
(ATmax, °C)

20-25 A Mature, curing compost

25-45 B Mesophilic, active

45-70 C Thermophilic, very active
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The phytotoxicity was assessed through germinaesits using aqueous extracts from
composts. About 5 mL of extract (1:10, dry weightl hour of agitation) was placed in a petri
dish containing 10 seeds bépidium sativum. Three replicates per sample were incubated at 25
°C in dark conditions for 48 h. After this periadde number of germinated seeds and their root
length were measured. A control test was prepardddeionized water (Komilis & Tziouvaras,
2009). Germination index (Gl) was calculated by.(&Q) as a percentage of a control
experiment (with deionized water):

Gl (%) :% 6.2)

where RSG is the relative seed germination (%)RIR&G the relative root growth (%).
Fourier transform infrared spectroscopy (FTIR) gs@l was performed using KBr pellets

(2 mg of dried samples per 200 mg of KBr) in a 43@8co model. FTIR spectra were acquired
by averaging 32 scans in the range of 400-4000, eesolution of 4 cm and scan speed of 2
mm st. The spectra absorption bands were correlatedtitimain infrared absorption bands of
composts presented in Table S6.2 — supplementéay da

Cation exchange capacity in composting samplesagasmplished according to Harada
and Inoko (1980). About 200 mg of sample is waskath 0.05 N HCI to replace the
exchangeable cations. The adsorbe&dwds displaced by 1 N barium acetate and thertddra
with 0.05 N sodium hydroxide (NaOH) to pH 8.9, e tpresence of thymol blue indicator.

6.2.4. Statistical analysis of data

Statistical analysis, model fitting and numericegrations were performed with software
Matlab (version 7.8.0347, Mathworks, USA).

6.3. Results and discussion

6.3.1. Characteristics of the starting composting mixtures

Properties of the starting quaternary compostingtunés are shown in Table 6.3.
Mixtures without eggshell (M-O%ES and M+O0%ES) have similar moisture conten67%) but
very distinct C:N (23.2 and 68.6, respectively),imhadue to the lack of GC in M2, but also to
the higher C:N of PP used for this set of blendené&ally, the addition of ES to Mand M
increased the wet bulk density and reduced thervimtieling capacity of the mixture. Moisture

content and C:N ratio were lowered by the incorporaof ES. However, initial moisture was

130



PART C. COMPOSTING TRIALSWITH INDUSTRIAL EGGSHELL WASTE

always above 50% and pH near neutrality (betweBrafd 7.3) which are considered adequate
to support growth and activity of microbial popudeis (Liang et al., 2003; Bernal et al., 2009).

Table 6.3: Properties of the starting composting mixturesgmstandard deviation, n=3).

Property M1+ M1+ M1+ M1+ Mo+ Mo+ Mo+ Mo+
0%ES 10%ES 20%ES 30%ES 0%ES 10%ES 20%ES 30%ES

MC (%) 67.9+0.8 62.840.5 56.0+1.2 52.840.4 67.2+0. 64.6x1.5 57.4+0.3 52.5£1.0
WHC (gwater 100 gam?) 241 193 157 130 303 243 197 162
Available WHC
(% of WHC) 12.2 12.5 18.9 13.9 32.7 24.9 31.6 31.8
BD (kg m®) 245 265 290 323 256 283 310 342
pH 6.6 6.7 6.8 6.9 6.5 6.7 6.9 6.9
VS (% dry basig 85.0+0.3 67.2+t0.1 51.6+0.8 43.2+0.2 88.3%0.1 68.4+ 55.2+0.9 42.910.5
VSsource PP 27.1 26.6 26.0 25.3 32.2 31.6 30.8 30.0
(% total VS content)  gc 251 24.6 24.1 23.4 0.0 0.0 0.0 0.0

RH 47.8 47.0 46.0 44.7 67.8 66.4 64.9 62.9

ES 0.0 1.8 3.9 6.6 0.0 2.0 4.3 7.1
Corg (%0 dry basig 40.310. 32.6£0.1 25.1+0.2 21.8+0.2 41.7+0.1 36.2 29.0+0.2 21.6x0.4
Norg(g N Kghim'd) 15.3+0.4 13.5+0.1 11.6+0.3 11.2+0.2 6.7+0.2 8.6+ 8.4+0.1 8.1+0.2
N-NH4*(g N kgim?) 2.1+0.2 1.9+0.1 0.9+0.03 0.9+0.2 0.04+0.02 O0@B* 0.12+0.05 0.03+0.02
N-NOz(mg N kgim™) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
N-NOz(mg N kgim™) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
C:N 23 21 20 18 62 38 34 27

Abbreviations: BD: bulk density; & organic carbon; dm: dry matter LOD: limit of detien (2.4 mg N kgw*for N-
NOs and N-NQ’); MC: moisture content; & organic nitrogen; VS: volatile solid¥Ssourcé contribution of each
material to VS in the mixtur&/HC: water holding capacity.

6.3.2. Composting trials
6.3.2.1. Temperature profiles

Thermal inactivation is considered the main medranifor pathogens suppression
throughout composting, important to obtain a hygiend safe end-product (Farrell and Jones,
2009). Thermal exposure of the mixtures testedlustrated in Figure 6.1 a) and b). Table 6.4
summarises the influence of GC incorporation in egrarameters of the thermal pattern found
for each mixture. Throughout 25 days of composting self-heating reactors, oxygen
concentrations (%v/v) depicted in Figure S6.1 (seipentary data) were comprised between 7
and 20 % (v/v) assuring aeration rate levels wategaate to maintain aerobic conditions
(Puyuelo et al., 2010).
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Figure 6.1: Evolution of core centre and ambient temperatufesixtures a) M and b) M, during first 25 days of

composting.

Table 6.4: Influence of GC in thermal parameters of compugtrials.

. Tmax tmax Consecu_tive Consecutive period Thgrmophilic
Mixture (°C) (days) period with with T>55°C (d) period with T>40°C
T>70°C (h) (days)
M1+0%ES 72.8 0.7 18 6.0 7.7
M1+10%ES 72.3 0.7 16 54 7.7
M1+20%ES 72.3 0.8 18 5.2 7.8
M1+30%ES 72.0 11 9 4.8 6.9
M2+0%ES 58.4 15 0 1.8 6.8
M2+10%ES 60.1 1.5 0 1.8 5.9
M2+20%ES 62.5 15 0 2.2 5.4
M2+30%ES 62.4 1.5 0 25 5.9
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Independently of the mixture composition, the tgbitemperature-dependent phases
were observed (Figure 6.1 a) and b)). Initiallysheort mesophilic phase (less than 7 h in all
cases). Then a themophilic phase (T>40°C) was dped| and finally another mesophilic phase
arose again indicating that thermotolerant orgasismere inhibited due to the depletion of
readily available organic substances.

For all My mixtures, temperature reached 70°C and remainedealior 9 to 18
consecutive hours (Table 6.4, Figure 6.1 a)) tfdling the minimum sanitizing requirement
of 70°C for 1 h proposed by the Commission Reguta(EU) No. 142/ 2011 applicable to ES
waste. Maximum temperature{peak) ranged from 72 to 72.8°C. In specific for+BD%ES,
exposure to more than 70°C only for 9 h (50% lbss the other Mmixtures), was probably
due to the higher airflow rate and thus the heabreal by convection was enhanced.

The lack of nitrogen amendment (GC) i Mindered their ability to release heat and
reach pathogen-killing temperatures. As depictedrigure 6.1 b), MtO%ES was able to
achieve thermophilic temperatures, but the heatlymed during breakdown of organic matter
was short to accomplish the temperature target?G)l@'his might be a consequence of the high
contribution (68% - Table 6.3) of rice husks to twerall content of VS, by adding recalcitrant
organic matter. In addition, the lack of nitrogemisce in M to fit C:N ratio of M+0%ES within
25-30 may have impaired the development of mictopapulations. As a result, maximum
temperature (fay attained was 58,4° C but only for 1.8 days ab6%8C (Table 6.4).
Nevertheless, increasing ES irp Mhixtures promoted an upsurge in thesdand extended the
period with T>55°C (Table 6.4).

6.3.2.2. Oxygen uptake and organic matter conversion

Figures 6.2 a) and b) show the biological activitgasured as OUR of the mixtures
during composting process.

The OUR profiles found for Mand M are in accordance with the temperature behaviour
(Figure 6.1 a) and b)). In fact, temperature astamtaneous OUR revealed a very high positive
correlation with 0.894<r<0.942, P<0.0001 and 0.8¥B5838, P<0.0001 for Mand M,
respectively. According to the criteria proposed Bgrrena et al. (2011) to categorize the
biological activity of organic mixtures, the OURofites for My mixtures remained near to the
high biodegradable level during the first 3 to 4slaf composting (Figure 6.2 a)). This means
that the ability to generate heat due to microlmedakdown of the organic materials was
significant and pathogen-killing temperatures wabte to be reached effortlessly, as long as

convective removal of heat was kept lower thantreadeat.
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Figure 6.2: OUR evolution during composting in self-heatiegetors for a) Mmixtures and b) Mmixtures.

When GC is absent () biological activity is significantly impairedeaching values on
the transition between “low” to “moderate” bioded@dility and then sanitizing conditions for
ES waste were compromised. Nevertheless, aftea®s of composting all mixtures were able
to attain an OUR lower than 0.5 ¢ ®g! vs h?, which is the maximum threshold for stable
composts (Adani et al., 2004; Gea et al., 2004glsxcat al., 2000).

Moreover, the small influence of ES on the therbetiaviour and biodegradability ofiM
and M is somewhat unforeseen. In fact, since ES contiawsVS its incorporation would
reduce the organic matter available for degradatturs affecting the self-heating. However, ES
is high density materiakf60 kg m?) which increases wet bulk density of the mixturgs.a

result, the amount of organic matter in the workv@gume of the reactors (105 L) was
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practically identical£7 kg VS). In addition, organic matter from ES waw [(1.8 to 7.1% of the
total VS — Table 6.3) and PP and GC were the maumces of biodegradable organic matter.
Although it is claimed that organic matter of ESreadily available for microbial breakdown
(Girovich, 1996), it was not incorporated in highuagtity to overcome the intrinsic
biodegradability of the organic matter provided®¢ and PP. Thus, no relevant effect in the
overall biodegradability of the starting mixtureasMfound due to ES, and the biological activity/
self-heating ability was dictated by the other comgnts of the mixture.

Organic matter mineralisation was reasonably desdrby a first order kinetic model,
independently of GC amount used. During the fisstdys of composting, VS conversion nearly
attained a plateau (Figure S6.2 to S6.3-supplemedtda). Total oxygen consumed within that
period is proportional to the cumulative VS degidas expected (Figure S6.4 to S6.5 and
Table S6.3 — supplementary data). Cumulative oxyggrsumption pattern highlighted the lack
of a lag phase in the process, even when a riclouxce was absent (Figure S6.2 to S6.3-
supplementary data). In general, Figure 6.3 shbasihcorporation of GC triggered an increase
of 45% in Xs, which is reflected by an average upsurge of draeslevel (43%) in the total
oxygen consumed by unit of VS degraded. This behavhas not been reported for other
composting mixtures. For example, GC incorpora(ipb® w/w) in a blend of sewage sludge
with wood chips and rape straw can impair VS cosieer (lessening from 0.51 to 0.33) with

consequent reduction of temperatures (Kulikowsldakimiuk, 2011).

1500 4 I Total oxygen consumption

(9 0,kg™ VS,)
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Figure 6.3: Influence of GC in organic matter conversion &tdl oxygen consumption by unit of organic matter
degraded.

135



Moisture (%)

CHAPTER 6. VALORISATION OF INDUSTRIAL EGGSHELL BY CO-COMPOSTING

For M, total oxygen consumption (g2Ckg! VSg) is comparable to the aerobic
degradation of separated pig solids with wood cllg82 g Q kg! VSy), while M, was similar
to household waste (1050 g €y VSy) (de Guardia et al., 2010a). However, in the tattse,
VS conversion was much more expressive (0.95) dheerved in M (=0.30), which highlights
the importance of waste nature on the biodegradatdential (de Guardia et al., 2010a).

6.3.2.3. Moisture and physical changes

Moisture content is considered a key factor forcefht composting. Some studies
reported a wide range from 25% to 50% on a wetsb&hn et al., 2008). In general,
composting proceeds better at moisture contenDef(®% (Liang et al., 2003). However, each
mixture may have singular properties that can attee optimum relationship between moisture
content, water availability and porosity (Ahn et 2008). Figure 6.4 indicates moisture content,
wet bulk density and FAS over 25 days.
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Figure 6.4: Influence of GC on a) moisture, b) wet bulk dgnaind c) FAS evolution during composting
(meanzstandard deviation, n=3).
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In M1 mixtures, moisture fluctuations over 25 days ofmposting were not very
expressive. Normally high thermophilic temperatufasor water evaporation and require
external water correction (Brito et al., 2012). Baotthe present study no correction was
necessary because part of the vapor was allowedridensate and drop back to solid matrix.
Frequent mixing of the reactors redistributed coisge water in the composting matrix. Though
the initial available water capacity of Mvas between 12 and 19% of the maximum WHC
(Table 3) no leachates were formed, and compos&tuaijved as expected. ForoMhere is a
slight tendency to increase moisture, but it wasbpably damped due to the higher available
water capacity of the initial mixtures (25 to 3220f maximum WHC) (Table 6.3).

As previously mentioned, ES incorporation affectieel wet bulk density of the starting
mixtures, but during composting different trends 8D were observed, depending on the
proportion of GC used. While for Mwith GC) BD increases as composting evolves,Mar
(without GC) the opposite was observed (Figureb)4in the case of M a significant increase
was noticed during the first four days, which cep@nds to the period of higher OUR (Figure
6.2 a)). This fast breakdown of organic matter pk@d a sudden reduction of pores volume. In
fact, for ternary mixtures of PP:GC:RH, GC conttésito the increase of pore volume of a
blend (Soares et al., 2013b), but as it decompiderparticle pore volume is reduced. As a
result, M. suffered a small FAS reduction (Figure 6.4 c)).wdwer, composting was not
hindered, since FAS was kept well above 30%, wiidommonly considered the limiting value
(Huet et al., 2012). The reduction of BD for léls biodegradation progresses, highlights that RH
provided enough structure to support the solid imatis organic substrates were transformed in
a low to moderate rate, Figure 6.2 b). ConsequeR#S suffered a slight increase (Figure 6.4

C)).
6.3.2.4. Nitrogen transformation and estimation of N losses

Mechanism of nitrogen transformation and transi@ind) composting are complex and
may lead to significant N losses, thus affecting #gronomic value of the composting end-
product with a negative impact for the environméHubbe et al., 2010). During aerobic
degradation, ammonification corresponds to the sfamation of organic nitrogen into
ammoniacal nitrogen. This fraction is added to ithieal content, thus constituting a pool (N
pool) that can be either lost through leachingeteased as ammonia by stripping. Recent studies
have shown that N pool is positively correlatecterall N losses during composting (Zeng et
al., 2012a) and ammonification is the most contmguprocess (de Guardia et al., 2010b; Zeng
et al., 2012a). Figure 6.5 presents the ammonibicatate and N pool associated to N
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transformation during composting of mixtures lind M for 25 days. Ammonification rate
(AR) was calculated as:

AR (%) = ~ ENorg » 100% (6.3)

org,0

where ANorg corresponds to the mass of organic N removed gutire first 25 days of
composting (g N) and N0 is the mass of organic N in the starting mixtugéNy.
The N pool was quantified as (de Guardia et alLOB):

N pool = N-NH{, + A:;rg (6.4)
0

where N-NHap is the total ammoniacal nitrogen present in tlagtisig composting mixture (gN

kg! VSo) and VS is the mass of volatile solids in the starting mig. The parametefSNorg,
Norgo and VS were corrected with sample withdraws during prece®onitoring. Detailed

calculations are indicated in Table S6.4 — suppiearg data. Figure 6.5 clearly illustrates that

the ammonification rate significantly differs bewveMy and M.
50
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Figure 6.5: Ammonification and N pool for Mand M mixtures during 25 days of composting (error Isasndard
deviation)

Thus, GC is the component whose biodegradation mgaponsible for the general
upsurge of the ammonification rate in.Ms a result, N pool is significantly higher and¢an be
hypothesized that N losses by stripping (sinceeazhates were produced) were stimulated by
GC. In fact, M involved higher temperatures (Figure 6.1) and égrddability (Figure 6.2) thus
creating operational conditions that favour ammaeiaoval through that route. The levels of
ammonification recorded for Mare comparable to the ones obtained by de Guatdal.
(2010b) for composting household waste (36-47%).

In addition, ES incorporation seems to affect imsoextent the ammonification rate of
M2, thus leading to an increase of the N pool with ¢bnsequent slightly higher potential for N

losses, though this potential is always smallen ihahe case of M(Figure 6.5). Supposing that
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ammonification is associated to biodegradationGdardia et al., 2008) no alterations would be
recorded for M, since biodegradation attained for that mixtuseguite similar, independently of
ES incorporation (Figure 6.3). On the other handa@ia et al. (2010) also showed that

ammonification ability differs significantly fromne waste to another. Thus in this study, ES is

presented as an ingredient that alters the ammahdn ability of M, by contributing to an

increase of the amount of N ammonified per unibi@fanic carbon degraded. Nevertheless, the

understanding of the mechanisms behind this bebawbould be adequately evaluated in

further studies.

Figure 6.6 shows the evolution of mineral N durB@days of composting. In general
terms, differences amongst mixtures are mainlytedl#o the concentration of N species which

are higher when GC is present.
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Figure 6.6: Evolution of mineral N during Mand M for 90 days of composting (error bars indicateésad
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In particular for M, N-NHs" values are significant, but as maturation evoNeNH"
tend to 400 mg k¢ which is the maximum recommended value for matamposts (Zuconni
and de Bertoldi, 1987). Regardless the mixture asitipn, nitrification seems to be inhibited
during the thermophilic phase, since temperatunghen than 40°C impair the ammonia-
oxidizing bacteria responsible for nitrificationaf&hez-Monedero et al., 2001). Additionally,
those bacteria grow slowly and can be inhibitedth®y competitive activities of heterotrophic
microorganisms (Zeng et al., 2012b). Thus, litibeuanulation of N-N@ was observed in the
early stages of Mand M (Figure 6.6). However, as the process evolves dturation phase

nitrification became significant with consequentidhup of NOs™ in the compost.

6.3.3. Compost quality

The feasibility of composting as a waste managenogtion for ES is also deeply
associated to the value of the final compost. Téléreating potential of the mixtures is of
special concern to meet European regulation, ugahility to obtain final compost with quality
level is also relevant. The main properties of fimal composts obtained in this study are
indicated in Table 6.5. For mixtures with GC, agenperiod of time of maturation was required
(144 days) since after 90 days composts weregpsiylotoxic (data not shown).

All composts revealed to be alkaline with a lowctieal conductivity, despite composts
obtained from M presented a higher salinity. The neutralizing capdevaluated as equivalent
CaCQ) was not affected by the presence of GC, butgloperty was dose-responsive to ES in
the starting mixtures.

