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GENERAL INTRODUCTION

The wastewater treatment is a set of processes to cdisararged effluent with the objective to reduce

the pollutants to acceptable level to give back the water into the environment without risk to health and
biotopes. According to the characteristics of wastewater, the wastewater treatment plant will be
estdlished according to two main methods: chemical or physical treatment and biological treatment
Biological wastewater treatment plants use bacteria to break down and to oxide roagteticThere are
different solutions among them namely activated slufg®ventional method), biological filter,
lagoons, ponds, fixed bed, and, recently, granular sludge technology. The conventional activated sludge
(CAS) process is the most commonly used process for wastewater treatment in the world. The basic
conventional activated sludge allows an efficient removal of carbonaceouganims and
ammonium/ammonia fronwvastewater. However, due to the increasing concern about eutrophication,
stricter regulations forced its upgrading to improve nitrogen and phosphorus removal.

In parallel, other kind of biological wastewater processes are merging, with many advantages like
granular sludge processes. Granular sludge process consists in a specific biomass configuration in
which biomass grows in compact aggregates (granules) widlmyucarrier material. Granular sludge
technology started to be developed about 40 years ago at Wageningen University. Compared to
biomass growing in flocs, granular biomass presents several advantages that make it very attractive for
wastewater treatmepurposes. Granules are denser and have a stronger microbial structure than flocs.
Thus, granular biomass has very high settling velocity while the typical settling velocity for flocs is at
least three times lower. These excellent settling properties ailghwvbiomass retention and lead to
enhance the performance of the reactor and faster removal of the different contaminants.

Normally, wastewater contains a lot of mineral or organic contaminants from different water sources,
which are susceptible to bermentrated in waste sludgémong pollutants contained in wastewater,
growing attention is being paid to the health hazards presented by the existence of heavy metals in
sludge. Heavy metals are nmnewable resources and rdggradable pollutants whiclarc accumulate

on sludge during wastewater treatment. Copper pollution especially, arises for copper mining and
smelting, brass manufacture, electroplating industries and excessive use of Cu basbdnaigeds

Copper along with arsenic and mercury, ésagnized as the highest relative mammalian toxic and
continued inhalation of copper containing spray is linked with an increase in lung cancer among
exposed workers. Hence, the copper contamination in wastewater and waste sludge and copper
availability in sludge recycling are very important issues concerning the risk of copper to living
environment and protection of human health. In Vietnam, the rapid intensification of industrial
activities including copper casting, mining chemical fertilizer producti@md chemical
manufacturing, handicraft productioetc., has been indicated to have introduced copper into water
and soil system, especially in Delta reg{@nuong et al., 2010a)

The common mechanisms for heavy metal accumulatigtutige during wastewater treatment often
include adsorption, biosorptiooomplexation, precipitation, ion exchange, etc. According to biological
wastewater treatment, both of CAS and granular sludge are highly effective and friendly materials for
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adsorptbn to remove heavy metals ions from aqueous solutions. Researches on metals removal from
water study the capability of sludgeretain, to sorb these elemerttse adsorption capability could be

very different and function on the physical structure of lif@ogical sludge. So it isnterestingto

compare some different sludgegth very different structure, as it in the case between sludge from CAS
and granular sludgdresearches on CAS and granular sludge investigate the advantages heavy metal
adsorption capacity, especially on granular sludge with large surface area, dense structure, abundance
and diversity of biochemical properties. Furthermore, taking into account of CAS and granular sludge
after different treatment or stabilization processes, heatglsnormally presents different availability.

,QGHHG VHZDJH VOXGJH PXVW EH WUHDWHG DQG uVWDELOL]HG
content and vector attraction before any activity for reusing sewage sludge. They are usually
mechanically deatered or air dried to reduce bulk, to generate a product acceptable for beneficial use.
Sludge treatment may be through either one or a combination of the following generic methods:

X Biological process (anaerobic/aerobic digestion, composting)
x Chemicalprocess (lime treatment)

x Physical processes (pasteurization, thermal hydrolysis, thermal drying, air/solar drying)

Mesophilic anaerobic digestion is extensively used by the water industry for the treatment of sewage
sludge and is particularly favored duethe production of renewable energy in the form of biomass
producing methane. Other methods, as lime treatment or heating or drying at high temperature,
provide different quality of sludge, in term of higical composition, structurand mattercontent.