The resistance of composts against further mictate@omposition was high, as the
stability class of the obtained for end-products Waindicating cured composts (Tables 6.2 and
6.5). In addition, all end-products were phytoteiige and thus safe for soil application, since
germination indices were higher than 50% (Zucomai de Bertoldi, 1987). Moreover, the use of
final composts as soil improvers was not condittbig the presence of heavy metals, since
concentrations were small and beneath the limiggosad by the European proposed quality
criteria for composting products (Table 6.5).

Nitrification ratio (NHi"/ NOs) was less than 0.5 as expected from mature cospost
(Bernal et al., 2009). Humification was indirectlgsessed by CEC, by considering that humus
build-up increases the functional groups. Howevkat quantification was not possible for
composts with ES, since the carbonate presentithenay undervalue that property. Both
M1+0%ES and M+O%ES have a CEC higher than 60 cmotldkgwhich is indicative of

maturity (Harada and Inoko, 1980), but this limiasvalready reached by the starting mixtures
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before composting (95 and 54 cmol'kg for M1+0%ES and MH+O%ES, respectively). Thus, in
this case, CEC is not a good indicator for matwdagcerning humification (Bernal et al., 2009).

Table 6.5: Main properties of the final composts, after Hé&4s of composting (meanzstandard deviation, n=3)

Property M1+ 0% ES M1+ 10% M1+ 20% M1+ M2+ 0% M2+ 10% M2+ 20% M2+
ES ES 30%ES ES ES ES 30%ES
pH 9.310.1 9.2+0.0 9.110.0 8.910.1 9.31#0.1 9.41+0.0 9.4+0.0 9.510.1
EC (uS crh) 846 1028 503 540 508 555
Equivalent CaC@(g 5.0+0.1 30.5+1.0 50.2+2.6 61.4+1.7 8.6+1.1 34.7+0.3 47.8t1.4 60.0+1.9
CaCQ 100g! g)
OM (g VS 100 ¢ 4v) 79.4+0.5 55.0+£1.6 40.5+0.8 28.5+0.3 82.8+0.7 58.3 45.910.4 38.6+1.1
TOCIN 21.0 18.4 15.3 11.9 46.7 31.6 26.8 21.1
NH;*/ NOs 0.10 0.15 0.12 0.23 0.19 0.09 0.02 0.06
Gl (%) 759 837 7810 76111 96+4 104+4 96+7 10449
CEC (cmol kd'am) 85 nd Nd nd 66 nd nd nd
ATrax 25 0.3 05 36 2.1 2.3 26 1.2
(°C)
Stability  Tmax 22.5 20.3 20.5 23.6 22.1 22.3 22.6 21.2
(°C)
Class A A A A A A A A
Ca (g kg" an) 4.0£0.0 69.2+2.1 158+8 22343 1.4+0.1 177+1.4 28+ 319+26
Cd (mg Kkg" am) 0.70+0.01 0.80+0.01 0.50+0.01 0.40+0.01 0.5+0.0 +0.6 0.5+0.0 0.5+0.1
(limit:1.5)"
Cr (mg Kg' dm) 12.4+1.0 11.3£0.7 7.6+0.3 4.2+0.0 2.1+0.4 1.5+1.0 .7+0.1 3.2+0.1
(limit:100)
Pb (mg Kd' dm) 12.7+0.0 13.5+0.0 8.71£0.0 7.31£0.0 9.31£0.0 9.1+0.6 .0£0.0 7.910.9
(limit:120)
Cu (mg kg" am) 8.210.2 9.0£0.0 8.5%£1.3 5.240.2 4.2+0.5 3.410.2 +1.4 2.0£0.3
(limit:200)"
Zn (mg Kg' ¢m) 47.4+0.3 27.5+0.3 17.8+0.2 11.9+0.1 16.6+1.8 14@+1 10.5+0.2 7.5£0.6
(limit:600)°
Ni (mg Kg? 4m) 0.60+0.05 7.3x1.4 3.8+0.1 5.4+0.0 6.9+0.0 6.8+10.4 .716.0 5.9+0.7
(limit:50)"

EC: electrical conductivity; OM: organic matter; V8olatile solids; TOC: total organic carbon; TN: @&bmitrogen; GI:
germination index; CEC: Cation exchange capadity): dry matter; nd: not determinedyak maximum temperaturé values in
brackets represent the limit concentration accgrdim end-of-waste criteria for biodegradable wastbject to biological
treatment (draft final report).

FTIR spectra for all composts are depicted in Fegs6.6 to S6.8 — supplementary data,
where spectra for the starting mixtures are algwshfor comparison. The infrared absorbance
regions of composts and starting mixtures are aimhether or not GC is present, though bands
intensity can be different. The main infrared peftkscomposts without ES included O-H and
N-H bands in 3400 crl C-H stretch of aliphatic compounds in 2920-2860'cC=0 bands in
1740 cm® due to aldehydes, ketone, carboxylic acids anergs€=C of aromatic skeleton in
1595 cmt, lignin in 1510 crit, aliphatic C-H in 1460 criy C-N stretch of amines in 1320 &m
C-O and C-N vibration of carboxylic acids and arside 1240 crit and C-O stretching of
polysaccharides, polysaccharides-like substanagsSa@ silicate impurities in 1160-1060 ¢m
When ES is in mixtures, peaks at 2515, 1800, 142D8¥5 cmi are also evident, which are

ascribed to carbonates (Smidt and Meissl, 2007an@és in the spectra during composting
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indicate that easily degradable organic constigienth as short aliphatic chains (bands at 2920-
2850 cm') and polysaccharides (bands at 1160-1063)cwere biooxidised. In addition, the
peaks reduction at 1740 cnand 1240 cm for M1+0%ES and M+O%ES are indicative that
early metabolic products like aldehydes, ketonasesters are also further biodegraded as well
as amides.

In particular for M, organic constituents show a more intensive bicabtgion of
aliphatic structures than Mhigher reduction of peaks at 2920-2850%mwhich is consistent
with higher reaction temperatures and oxygen copsioms previously found for M(Figure 6.1
a) and 6.2 a)). The increase of aromatic C=C wloenpared to aliphatic carbon (illustrated by
ratio of peaks 1650/2920 and 1650/2850 (Ouatmaaé,e2000) in Table S6.5 — supplementary
data) reflects that final composts contained mammatic structures of higher stability and

humification has occurred at some extent for aktaries.

6.5. Conclusions

The influence of N- rich material in the physicaldachemical changes taking place
during co-composting of eggshell waste (ES) wittafmpeel (PP) was considered in this study.
Grass clippings (GC) were selected as N-rich sowand rice husks as bulking agent.
Experimental tests in self-heating reactors shoted GC were determinant to attain the
sanitizing conditions imposed by animal by-prodregulation (T>70°C for 1 h). Temperature
and instantaneous OUR revealed a positive coroelakil, mixtures (with GC) remained near to
the high biodegradable level during the first 3tdays of composting, while for Mwithout
GC) aerobic degradation was significantly impaigetd OUR became “low” to “moderate”
biodegradability.

Physical changes during composting did not lessémegrocess evolution, though GC
may favour the reduction of the interparticle peodume, as it decomposes.

For M1, organic matter biodegradation was enharasetl ammonification occurred in
higher extent, thus leading to a higher potentialN-losses. Mineral nitrogen transformations
were distinct in terms of concentration levels, fmlibwed identical transformation routes.

End-product quality assessment evidenced thatomiposts obtained were stable and
mature, but pathogen inactivation was not assufeehwizC was absent. Nevertheless, maturity
achievement took longer for end-products with GC.

In summary, ES recycling through composting processadequate for obtaining

neutralizing Ca-rich soil improver, but the preserd N-rich material may be a determinant
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factor to reach pathogen-killing temperatures agmllg required. Strategies to overcome the
potential of N-losses associated ta Mixtures should be further investigated for opsimg N

conservation.
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6.7. Supplementary material

Table S6.1: General properties of the composting ingrediea&sifor mixtures set Mand M (meansstandard deviation

for n=3).

Compostin . MC VS N .
~OMPOSING  vriviure  pH 0 0 %"rg 0 C:N ratio
ingredient (%) (Yo drybasy)  (Yodrybasi) (%0 dry basid
PP M1 5.1+0.2 85.3:0.8 97.3+1.0 48.4+0.3 1.900.2 255

M, 5.7+0.1 87.0:0.6 94.2+0.5 47.1+0.4 1.00+0.3 47.1

M1 6.9+0.2 72.0+1.0 84.6:0.3 42.1+0.4 3503 12.0
GC

M2 : - - — - -
RH M1 6.80.1 10.9+0.1 84.4x0.2 42.0£0.3 0.6420.4 65.6

M, 6.70.1 10.7+0.1 84.0:0.1 42.0£0.2 0.60:0.2 70.0
ES M1 8.3:0.1 15.8+0.2 5.2+0.8 2.6:0.6 0.9+0.3 2.9

M, 8.7+0.1 15.7+0.3 6.020.4 3.0¢0.9 1.120.4 2.7

Abbreviations: PP — potato peel; GC — grass cliggifRH — rice husks; ES — eggshell; MC — moistorgent; VS-volatile solids; &-organic
carbon; N-total nitrogen.
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Table S6.2: Main infrared absorption bands of waste mateaals composting end-products.
Adapted from Smidt & Meissl| (2007)

Wave number (cm?)  Assignment

3400 O-H stretching, N-H stretching (trace)

2920 C-H stretching of aliphatic methylene

2850 C-H stretching of aliphatic methylene

2515 Carbonate

1800 Carbonate

1740 C=0 stretching of aldehyde, ketone, carboxadids and esters

1650 C=0 stretching of amide groups (amine | bamuiyjone C=0 and/or C=0 of H-bonded conjungated
ketones; C=C associated to aromatic ring modesnatk

1595 Aromatic C=C

1510 Aromatic skeletal- lignin

1460 Alkyl bending

1420 Carbonate

1320 C-N stretch of aromatic primary and secondamines

1240 C-0 and C-N vibration of carboxylic acids amdide I1I

1160-950 C-0; stretching of polysaccharide or patgharide-like substances, Si-O of silicate imesit

875 Carbonate

Table $6.3: Linear relation between cumulative oxygen consufyeth g) and cumulative VS degraded (X, in kg)
for the first 25 days of composting.

Composting mixture Fitting equation °R
M1+0% ES y =1528.4x 0.997
M1+10% ES y = 1446.1 x 0.999
M1+20% ES y =13914x 0.997
M1+30% ES y =1399.7x 0.969
M2+0% ES y =1035.1x 0.990
M2+10% ES y =9859«x 0.993
M2+20% ES y =10003 x 0.989
M2+30% ES y =9332x 0.994

Table S6.4: Intermediate calculations for quantification ofraonification rate and N po@hean+standard deviation for
n=3).
Composting time =25 days

Composting time =0 days

Mixture Norg N-NH4* VSy ms m Norg Norg ms m Norg vrcittlg:gvf/(r)]tal A Norg ?g?oonm N pool
(gN/kg)  (gN/kgMo)  (kg)  (kg)  (9) (gN/kg)  (kg)  (gN) @N) (CL)) %) (gN/kgVs)

:\EA;O% 15.3+0.2 2.4+0.0 6.5 8.3 127+1 14.4+0.2 4.9 70+1 09+ 48+2 38+2 9.8+0.3

M1+10%

Es 13.5+0.2 2.8+0.0 6.5 10.3  139+2 11.0£#0.2 6.6 73+10 12+0 54+3 39+2 11.2+0.4

M1+20%

Es 11.6+0.2 1.7+0.2 6.4 13.4  156%2 10.3+0.2 9.2 95+2  3x01 48+3 312 9.2+0.5

M1+30%

ES 11.2+0.4 2.0£0.4 6.4 16.0 1797 9.94+0.3 115 114+4 1440 51+9 29+5 10.0£1.3

M2+0%

ES 6.7+0.4 0.1+0.0 6.9 8.6 57+3 8.2+0.2 5.9 48+1 6+0 33 516 0.5+0.0

:\EASZHO% 8.0£0.5 0.1+0.0 6.4 105 84+l 9.1+0.1 7.3 66x1 12+0 9+1 11+2 1.5+0.0

M2+20%

ES 8.4+0.2 0.2+0.0 6.7 139  118+3 8.5+0.5 105 8946 +012 1747 1445 2.6+0.0

M2+30%

s 8.1+0.3 0.1+0.0 7.0 17.1 13845 8.1+0.4 12.3 1005 2+01 26+7 1945 3.9+0.0
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Table S$6.5: Ratio of peaks 1650/2920 and 1650/2850 for FTIg&cspa from M and M mixtures.

Ratio—=>> Ratio—=>>
2920 2850
. : Starting Mature Starting Mature
Composting mixture : .
mixture compost mixture compost
M1+0% ES 1.20 1.39 1.00 1.60
M1+10% ES 1.10 1.47 1.46 1.78
M1+20% ES 1.40 1.97 1.74 2.15
M1+30% ES 1.60 2.19 1.99 2.46
M2+0% ES 0.98 1.03 1.28 1.42
M2+10% ES 1.28 1.88 1.37 1.90
M2+20% ES 1.33 1.42 1.90 1.89
M2+30% ES 1.88 2.04 2.13 2.35
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&
B . 150 a)
g = O A M,+30%ES
8 N — — — M, +20%ES
& < 100 -
3 M, +10%ES
o M,+0%ES
5,0
15
27,
@ >
2
S+
i
<2
0,0 L . . . . .
0 5 10 15 20 25 30
20,0
5
8 150 b)
£3
eS8
§ 1007  MO%ES
o M,+10%ES
5,0 — — — - M,+20%ES
15 e Mp+30%ES
c 2
27
g R R == e
<2
0,0 T T T T T T
0 5 10 15 20 25 30

Composting time (days)

Figure S6.1: Aeration rate and oxygen levels during composiingelf-heating reactors: a)Nhixtures; b) M
mixtures.
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7. Analysis of eggshell co-composting process by using principal
component analysis and data visualisation*

Waste management is a critical activity in modeociety. Composting enables the
retrieval of nutrients from some industrial wastes obtaining a product able to suppress soil
deficiencies. This study aims to investigate indakeggshell (ES) co-composting in very high
levels (up to 60% w/w) and the obtained resultsewevaluated by data visualisation and
multivariate statistical analysis, namely involvingrincipal components analysis. These
methodologies were used to unravel the main relghips structuring the variability associated
with the longitudinal composting experiments.

The experiments were designed with increasing diestof ES (0, 10, 20, 30 and
60%ES w/w) mixed with industrial potato peel anderihusks. Co-composting tests were
performed in self-heating reactors with forced aemafor 25 days. A variety of thermal,
physical, chemical and phytotoxicological paraneterere collected and recorded. Principal
component analysis showed that physical propelties free air space, bulk density and
moisture are the most relevant variables for erpigi the variability due to ES content. On the
other hand, variability in time dynamics is mogdiyven by some chemical and phytoxicological
parameters, such as organic matter decay, nit@iéermt and germination index. Higher ES
incorporation (60% ES) enhanced the initial biotadjiactivity of the mixture, but the higher
bulk density and lower water holding capacity hadegative effect on the aerobic biological
activity, as the process evolved. Nevertheless;esiconvective heat removal was lower in
mixture with 60%ES, pathogen-killing temperaturegq°C for 11h) were attained. Despite such
findings, products obtained after 90 days werelstabd non-phytotoxic.

In conclusion, we have demonstrated that valoosadf high amounts of eggshell by co-
composting is feasible, but prone to be influenbgadhe physical properties of the mixtures.
Both principal component analysis and data visaabas tools prove to be valuable aids for
understanding the implications of co-compostingganmic materials on the design and operation
of the process.

Keywords
Eggshell waste, co-composting, principal compoeadysis, data visualisation

*The information presented in this chapter was dag®n the submitted publication:
Soares, M.A.R., Quina, M.J., Reis, M.S., Quintar&iea, R.. Analysis of eggshell co-composting pescby using

principal component analysis and data visualisatiopreparation.
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7.1. Introduction

Eggshell (ES) is a by-product of egg processingisitny that is categorised as an animal
by-product (ABP). Its annual production ascend330 thousand tonnes in Europe (Soares et al.,
2013), thus constituting a very significant envirantal issue, not only because of the large
amounts generated, but also for creating conditionghe proliferation of pathogens in the
environment (Ibrahim et al., 2015; Russ and Schinggp, 2007). The use and disposal of
industrial eggshell waste (ES) is regulated by paanm legislation, namely Regulation (EC) N°
1069/2009 of the European Parliament and of then€igwof 21 October 2009. According to this
in force legislation, composting is among the éligioptions to provide prior thermal treatment
to ES, in order to prevent the risk of spreadinthpgens into the environment.

Though composting is a well-known process thatliesen used in waste management for
more than 2 decades (Farrell and Jones, 2009; akafahi and Abbasi, 2008; Giusti, 2009;
Schaub and Leonard, 1996), there is still a conside lack of information regarding the
application of this technology to promote the satioh of inorganic wastes in large quantities
(>30% wiw).

Analysing the existing the literature, some studias be referred where a variety of
inorganic wastes were employed as amendments tier fire composting dynamics. Gabhane et
al. (2012) studied the effect of fly ash on greeaste composting. Fly ash addition (5% on a dry
weight basis) inhibited the thermophilic phase kbgrobial biomass and enzymatic activity, but
showed an upsurge of N, P, and K levels in thel fiompost product. Moreover, Wong et al.
(2009) evaluated the outcome of using coal fly agi@FA) with lime on the decomposition of
food waste by composting. The decomposition efficieof organic matter was enhanced and
the composting period shortened when CFA additwee between 5-10% (w/w). On the other
hand, Koivula et al. (2004) found that the incogimm of 20% ash from waste co-incineration
in composting of source-separated catering waststbd the temperature, mineralisation and
humification of composting. Still, higher incorptiom levels were not recommended due to the
high specific gravity of ash. In a previous stuigares et al. (2013) highlighted the feasibility of
co-composting ES with organic wastes from the foahlistry to promote sanitation, despite the
high inorganic content of ES. The authors alsofieetithat the incorporation of 30% (w/w) of
eggshell waste in the composting mixture did nteécfnegatively the mixture biodegradability,
nor its capacity to reach pathogen-killing tempamat(70°C for 1 hour, as demanded by
European legislation). In addition, the final protiobtained may be used as a high neutralising

Ca-rich improver. Nevertheless, at industrial scalés desirable to understand the process
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behaviour under conditions where ES incorporatemells are above 30%, in order to maximize
the potential that composting can offer to thertredtment for ES valorisation.

Composting involves a variety of elements interagin a complex way, hamely organic
and inorganic matter composition, microorganism yafon, operating conditions and
environmental factors. The complex nature of thedationships precludes a complete and
detailed mechanistic analysis of all the phenomeralved, in order to fully understand the
system and derive optimal operation policies uding principles approach. However, data
collected from composting processes provides aneiable way to accumulate information and
knowledge that could also lead to useful insigbtai¢hieve optimal operation conditions. This
inductive approach starts with a careful plannihgata that should be collected based on well-
designed experiments. In addition, suitable datdyars frameworks to extract the fundamental
aspects contained in the collected data sets [dyhigcommended. In this scope, several visual
and analytical methodologies for highly multidimemal problems have been employed, with
particular emphasis to Principal Components AnalyBICA) (Jackson, 1991; Jollife, 2002; Reis
and Saraiva, 2008). As explained in Section 2.4A Ca multivariate technique that seeks to
unravel the main relationships structuring theafaitity of a data set. It operates by compressing
the analysis space into a reduced set of latemhhtas (the principal components) which still
explain a large portion of the original data vailigh but that are orthogonal between each other
(therefore, uncorrelated) and fewer in number (Berasy to analyse). In this context, PCA is a
natural candidate to analyse the relationships ecimrg the different elements playing an active
role in the development of a composting process amgarticular, in signalling the dominant
ones and the associated dynamics (Ho et al., 2B&@ak et al., 2014; Zbytniewski and
Buszewski, 2005). PCA will also be extensively exptl in this work as an exploratory data
analysis tool for multidimensional complex procasse order to efficiently guide the analysis to
the key elements structuring the experimental dali@cted in the battery of longitudinal studies
conducted in parallel (longitudinal, is a statigtiderm indicating that the outputs of an
experiment were recorded over time).

This study aims at acquiring rigorous quantitatiméormation and knowledge of the
composting process regarding the effect of incatiog high levels of ES (until 60%ES) in
composting mixtures with potato peel (PP) and higsk (RH) as the starting organic feedstock.
For such, a longitudinal experiment was conceivedi avariety of quantities were collected and
recorded, including thermal, physical, chemical phgtotoxicological parameters, as well as the
end-product quality information. All this informati was analysed with proper multivariate data

analysis techniques and informative visualisatmyis.
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7.2. Materials and methods

7.2.1. Composting materials and experimental design

The experimental design involved five ternary costpm mixtures for testing the
influence of ES. The ES composition was varied fil@rto 60%. Mixtures () were prepared
according to predefined proportions indicated ibl€&/.1. In the case of M60%ES, water was
added during the mixing phase, in order to obtaiadequate moisture content near 50%.

Before loading the reactors, 1 kg of sample wakdvawn for further analysis and then
each composting mixture was weighed. Accordinght® mixtures composition, the total mass

loaded to each reactor varied between 25.7 toksf8r a reactor working volume of 105 L.

Table 7.1: Mixtures composition and composting experimentalditons.

Parameter MrO%ES Mz+10%ES  M2+20%ES Mz+30%ES Mz+60%ES
PP
oniw) 745 67.1 50.6 52.2 298
RH 255 22.9 20.4 17.8 102
(Yow/w)
ES 0.0 10.0 20.0 30.0 60.0
(Yow/w)
Total mass 26.9 29.7 326 35.9 50.8
(k9)
Water addition (L) 8.5
Initial air-flow (L h) 228 234 223 234 226

Potato peel (PP) was collected in an industry ¢&fjoochips and rice husk (RH) in a rice
husking factory. Materials were feed to the comipgsexperiments in less than 24 h after their
collection. Eggshell waste was gathered at an tngo$ pasteurized liquid eggs and boiled eggs
and immediately preserved at -12 °C. ES was defdstr 24 h at room temperature, before use.

Properties of the starting ternary composting nmedgare presented in Table 7.2.

Table 7.2: Properties of the starting composting mixturesgmsstandard deviation, n=3)

Property Mo+ Mo+ Mo+ Mot Mot
0%ES 10%ES 20%ES 30%ES 60%ES
MC (%) 67.1+0.2  64.6+x1.5 57.4+0.3 52.5+1.0 45.7+0.3
WHC (g water 100 gam?) 303 243 197 162 91
Available WHC (% of WHC) 32.7 24.9 31.6 31.8 7.1
BD (kg n13) 256 283 310 342 570
pH 6.5 6.7 6.9 6.9 7.3
VS (% dry basi 88.3t0.1  68.1+x0.4  55.2+0.9 42.9+0.5 21.0+0.8
Corg (% dry basiy 41.7¢0.1  33.0¢0.2  29.0+0.2 21.6+0.4  10.0 +0.1
Norg (g N kgim') 6.7+0.2 8.6+0.1 8.4+0.1 8.1+0.2 7.4+0.1
N-NH.* (g N kgini) 0.04+0.02 0.03+0.01 0.12+0.05  0.03+0.02  0.49+0.09
N-NOs (mg N kgim?) <LOD <LOD <LOD <LOD <LOD
N-NO; (mg N kgim?) <LOD <LOD <LOD <LOD <LOD
C:N 62 38 34 27 12

Abbreviations: BD: bulk density; & organic carbon; dm: dry matter; LOD: limit of detion (2.4 mg N kg for N-NOs™ and
N-NO2); MC: moisture content; Norg: organic nitrogen; W8latile solids; WHC: water holding capacity.
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7.2.2. Experimental set-up and composting procedure

Four self-heating reactors (SHR) with a workingwoé of 105 L were used for co-
composting experiments. Reactors layout, as wellth&s air distribution system, -Oand
temperature monitoring devices were previously diesd in Chapter 4.

Composting trials lasted for 25 days in self-hepti@actors. Airflow was initially set near

to 0.5 L min' per kgof organic matter (OM), which is within the range0043-0.86 L min' kg*
OM used by Lu et al. (2001) for food waste. Airvilgates were adjusted to assure an outlet
oxygen concentration in the range of 5 to 15% (&l sustain the thermophilic phase as long
as possible (Puyuelo et al., 2010). To ensure hemagus conditions during tests, reactors were
rolled for a distance equivalent to 14 rotationse homogenisation procedure was performed on
a daily basis during thermophilic conditions, antewever samples were withdrawn (days 4, 12,
20, 25). After 25 days, mixtures were allowed toaaode maturation phase in small piles that
were homogenised and moisture correcte¢o0) every week, until 90 days of composting. All

samples withdrawn were weighed and the mass of eashconsidered in the overall mass

balance of composting, as detailed in Chapter 4 Trhction of organic matter%sé) not
0

degraded during composting was calculated accotdikg). (4.1).

7.2.3. Monitoring parameters

During composting trials in SHR, biological activiof the mixture was assessed by
calculating oxygen uptake rate (OUR) defined asiptesly indicated in Eq. (5.1). The profile of
organic matter loss during experiments was fitted first order kinetic model (Eqg. (5.2)).

Wet bulk density (BD, kg r) was determined by weighing the reactor conteg} énd
calculating the mixture volume from the height lo¢ tmass inside the reactor (H1) measured as
established in Chapter 4.2.2 (Figure 4.5). Freespace (FAS) of the composting mixtures
during aerobic biodegradation was calculated aaegriad Eq. (3.6).

The moisture content was determined as detailéderprevious chapter. Water holding
capacity was determined as described in sectia8 8. (3.7).

All the following parameters were determined acoggdo the description presented in
Chapter 4: pH, electrical conductivity (EC), calnicwarbonate content, organic matter, Kjeldhal
nitrogen (Mjeldha), N-NH4", nitric nitrogen (N-NG+ N-NOy) and germination index.
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7.2.4. Statistical analysis of data

Several data analysis techniques were employebisnstudy, with special emphasis to
multivariate statistical methodologies that aresabl extract the main relationships between the
qguantities under analysis (thermal, physical, cltaimand phytotoxicological parameters) and
provide information about their evolution along &énat days 4, 12, 19, 25.

Furthermore, a variety of informative graphical Isoavere also used to facilitate the
analysis of patterns of variation and potentiate rdcognition of clear trends found in the data
sets, such as stratified time-series plots andesqaibts, dot plots, bar charts and bubble plats.
the next subsection, a brief overview will be pd®d regarding PCA in order to introduce the
basic nomenclature followed later on when addressirs technique, and to set the stage for the
analysis of results from its implementation.

Let us consider a data set containm@bservations anth observed variables, ¥,
which may result from an observational data calbecprocess or a planned experimental design
(the case of the present study). Due to the natiuttee phenomena involved, the use of partially
redundant instrumentation or even from operatiseatons (such as control procedures), these
variables, disposed along the columns of X matoiften present strong mutual associations
whose presence is important to detect and anaBsehe other hand, the observations may also
include trends, such as drifts, oscillations oistdung behaviour, that are worthwhile to detect
and analyse. When the number of variables is mteleya large, the number of pairwise
combinations of variables to consider in the analg$ associations rapidly grows, even though
one is still leaving aside all the interactionsalving more than two variables. This means that
analysing such data sets with resort to classioalanate or bivariate statistics is greatly
inefficient and prone to miss relevant informatidn. this context, multivariate statistical
techniques propose alternative ways of analysiegsétime data, which overtake the fundamental
limitations of the classical low dimensional methahd still allow extracting the fundamental
aspects regarding the two modes of the data setathables mode and the observations mode.
Among the multivariate methodologies, PCA assumpsoaiinent role, given its clear purpose,
well-established body of theory and the existen€eefficient algorithms to compute its
guantities (Jackson, 1991; Jollife, 2002; Reis Sadhiva, 2008). In brief terms, PCA addresses
the problem of finding a reduced setp¥ariables, the principal components or latentaldas
(as they are not really observed), that explaintrabthe variability exhibited by the observed

variables (n>> p). These new variables, or principal components, @mputed as linear

combinations of the observed variables. The bade&aiis that each linear combination
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maximizes the amount of variability possible to lexp from the original X matrix. So, the first
linear combination, conducting to the first prineigomponent, PC1, will be the one explaining
the largest portion of the original matrix, the @ed linear combination, corresponding to the
second principal component, PC2, explains the sktangest fraction, and so on. Each linear
combination is orthogonal to the previous onesré@foge uncorrelated) and the combinations
weights, called loadings, are bound to have unitmdrhe relevance of each component is
directly associated with the amount of variabilitys able to explain from the original data, and
is provided by the eigenvalue associated with@ARamounts to solving an eigenvalue problem
over the covariance matrix of the X matrix). If oo@mputes has many components as original
variables, the entire data set can be exactly agaan terms of the new variables — in this case
we have just rotated the original axis to a newt&aan coordinate system, which is aligned with
the dominant directions of variability. However, sh@ften the first fewp components already
explain a large portion of the variability of X, maly the structural variability one wants to
address, and discarding the last components onelsl wot compromise the analysis, as they are
essentially composed by noise and unstructuredcesuof variation. These leads to the
following PCA decomposition of the original datd:se

X=T LT+E (7.2)

where, L is the(mx p) loading matrix, with the coefficients for eachdar combination

disposed along its columns; T is t(uex p) matrix with the scores, that represent the vabfes

the new set of uncorrelated variables (the prinagpanponents) for each observation; and E is

(nxm) residual matrix, which is in general a non-zerdariravhen p<m, being theOmatrix
when p=m.

From these definitions, it stems that the loadifigs contain information about the
variables that are associated (especially the dingts), whereas as the scores (T) describe the
behaviour along the observations mode. The resithafix (E) signals out observations (or
variables) that are not well described by phdimensional PCA model. In the results section,
these quantities will be used to explore the dataobtained from the longitudinal experiments
carried out in this work. Several approaches ekist defining the number of principal
components to retairp), such as selecting the number of componentsciraduct to a given
minimum fraction of explained variability (e.g. 8086 90%), the Kaiser criteria, Scree test,
parallel analysis or cross-validation, among otl{@exkson, 1991; Valle et al., 1999; Vogt and
Mizaikoff, 2003; Wold, 1978).
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The statistical analysis was carried out with IMP® Software, Ver 11 (SAS Institute,
Software, Lda).

7.3. Results and discussion

The experimental results obtained in this study aralysed firstly by focusing on the
individual parameters and their variability acrake different experimental trials. Then, in a
second stage, a general Multivariate ExploratoryaD¥nalysis (MEDA) is conducted over all
the parameters measured along the longitudinaliestudor different levels of incorporation
eggshell waste (%ES), and the main patterns ofatvan are extracted and explored. In
particular, the dynamics of the observations a@yased with resort to the PCA scores and the

main associations are identified using the loading® this technique.

7.3.1. Composting trials

7.3.1.1. Temperature profiles

Suitability of eggshell valorisation by compostiisgintrinsically related to the ability in
eliminating potentially harmful pathogens by ensgrihe necessary requirement of temperature-
time exposure (70°C for 1 h). During compostingct®n temperatures are dictated by the heat
generated by microbial breakdown of organic malteaad heat loss (Barrena et al., 2011). The
influence of ES increasing content on the readigonperature and biological activity (expressed
in terms of oxygen uptake rate (OUR)) is presemeeéigure 7.1 and Figure 7.2 a), respectively.
Table 7.3 summarises some parameters of the théehaliour found for each mixture.

Although the time required to attain maximum tenapare (Tmax) was identical, the
increase of ES content promoted an upsurge in Tamak extended the period with T>55°C
(Table 7.3). Nevertheless, only 60%ES mixture wase #o fulfil the sanitising requirements of
temperature-time exposure by ensuring T> 70°C foh.1(Figure 7.1 a), Table 7.3). In addition,
ES co-composting had a positive effect on OUR amthe ability to generate heat. In fact, OUR
shifted from the upper level of “low biodegradatyilidepicted by 0% ES to “medium” level
attained by 60%ES, presenting values near 4 g 02kt within the first day of composting
(Figure 7.2 a)).

Although the higher ES incorporation could enhatieeinitial biological activity of the
mixture, OUR rapidly fell down to a “low” level &t 48 h, thus conditioning the thermal

behaviour of that mixture by the prevalence of loeaivective losses.
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Figure 7.1: Evolution of core centre temperature of mixtures-06ES to M+60%ES, over 25 days of
composting.
Table 7.3: Influence of ES percentage in some thermal parasiefecomposting process.
Maximum T
Mixture Value Time to Consecutive period Consecutive period Thermophilic period
(°C) achieve (days) with T>70°C (h) with T>55°C (d) with T>40°C (days)
M2+0%ES 58.4 1.5 0 1.8 6.8
M2+10%ES 60.1 1.5 0 1.8 5.9
M2+20%ES 62.5 1.5 0 2.2 54
M2+30%ES 62.4 1.5 0 2.5 5.9
M2+60%ES 71.1 1.4 11 3.0 5.9

These results could be a consequence of two phytiasacteristics of the initial 60%ES
mixture (Table 7.1): i) only 7% of maximum waterldiag capacity was available and ii) high
wet bulk density (570 kg 1¥). Both aspects might had a negative impact orbibeéegradability
of the mixture by i) limiting homogeneous gas dffun in the composting matrix and ii)
increasing compaction of the mixture specificatiythie lower layer of the reactor bed (Das and
Keener, 1997). As a result, air channelling in ¢benposting matrix could have occurred. Thus,
aerobic degradation of organic matter may have leaedgpthe characteristic smelly odours to
came out. Also the formation of leachates that wFaéned at '$ and %' day of composting,
indicates that the mixture presented a low abildyretain water. This aspect enhances the

likelihood of anaerobic pockets, due to pore speater clogging (Liang et al., 2003).
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Figure 7.2: a) OUR evolution during composting in self-heatiegctors, b) Relationship between@nsumption
and VS degradation.

Figure 7.2 b) depicts the total oxygen consumednduthe 25 days of composting in
function of the cumulative VS degraded within tlaeng period. Mixtures with 0% to 30% ES
present good linear relation (R>0.99) between tha@se@bles, whereas for 60%ES mixture a
deviation from linearity is featured. This might besociated with the development, at same
extent, of anaerobic conditions in the reactor, #8ng VS consumption without consuming

oxygen.
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7.3.1.2. Physical, chemical and phytotoxicological evolution

Some physical parameters of the composting matiiegctly influence the efficiency of
the composting process and the end-product qu@libhee and Mudhoo, 2005). In particular,
the adequate relation between moisture contenterveatailability and porosity is depend upon
the ingredients used and their relative propontathin the blend (Ahn et al., 2008). Figures 7.3,

7.4 and 7.5 indicate moisture content, wet bulksdégrand FAS, respectively, over 25 days.
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Figure 7.3: Influence of ES on moisture during composting (metendard deviation, n=3).
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Figure7.4: Influence of ES on wet bulk density evolution dgritomposting (meanzstandard deviation, n=3).
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Figure 7.5: Influence of ES on FAS evolution during compostfmgantstandard deviation, n=3).

Moisture content of the starting composting mixsunas lowered by the incorporation of
ES (Figure 7.3). In addition, due to the inorgamature of ES the water holding capacity was
also reduced (Table 7.2). ES is a dense matehias, its incorporation intensifies the wet bulk
density of the starting blend, thus lowering thaikable air voids (Figure 7.4 and 7.5).

As composting proceeds, there is a slight tendémaycrease the moisture level (Figure
7.3) for mixtures with 0 to 30%ES, but the avaitablater capacity of the initial mixtures256
to 33% of maximum WHC) (Table 7.3) could enduret thehavior. The most recommended
moisture levels are between 50-70%, (Liang et2803) and the moisture content of 0-30%ES
mixtures fitted that interval without leachatesnf@tion, meaning that moisture provision was
adequate to maintain microbial activity throughdbeé composting process. However, for
M2+60%ES, the initial moisture level of 45.7% (wetsisa proved to be higher than the
necessary to support the increase of moisture glihe biodegradation of organic matter. As a
result, leachates were formed and their drainageriboted to the decrease of the mixture
moisture content.

For mixtures 0%ES to 30%ES, bulk density evolupoesented a tendency to be reduced
as biodegradation progresses. This aspects highligat RH provided enough structure to
support the solid matrix, as organic substrategwransformed in a low to medium rate as it can
be found in Figure 7.2 c). Consequently, FAS sefiex slight increase.

More specifically, a significant rise in the bullertsity to 630 kg M was observed for
M2>+60%ES, which was maintained for the rest of thenpaosting period. Though that
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compaction still allowed a FAS of near 60% it ididdeed that air permeability might have been
restricted. According to Das and Keener (1997) muybisture solid beds with high wet bulk
density can cause high compressive stresses. Addily, the compaction of the matrix due to
its own weight can create vertical profiles of @@rmeability. Particle size distribution also plays
a role in air permeability. By increasing the padidimensions, inter-particles spaces increase
and air permeability rises (Huet et al., 2012)aet, in the present study foraM60%ES mixture

it was visible that the center region of the bottayer (20 cm) of the reactor was characterized
by crushed finer particles of eggshell. That prdpabsulted from the compressive stress that the
nearly 60 kg of material generated inside the mract

The impact of these aspects on air distributiorukhde further investigated, once the

effects of compaction on porosity and permeabhifye important implications on the design

and operation of a composting process (Richard,e2@04).

Figures 7.6 to 7.10 present the evolution of chahaad phytotoxicological parameters.
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Figure 7.6: Effect of ES incorporation on volatile solids de¢ayeantstandard deviation, n=3).
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Figure 7.7: Effect of ES incorporation ongg/N evolution (meantstandard deviation, n=3).
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Figure 7.10: Effect of ES incorporation on pH during compost{ngeantstandard deviation, n=3).