There is a diverse range of process options for sewage sludge treatment and understanding the extent
to which they influence not only the nutrient content, availability and fertilizer value but also the
heavy metal availability on sludge treatment.

Hence,it is big interest for comparison between conventional activated sludge systems and granular
sludge on heavy metal biosorption processes, to understand the key constituents and feature effect of
sludge characteristics as well as sludge treatment processgamsible for binding heavy metals.
Consequently, it seems particularly important to better predict the future of heavy metals not only
following wastewater treatment technologies but also indicating the fate of heavy metal between the
water lines and # sludge lines at the stabilization station, and more particularly in the sludge lines.
Therefore, the transfer of heavy metals can be carried out when the sludge is disposed.

Currently, the traditional disposal routes for sewage sludge are land applitatioeration and landfill.
However, both incineration and landfill are hampered by their poor public image, moreover, incineration
is both expensive and it gives rise to significant quantities of potentially hazardoulispsisal by

landfill is furthe inhibited by its rising cost and the competing pressures for an ever diminishing supply of
suitable landfill sites. As the most advantage method, land application of sewage sludge can recycle the
nutrient elements (such as N and P) as well as increasarbon sequestratigithangarajan et al., 2013a)

The sludgdand spreadindprings many advantages for soils such as 1) more organic carbon; 2) more
available nitrogen, phosphorus and potassium; 3) more crop production; 4) better physical, chemical and
biological properties; 5) more available water content and 6) less erosioitsofThus, land application
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of sewage sludge is both environmentally and economically advisable to improve many physical and
chemical properties of soil. Nowadays, sewage sludge has been widely applied to soil in many countries,
especially in France. IBU-27, 21 Member States have adopted agricultural reuse, while 53% of the total
produced sludge is recycled in agriculture directly or after compa¥telgssidis and Stasinakis, 2012)

In France, approximate 75% sewage sludge is applied on land after stabilization. In USA and Canada,
more than 50% and 40% respeely, of the produced sludge as isolids are applied to land
(Citulski and Farahbakhsh, 2010; Venkatesan et al., 2015)me Asia countries such as China, Korea

and Japan, the land application &fated sewage sludge is suggested as the optimal solution for efficient
sludge managemer{trang et al., 2015) Vietnam lacks efficient wastewater and sludge treatment
technologies for pollutant reductions, thus the application of sewage sludge on land has not been developing.

However, heavy metal in sludge can capsgblems. High loading of sewage sludge to soil may give

rise to an accumulation of heavy metals and the increase of concentration of these metals could lead to
phytoxicity, specific bioavailability, mobility and reactivity in amended soil with sludgsoilnsystem,

metal may constitute part of its solution and/or solid phase. In the solid phase the metals are distributed
among the soil components and the association which these components give rise to various physico
chemical forms that determine its bility. As consequence, it is necessary to estatitistegislation or
regulation for standard heavy metal content in sludge application on soil, to prevent or minimize
hazardous heavy metals residues. The USA, the EU and several countries have lseauynihetal
concentration values and have suggested practices of sludge application rate to prevent harmful effects
on soil, vegetation, animals and human. In France, legislation of landspreading permits sludge
application rate with 3 tons DBa’ year' and maximum coper concentration is 1000 mg ®g/DS.
However, in developing countries like Vietnam, there is lack information of sludge stabilization,
therefore, also limit legislation of sludge recycling as fertilization in land spread and heavy metal
corcerns. Hence, it is important to take into consideration not only the kind of wastewater treatment but
also the way of sludge valorization, then sludge application on &spkciallyin big towns where
extensive processes cannot be implemented.

In overview, regard to the study of the influence of sludge treatment processes on the content and
behavior of heavy metal in sludge and sludge application particularly on French and Vietnamese
soil, recent reports make it possible to have the observatiadeirthe level of knowlege
concerning . The bibliometristudy of articles in scientific journa shows in particular

that the number of plibations dealing with the problem of the fate of heavy metasludge (CAS

and granular sludg and on sludge land spreadifgs become more and more important recently,
since about 3 or 4 years. Granular sludge, since the development in recent dettagsnew
technology, the numbgiof annual papers studying the fate of heavy metal on granular sludge are
around 20% of researches on activated sludge for heavy metal behaviors. Besides, there are limited
publications concerning heavy metal availability granular sludge amended soils, especially in
case of copper (compared to conventional activated sludge). That makes difficult to get specific
statistics which focus on heavy metal availability on granular sludge amended soil.
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land application of sludge in French and inViethnamese soils.