As ES incorporation increases, the initial orgamigtter decay rate is more pronounced

(Figure 7.6) indicating a higher microbial activity comparison to MrO%ES. However, the

amount of VS converted at the end of 25 days wasgasiin all cases.
Figure 7.7 depicts C:N evolution along time. Altigbuthe initial ratio decreases as the

ES percentage increases, in all cases C:N tendisctme all along. However, M60%ES has a

low C:N ratio for effective retention of N releasddring microbial degradation (Brito et al.,
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2012). As a result, the risk of N volatilisationMbklz may be enhanced taking into consideration
that this composting mixture is basified with E®g@nce (Figure 7.10).

Nitrification appears to be favored with ES. Figur8 shows that independently of the
ES content in the mixture, nitrification is inhieit during the thermophilic phase, as expected
(Sanchez-Monedero et al.,, 2001). But as proces$vesyand mesophilic temperatures are
established, a build-up of NOs observed.

Germination index tends to increase as compostimogegs evolves (Figure 7.9), as
expected. Though ES incorporation seems to benaamttal to the phytotoxin-free potential of

the starting composting mixtures, by lowering Gl&dues near 50% (Huang et al., 2004).

7.3.2. Compost quality

The value of the final compost is of extreme imaocde to validate the composting
feasibility for valorisation purposes. In this syudhe final quality of products was investigated
after 90 days of composting, by considering theels (Komilis, 2015): i) physico-chemical
(WHC, pH, Equivalent CaC{) OM, NHs"/NOs" ratio, heavy metals); ii) biological (respiration
rate - CQ generation) and iii) plant growth related (seedrgeation).

All composts were alkaline (pH near 9), stable witloderately low respiration rate
corresponding to a stable compost (Brinton et1l#95) and its use as soil improvers was not
conditioned by the presence of heavy metals. Migttifon ratio (NH*/ NOs’) was less than 0.5
as expected for mature composts (Bernal et al.9R@fata not shown). Table 7.4 features the
quality properties that were the most distinct agsbnmixtures. In particular, as ES
incorporation increases WHC is reduced, neutratisatapacity enhanced and organic matter
restricted. Despite M60%ES presented a lower seed germination capaaitygnd-products

were phytotoxin-free, once germination indices wegher than 50%.

Table 7.4: Main properties of the final composts, after 90sdafycomposting (meanzstandard deviation,

n=3)

Property M+ M2z+ Mo+ Mo+ Mo+

0% ES 10%ES 20%ES 30%ES 60%ES
WHC (g water 100 gam™) 483+39  349+32 292+0.1 234+13 12943
Equivalent CaC® (g 8.6+1.1 34.7+0.3 47.8+1.4 60.0+1.9 79.0+2.3
CaCQ 10092 4m)
OM (g VS 100 ¢ d4m) 82.8+0.7 58.7+1.5 45.9+0.4 38.6x1.1 15.5+0.2
Corg/N 46.7 31.6 26.8 21.1 9.4
Gl (%) 96+4 10414 96+7 1049 74+4
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7.3.3. Multivariate exploratory data analysis

In this section, a general Multivariate Exploratddata Analysis (MEDA) of all the
parameters measured along the longitudinal stuftiesljfferent levels of incorporation eggshell
waste (%ES) is performed. From this analysis, tlanrpatterns of variation are extracted and
commented for the first 25 days of composting.artipular, the dynamic of the observations are
analysed with resort to the PCA scores and the amsnciations are identified with the loadings
from this technique.

The collected data were arranged in a single dati@ixXnxm (with n=5 observations and
m=13 variables) and pre-processed in order to cetltreariables to zero mean and scaled them
to unit variation. This transformation is calleditoscaling, and is fundamental to avoid
distortions in the analysis due to the use of \dem with different units (alternatively, one can
also base the PCA computations in the correlatiatrimof X, instead of its covariance, which
would lead to the same final PCA model). The %ES yuat used as an indicator variable for
stratifying the subsequent analysis, which wasmmdrporated in the PCA model.

Performing a PCA analysis over the experimentah ddtained with all the ES mixtures,
results in the following outputs. In Figure 7.1% thigenvalues profile is presented, where one
can see that 3 components are enough to explaioxapyately 78% of the variability of the

entire data set, half of it being explained by jtle first principal component that explains

35.5% of the total variation in all the experiments

Number Eigenvalue Percent

1 4613 3549 k¢
2 3421 2401 0] N
3 2399 1846 ] i i\
4 0.922 7090 ¢ N
5 0.843 648 ] ¢ 1 i 1)
6 0.386 207 ] ¢ i i
7 0.289 222 o |
8 0213 164 |
9 0.097 0.75 ‘,
10 0.066 0.51 l
11 0.029 0.22 l
12 0.015 0.12 l
13 0.007 0.06 '

Figure 7.11: Eigenvalues profile for the PCA analysis of all B&tures during composting (0-25 days).

The central importance of the first component fiestithat some attention be devoted to its
individual analysis, as it conveys a large portadrthe total variability found in the data set.
Figure 7.12 a) depicts the time-series plots ofst@res of this component, after separating the
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observations according to the %ES. This plot cjeartlicates two important aspects: i) the
critical importance of the %ES in the variabilitiytbe scores (it basically sets the average level
for the different profiles); ii) the existence afmglar dynamic patterns in the different profiles,

especially for %ES 30%.
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Figure 7.12: a) Time-series plots of the scores for the firgg@pal component (PC1), stratified by %ES; b) Swat
plot for the first two scores (PC1 vs PC2), stratifoy %ES (color of the bubbles) and time (siz¢éhefbubbles).
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In fact, by analysing the first and the second @pal components (Figure 7.12 b)), one
can verify that PC1l is essentially capturing theialality originated by %ES (colour
stratification in Figure 7.12 b)) whereas PC2 isplaking the time dynamics in each
longitudinal experiment (size stratification in &g 7.12 b)). As PC1 and PC2 are also the
components explaining most of the variability oé txperimental data=§0%), one can also
conclude that these are the two main structurabfacontributing to the observed variability of
the experimental results, with %ES having the prjmale.

From these results, it would be suitable to find which variables would be mostly
involved in the definition of these dynamic patterfound for PC1 and PC2. This can be
analysed through the loadings of the componenw(Eig.13 a) and b)). For PC1, one can find
out that at least four variables are highly asdediavith each other: BD, &N, FAS and H
(Figure 7.13 a)).

Analysing the signals of the loadings, it is polesiio infer that the former variable (BD)
presents a negative association with the last tanekthat these N, FAS and H) are all
positively correlated with each other. This is iedeconsistent with the mechanistic knowledge
of the composting process, since higher BD valuesaasociated to a decrease of air voids
within the mixture, thus lowering the FAS. In adllit, the relation between moisture content,
water and porosity depends upon the ingredientd ase their relative proportion within the
blend (Ahn et al., 2008). Thus the positive relatietween FAS and H found with PC1 may be
a consequence of that. For PC2, VS/VS0 was the ralestant variable (Figure 7.13b)) with the
higher loading value. In addition, four variables &ighly interrelated, namely T, N-NQpH
and Gl (Figure 7.13 b)). This relation might becasated with the nitrification phenomena
typically occurring in composting process. When thermophilic phase transits to mesophilic
temperatures, conditions are met to promotes'Nebnversion to N® with a consequent

increase in Gl values, as previously reported.
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Figure 7.13: Loadings for the a) first principal component (@) second principal component (PC2).

7.4. Conclusions

The effect of incorporating high levels of induatreggshell waste (until 60%ES) in an
organic composting mixture (potato peel and ricekhwas evaluated, by using multivariate
data analysis techniques and informative visuatisabols.

At the higher level of ES, the bulk density andvéo water holding capacity of the

starting mixture were drawbacks to the developnanan aerobic biological activity. Still,
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pathogen-killing temperatures were attained, pbggoe to the lower free air space of the
matrix that retained convective heat losses.

Data visualisation allowed the recognition that &sScomposting was dependent on ES
content and time. PCA showed that two principal ponents are enough to explain
approximately 60% of the variability of the datd. $8C1 captured the variability originated by
%ES, while PC2 is related with the time dependesfdhe process. Physical properties like free
air space, bulk density and moisture were indicdtgdhe PCA as the process variables that
capture the variability due to ES content. Alse/8 may play a role on PC1. The loadings for
PC2 revealed that VS/VSO0 is an important variadgewell as temperature, N-N@nd pH.

In conclusion, valorisation of eggshell by co-comsioag is prone to be mostly influenced
by the physical properties of the mixtures, whias important implications on the design and

operation of the process.
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Part D. Environmental applications for
eggshell compost

The application of an eggshell rich-compost was isaged for environmental
applications, namely removal of lead and zinc fragqueous and solid matrices. In Chapter 8,
compost derived from eggshell waste co-compostiag evaluated as a biosorbent for Pb(ll)
uptake from aqueous medium and for comparison p@gfomature compost without eggshell
and natural eggshell were tested as well.

This Parts ends up with the evaluation of using ehggshell-rich compost as a soll
amendment for immobilisation of Pb and Zn in and&cicontaminated mining soil, by
evaluating the environmental availability of metaisxicity reduction and variation of GO

efflux from soil, due to the incorporation of a lsanate rich amendment.
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8. Biosorbent potential of an eggshell rich composting product
for lead removal from aqueous solutions*

Compost derived from eggshell co-composting (CE&$ evaluated as a biosorbent for
Pb(ll) uptake from aqueous medium. For comparisagp@ses, mature compost without eggshell
(CWES) and natural eggshell (ES) were also te®atth experiments indicated that maximum
sorption capacity of CES is 23 mgtg

Sorption kinetics and equilibria data were fittedpseudo-second order and Langmuir
model, respectively. From a kinetic point of vielad sorption into CES was fast, attaining
equilibrium within less than 180 min. The sorpticapacity CES was not significantly altered
when initial pH of aqueous medium ranged from 2-5comparison to ES, organic matter of
CES provided supplementary sites for lead sorpéind an increase of 43% in the sorption
capacity was observed. Nevertheless, CWES wasdakerbent with higher sorption capacity.

Still, the study points out the potential of newe s CES as an effective biosorbent to

lead removal from aqueous matrices.

Keywords. eggshell compost, biosorbent, lead sorption

*The information presented in this chapter was dageon:

Soares, M.A.R., Quina, M.J., Gando-Ferreira, L.jnfasFerreira, R.. Biosorbent potential of an egdish
rich composting product for lead removal from agiseolutions. Submitted to Ecological EngineeringMarch
2015.

Soares, M.A.R., Quina, M.J., Gando-Ferreira, L.in@uFerreira, R., 2014. Removal of Pb (ll) from
aqueous solutions using eggshell composting predpcesented at Athens’2014- 2nd International Gamfce on

Sustainable Solid Waste Management, 12-14th Juariesdceedings, Athens, Greeaara{ communication).
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8.1. Introduction

Industrial processes, mining exploration, manufactu and disposal of some waste
materials are examples of anthropogenic activitied foremost contribute to the build-up of
heavy metals in the environment. In particular, to@tamination of water bodies with those
inorganic pollutants is becoming a severe publialtheissue and also presents toxic effects to
the aquatic ecosystems (Ghaedi et al., 2013).

Amongst the technologies available for metal rerhowmrption process has been
recommended due to its effectiveness and easy tapei@nbia et al., 2015). However some
sorbent materials like activated carbons, zeolipgdymers or silica may be expensive and
present high regeneration costs, which constitatesgnificant constraint. Thus the quest for
low-cost alternative sorbents has received incnggaitention (Shaheen et al., 2013).

In fact, feasibility studies addressing waste datigorbents for heavy metal uptake from
aqueous matrices have arisen during the last yd@&es.use of waste materials for sorptive
purposes is twofold attractive because they argpmmsive and contribute to environmental
protection (Bhatnagar and Sillanpaa, 2010). Amotigers, waste materials derived from non-
living biomass like sawdust, crab-shell and citpeels have been tested as biosorbents to
sequester heavy metals from environmental systemarid Wang, 2011; Paduraru et al., 2015).

Eggshell (ES) waste is the main by-product fromegg processing industry. Some studies
addressing the use of ES as a biosorbent for hemtgsls uptake from contaminated water are
reported in the literature (De Paula et al., 20P&rk et al., 2007; Shaheen et al., 2013;
Vijayaraghavan and Joshi, 2013). However, Eurogdegislation in force considers ES as an
animal by-product not intended to human consumptidmich requires pre-treatment to reduce
pathogen spreading risk. Composting is one ofrigtment alternatives foreseen. As a result of
ES composting, enriched calcium compost can barwador value-added applications, namely
for neutralising acidic soils with deficit in calen, or to remediate metal-contaminated soils. In
fact, the presence of carbonates and humic sulestamca compost derived from eggshell
composting could synergistically contribute to heawtal uptake, by pH-dependent
mechanisms and due to the presence of negativelyggett functional groups associated to
humic-like substances (Paradelo and Barral, 20I@)our knowledge, the effect of calcium
carbonate rich compost for lead removal from aqgsesnlution is scarcely addressed in the
literature.

This study aims to evaluate the possibility of atur& compost (CES) obtained from

industrial eggshell composting with other organiatenials, to be further used as biosorbent,
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enabling an understanding of its relative capacityorb Pb(ll) ions from agueous solutions. For
comparison, natural industrial eggshell (ES) antuneacompost without eggshell (CWES) were
also tested. Dynamic behavior of lead sorption &S was evaluated from experimental data
by fitting kinetic models. In addition, the bioserii behavior was predicted by using common

isotherm models, and the effect of pH and metatentration were also investigated.

8.2. Materials and methods

8.2.1. Biosorbents characterisation

The composts tested as biosorbents were obtairnati@aatory scale by using self-heating
reactors of 105 L with forced aeration, as describe Soares et al. (2013). After 25 days of in-
vessel composting, the mixtures were allowed tcckme the maturation phase in small piles
until 144 days. The starting materials of the costipg mixture for CES were industrial potato
peel, grass clippings, rice husk and industrialseglf (ES) waste in the proportions of 35.4%,
22.7%, 11.9% and 30% (w/w), respectively. CWES coshpwas obtained in the same
conditions as CES, but without eggshell in theiahitmixture and keeping the relative
proportions of the other ingredients. The eggshalé collected in an industry of pasteurized
liquid eggs and boiled eggs and the source of tterostarting ingredients is described
elsewhere (Soares et al., 2013). For comparisam @S and CWES, industrial eggshell (ES)
was also tested.

Each biosorbent was obtained by taking a randanpkaof 25 L from the composting
piles (for CES and CWES) or from a 120 L industdample of ES. Then, each material was
individually homogenized and divided into four ganvith one being eliminated. This procedure
was repeated until samples of 250 g were obtaifiedlly, biosorbents were air dried, grounded
and sieved to a patrticle size between 25 to 500fpunfiurther laboratorial studies.

8.2.1.1. Physical and chemical properties

The specific surface areages) and total pore volume of the biosorbents werentfied
by applying the BET (Brunauer—Emmett—Teller) mottelnitrogen adsorption data, obtained
through the ASAP 2000 equipment (Micromeritics COSA). The moisture content was
determined as the loss in weight, after samplesewdeied in an oven at 105°C to constant
weight. pH and electrical conductivity (EC) were asered in water extracts obtained with a

solid to liquid ratio of 1:5 (v/v) for 1 h. pH wamseasured directly in suspensions, but in the case
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of EC, a filtration was performed and the contribatof water, glassware and filter paper (blank
essay) was subtracted.

The calcium carbonate content, organic matter atrdgen level were determined as
detailed in section 6.2.3.

Metals (Cd, Cr, Cu, Pb, Zn) and Ca content was ftifieth by flame atomic absorption
spectrometry (FAAS), Perkin EImer — 3000, atigua regia extraction, as detailed by Rauret et
al. (2000).

The chemical functional groups of the tested biosots were characterized by Fourier
transform infrared spectroscopy (FTIR) (Jasco FHERO0). FTIR spectra were acquired by
averaging 32 scans in the range of 400-4000, cesolution of 4 cm and scan speed of 2 mm s
! Dried samples (2 mg) were pressed into pellegstteer with KBr (200 mg). The biosorbent
surface was analyzed before and after sorptiorchgréng electron microscopy (SEM, Phenom

ProX) coupled with energy dispersive X-ray analy&BX).

8.2.1.2. pH at the point of zero charge and acid
neutralisation capacity

The quantification of the pH at the point of zerbame (pH.) associated to each
biosorbent followed the immersion technique desdilby Fiol and Villaescusa (2009). This
technique is based on the admission that surfacepgrof the biosorbent can dissociate or
associate Hdepending on the properties of the biosorbentthadH of the agueous solution.
Briefly, each solid was placed in contact with saVsolutions of KNQ (0.03 M) with an initial
pH ranging from 2.3 to 11. The pH values of KN&lutions were adjusted using 0.1 M HNO
or 0.1 M NaOH. The suspensions with a liquid tddsodtio of (L/S) 100 L kg were agitated
during 24 h in an overhead shaker (16 rpm), at 26#hd the final pH values of the supernatant
liquid were measured. The pi corresponds to the plateau obtained in the pldinai pH
against initial pH (Lambert et al., 2009).

The acid neutralisation capacity (ANC) of the tdst@osorbents was determined by
adapting the procedure described by Quina et 2009). Thus, at least ten acidic solutions
(V=30 mL) with different volumes of 2 M HN©and distilled water were added to the
biosorbents, to form a suspension with L/S 10 1L.Kghe suspensions were agitated during 24 h
in an overhead shaker (16 rpm), at 25+2°C anditia pH value of the supernatant liquid was

measured. The ANC of each biosorbent was calculatedrding to the following equation:
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ANC(meq g‘l) = CHNo3XVHNO3 (8.1)

m
where,Cyyo, (€9-9 LYy is the concentration of the used adigyo, (ML) the acid volume used

to prepared the acidic solution, amdhe mass of the biosorbent (g).

8.2.2. Sorption studies

The affinity of the tested biosorbents towards Blwas assessed by a set of experiments

described in the following sections.

8.2.2.1. Kinetic studies

For establishing the solid-liquid contact periodueed to attain equilibrium conditions,
Kinetic sorption tests were performed. Experimavese carried out by putting the biosorbent in
contact with 500 mg £ of Pb (L/S 100 L kg). Suspensions were continuously agitated at
25+2°C and the pH was controlled at 5+£0.5 by additf standard solutions (0.01, 0.2 and 0.5
M) of HNOs or NaOH as required. A set of samples were takgmealefined times and filtered
with 1 pm pore size filter. The concentration of Wéis determined by flame atomic absorption
spectrometry (Perkin ElImer — 3300). These experismerere performed at pH 5+0.5 to prevent
lead hydroxide precipitation. According to dataashed through Visual Minteq 3.0 (represented
in Figure S8.1 - Supplementary material), for hagimcentrations of Pb(ll) (e.g. 2500 mgf)L
and pH between 5.5 and 13, Pb(@H)a controlling solid phase.

Three kinetic models were considered to fit theegxpental data. The pseudo-first order
model is based on the Lagergren’s equation andnisiders that the rate of occupation of
binding sites is proportional to the number of uwngaed sites present in the biosorbent

according to the following equation (Ho et al., @8R0

a
= ki(ge — q0) (8.2)

where g(mg g*) and ¢ (mg g') are the sorption at any time t and equilibriunpsion capacity,
respectively andq (min?) is the sorption constant rate. Integrating E@)(&onsidering the

lower and upper limits of t=0 to t=t ane:Q to q=q::

qe = q.(1 — e™¥1t) (8.3)
The pseudo-second-order model takes into considertiat the sorption mechanism follows a
second-order reaction, that depends upon the anufusbrbate on the solid surface and the

amount of sorbate sorbed at equilibrium conditi¢ths and McKay, 2000) according to:
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dqe

2 = k2(ge — q)° (84)

wherek. (g mg* min?) is the rate constant of pseudo-second-orderisor@y integrating Eq.
(4) for t=0 to t=t and 0 to g=¢, the Eq. (8.5) is obtained:

2
__ Qgkyt
q

T 14kaqet (8.5)

A kinetic model that considers intraparticle diffus during sorption may be as follows
(Ho et al., 2000):

6 woo 1
q=(qeX [1 - ;anlﬁexp(_nzB' t)] (8.6)

Where n is the integer used to define the infinéges, B (mif) is the model parameter defined

DiTL'2

r2

radius of solid particle (cm).

asB =

, Di is the diffusion coefficient of sorbate within th®sorbent (crimin) and r the

8.2.2.2. Equilibrium studies

Biosorption equilibrium experiments were carried ou batch and agitated mode. The
initial Pb concentrations ranged from 100 to1500 lrfgfor CES and ES biosorbents and from
300 to 2500 mg 1 for CWES. All solutions were prepared from a steokution of 3000 mg Pb
L, by performing the adequate dilutions. Operatiogditions for equilibrium experiments
were equal to the ones imposed in the kinetic studi/S 100 L kg, 25 + 2°C and pH 5+0.5.

For describing the equilibrium data three modelsewtested. The Freundlich equation is
an empirical model originally proposed for hetermgmus sorbents:

g = KiC," (8.7)
where K (mgt¥™ g L") is the Freundlich isotherm constant, @g L) the equilibrium
concentration of the sorbate, @@ng g*) the amount of sorbate sorbed per mass of biosbeie
equilibrium conditions, and n is a measure of tbg®on intensity. This model considers the

possibility of multilayer sorption and each sorptisite presents a specific binding energy (Foo
and Hameed, 2010).

The Langmuir isotherm is defined by (Foo and Ham26edo):

_ qmKLCe

qe = 1+K;.Ce (8.8)
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where K (L mg?) is the Langmuir constant and, dmg g') is the theoretical maximum
adsorption capacity. This model assumes that sorpsi monolayer and takes place at specific

homogeneous sites, all of them identical and enieedly equivalent.

The Langmuir-Freundlich isotherm combines in oneatign the individual features of

Langmuir isotherm and Freundlich model (Foo and Ekain 2010):

(8.9)

CI€_—1/nF

where 6 (mg/g) is the theoretical maximum adsorption cigaas Kr (L mg)¥"F and m are
the model parameters. At high sorbate concentrsatibe model predicts a monolayer sorption
capacity as considered by the Langmuir model, whtldow concentrations the Langmuir-
Freundlich isotherm is reduced to the Freundliaha¢ign (Foo and Hameed, 2010).

8.2.2.3. Effect of pH on metal sorption

To evaluate the influence of the initial pH on thistribution of Pb (ll) between the
aqueous phase and the biosorbent, equilibrium teste performed at a constant Pb (ll)
concentration of 500 mg1, within an initial pH range of 2 and 5.5. The iaitpH of each
solution was adjusted by adding 0.5 M HN@® 0.5 N NaOH, as required. The biosorbents were
tested at L/S 100 L kij 25 + 2°C, under agitation, but without pH contrisl equilibrium
condition, pH of the suspensions was measured B(it) Boncentration in filtered extracts was
also assessed by FAAS.

8.2.3. Calculation of lead distribution between aqueous phase and
biosorbent

The amount of Pb sorbed by unit mass of biosorlggntin mg ¢') was calculated

according to equation:

_ W (8.10)
where G (mg L) is the initial aqueous concentration of Pb, mtlg) amount of biosorbent used
in each test, V (L) the volume of aqueous phasmirtact with each biosorbent, and C (mt) L
the agueous phase concentration of Pb at any kimetiCc studies) or at equilibrium conditions.

The percentage of lead sorbed by each biosorbehtigyawas calculated according to Eq.(8.11):

% Ads = (COC—_C) x 100 (8.11)

0
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The distribution coefficient (L k&) was calculated as followed (Shaheen et al., 2013)

K, = ‘Z— X 1000 (8.12)

e

8.2.4. Statistical analysis

The parameters of the models used in this studg walculated by non-linear regression,
by using Sigma-plot 10 and Matlab softwares. Tdwata the fitting of the sorption models to

the experimental data, two commonly used errortfans were considered:

. 1 2
Residual root mean square err@MSE = \/E " (Qexp — Gmoaet) l, (8.13)

2
Z?=1(Qmodel_Qexp)i/
n-—p

R? adjusted: R%,; =1 —
Adj Zsey—Temp), ]
n-1

(8.14)

where Ghodel Gexp andq,,, (Mg g*) represent the model prediction, experimentalalnd mean
of all experimental values, respectively; n is thuenber of observations during experiments and
p the number of parameters of the model. The smadlee of RMSE and the higher values and

RZagjindicate the best model fitting.

8.3. Results and discussion

8.3.1. Biosorbent properties

Table 8.1 addresses the main properties of theestgliested. The biosorbents obtained
through composting are characterized by alkalingpgdtytotoxin-free (germination indices close
to 80%) and stable (moderately slow respiratioasdtetween 2-8 mg CG@* C d?, (Gémez et
al., 2006). Industrial ES is also an alkaline matemwith high content of CaCf and low
percentage of organic matter (close to 6% (w/w))e Total heavy metals concentration in
CWES, CES and ES is low in comparison to the lepetsent in other biosorbents obtained by
composting of source separated municipal solid evasked with green waste (50 mg kg2
mg kg* and 200 mg kg for Cu, Pb and Zn, respectively) (Paradelo andd@8a2012).

Regarding the specific surface areaef} there is a significant difference between the
tested biosorbents. CWES has the highest .74 nt g') and total pore volume (4.Gid g?),
while ES is the material with lower surface ared 2t g?') and less pore volume (0.98 g?).
Both Ser and total pore volume recorded for CWES are simaother reported values for

garden organic compostsgts=0.66 to 1.31 rhg! and pore volume of 2.6 to 8 ulLY)g(Al-
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Mashagbeh and McLaughlan, 2014, 2012) and compastgdn burr (87=0.86 nt g%) (Su
and Puls, 2007).

Table 8.1: Main properties of the biosorbents tested (meantstial deviation).

Biosorbent
Parameters CWES CES ES
Seer (NP gY) 0.74 0.42 0.12
Total pore volume (ULY 4.67 3.00 0.98
pH 9.3 8.9 8.3
Equivalent CaC@(g CaCQ 100 g?) 5.0:0.1 61.4+1.7 89.4+0.2
Organic matter (%) 79.4+£0.5 28.5£ 0.3 6.3+ 0.1
TOC/TN 21 11.9 2.1
Respiration rate (mg C-G@'C d?) 5.31+1.1 3.55+0.2
PDb aquaregia (Mg kg?) 12.7+0.01 7.3£0.02 3.55+0.02
CU aquaregia (Mg kg?) 8.210.2 5.2+0.2
ZN aquaregia (Mg kg?) 47+0.3 11.9+0.1 4.95+0.1

CES: compost with industrial eggshell; CWES: conipathout industrial eggshell; ES: industrial egglwaste; §er: surface area; TN: total nitrogen;
TOC: total organic carbon; concentration units@esented in a dry weight basis

On the other hand, the values of the ES physiageties found in this study are clearly
lower that the ones reported in the literature={S0.49 to 21.2 rhg? and pore volume of 4 to
86 puL g') (Tsai et al., 2008). Nevertheless, those litemtualues are referred to eggshell
stripped from its membrane and washed, which wash@opreparation method followed for ES
in our study. Concerning CES physical propertiégsarty this composting end-product presented
intermediate values forsSr and pore volume in comparison to CWES and ES.

The major functional groups of the biosorbents weeatified using FTIR spectroscopy.
FTIR spectrum of the tested biosorbents are reptedein Figure S8.2 - Supplementary
material. FTIR spectrum of CES is characterizedpbgiks at 2515, 1800, 1420 and 875'cm
which are ascribed to carbonates (Smidt and MeX¥),7) conveyed to CES by eggshell. A
broad and intense absorption peak around 3400 igmndicative of the existence of bounded
hydroxyl groups. The peak near 1080 toan be attributed to Si-O-Si stretching vibratiams
silica (Grube et al., 2006) which is typically peesin rice husk (Yalgin and Seving, 2001) that
were used for obtaining CES. Nevertheless, peakiseimange of 1030-1080 ¢inmay also be
attributed to C-O stretching of polysaccharidegpolysaccharide-like substances (Smidt and
Meissl, 2007). In addition, low intensity peakslZg0 cmtand 2930-2850 crhare characteristic
of C=0 vibrations (aldehydes, carboxylic acids stees) and aliphatic compounds, respectively
(Smidt and Meissl, 2007).

Since CES was derived from composting processely Bpectrum should present a
band at 1650 crhand a weak band at 1595 ¢ras result of humic like substances. However in
this case, the strong and broad peak at 1420 (ome to carbonates) alters the spectrum

resolution in that region. As a result, it is omlgible a shoulder between 1650-1600%wwhich
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may still be related to C=C stretching vibratiorfsaoomatic structures in humic substances
and/or amide groups. FTIR spectrum of ES showsypieal peak attributed to carbonates, as
found is CES and a slight shoulder near 1650-1603 that might be associated to C=0
stretching in amides groups that constitute thamigmembrane typically present in eggshell.
Regarding CWES, the identification of functionabgps is more complex. Significant peaks are
found at 3400 cm (associated to -OH groups), 2920 tifassociated to aliphatic methylene
groups), 1650 crh (C=C stretching that can be ascribed to aromatic Gond), 1515 crh(C=C

stretching of aromatic rings in lignin), 1080 ¢nsilica or polysaccharide-like substances). In
addition, the shoulder at 1595 ¢meveals the presence of humic like substances@@=C

bond in the aromatic skeleton of that substancesdiSand Meissl, 2007). Peaks at 1220 and
1420 cm' indicate phenolic groups, while the band at 1380 ¢s due to COOantisymmetric

stretching.

8.3.2. pHpzc and acid neutralisation capacity

The point of zero charge corresponds to the pHhefaqueous solution at which the
particle surface charge is neutral (Lambert et2009). This means that if the aqueous pH is
higher than pkt., the surface charge is negative and the biosorth@sitenhanced affinity for
cations. By contrast, for aqueous solutions at @s$ lthan pFc, the solid has higher affinity
towards anions. Figure 8.1 shows the point of oliarge (pl.c) of the studied biosorbents, at
L/S 100 L kg“.

10 = Y
PH,,=9,7 —
Ve \
/
/
pH_.=8,2 /
P % Y....‘_..___..,‘..‘,....M*g.._.._.._.‘}.,..«ﬁ.ﬁ‘iﬂ..’.f.‘
T 81 i .
/ /
= I s
T PH,=7.0 v/// ,/
o ......A}./......;._.._ﬁm&w*.s.._._.‘...___“.....—.-,.—..:.
/
//
6_
/ ——~v— ES
‘/ —+— CES
— - — CWES
4 T T T T T
0 2 4 6 8 10 12
pH initial

Figure 8.1: Determination of pkicat L/S 100 L kg for tested biosorbents (ES, CES and CWES).
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The point of zero charge of CES is observed to pH(Bigure 8.1), and it is strongly
influenced by the presence of eggshell in this nmatewhich explains the elevated value in
comparison to CWES (p2=7). Above pH=8.2, CES exhibits a net negativeaagfcharge that
enhances electrostatic attractions betweeii &bd CES surface. ES is also characterized by a
high pHzc (equal to 9.7) which is within the values reportedhe literature for commercial
CaCQ and calcite (8.9 and 10.1, respectively) (KosmuB11, 2009).

The quantification of ANC for the biosorbents isosim in Figure 8.2. This property
corresponds to the ability of a material to neigeahcids, due to any species that can accept and
neutralise protons (Quina et al., 2009) and redléloe overall buffering capacity of the material

against acidification.

10

——<— ES
—-a— CES
8 — e— CWES
6 A% %,
N
‘4 i
14 X
| [
BN \
] |
N, y———————==3
0 T T T T
0 10 20 30 40
ANC (meq g™)

Figure 8.2: Determination of ANC for tested biosorbents (ESSCGid CWES).

ANC curves for CES and ES are very similar, praagrd steep initial decline to pH near

6 followed by a plateau at pH=5-5.5. This plateaaynbe associated to the buffering effect
induced by the calcium carbonate in the biosorb@ten et al., 2009). For CWES, the ANC
profile shows a sharper negative slope fron=®Hintil pH=2, which is related to the weak
ability of the biosorbent to resist to pH changasjuantitative terms, the ANC was measured in
miliequivalents of acid required to reduce pH urilreference value (4 and/or 7). For the
biosorbents under analysis, AN@ is very similar for CWES and CES (0.16 med) gand
slightly higher for ES (0.52 megy In the case of ANGus, ES still shows the more pronounced
value (19.7 meq8 followed by CES and CWES with 18.2 and 0.64 mégrgspectively. To

the best of our knowledge, there are no studieseadihg the ANC for biosorbents. Therefore,
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for the sake of comparison, air pollution contedidues from municipal solid waste incineration
were taken into consideration. These residues ansidered to have a considerable ANC
(ANCpha =11 meq ¢ (Quina et al., 2009)), which strengthen the ided CES and ES present a
high ANC.

8.3.3. Kinetic studies

Figure 8.3 depicts the kinetic behavior of Pb upthl the biosorbents tested, when the
initial concentration was 500 mg™ L The kinetic experimental data followed a biphasic
evolution (Zhang, 2011), including a fast initizhge followed by a slower equilibrium period.
For CES, 80% of the maximum lead uptake capacitg @atained in the first 30 min. In
opposition, ES accounted only for 61%, while CWESieved 94%. The equilibrium state was
considered to be reached when changes in g aréhis$% during more than 5 h. Thus, in the
present study, for all tested biosorbents 180 maémewenough to reach equilibrium conditions.
Therefore, further studies for the establishmerdavption lead uptake behavior were conducted

for 180 min of equilibrium time.

50
40 - v ES
A CES
[ ] CWES
pseudo first order model
a 30 _E — — — pseudo second order model
o e Intraparticle diffusion (Crank)
g model
RN e S __IJ_AMIJ_
[N
v S
T 1
T T
400 600
Time (min)

Figure 8.3: Kinetic behavior of Pb(Il) uptake by CES, ES ant/EeS (L/S 100 L kg, [Pb(ID]initat = 500 mg L,
25°C, pH=5.0).

In previous works, other authors assumed similailiegation period for Pb uptake by
eggshell (Vijayaraghavan and Joshi, 2013), but éorgpntact time was considered by Zhang
(2011) for sorption studies using manure compost) @nd by Paradelo and Barral (2012) in the
case of municipal solid waste compost (16 h).
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Three different kinetic models (pseudo-first, psegdcond and intraparticle diffusion
models) were used to describe the experimentaladd®® uptake by CES, ES and CWES and to
assess the kinetic mechanism. According to a titezareview conducted by Liu and Liu (2008)
both pseudo-first and pseudo-second order models haen widely used to describe kinetic
biosorption data by considering sorption mechangmtrolled by surface reactions. On the
other hand, the intraparticle diffusion model agdsufor diffusion controlled mechanisms
during sorption (Cheung et al., 2007). The fittwfghe models to experimental data is shown in
Figure 8.3 and Table 8.2.

Table 8.2: Kinetic model parameters for Pb(lIl) sorption oS, ES and CWES.

Biosorbent Model type Model parameters Error fuorcsi

CES Pseudo-first order Eq (8.3) 82.46 mg ¢ RMSE=1.118
k;=0.082 mint Rad?=0.978

Pseudo-second order Eq (8.5)=28.43 mg ¢ RMSE=0.418
k= 0.678 x 1 g mg* min? Ra¢?=0.997

Intraparticle diffusion E q(8.6) B=0.043 min RMSE= 0.980
Rad?=0.985

ES Pseudo-first order Eq (8.3) «44.66 mg g RMSE= 0.932
ki=0.034 R¢?=0.923mint  R.¢?=0.923

Pseudo-second order Eq (8.5)e=15.97 mg ¢ RMSE=0.823
ko= 0.307 x 1% g mg* min? Ra¢?=0.977

Intraparticle diffusion Eq (8.6) B=0.013 miin RMSE= 0.796
Rag?=0.979

CWES Pseudo-first order Eq (8.3) 45.42 mg ¢ RMSE=0.729
k1=0.143 mint Rag?=0.998

Pseudo-second order Eq (8.5)=46.19 mg ¢ RMSE= 0.295
ko= 1.050 x 1¢ g mg* min? Ra¢?=0.999

Intraparticle diffusion Eq (8.6) B=0.130 min RMSE= 0.651
Rad?=0.998

Lead uptake by CES was adequately described bystedo-second order model (higher
Ragj 2, lower RMSE, Table 8.2), though the other considekinetic models also presented good
fittings parameters. This model is based on themme that the rate limiting step is
chemisorption (chemical interactions between sugalffunctional groups of biosorbent and
metal ion), that includes valence forces with tkehange of ions or the formation of covalent
bonds (Ho and McKay, 2000). CWES kinetic data alsowed a very good agreement with the
pseudo-second order model (Table 8.2). However, SW&S higher initial sorption ratg,g2)
in comparison to CES (22.39 and 3.72 migngin, respectively) which might be related to the
higher Ser of CWES (Table 8.1) and the greater diversityusfctional groups in the biosorbent
surface. The suitabilitgf the pseudo-second order model for CES and CW&sihents is in
agreement with the results of other studies for mustilike biosorbents (Al-Mashagbeh and
McLaughlan, 2014; Zhang, 2011).
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Regarding ES, an acceptable fitting was providedbbth pseudo-second order and
intraparticle diffusion models (Table 8.2). Nevetdss, other studies indicated pseudo-first
order model as adequate to describe the kinete afdiead uptake by eggshell (Vijayaraghavan
and Joshi, 2013).