Furthermore, the sewage sludge has been applied for agricultural lands since last 30 years in France
leading more concern on studies of sludge application on French soil, especially, more than 50% of
this number focused on the behaviohefvy metals. Moreover, the number of published research on
the application of sludge and the fate of heavy metals following the spreading of sindge
Vietnamese soil is very rar@he bibliometric study shows the lack of knowledge or scientific
informaton in sludge treatment stages and sludge fertilizing on Vietnamese soil, which may mainly
due to the poor wastewater treatment, and sludge treatment techndbogigberefore a desire to

bring new information and a better understanding of the mechsiiivolved in the study of the heavy
metal behavior and biavailability according towastewater technologies (CAS and granular sludge),
and stage of sludge treatment (digestion, liming, thickening, drying and composting) before and after
spreading. Besibs, the comparison the fate of heavy metal, in case of copper, between sludge
amended French and Vietnamese soil will provide more information about the effect of sludge on
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heavy metal leaching ability when sludges are using like fertilizing in soils dingoto several
conditions of different countries such as human activities, weather condition, etc.

This thesis focuses on the comparison between the granular and conventional activated sludge for the
future of heavy metals elements, particularly copper,dilowing stage of sludge stabilization before and
after sludge application onone type ofFrench and Viethamese soilsThe ultimate goal is to investigate
the effect of sludge and soil characteristics on copper leaching ability and therefore predict thekias
well as potential of heavy metal ability during sludge application on agricultural activities.

The first part of this manuscript (pal) is devoted to the literature review, in which, the general
operation of wastewater treatment and the charatitepisconventional activated sludge and granular
sludge (structures, composition) are described. Then, the fate of heavy metal on conventional activated
sludge and granular sludge were compared by focusing on the different interactions between heavy
metal and sludge. The final part of bibliographic part depicts the impact of sludge and soll
characteristics on heavy metal leaching ability after landspreading. The state of the art done in this part
shows that sludge characteristics according to wastewatmient and sludge stabilization method
generate impact on the behavior of heavy metals and soil characteristics within sludge soil application.

The different experimental designs and analyzes developed and used to conduct these investigations
are presentkin the second part (material and methods).

The third part of this thesis describe the results obtained from the application of this approach to the
study the fate of copper on CAS and granular sludge before and after land spreagliagsand on
paddysoil. In order to achieve understanding of these phenomena, a methodology combining studies
conducted in batch and column test were developed. It is synthe other schemas that

will be taken up later during the presentation of results.

The presented approach has thus consisted, first, in the determination of CAS and granular sludge
characteristics. The salts are presented in Chapterii Chapter2, a methodology for investigation

of copper adsorption/desorption ability in sludge (CAS and granular sludge), soil and sludge amended
soil, has been developed and studied by batch test method. Finally, the copper leaching ability on
sludge anended soils were illustrated by column methods, thus, the effect of sludge and soll
characteristic to the fate of heavy metal during land spreading was determined (Ghapter

The conclusion summaries stayed at the end of the manuscript results. Tolecapper link with
sludge and soil properties will be reported. The significant of these findings is also discussed and the
main perspectives are also opened by this work
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Figure 2: The methodology and manuscript for studying tte bio-availability of Cu on sludge and
sludge landspreading.
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Part 1: BIBLIOGRAPHIC SYNTHESIS

Sludge on wastewater treatment: Processes and
performance

Wastewater treatment plants (WWTP), combination of mechanical, physical, chemical and biological
processes, are used to achieve pollutants removal from the incoming wastewater. These pollutants are
various, and in the case of some wastewaters, may reqpéoific treatment strategies/techniques. In

such WWTPs, a primary treatment ensures the separation of particulate pollutants (debris, sand, oils,
grease and particular wastes), in particular, thanks to gravitational separation in large settling tank
(referred to as primary settler). However, colloidal and dissolved wastes are not sufficiently removed
by these separation processes, and therefore, must be eliminated by a secondary treatment stage. In the
case of sewage, characterized by a low COD or BODodial secondary simple operation and low

cost, the activated sludge process is by far the most widely used for sewage biological secondary
treatment. Conventional activated sludge is the most popular biological process using in secondary
treatment, but ttached biofilm on support are used since a long time with classical processes (fixed
bed), innovative processes (moving bed biofilm reactor) or emerging processes (granular sludge). This
last process is one of the objectives of this study.

l.1. Some data on conventional activated sludge

As generally known, the activated sludge process was invented in England at the beginning of 20th
century. At that time, England was a country with urgent problems in water pollution because of dense
population and advanceddiastry. The effort of English engineers, chemists and microbiologists to
improve the existing treatment techniques led finally to the invention of activated sludge process in 1914
(WA £Germany, 2014

Activated sludge treatment has been used worldwide in secondary treatment system in municipal
(WWTP) and industrial wastewater treatment plants. The wastewater purification performances of
activated sludge treatment depend heavily on the metabolism adciiins of the microbial
community, with bacteria playing a key role in the purification process. Previous efforts have enabled
efficient removal not only of suspended solids (SS) and biochemical oxygen demand (BOD), but also
of nitrogen, phosphorus amstme xenobiotic compounds, via the appropriate design and operation of
treatment systems. Nevertheless, activated sludge treatment is still subject to crucial problems, such as
unsuccessful sludge settlement associated with sludge bulking and foamind bgusenfloc

forming or filamentous microorganis(Martins et al., 2004; Reyes et al., 2002; Wagner et al., 2002)
Besides, these systemeanerally require large surface areas for treatment and biomass separation units
due to generally poor settling properties of the activated sl{f&lgBiesen et al, 2012pifferentunits

and recycling are required to perform the aerobic, anoxic andado@epnversions.
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[.1.1. Structure of bacterial flocs

Activated sludge is in form of aggregates of microorganisms, suspended solids, and extracellular
polymers. Flocs as microbiological units play an essential role in activated sludge treatment process
(Wells et al., 2011)The activated sludge used process takes place as a result of thd fi@taation

of EPS excreted by fleforming bacteria in which the bacteria and other organic and inorganic
particles are embedded, and of the filament from filamentous bacteria that serve as a backbone of the
microbial floc (Perez et al., 2006Moreover,Basuvaraj et al.(2015)shown that the morphological
appearance of floc grown under nfilamentous bulking condition. The flocs were relatively small

(60 +88 % of the floc consisted of small flocs (<50 um diameter)), irregular, weak, with an open floc
structure and containing low numbers of filamentous bacteria. It appears that the viscous bulking
observed was caused by an excess amount of EPS in the sosHitiher content of EPS leading to

weak and small flocs and EPS could contribute to high water reteBf$ can be attached to the cell
surface as peripheral capsules that is tightly boundEPB) or shed into the surrounding environment

as a less oanized (amorphous) slime, or loosely bound EPSHEES)(Lin et al., 2014)

Originally, EPS are high molecular weight polymers produced by microbial metabolism and may
originate from bacterial secretion, hydrolysis products, ions adsorbed from wastewater and organics
adsorbed on the flocs in the wastewater. The total mass ofdaleBes 80% of the total sludge mass
(Chen et al., 2015EPS content in flocs was found to greatly affect surface charge, floc stability and
floc size (Mikkelsen and Keiding, 2002)Many studies demonstrated that sludge settling, bio
flocculation and dewatering propertieavie a great relationship with the contents of EPS and the
spatial distribution oESP Peng et al, 2034°. Zhang et al., 2014; W. Zhang et al., 20T4E ratio of

protein (PN) to polysaccharides (PS) is well correlated with sludge settling and high PN/PS ratio also
has significat effects on sludge settling and dewatering. Almost studies found that proteins account
for the largest amponents of EPS with up to 60%rglund et al., 1996; Wilén et al., 2048)gure3).

Figure 3: Composition of the organic matter part of the sludge (including extracellular
polymeric substances) (Bitton, 2005)

The EPS components carry ionizable functional groups such as carboxyl, phosphoric, and hydroxyl
groups. These functional groups like carboxyl would be dissociated, rendering EPSs negatively
charged at near neutral pH. The significance of dissociatiomisotled by the dissociation constant
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of functional groups and pH condition. Surface charged properties of EPS will effect to the interaction
of metal ions with surface flocs.