In spite of that, one must have in mind that défér mathematical models can fit a
limited number of experimental data with a highméegof accuracy (Ho et al., 2000), and so the
fitting goodness may not reveal the nature of thgptson mechanisms involved. In addition,
different sorption mechanisms may occur concuryethiie to the complexity of the biosorbents,
namely chemical functional groups, surface area, €hus, further studies are necessary to
evaluate other sorption variables such as init@icentration, particle size, temperature, to
provide additional information regarding i) confiation of the sorption mechanism for CES and

CWES and ii) sorption mechanism identification .

8.3.4. Sorption studies

Sorption isotherms are models that describe thdilegum between a solute sorbed in a
solid phase and the soluble concentration of tbhtte in an aqueous medium, for a specific
temperature. These equations contain parametdrsexpeess the surface properties and affinity
of the biosorbent at given operating conditions/e®a types of isotherm have been applied to
experimental data of metals into biosorbents, ngrh@hgmuir and Freundlich models have
been widely used (Rangabhashiyam, 2014). A numbepproaches have been suggested to
facilitate the choice of a model to describe thpesxnental data. Specifically, Hinz (2001)
presented a set of guidelines to identify the chass subgroup of isotherms (according to Giles
classification) to select the most appropriate rhode

Figure 8.4 depicts the results from equilibriumpsimn experiments for CES, ES and
CWES (symbols in Figure 8.4a), b) and c), respebtjv By following the guidelines of Hinz
(2001), the data in Figure 8.4 follow a high affynsorption model, classified as H2-class
isotherm (class H, subgroup 2), which is charasteri by high uptake at low metal
concentrations and by a relevant steep slope tltlatesily reaches a plateau. In this study, three
isotherms were fitted to sorption data: Langmurguadlich and Langmuir-Freundlich (Eq. 8.7,
8.8 and 8.9). The first two models (with two parten®) are the simplest and the most widely
used, while the three parameter Langmuir-Freundiscitherm is specific for H2 isotherms
(Hinz, 2001). Table 8.3 summarises isotherm pararsaibtained for non-linear fitting and the

respective error functions as well.
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Figure 8.4: Equilibrium isotherms sorption of lead onto a) CBESES and ¢) CWES (L/S 100 L kg25°C, pH 5.0,
contact time 180 min).
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CES and ES revealed,®f 24 mg Pb(ll) ¢ and 16 mg Pb(ll) ¢, and if expressed in
terms of CaC@equivalent mass, the capacities are 39 mg Pbfibagos and 18 mg Pb(ll) §
cacos respectively (Figure 8.4 a) and b)). Such diffieeecan only be attributed to the presence
of the organic matter, which contributed to a higherface area of CES (Table 8.1) and to
oxygenated functional groups commonly found in Hiedi compost, that increase the active
sites due to negative charges density of the bbestr In comparison to other biosorbents
derived from composting, Table 8.4 shows that C&ss efficient but comparable with other
organic biosorbents like peat or marine green nadga®. CWES is the biosorbent with higher
organic content, featuring a maximum capacity, rear to 80 mg Pb(l1) {(Figure 8.4 c)), as a
consequence of the negative charged functionalpgragsociated to humic substances and of the
higher Ser. The sorption capacity of CWES is comparable toepotcomposts with different

origin and composition (Table 8.4).

Table 8.3: Parameters of lead sorption isotherm models o&8,ES and CWES biosorbents.

Biosorbent Model type Model parameters Error fuomi
CES Langmuir Eq. (8.8) gm=23.50 mg ¢ RMSE= 0.942
K. =0.207 L mgt Rag?=0.97
Freundlich Eq.(8.7) Kr=11.17 L mg RMSE=2.911
ne=8.6 Rag?=0.72
Langmuir-Freundlich Eq. (8.9) gn=23.21 mg ¢ RMSE=1.036
K r=0.145 L mgt Rag?=0.97
ne=0.78
ES Langmuir Eqg. (8.8) Ogw=15.91 mg ¢ RMSE=1.078
K.=0.801 L mg Rag?=0.81
Freundlich Eq.(8.7) Kr=9.899 L mg RMSE= 0.798
Ne=12.76 Rag?=0.90
Langmuir-Freundlich Eq. (8.9) gn=19.23 mg ¢ RMSE= 0.623
K. r=0.845 L mg¢* Rag?=0.94
ne= 3.38
CWES  Langmuir Eq. (8.8) gv=73.94 mg g RMSE= 4.492
K= 0.098 L mg Rag?=0.98
Freundlich Eq.(8.7) Ke= 28.49 L md RMSE= 4.675
ne= 7.02 Rag?=0.97
Langmuir-Freundlich Eq. (8.9) gn= 86.81 mg g RMSE=3.101
K= 0.244 L md¢ Rag?=0.99

ne= 2.08

Langmuir isotherm best describes the Pb(ll) sormpbehavior on CES (lower RMSE,
Table 8.3) while Langmuir-Freundlich model is maretable for ES and CWES (lower RMSE
and Rag —Table 8.3). According to the literature, the Laniiy equation best fits the sorption of
Pb(ll) onto calcium carbonate like materials (Gamd Dash, 2014), which presumes that

interactions between Ca(ll) and Pb(ll) may occuthat sorbent surface (monolayer sorption),
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but the Toth model (three parameters model) is radegjuate to eggshell (Vijayaraghavan and
Joshi, 2013).

By using scanning electron microscopy (SEM) couplétl energy dispersive X-ray
spectra (EDX) the chemical composition of the bibsats surface was analysed, before and
after sorption (Figure S8.3 to S8.5 — Supplemerdatg).

Table 8.4: Sorption capacity of several biosorbents for Bb(ll
Batch operating conditions

. L/S Pb(Il) Maximum Pb
(o

Biosorbent pH T(°C) (Lkg ™) (mg LY uptake (mg d) Reference

Manure Compost 4 25 66.7 Mhha 95 (zhang, 2011)

Green waste compost Nc  Nind 500 310-1036 85 (Nwachukwu and
Pulford, 2008)

Compost fromrecycled N¢  Nind 500 310-1036 59 (Nwachukwu and

materials and organic Pulford, 2008)

fertilizers

Nopal cladodes 5 Nind 400 10-50 13 (Miretzky et al.,
2008)

Peat 6 20 400 20-120 28.5 (Ho, 2006)

Marine green macroalgae 5 21 60 Nha 29 (Pavasant et al.,

(Caulerpa lentillifera) 2006)

Marula seed husk 5 20 62.5 10-80 20 (Moyo et al.,
2015)

CES 5 25 100 100-1500 23 This study

CWES 5 25 100 300-2500 77 This study

ES 5 25 100 100-1500 16.5 This study

Nc- Not controlled; Ma- Not indicated

The EDX spectrum taken in spot profile for CES, faomed as expected the presence of
Ca before sorption due to calcium carbonate., dngtipeak of Pb and a minor peak intensity of
Ca (in comparison to the one before sorption) wareerved after sorption. That might be a
result of i) occupation of Ca-sites by Pb ionshat surface of CES, which has been indicated for
calcite (Sturchio et al., 1997), ii) the acidic ddions (pH 5) imposed during sorption
experiment may lead to Ca leaching from the surtaue incorporation of lead in carbonate-
based microprecipitates, as suggested by Vijayaraghand Joshi (2013). In addition, Pb(Il)
may interact with negatively charged functionalup® like carboxylic acids, hydroxyl existing
on CES, which might be reflected by the small réidacof oxygen content in CES surface. The
complexation of Pb with carbonyl groups has begonted in the literature (Ahmad et al., 2012;
Guru and Dash, 2014) for Cag@ike materials and could occurred in CES. Indeke to the
complexity of CES in terms of organic and inorgamonstituents, the above sorption
mechanisms may act simultaneously. EDX spectreEfdrbefore and after sorption display a
behavior similar to CES. The same sorption mechasisonsidered for CES may be associated

199



CHAPTER 8. BIOSORBENT POTENTIAL OF AN EGGSHELL RiIcH COMPOSTING PRODUCT FOR LEAD REMOVAL

to ES, by considering that ES contains an orgammbrane with oxygenate groups with affinity
towards Pb ions.

Regarding CWES, EDX spectrum showed a high diyerditelements at the surface, but
oxygen appears in a high percentage (60%). Aftgatiem, the percentage of oxygen was halved
and an increase of Pb in CWES surface was detetltasl.might indicate interactions between
lead and oxygen-based functional groups, like regloin other studies with composting derived
materials (Carrasquero-Duran and Flores, 2009thEumnore, there is a significant reduction of
potassium in CWES surface, which may be indicativan ion-exchange mechanism as reported

by Zhang (2011) for manure compost.

8.3.4.1. pH influence

The pH is an important parameter in sorption preegsnot only due to the ability to alter
the surface properties (surface charge, degreeomfation and speciation of the surface
functional groups), but also because it dictates gpeciation and availability of metals in
solution (Ozer, 2007). In this study, the effectpéf on the sorption of Pb (ll) by CES, ES and
CWES was evaluated by varying the initial pH ofd® Sng Pb(Il) ! solution from 2 to 5.5, and
keeping constant the other operating conditiorgure 8.5 and Figure 8.6 illustrates the effect of
the initial pH on the equilibrium pH attained fdmet aqueous solution, and on the Pb (Il)

removal.
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Figure 8.5: Effect of initial pH on equilibrium pH (initial azcentration 500 mg Pb(l1)1, L/S 100 L kg!, contact
time 180 min, 25°C).
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Figure 8.6: Effect of initial pH on lead removal (initial coastration 500 mg Pb(ll)'L, L/S 100 L kg', contact
time 180 min, 25°C).

The equilibrium pH attained at the end of 180 msidependent on the type of biosorbent
tested (Figure 8.5). For CES and ES, regardlessitie pH, the equilibrium pH was relatively
constant (4.5-5.5), which may be attributed totitgh ANC of the biosorbents (Figure 8.2)). In
the case of CWES, the equilibrium pH is near 5.mitial pH is 4 to 5.5, while more acidic
conditions (between 2.5 and 4.3) are reached tanitial pH 2 and 3. These results are in
agreement with the low ANC observed to CWES.

The percentage of Pb (ll) removed by the biosohdRtgure 8.6) reveals a similar
behavior to the equilibrium pH. In fact, CES and &®wed a removal yield of lead almost
independent from pH, though the average removainattl were 49% for CES and 35% for ES.
These results are related to physical propertigh@fbiosorbents, namely smallesesfor ES
and higher content of organic matter for CES (T&bhl§. Indeed, CES shows an intrinsic ability
to naturally enforce a proper pH to the aqueoustiswm without favoring precipitation of lead
hydroxides. Nevertheless, the precipitation medrargould benefit the overall removal of lead,
if the sorptive process was conduct at pH>6, alduld be very interesting in a real application
point of view. In addition, higher pH would favdre presence of negative sites in the surface,
decreasing repulsions between the biosorbent a@ij.Pb

Considering CWES removal efficiency towards Pb(H)gure 8.6), the smaller value
attained (25%) to pH 2 is a consequence of: i)ltdve ANC of CWES to overcome acidic
conditions (ANGHs=0.64 meq @) and ii) the positive sites that dominate on thdage of the
biosorbent which enhances electrostatic repulsietwéen the surface and Pb(ll) (pH< g
pHpoz=7). In addition, the competition effect betweesOH and Pb(ll) promoted by the low
equilibrium pH (pH 2.5) also has an effect on thlative low removal yield. However, as the
equilibrium pH increases, that competition effeat biosorbent active sites is hindered and
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Pb(ll) removal is increased (Wang et al., 2010).aA®sult, for CWES the metal removal yield
reached 97% for equilibrium pH 5.5.This behaviolyrmaggest that an ion-exchange mechanism
may be part of the overall sorption mechanism ofllPlby CWES (Wang et al., 2010).
Furthermore, higher pH values favor deprotonatibrsamme chemical functional groups (like
hydroxyl, phenolic, carboxylic acids) increasinge thnegative charges of biosorbent
(Anastopoulos et al., 2013). Thus, the electrastattiractions between Pb (I) and CWES may
also play a role, when the initial pH led to eduilim pH near 5.5.

8.3.4.2. Concentration influence

Figure 8.7 illustrates the influence of the initaincentration from 100 to 2500 mg Pb(ll)
Lt on lead(ll) removal for each biosorbent
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Figure 8.7: Influence of initial concentration of Pb(ll) on ajetal removal and b) uptake from aqueous solution
(L/S 100 L kg, 25°C, pH 5.0, contact time 180 min).

202



PART D. ENVIRONMENTAL APPLICATIONSFOR EGGSHELL COMPOST
|

The removal and uptake behavior of Pb(ll) for thesbrbents that contain eggshell (CES
and ES) is very similar (Figure 8.7 a) and b)). fhar lowest initial concentration of 100 mg L
there is a removal capacity of near 100%, whictherply inhibited as the initial concentration is
enlarged up to 1500 mgL Beyond 500 mg t, the sorption capacity of CES and ES attains a
plateau (Figure 8.7 b)), which indicates that bibsat active sites are all occupied.
Nevertheless, the CES capacity is in average Inkstihigher than for ES when metal
concentration is greater than 500 mg which might be a result of the organic matterveyed
by CES.

To the best of our knowledge, the literature ikilag of lead sorption studies in aqueous
media by using a biosorbent derived from compostitg an equivalent level of CaGQas in
the case of CES. Nonetheless, some studies havesadd the ES sorption properties towards
lead. Namely, Vijayaraghavan and Joshi (2013) stlitlie sorption of lead by chicken eggshell
waste and achieved a removal efficiency of 30.762%4C, pH 5 and L/S 500 LKg Co=1045
mg L) which is almost twice the removal recorded instlstudy (16%), for the same
concentration conditions. In addition, Shaheenle{2913) observed a removal efficiency of
99% (at ambient temperature, pH not controlled, 203 kg* and G=700 mg L) while in this
study only 22% of Pb(ll) was removed from aqueanisition with ES. This difference can be
attributed to the lack of pH control during thean tests performed by Shaheen et al. (2013),
occurring an increase of the pH to alkaline lewade to partial ES dissolution. Accordingly,
suitable conditions for the precipitation of Pb(Ijydroxides may lead to a removal
enhancement, which masks the quantitative sorghiéty of the biosorbent. At lower lead
concentration (100 mg Pb(I)) 1) (Ahmad et al., 2012) found a removal of 89.7%23C, pH
5.5 and L/S 40 Lkd) which is slightly lower than the removal efficignmeasured in this study
for the same lead concentration (98%).

With respect to CWES biosorbent the removal obskwas close to 100% for a broader
range of initial concentrations (300 to 500 m¢) Figure 8.7 a)). Then, a smoother decrease of
lead removal is verified when concentration is @ased. However, at the highest concentration
tested (2500 mg Pb(ll) 1) is still possible to attain a removal efficienagar 30%. The
saturation of the active site of CWES occurs whi(IPconcentration is 2000 mg,. which is
significantly higher than CES.

To compare the sorptive properties of the biosadb&wards lead ions, the distribution
coefficient Ky (L kg?) was calculated. This parameter relates the metaierdration in the solid
phase to its concentration in solution, at equilitor conditions (Ahmad et al., 2012; Shaheen et

al., 2013). Low values of Kindicate that high amount of metal remains in oty while high
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Ka means that the solid phase has high affinity eortretal. Table 8.5 summarises the fir
CES, ES and CWES according to the initial lead eatration.

Table 8.5: Distribution coefficient (L kg) for CES, ES and CWES biosorbents to differentiahiPb

concentrations.

conclglrflt?;tfobn(é:%g 19) CES ES CWES
100 2796 5065 -
200 - 218 -
298 330 102 4360
483 83.5 53.6 3904
727 46.8 29.4 503
977 30.7 20.5 201
1435 20.6 12.8 108
1952 - - 67.1
2422 - - 46.5

At the lowest metal concentration, ES is the bibsat that has the higher distribution
coefficient. These results indicate that ES mighteha higher capacity to sorb Pb(ll) than CES,
at concentration levels lower than 100 m§ Though, when Pb(ll) concentration is higher than
100 mg L%, CES enhances the retention affinity towards ieasbmparison to ES, while CWES

shows the highest affinity to retain lead.

8.4. Conclusions

The potential use of a compost derived from indaiseéggshell co-composting (CES) as
a biosorbent for Pb(ll) was evaluated. The sorptiapacity was dependent on the initial metal
concentration, but almost independent on initial pithin 2-5.5. The sorption isotherms
followed the Langmuir model suggesting a monola@ption feature. EDX spectra reveal the
importance of C& in the sorption mechanism, but a better undergtgndf other functional
groups involvement is still need. This study ilhaseéd that CES in comparison to ES is a better
alternative for lead removal in aqueous solutiah®ugh optimisation of some operational
conditions (higher pH or L/S) should be addressefdiither studies.
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by dissolving lead nitrate salt (simulations fronsdal Minteq v3.0).
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9. Immobilisation of lead and zinc in contaminated soil using
compost derived from industrial eggshell*

This study aims to evaluate the capacity of a ca@nhpbtained by co-composting of
industrial eggshell (CES) to immobilise lead (Pbjl ainc (Zn) in an acidic soil contaminated
by mining activities. Mature compost without egds€WES) and natural eggshell (ES)
were also tested as soil amendments for compapsoposes. Three different application
rates were used for each material, ensuring thee sqanantity in terms of neutralising
capacity. Incubation experiments were conductedeunmbntrolled conditions and GO
emissions monitored for 94 days. The environmeantallability of Pb and Zn in the amended
soil was assessed and bioassays were performieel and of the incubation period.

When eggshells were present, the CES compost r#igedoil pH to values higher
than 6 and reduced the soil mobile fraction forhbBb and Zn, in more than 95%. Soll
toxicity towardsVibrio fischeriwas also suppressed and environmental risk desst¢as|ow
level”. However, the immobilisation in the acid ahsble soil component was significantly
achieved only for Zn. In addition, regarding saktwon dynamics the GE&LC emissions were
enhanced, mainly in the case of the highest ratar@ndment. Both first order-E and parallel
first order models may adequately describe thetkingata of CQ-C cumulative release.
Without eggshells, the CWES compost revealed lihiteffect on heavy metals
immobilisation, likely due to its small capacity torrect soil acidity, at lower application
rates. Using solely eggshells, the ES waste hadasioutcomes when compared with CES,
but at the higher application rate, £@missions were enhanced with the eggshell compost
due to the contribution of biotic carbon presemréin. Therefore, this study points out that
CES is an effective liming material and may be ugedn situ remediation of contaminated
soil with Pb and Zn.

Keywords
Eggshell compost; Soil remediation; Heavy metakiEEmmental availability.

*This chapter is based upon the publications:

Soares, M.A.R., Quina, M.J., Quinta-Ferreira, R1%2 Immobilisation of lead and zinc in contamimbseil by

using compost derived from industrial eggshellEdviron. Manage. 164, 137-145.