Bacterial distribution in flocs is heterogeneous. For example, the distribeftiammoniaoxidizing

bacteria (AOB) and nitritexidizing bacteria (NOB) was observed to be stratified in activated sludge.
Microbial distribution is related to their resident environment inside activated gNuiga et al., 2008)

The relative contents of ammoroaidizing bacteria (AOB) and nitritecoxidizing bacteria (NOB) in

flocs population are distributed in two particle size legB1l pum) and (97+160 um). The sharp
decrease AOB and NOB was observed from#35 um below the floc surface, and AOB and NOB

were not detected in the floc core. When the patrticle size of the floc was below 61 um, both NOB and
AOB were distributed evenlfiyom the surface to the floc core and their intensities remained consistent
(Basuvaraj et al., 2015Regarding to phosphorus removal by biological activated process, phosphate
accumulating organisms (PAOs) and glycogen accumulating organisms (GAOs) are diverse in floc
structues. Therefore, depending on various factors such as type of wastewater and treatment processes,
etc., the microorganism distribution in activated sludge can take different places. For instance, in
conventional wastewater treatment plants with biomass ggoiwiflocs, different units and recycling are
required to perform the aerobic and anaerobic conversion, which lead to arrange the diverse of bacterial in
sludgelFigured|shows the example structure of flocs in wastewater treatment by activated sludge.

Figure 4: Floc structures of sludge (CastreBarros, 2013).
[.1.2. Conventional activated sludge process

The conventional activated sludge process (AS) is the most commonly used process for wastewater
treatment. Improving its performance is necessary from economic and environmental point of views.

The principles ofCAS are:

X A single bioreactor operating camiously where suspended microorganisms consume the
colloidal and dissolved organic matter. The reactor is aerated to provide oxygen for aerobic
nitrification and biodegradation. Bacteria consume one part of the colloidal and dissolved
carbonaceous compaisto satisfy their energetic needs (catabolism), and synthesize another part
along with a small proportion of ammonium and phosphioiesnew cellular tissues (anabolism)
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x A settling tank (referred to as secondary settled or clarifier) where activateldesl
(flocculated biomass) is gravitationally separated from the treated wastewater. The effluent
overflows into the receiving waterbody, but in some WWTPs, it may undergo additional
treatment (e.g., filtration and disinfection) before being dischargedniimum solids
retention time is required for bacteria to aggregate into flocsfligoulation) so as to enable
their gravitational separation.

X The sludge recycles line returning the major proportion of the settled sludge to the bioreactor,
thus allowingmaintaining a high bacterial concentration in the reactor so as to intensify the
biological nutrient removal. A first benefit of sludge recycling is decoupling the hydraulic
retention time(HRT) and sludge retention time (SRT), hence, and efficient teyatican be
achieved for a hydraulietention time of the order oénh hours.

X A sludge wastage line at the bottom of the clarifier, from where a small fraction of sludge is
withdrawn in order to stabilize the biomass conceiatnain the bioreactor and tadjustan
adequate SRT. The excess sludge withdrawn is then treated separately.

The basic conventional activated sludge allows an efficient removal of carbonaceous organics and
ammonium/ammonia form wastewater. However, due to the increasing concern about eutrophication,
stricter regulations forced its upgrading to improve nitrogehposphorus removal.

Concerning the enhanced nitrogen removal, thestep nitrificationdenitrification process revealed to

be the most economical abatement strategy. Nitrification is carried out by nitrifying autotrophic bacteria
under aerobic conddns, and consists in the&idation into nitrate/nitriteDenitrification is the process of
nitrate/nitrite reduction into nitrogen gas, and is achieved by some heterotrophic bacteria under anoxic
condition, i.e., DO depletion but nitrate/nitrite presenseaasubstitute terminal electron acceptor.
Carbonaceous matter is consumed by bacteria under both aerobic and anoxic conditions.

In the largesize WWTPs, anoxic and aerobic conditions are carried out in separate reactors-The pre
denitrification and the mmtdenitrification configurations are the most widespread. In the pre
denitrification design, the anoxic tanks are placed upstream of the aerobic reactors. Therefore, internal
recirculation of the nitrified liquor to the anoxic reactor is needed, whidiias additional pumping

costs. In the post denitrification configuration, the anoxic tank placed downstream of the aerobic
reactors. This configuration allows better nitrate/nitrite removal efficiency than tkaepitification

process. However, it isogsible that denitrification continues to occur within the settle, and hinders
sludge settling due to the generation of nitrogen bubbles. Moreover, since carbonaceous substrates are
consumed in the aerated tanks, they may become limiting in the anoxiorsedkherefore, the
addition of carbonaceous matter (methanol, acetate, and ethanol are the most commonly used) may be
required in order to achieve an efficient denitrification.

Concerning phosphorus, the conventional activated sludge leads to remicig@ffaround 1430%.
Enhanced phosphorus removal can be achieved by chemical precipitation, or by exposing the biomass to
alternating anaerobic and aerobic condition, which intensifies phosphorus uptake by some
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microorganisms. The most common configunatenabling enhanced nitrogen and phosphorus removal
in the A20 process which consists an anaerobic tanks followed by an anoxic and an aerobic reactor.

1.2. Granular sludge and processes

Granular sludge has become a leading wastewater technology due to its unique features and such as
excellent settleability; high biomass retention and high resilience against variation in pollution load
(Moy et al., 2002; Tay et al., 2004ihd environmental conditions such as temperature and pH. It presents

an attractive, lovcost and lowfootprint alternative to the conviional flocculent activated sludge process for

both municipal and industrial wastewater treatnf@atkreuk and van Loosdrecht, 2006; Yang et al., 2008)

To date, granular sludge processes has been implemented in treatment of both munigipad@mange

of industrial wastewatefgle Kreuk and van Loosdrecht, 208@tav and Lee, 2008)

Additionally, many reactions can take place in granular sludge by the diverse microorganism
distributed in different layer: anaerobic and aerobic reast@an occur at the same granule, since the
stratification allows different conditions along the biom@sao et al., 2010)

[.2.1. General model mechanism for microbial granulation

Microbial adhesion or selfnmobilization is the starting point of granulation process, and can be
defined in terms of thenergy involved in the interaction of bacteriioAdbacterium or bacteriusto-

solid surface. When bacterium approaches another, the interaction between them includes repulsive
electrostatic force, attractive van de Waals force, and repulsive hydraticactiie. Based on the
thermodynamics, some physichemical model mechanisms for granulation have been developed;
those include inert nuclei, model, selection pressure model, multivalent positiberidmg model,

local dehydration and hydrophobic inteiian model and surface tension model.

X Inert nuclei model
In the presence of inert micqmarticles in reactor, bacteria could attach to the particle surfaces to form
aninitial biofilm, namely embryonic granules. The mature granules can be further developed through
the growth of these attached bacteria under given operation confifigus5|shows the inert nuclei

model which suggests that the presence of nuclei or reizeobiecarrier for bacterial attachment is a
first step towards granulation.

Attachment Growth

Inert nucleus Individual bacterium

Figure 5: Scheme for inert nuclei model (Liu et al., 2003a).
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x Selection pressure model

Light and dispersed sludge would be washed out, while heavier components remain in the system.
Microbial aggregation in reactor may be effective protection strategies against high selection
pressures. Absence of granulation was observed when the hydedatiton pressure was very weak.
Granulation enhanced with high hydraulic stress and short settlingDiné&ao et al., 2010)

X Multi -valence positive ioAbonding model

Bacteria have negative charged surfaces under usual pH condition; a basic idea to expedite granulation
process is to reduce electrostatic repulsion betwegatively charged bacteria by introducing raddience
positive ion, such as calcium, ferric, aluminum or magnesium ions, into seed(Sludgel., 2001)

The multivalence positive ions may promote sludge granulation by bonding exittacellular
polymers (EPS)Rigure6). The high affinity between EPS and calcium create the bridge between EPS
and EPS and link cells and ER&jether to form an initial three dimension structure of microbial
community, in which bacteria can further grow.

Self-immobilization

Opposite charge
attraction

Multi-valence positive ion Negatively charge bacterium

Figure 6: Schematic presents multivalence positive iorbonding model (Liu et al, 2003a).
x EPS bonding model

The EPS can mediate both cohesion and adhesion of cell. EPS could change the surface negative
charges of bacteria, and thereby bridge two neiglbts physically to each other as well as with
other inert particulate mattgrigure7).

Individual bacterium

Shaped

Bridging

Polymeric chain or filamentous bacterium

Figure 7: Schematic presents EPS bonding model (Liu et al, 2003a).
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EPS Iind with the cells through complex interactions to form aliketstructure with plenty of water

that protects cells against dewater{@heng et al., 2010ajnake protective barrier for the bacterial
community which contributes to lortgrm stability(Jiang and Liu, 2012)interesting, for microbial
communication or aggregati@hsaggregation hypothesis, EPS has an impobrtale in aerobic
granulation.EPS increase the cohesion hetinitial phenomenon explaining the granule formation
concomitantly with bacterial aggregates densificati@ohesion is a physical property of the
aggregate defining how it can resist to shear and elongation forces, which induce erosion and/or
break up(Wan et al., 2011)When the cohesion increases, the dense clustering of microbes grows up
due to specific interactions of the EPS composing the granule matrix.