Soares, M.A.R.; Quina, M.J.; Quinta-Ferreira, RL20Use of mature organic composts as immobilisiggnts
of Pb and Zn in a mine soil, presented at Proc. WAS2013- 2nd International Conference Wastes: tBuis,
Treatments and Opportunities, 11-13th September,Pinceedings pg.267-268, Braga, Portugalal(

communicatioh
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CHAPTER 9. IMMOBILISATION OF LEAD AND ZINC IN CONTAMINATED SOIL

9.1. Introduction

Anthropogenic activities are considered to be tleerhost responsible for soil
enrichment in toxic heavy metals, even though thedeitants may also be natural constituents
of the soil. Industrial processes, mining explamatimanufacturing and disposal of some waste
materials are examples of mankind actions thaticanduce in the soil non-essential metals
with phytotoxic and zootoxic properties (Park et 2011; Wuana and Okieimen, 2011). The risk
that these contaminants pose to the environmenthanthn health is directly related to their
bioavailability in soil.

Several studies have tested different type of naseas amendments for promoting
metals immobilisation in soil (Kumpiene et al., 8p0Both organic and inorganic materials such
as mature composts, biochar and phosphates, assvedlicium sources including lime, mineral
apatite and carbonates have been used (Jano§ €0H80; Wuana and Okieimen, 2011). In
addition, composts enriched with minerals like #es| clays, oxides or carbonates have also
been addressed with the purpose of reducing thevailability of heavy metals in contaminated
soils (Gadepalle et al., 2009, 2008; Lagomarsinal.e2011; Siebielec and Chaney, 2012; Van
Herwijnen et al., 2007). Furthermore, low-cost isttial residues have also been exploited for
heavy metals retention in soil (Garrido et al., 200 his approach has additional environmental
benefits besides reducing waste disposal costanifill sites, is simultaneously able to tackle
soil remediation.

Efficiency of amendments on the rehabilitationsofl contaminated with heavy metals
may be addressed at chemical and ecotoxicologeeald (Pardo et al., 2014). In this regard,
chemical extraction methods have been commonly tesadsess their environmental availability
providing relevant information about the correspogdmobility (Pauget et al., 2011). On the
other hand, addition of amendments may affect thlersorganic and organic carbon dynamics.
This influence can be observed through the rate€@f production due to organic carbon
mineralisation (biotic Cg) and/or resulting from correction of soil aciddteon with liming
materials (abiotic C®) (Bertrand et al., 2007). Bioassays have beed tsevaluate if toxicity
in the original soil was reduced after soil treatin@ order to estimate if there is no longer risk
to humans, plants or animals (Park et al., 201igassays using luminescent bacteviario
fischeriallow the assessment of the eco-toxicity impacaif composition on surface water and
groundwater (i.e. soil retention function) (Alvaganet al., 2009).

Industrial eggshell (ES) is the main waste streemmfegg processing industry and its

European production is about 350 thousand tonneggae (Soares et al., 2013).
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Lee et al. (2013) evaluated the effect of eggshelste, combined with a nitrogen,
phosphorous and potassium fertilizer, on Cd andh#hobilisation in a neutral agricultural soil
nearby abandoned mines. Their study concluded 8Batlays after incorporating 5% (w/w)
eggshell into soil, Cd and Pb concentrations ete¢thwith acetic acid were reduced up to 68 and
93%, respectively. In addition, Ahmad et al. (20fd#)nd that by adding 5% (w/w) of eggshell
to a neutral military shooting range soil, the RImaentration extracted with acetic acid was
reduced by 68%, mainly due to pH increase withhemtlead immobilisation via formation of
Pb-hydroxide or lanarkite. On the other hand, Olalet(2011) reported a reduction of only
24.6% for Pb extracted with acetic acid, by alsmg$% (w/w) of eggshell, in a moderately
acid soil. Nevertheless, according to the Europegal framework, ES is classified as an animal
by-product not intended for human consumption (Regn (EC) N° 1069/2009 of the
European Parliament and the Council). Thus, thdéicgin of ES to soil may require a prior
thermal treatment to reduce the spreading riskathggens into the environment and human
health.

Co-composting is one of the ES treatment optioas llesides promoting eggshell waste
sanitation, can also deliver a tailored composh filc calcium carbonate. This product can
enhance soil remediation due to the presence sfabilized/humified organic matter that may
promote soil metal immobilisation mainly throughsartption reactions (Park et al., 2011) and ii)
CaCQ that may precipitate heavy metals from soil soltiBut to the best of the authors’
knowledge, the effect of eggshell rich organic costpn heavy metal immobilisation in soil has
not been addressed.

Accordingly, this study aims to evaluate the feiditypof using a compost (CES)
obtained from composting industrial eggshell withey organic wastes, as a soil amendment for
immobilisation of Pb and Zn in acidic contaminateghing soil. For comparison, a mature
compost without eggshell (CWES) and natural eg¢g3) were also tested. The effects of
such amendments on soil properties were investgate three levels: i) environmental
availability and speciation of Pb and Zn in soi, ising chemical extraction procedures, ii)
toxicity reduction of amended soil by performingdssays and iii) evaluation of @@mission

from soil, after the addition of such a carbonah amendment.

9.2. Materials and methods

9.2.1. Soil and amendments
About 5 kg of soil sample was collected at 5-20d#pth from a Portuguese abandoned

mining complex. The collection site was constitubgda set of mines, where hydrothermal veins
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rich in Pb and Zn were explored during thd" B&d 20" centuries. The soil sample was air dried
and sieved through 2 mm mesh to remove large pestic

The compost soil amendments that were tested wxtegned at laboratory scale by using
self-heating reactors of 105 L with forced aerati®ES compost was derived from industrial
potato peel, grass clippings, rice husk and incalstggshell (ES) wastes in the proportions of
35.4%, 22.7%, 11.9% and 30% (w/w), respectively. ESAbompost was prepared in the same
conditions as CES, without eggshell in the initrakture while keeping the relative proportions

of the other ingredients.

9.2.2. Experimental design

Laboratory scale incubation studies were condufde®4 days on soil conditioned with
three different treatments (o Ts), for each amendment tested. Representative soipkes
(about 50 g) were mixed with each compost (CES@WES) at three rates:132.5 g, =5 ¢
and =15 g (air dried basis). In the case of ES amendneguivalent rates to CES. 10 Tz in
terms of neutralising capacity (equivalent Cal®ere tested. Thus, the application rate to soll
was ES_T=1.6 g, ES_7=3.2 g and ES_3F9.5 g (air dried basis).

For each treatment and control samples, threecegps were performed (i.e. twelve
experiments were followed during the incubationiger The moisture of all mixtures was
adjusted to 65% of their water holding capacity (8jrhind maintained during each experiment
by adding distilled water. Incubation tests wereried out in 1 L closed mason jars, in dark

conditions, while keeping the temperature at 25 °C.

9.2.3. Physico-chemical analysis
9.2.3.1. pH and electrical conductivity

pH and electrical conductivity (EC) were measuredli5 (w/v) solid:water extracts
obtained at the beginning and at the end of thebation period, which lasted for 94 days.

9.2.3.2. Single chemical extractions

The mobile fraction associated with very active amdilable metal forms was extracted
with 0.01 M Cad, unbuffered (Gupta et al., 1996; Pueyo et al. 4200he mobilisable fraction
that includes potentially available, leachable padly active compounds was extracted with a
solution of 0.5 M CHCOOH, 0.5 M NHCHzCOO and 0.02 M EDTA at pH 4.7 (Gupta et al.,

1996; Hammer and Keller, 2002). The extractionsewsrformed for 2 h at room temperature,

214



PART D. ENVIRONMENTAL APPLICATIONS FOR EGGSHELL COMPOST
|

in an overhead shaker (16 rpm), using a soil:smhutatio of 1:10 (w/v). Blank samples without
soil were used as control. Lead and zinc were oheted by flame atomic absorption
spectrometry (Perkin EImer — 3000) and standardtisols were prepared with the appropriate

extracting reagent, to reduce matrix interferences.

9.2.3.3. Sequential chemical extractions

Heavy metals in soil were determined by a threp-segjuential extraction method based
on the BCR (Community Bureau of Reference), whicsummarised in Table 9.1 according to
the procedure presented by Rauret et al. (2000).

Table 9.1: Main features of BCR three-step sequential extvaanethod.

Extraction Step Soil fraction evaluated Experimental procedure
1- Acid extractable F1 - exchangeable, water andextraction with 0.11 mol £ acetic acid (v:w
acid soluble species ratio of 40:1, 16 h);
F2 - metals associated with
2. Reducible the reducible phases, namely extraction with 0.5 mol &£ NH,OH.HCl in
bound to Fe/Mn 0.05 mol L HNO; (v:w ratio of 40:1, 16 h)
oxyhydroxides

.- digestion with conc. kD- at 85°C followed
idi F3 - oxidisable metal by extraction with 1 mol £ ammonium
3- Oxidisable fraction, e.g. bound to y

. . acetate adjusted to pH 2 by conc. HN@w
organic matter or sulphides ratio of 50:1, 16 h)

A Heidolph Reax 20 overhead shaker, at 16 rpm aodnrtemperature, was used to
obtain each extract. Between each step, separattitire extract from the solid was undertaken
by centrifugation at 3000 rpm for 20 min followeg Hecantation of the supernatant liquid.
According to Sulkowski and Hirner (2006), incompletarbonate dissolution may occur in step
1, which in turn may overestimate metal contenbeissed with the following extraction steps.
These authors showed that if the extract from Stgpesents pH lower than 4, the carbonate
dissolution of a soil containing 27% of dolomitesnaearly complete. Thus, in the present study,
whenever pH was above 4, a second extraction with Bl ! acetic acid was repeated (v:w
ratio of 40:1, 16 h). After each extraction stdye tesidue was washed with distilled water (v:w
ratio of 20:1), shaked for 15 min, centrifuged 0 min at 3000 rpm and the supernatant
discarded.

As a checking procedure, residue from Step 3 ofravalom soil mixtures was digested
in agua regia according to the method described by Rauret.g28D0). The total amount of
metal extracted (sum of Step 1 + Step 2 + Stepr&sttlue) was compared to the pseudo-total

amount of metal obtained lagua regiadigestion. A maximum relative error of 8.2% for &itd
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5.1% for Zn was observed, which is within the esréound by Rauret et al. (2000). Blank
sample extractions (without soil) were carried thmbughout the complete procedure.

A residual fraction (F4) was calculated as theeddhce between the pseudo-total metal
concentration and the sum of the extracted metals the three BCR steps, which provides

information about the fraction that is resistanéxéracting processes (Hass and Fine, 2010).

9.2.4. Environmental risk of metals in soil

The risk assessment code (RAC) usually employeddits and/or sediments (Guillén et
al., 2012). The RAC index was calculated by thiofaing equation:

RAC(%) = CC—’" x 100 (9.1)
t

where G, is the metal concentration in the exchangeablecanblonate fractions (equivalent to
the fraction obtained in step 1 (F1) of the BCRgaxture) and {s the total metal concentration.
The RAC index is stratified into five risk categesi(Gusiatin and Kulikowska, 2014): no risk
(<1%), low risk (1-10%), medium risk (11-30%), highk (31-50%) and very high risk (> 50%).

This index is based on individual metal mobilitydahdoes not account for the metal toxicity.

9.2.5. Bioassays

Germination tests usinigepidium sativunseeds were conducted on extracts obtained from soi
after treatment (CES_T1 to T3, CWES_T1 to T3 and BHSto T3). The germination index (Gl)
was calculated following the usual procedure asrniesd in Chapter 6.2.3 (Pardo et al., 2011).
Inhibitory effects of the soil mixture extracts dine light emission oWVibrio fischeri were
measured using a Lumistox 300 equipment. Soil was&ed with aqueous solution of NaCl
(2% viv) (Mantis et al., 2005). The decrease ofihescence of the bacteria before and after
being incubated (15 °C, 30 min) with 9 dilutionssoil extract (from 6.25% to 100% v/v) was
assessed in duplicate. The effective concentrgiowv) with a toxic effect on 50% of the

population of the marine microorganisms ggQvas calculated.

9.2.6. Monitoring of CO: and Kinetic modelling

During the incubation tests, G@roduction from untreated and treated soil withSCE
CWES and ES was quantified. A trap with 20 mL & B NaOH was placed in each mason jar
to capture C@flux during incubation tests. Until the B@ay of incubation, the jars were opened

every two days to maintain aerobic conditions bypaskng them for 5-10 min to ambient
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atmosphere. From there on, flasks were opened @mmek. Whenever jars were opened: i) the
CO, trap was removed and the residual NaOH thereinbhaag-titrated with 0.5 M HCI, using
phenolphthalein as indicator (Badh excess was added for precipitation of carb@)ate
moisture of soil samples was maintained at 65% diGMoy gravimetric adjustment with
deionized water; iii) before closing each incubatflask, a trap with fresh NaOH was inserted.
Consumption of NaOH in each monitoring interval veagichiometrically converted into GO
(Pardo et al., 2011). G@mission was expressed in terms of mgQA00 ¢ soil air driedd ™.

Kinetic parameters describing @@elease during incubation were calculated bynfitti
the cumulative C@C profile to two kinetic models (Bernal et al.,9B9 Fernandez et al., 2007):
first order-E model (Eq. 9.2) and parallel firstler model (Eqg. 9.3).

CO, — C emission (t) = Co(1 — ™) + C; (9.2)

€O, — C emission (t) = C;(1 — ") + C;(1 — e7Fst) (9.3)
where CQ-C emission (t) is the cumulative amount of C esditin the form of C@at time t,
Co, G and G are the C@C pools with potential, fast and slow turnovergimespectively; k, tk
and k are the emission constants of potential, fastsdog carbon pools. In addition, half-life
time, k2, (corresponding to the 50% of the concentratio@0%-C in each pool) was estimated,

as well as the ultimate G&C (Cx) corresponding to the sum of &nd G.

9.2.7. Statistical analysis

Differences between soil treatments were estimaidd one-way ANOVA andost hoc
Tukey test, at @-value (significance level) of 5%, after checkihg hormality of data according
to the Shapiro-Wilk test. Selection of the bedirfg kinetic model for the C-COcumulative
release was based on the highéggRPearson correlations coefficients (r) were calied
between soil chemical parameters at a significéenel of 5% P<0.05). All statistical analyses
were performed using the software Statistica 7t§sth, Inc) and Sigmaplot 10 (Systat Software,
Inc.).

9.3. Results and discussion

9.3.1. Properties of soil and amendments

Table 9.2 addresses the main properties of theasgilamendments used in this study.
The soil has a sandy loam texture, acidic pH amnddontent in essential nutrients (namely P and
K).
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Table 9.2: Main properties of the soil and amendments uselderexperiment (meanzstandard deviation).
Soil amendments

Parameters Soil Limiting -\ CES ES Limiting
value$ value®
Moisture [%) n.a. - 7.5 3.7 1.0 -
pH 4.510.2 - 9.3+0.1 8.9+0.1 8.3+0.1 -
EC (dS m) 0.29 - 0.85 1.10 0.45 -
Equivalent CaC® n.a. - 45+0.1 5612 880 -
(g CaCQ 100 gair dried?)
Organic matter (%) 8.59 - 79.4+0.5 28.5+0.3 6.3t0 -
Texture (%)
Sand 66.1 - n.a. n.a. n.a. -
Silt 27.0 - n.a. n.a. n.a. -
Clay 6.9 - n.a. n.a. n.a. -
TOC/TN n.a. - 21 11.9 2.1 -
Available P (mg kd) n.d. - n.a. n.a. n.a. -
Available K (mg kg') 32.3 - n.a. n.a. n.a. -
Gl (in aqueous extract withepidium  37+9.0 - 75.5+9.1 76.4+10.7 53.6+£3.3 -
sativun) (%)
Respiration rate (mg C-C@'C d!) n.a. - 5.3#1.1 3.6+0.2 24+1 -
Pb mobile (Mg kg?) 12143 - n.a n.a n.a -
PDb mobilisable (Mg kg?) 76971531 - n.a n.a n.a -
ZN mobile (Mg kg?) 3210 - n.a n.a n.a -
Zn movilisable (Mg kg*) 5245 - n.a n.a n.a -
Cd aqua regia(Mg kg?) 0.75+0.21 1 0.70+0.01  0.40+0.01 n.a 15
Cr aqua regia(mg kg?) 266+1.1 50 12.441.0  4.240.0 n.a 100
Pbagua regia(Mg kg?) 10 008+80 50 12.7+0.0 7.310.0 3.610.0 120
CU aqua regia(Mg kg?) 0.12+0.21 50 8.240.2 5.240.2 n.a 200
7N aqua regia(Mg kg?) 31545 150 4740 11.940.1 5.00.1 600
Caagua regia(mg kg?) n.a. - 4008420 222500+3230 n.a. -

CES: compost with industrial eggshell; CWES: compuathout industrial eggshell; ES: industrial eggtwaste; EC: electrical conductivity; TN: total
nitrogen; TOC: total organic carbon; Gl: germinatiodex; n.d.: not detected; n.a.: not analysedpt:applicable. Concentration units are preseinted
dry weight basisa) According to limiting values in agricultureilsdor sewage sludge application imposed by Partsg legislation (Decreto-Lei
no276/2009). b) Based on End-of-waste criteriabfodegradable waste subjected to biological treatrf@raft final report) (JRC - European
Commission, 2013).

The electrical conductivity is low, as expected foiming soils that are exposed to
weathering conditions (Alvarenga et al., 2009). Weanetal pseudo-total concentration
(associated with the soil content extracted \aifjua regia is of special concern for Pb and Zn,
exceeding by far the legal limits set Pprtuguese legislation (Decreto-Lei2ii6/2009) for
sewage sludge applications in agriculture soilgpdrticular, the potentially bioavailable fraction
of Pb, assessed by the mobilisable content, repieabout 77% of the total content.

Composts CES and CWES were collected after 144 dagemposting. Both materials
were phytotoxin-free (germination indices close8@%o) and may be considered stable with
moderately slow respiration rates between 2-8 mg §0OC d! (Gémez et al., 2006). Whereas
ES showed a lower Gl (nearly 54%) but higher regjin rate (25 mg COg! C d'). Heavy
metals content in the tested soil amendments (CWIHES and ES) was low in comparison to
the limits set by the end-of-waste criteria for degradable waste submitted to biological

treatment (draft final report) (JRC - European Cassion, 2013).
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9.3.2. Effect of amendments on soil pH and electrical conductivity

The response of contaminated soil treated with amemts CES, CWES and ES
regarding pH is shown in Figure 9.1. Bars denotéith the same letter are not significantly
different according to Tukey's test at P<0.05. ph$ges included in this figure are according to

US Department of Agriculture Natural Resources @oretion Service (2013)
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Figure 9.1: Soil pH at the end of 94 days of incubation afteatment with CWES, CES and ES.

All amendments ameliorated soil acidity (P<0.0%jt the liming effect (pH>6) was more
relevant with CES and ES application. Although C&%l ES application rates to soil were
identical in terms of neutralising capacity (equevea CaCQ@), only ES presented a dose-
response effect on the soil pH. In all cases, amirgy the incorporation rate of the amendments
induced a salt level upsurge (P<0.05) (Figure $$dpplementary data) and EC was positively
correlated with pH (Pearsons’s correlation coeffiti of 0.912, 0.956, and 0.842 for CES,
CWES and ES, respectively, P<0.05).

9.3.3. Influence of soil treatment on lead and zinc environmental
availability

9.3.3.1. Mobile and mobilisable fraction

The influence of the tested amendments in the malil mobilisable fractions of Pb and

Zn in the soil after 94 days of incubation is shawirigure 9.2.
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Figure 9.2: Influence of amendments on heavy metal availgbfitb and Zn) in soil, after 94 days of incubation
(meanzstandard deviation): a) mobile fraction; bitisable fraction. For each series, bars markél the same
letter are not statistically different accordingmokey’s test at P<0.05.

The mobile fraction achieved on each test is remiesl in Figure 9.2 a) and was
expressed as the percentage of the metal that kgasmt in the corresponding mobile fraction
measured at the start of incubation (Table 9.2)¢esithat fraction was less than 2% of the

pseudo-total metal content.
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Figure 9.2 a) shows that as the rate of the CES8capipn to soil increases a significant
reduction (P<0.05) on the mobile fractions of Pld @m was observed. This behaviour may be
due to the pH increase caused by CES treatmeheisdil, as previously mentioned. Soil pH is
negatively correlated with the mobile fraction fosth Pb (r=-0.749, P<0.05) and Zn (r=-0.740,
P<0.05). In general, pH is considered the mainakédei controlling solubility and sorption
mechanisms of heavy metals in soils (Alloway, 198&arenga et al., 2009; Fleming et al.,
2013). Thus, pH is likely to have a major influerase mobility reduction of metals depicted in
Figure 9.2 a).

Regarding the mobilisable fraction, the CES treatnfiestered a reduction (P<0.05), but
the effect was more pronounced for Zn (Figure 9)2 However, results may be overestimated
by the extracting solution used to quantify the migdible fraction (0.5 M CECOOH, 0.5 M
NH4CH3COO and 0.02 M EDTA at pH 4.7). Indeed, the EDTArastant may stimulate the
release of metals to solution not only from carttes@r Fe and Mn oxides, but also through the
formation of stable chelates (Hammer and KelleQ2®antos et al., 2010). Nevertheless, CES
was able to immobilise near 50% of Zn (Figure 9)2 Dhus, it can be concluded that the mobile
form of Zn can be transformed into less availabletsle compounds by treating the soil with
CES. The ES treatment leads to similar effectshemtobile and mobilisable soil fractions when
compared with the ones observed for the CES expetsn Since ES and CES application rates
were identical in terms of liming capacity, it appe that the organic matter provided by CES
had no visible effect on restricting neither moliler mobilisable contents of these elements.
Hence, the correction of soil acidity above the erplimit of "moderately acid” (Figure 9.1)
seems enough to foster the reduction of the mdfaitsion.

With respect to CWES, the reduction of the soil ifeofraction showed a dose-response
behaviour (Figure 9.2 a)). In the case of CWES_fd B2, this can be entirely attributed to the
amount of organic matter added, since the pH remdatiose to 5 after the addition of this
amendment (Figure 9.1) and the mobility reductierdouble for CWES_T2 in comparison to
CWES_T1. The significant mobility reduction obsethfer CWES_T3, could also be a result of
the neutral pH that was achieved, which affectsdiséribution of Pb and Zn between water-
soluble, exchangeable and non-exchangeable forenerttheless, the mobile fraction of Pb in
soil revealed a very high negative correlation wpth (r=-0.867, P<0.05). Regarding the Zn
mobilisable fraction, the addition of CWES to soe#d a negligible effect (P<0.05) (Figure 9.2
b)) while CWES_T2 and CWES_T3 led to a statisticallevant Pb reduction. These results
show that CWES has low capability to reduce themixlly bioavailable, leachable and partly
active metal fraction. This low ability to alteretiPb and Zn mobilisable fraction was also
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verified by Alvarenga et al. (2009) when treatinghy-acidic contaminated soil with garden

waste compost in a greenhouse experiment of twdahmson

9.3.3.2. Distribution in soil phases and risk assessment

Contaminated sites may pose a significant risk tomdn health and to other
environmental receptors. In this study, the envitental risk associated to the mobility of Pb
and Zn in untreated soil was of “medium level” adcualated by Eqg. (9.1), (Table S9.1 —
supplementary data). Figure 9.3 shows Pb and Atidres in soil before and after amendment
addition and incubation for 94 days, determinedabgequential extraction test that allows
evaluation of four different fractions: F1, acidligde; F2, reducible; F3, oxidisable; F4,
residual. Initially, Pb was mostly associated wtk reducible phase (58% in F2) that accounts
for soil Fe/Mn oxyhydroxides (Figure 9.3 a)), whif& was predominantly connected to the
residual fraction (64% in F4; Figure 9.3 b)). Altlglhh some changes were observed, none of the
treatments was able to reverse this situation.

In the case of Pb CES_T3 treatment reduced F1 % a8d thus the environmental risk
category was lowered to the “low risk” class. HoeeVCWES was more effective (P<0.05) at
reducing this metal in F1 (Table S9.1 — supplenrgrdata). The reduction of Pb associated with
F1 was generally associated to an increase indhbiglual fraction (F4), thus leading to the
immobilisation of that pollutant. This probably nmsathat favourable conditions (such as soil pH
and redox potential) were created to enhance Plusson into minerals like well-crystallised
oxides inaccessible to chemical extraction (HaskFne, 2010). Siebielec and Chaney (2012)
also showed that a neutral soil amended with a Gat€® compost increased lead adsorption in
Fe oxides.

The CES treatment caused not only a slightly dsffierdistribution among the soil
fractions, but also a mitigation of the environnagnisk of Zn pushing it to the “low level”
classification (Table S9.1 — supplementary datagrdasing the application rate of CES, the
decrease in the acid soluble (F1) and oxidisab8® {factions were also increased, while an
increase in the reducible (F2) and residual (Faftions was observed. When compared to
untreated soil, CES_T3 reduced by nearly 50% F1Rsactions, while F2 was doubled and
the F4 fraction increased by 10%. The pH that waseaed (7.4) with CES_T3 has probably
driven the formation of Al, Fe and/or Mn oxides, i@l precipitate at neutral pH conditions (Fan
et al., 2011). In addition, since the surface chavf Mn oxides is negative at pH 7.4, they
provided extra sites for sorption of Zn cationsl@May, 1995). F4 fraction could also account

for some Zn co-precipitated as Fe and Mn oxideto@dy, 1995), which may become attached
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to crystallised secondary minerals (Hass and 2020; Ma et al., 2006). Comparison of ES and
CES treatments showed that: i) ES was effectiveducing the environmental risk (Table S9.1
— supplementary data); ii) at the lower applicatiate (T1), Zn bound to the oxidisable fraction
is favoured with CES (P<0.05), probably as a resiilthe organic matter conveyed by the
amendment; iii) at the higher rate (T3) ES was neifective than CES to allocate Zn in F4
(P<0.05), probably due to the higher soil pH asdirwith ES, which may favour oxides
formation. Finally, the environmental risk of Zn svaot reduced with CWES treatment (Table
S9.1 — supplementary data). The higher amountgeroc matter conveyed by CWES provoked
a relocation of Zn to F2 and F3. The same behaasrbeen found in other studies (Fleming et
al., 2013). However, further investigation shouégderformed to conclude about the mechanism
involved or the lack of selectivity of the BCR meth(Vodyanitskii, 2006).
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Figure 9.3: Lead (a) and zinc (b) fractions of untreated awdted soil after 94 days of incubation, according
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223



CHAPTER 9. IMMOBILISATION OF LEAD AND ZINC IN CONTAMINATED SOIL

9.3.4. Toxicity evaluation

Table 9.3 shows the results of Gl and EC50 meaduar#éte extracts of soil treated with
the three different amendments. For CES treatnt@&@nibased orLepidium sativungermination
showed that the initial soil toxicity was partialbyercome (GI1>50%). This effect suggests the
presence of toxic soluble elements in very low eotiations (Pardo et al., 2011). In addition,
the high toxicity of untreated soil towar®sbrio fischeriwas effectively suppressed with CES,
regardless of the application rate. These resoltdiren the reduction of the environmental risk
prompted by CES (Table S9.1 — supplementary daté@rms of Pb and Zn mobility. The ES
treatment yielded similar results to CES with respge soil toxicity. Concerning the CWES
treatment, theé/ibrio fischeriinhibition was gradually reduced from CWES_T1 t&/ES_T3,
but only the higher application rate (T3) was noxit to 50% of the bacteria population. This
smaller capacity of CWES to inhibit soil ecotoxycihay be associated with its low ability to
reduce the mobile fractions of the metals, as pdiotut in Figure 9.2a) and discussed previously
in section 9.3.3.1.

Table 9.3: Results from bioassays in extracts from untreatetitreated soil (meantstandard deviation).

Treatments
ggirl‘”o' CWEST, CWESET CWEST CEST, CES%E CEST EST EST EST:
Gl (%) 37+9  92+#16  128+13  133+10 10314 112+7 93+195+5 93+18 794
ECso (30 7.84 26.4 33.14 nt nt nt nt nt nt nt

min) (%v/v)

nt; means that Ef value is out of the equipment’s range, and thudluted soil extract cannot induce inhibition of
50% of theVibrio fischeripopulation.

9.3.5. CO: efflux and kinetic modelling

Over the entire incubation period of 94 days, tbspiration rate of the untreated and
treated soil was quantified as €O production. The total C&C released is shown in Figure 9.4
a). All amendments tested enhanced the €Mission from soil, but in the case of eggshell
derived materials (CES and ES) the increase wag mranounced compared to the initial soil
sample (about 2 to 3 fold for T2 and T3 applicatiates).

In fact, for acidic soils exposed to liming treatrh&vith carbonate based materials, the
CO2 emissions may increase due to (i) dissolutibcanbonates and/or (i) improvement of
biological processes with the consequent releasegaiically derived C&(Ahmad et al., 2013;
Biasi et al., 2008). Nevertheless, in our studydiserimination between these two contributions

was not assessed. However, there is a high positifrelation between total cumulative &0
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production (Figure 9.4a)) and pH (Figure 9.1) (B81, P<0.05) which is indicative of the
liming capacity of the amendments.

The rate of C@C accumulation from soil treatments fitted thedtio models described
by Eg. (9.2) and (9.3). The fitting parameters barfound in Table 9.4 for each kinetic model.
Overall, the parallel first order model was founddescribe data better (highet &j) than first
order E-model. For CES_T1 and CES_T2 both mode&msedequate, since the contribution of
Cf (carbon fraction with fast turnover to @Q) in both cases is very low and the kf is high.

Despite acidic soil conditions, the carbon release was significant (high kf, low t1/2,f
and high Cfkf) what is in agreement with other $amstudies (Turrion et al., 2012). Figure 9.4b)
compares, as an example, the kinetic data of CEQnNB3ES_T3, based on the parallel first
order equation. In the two cases, this kinetic rhpddectly represents the experimental data. As
previously mentioned, these two treatments havesdinee liming potential (equivalent Cag}O
and thus their abiotic COrelease capacity is similar. However, importarftedences were
detected in the kinetic behaviour, as well as i titimate CQ-C fraction (QJ). In fact, for
CES_T3 not only the @ is higher, but also the rate of @O flux of both fast and slow
fractions is lower. These results can be confirtfedugh C1, Cfkf, Csks, t1/2,f and t1/2,s
parameters reported in Table 9.4. Such behavigubeattributed to the biotic carbon present in
CES, which may extend the GQ emission for longer periods, while ES had adliasffect on
soil.

Addition of CWES amendment to soil increased thédaa fraction that can be slowly
decomposed and retracted the initial potential nairsation of the fast C pool (Cfkf). This
indicates that CWES is characterised by a stahtdifm of organic matter that did not encourage
labile carbon mineralisation, as expected from &umeacompost. However, the complex organic
compounds present in the amendment were less laghtifan the stable fraction of soil organic
matter (increase of Csks), which may favour micabbonversion (Turrion et al., 2012).

Organic and liming amendments can enhance @fissions from soil (Paradelo et al.,
2015; Thangarajan et al., 2013) with the conseqe#atts on greenhouse gas emissions. Thus,
when selecting an appropriate amendment for sailecgation, the C&C release should be
taken in consideration for the sake of reducing Giissions from soil treatment. In this study,
the application of CWES was beneficial for the laklC fraction of soil and presented lower
CO,-C emissions (Figure 9.4 a)). Nonetheless, thisnaiment was not effective to reduce the
environmental risk of zinc in soil (Table S9.1 pplementary data). Also the negative impact of

soil on surface water and groundwater persistegt &iftatment, as indicated by thesg@alue
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(Table 9.3). In contrast, CES and ES (with the ptioa of ES_T3) were able to reduce the risk

of heavy metal mobility in soil, and revealed apito suppress its toxicity as well.
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Figure 9.4: (a) Total CQ release at the end of incubation (meantstandarititen, n=3); (b) Cumulative C£C
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9.4. Conclusions

CES presented a liming capacity able to shift pbllto values higher than 6. The
environmental availability of Pb and Zn in the @mtnated soil was ameliorated, when
considering the metals mobile and mobilisable foast. However, in acid conditions CES
effectiveness was only clearly proven for Zn imntisation. Reducible and residual soil
fractions were the major sinks for zinc retention Soil amended with CES at higher
application rates (CES_T3), but in this case the @@issions were about 6-fold higher than
in untreated soil. It is important to strengtheattthe environmental risk decreased from
“medium” to “low level” for both heavy metals atyaapplication rate of CES.

In comparison to CWES, CES showed more effectivarastteristics to promote soil
acidity correction and metals immobilisation. Nelietess, the ability of ES to promote
remediation of the tested soil was not effectivahgrcome by CES.

In summary, CES was found to be an effective linmmaterial and revealed intrinsic
properties foiin situ remediation of soil contaminated with Pb and Zevéltheless, due to
the stable organic matter present within CES, #8 oould be more beneficial to metal-
contaminated soils that also require restoratioarganic matter levels, thus contributing to a

long term soil quality and fertility.
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9.6. Supplementary material

Table $9.1: Environmental risk of lead and zinc accordingisk assessment code (meanzstandard deviation).

Pb Zn

Treatment RAC value Environmental risk RAC value viEsnmental risk
Soil 11.3+£0.7 Medium 16.2+1.6 Medium
CWES T1 8.0+0.3 Low 12.9+0.6 Medium
CWES_T2 6.5+0.5 Low 11.440.2 Medium
CWES_T3 3.9+0.1 Low 11.440.7 Medium
CES T1 9.840.3 Low 7.7+¥1.1 Low
CES T2 9.1+0.7 Low 7.940.3 Low
CES T3 8.6+0.4 Low 6.940.3 Low

ES T1 8.1+0.3 Low 5.7+0.2 Low

ES T2 10.4+1.1 Low 6.1+0.6 Low

ES T3 11.1+0.3 Medium 4,2+0.1 Low
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Figure $9.1: Soil characteristics after 94 days of incubatiaith tested amendments: electrical conductivity.
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Part E. Conclusions and forthcoming
work

A general overview of the most relevant conclusiohthe work is presented in this part

of the thesis. Moreover, some proposals for futupek are suggested.
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10. Main conclusions and future work

The production of eggshell waste imposes the needmbve towards waste
management solutions that boost the retrieval ofaE& resource. In this scope, this study
addressed the application of co-composting as antdogy capable of promoting ES
sanitation and its application as operating supmlyenvironmental remediation.

On the basis of the results of the experimentsopmd in this study, the following

conclusions can be outlined:

- The presence of grass clippings (an N-rich squicethe composting mixture
containing ES was determinant to attain the pathdgéng temperature (>70°C for 1h)
required by regulations in force. However, by imsiag incorporation of ES up to 30% (w/w,
wet basis) the capacity of the N-rich compostingtare to accomplish that sanitising criteria
was not affected.

- In the absence of an N-rich source, ES provduktas an ingredient that can change
the ammonification ability of the mixture, thus ieasing the potential for N-losses as ES

incorporation increases until 30%ES.

- At a higher level of ES (60% w/w, wet basis), thpper bulk density and lower water
holding capacity of the starting mixture were thaimdrawbacks to the development of an

aerobic biological activity, still pathogen-killingmperatures were attained.

- Principal component analysis suggested that phalygiroperties of the mixture are
the most relevant for explaining the variabilitytbe process data due to ES content, namely
bulk density and moisture content.

- In spite of the starting composting mixture, afteore than 90 days of composting all
ES composts obtained in the composting tests shtoved stable and without properties that

can cause plant injury.

- Organic matter of the eggshell composting prodG&sS) provided supplementary

sites for lead sorption in aqueous media in corsparto untreated ES.

- CES was found to be an effective liming mateaiatl revealed intrinsic properties
for in situ remediation of soil contaminated with Pb and Zespite ES ability to promote
remediation of the tested soil was not clearly oware by CES, its stable organic matter can
be beneficial to metal contaminated soils that ireqorganic matter restoration.
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This study constitutes a first insight into thediedity of co-composting industrial
eggshell waste (ES) to attain pathogen-killing temafures in accordance to the legal
requirement. The results obtained were promisind) @mvisage that co-composting process
can be applicable for high levels of ES. Nevert®l¢here are still some issues to be further
evaluated, aiming to completely assess the mefit®-@omposting for managing industrial
eggshell waste.

The use of intermittent aeration strategies shdaddtested in the case of starting
mixtures with a lower self-heating potential. Theseperiments would allow a broader
understanding of how the sanitising conditions barattained, by lowering convective heat
losses in comparison to the biological reactiort.Hearthermore, the analysis of the influence
of high ES content on air permeability would be artpnt for design and operation of the
process.

Industrial eggshell waste has a low C:N ratio andhspeculiarity may have a
significant impact in the gaseous emission eDNwhich is a relevant greenhouse gas in the
composting process. Therefore a deeper understamdithe nitrogen dynamics during ES
co-composting should be tested, by using additiantdmatic gas analysers. In this case, also
the use of intermittent aeration strategies shdiddaddressed as a strategy to promote N
conservation during co-composting of ES.

The microbiological analysis (pathogens presenédh® untreated ES and ES rich
compost also needs to be performed, to completeluate the pathogen-killing effectiveness
of the co-composting process. The eradication ahtppathogens should be covered, due to
the origin of the organic materials used in thiglgt

A better understanding of the sorption capacitie®ggshell-rich products for lead
uptake, should be broaden to other operational itond, namely pH and liquid to solid
ratios. Additionally, other metals and multielemepstems can also be addressed.

Moreover, it would be interesting to assess th&amfice of the liming capacity of
eggshell-rich products on the microbial biomass mitrification of metal polluted soils.

Finally, given that composting is a biological pess, the study of ES co-composting
is not exhausted within the scope addressed andesteyl in this thesis. In fact, the
characterisation of the microbiota involved durihg all composting phases is essential to
better understand the entire process, as well @aprbperties of the final product. Thus, it

should not be set aside from the operational desfignich process.
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