EPS are secreted by microorganisms in consumption of organic matters in wastewater and consist of
high molecular weight polysaccharides, proteins, glycoprotein, nucleic acids, phospholipids and humic
acid (Wei et al., 2012)Both proteins and specific polysaccharidemonstrate granule cohesion. The
contribution of anionic proteins, polyszharides and multivalent cat®im EPS aggregation clarified

the biochemical nature of the polymers and the interactions involved in the cohesive structure of
aerobic granules. Thproteinpolysaccharide interactions, hydrogen bonding and ionic interaction
effectively change the sludge surface properties and are closely related to the formation of microbial
aggregates. In addition, EPS can also work together with the cells toisbstmtdpecial network
structure to favor the biofilm formatiqiiu et al., 2010a)

EPS is a class of macromolecular material secreted the cells, and play a key role in the formation of
microbial aggregates to create aerobic gran{8bsng et al., 2010a)PN (exepolymeric protein) and PS

(lower polysaccharides) are main components containing large amounts of functional groups such as hydroxyl
and electronegative carboxX@ao et al., 2010 he different properties of EPS are listed ir@
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Table 1: Main effect of EPS component to granulation

EPS Components| % in EPS Component properties Remarks References

PS in EPSs enabled
biological groups to form

crossed reticular structure
. L . | PS belong to thg Zhu et al.,
Polysaccharides 42 7-64.6% through  bridging action hydrophilic (2012b)

(PS) combined with the
filamentous bacteria twine substances Yan etal.(2015)

on the granule surface t
form granular sludge

Adhesion; aggregation @

bacterial cells; retention ¢

water; sorption of orgac | PN belong to

Protein (PN) 45.8-51.3% | and inorganic compoundy hydrophobic Lvetal.,(2014)
binding of enzymes, electrg substances Long et al(2014)

donor or acceptor, an

protective barrier to cells

The role depending

Exchange of genet upon the quantity Xiao-ying Zheng

Less than

Nucleic acids information, eyort of cell .
10% components and availablg et al.,(2013)
components
Lipids Export of cell components Major to minor role| J.-F. Gao etal.,
P P P in bio-sorption (2011)
Minor role in the
bio-sorption, the
Humic substancey  10-15% Electrons donor or acceptor impact  of h“”?'c J-F. Gao etal.,
substances mainl (2011)

depends the natun
of humic substances

X Local dehydration and hydrophobic interaction model

Under normal culture pH condition, the outer surfaces of bacteria are hydrated. Such a water layer on
the surfaces of bacteria would prevent one bacterium to approach another. Under physiological
conditions, strong hydration repulsion is the main forcgik®gthe cells apart, thus local dehydration

of the short distaneapart surfaces would be the prerequisite for-tcetlell aggregation Because of
strongly hydrophobic surfaces, irreversible adhesion will occur. Increase in the hydrophobicity of cells
surface, which in turn to promote cet-cell interaction and further serves as driving force for cell
self-separation form liquid phagkiu et al., 2003a)

X Surface tension model

Microbial granulation is a process to create a new interface, grBquile disrupting preexisting
individual bacteridiquid interface. If the surface free energy of bacteria is lower than the liquid, the
free energy of aggregation decrease and aggoegetifavored with decreasing surface energy of the
inner carrier. The opposite trend would occur if the surface energy of bacteria is higher than the liquid.
The aggregation of hydrophilic cells was enhanced at low liquid surface tension, while théeopposi
was true for hydrophobic cel(&iu et al., 2003a)
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X Cell zxo-cell communication model

Intercellular ommunication and multicellular coordination have been known as an effective way for
bacteria to achieve an organized spatial structure. It has been shown that quorum sensing is a prominent
example of social behavior in bacteria, as signal exchange amdinglual cells allows the entire
population to choose and optimal way of interaction with the environfioenét al., 2003a)

[.2.2. Aerobic granular sludge formation

Aerobic granules were first reported in early 1990s in an aerobic upflow sludge blanket (UASB)
reactor, linked to an oxygen dissolving tafdishima and Nakamura, 1991; Shinat, 1992)

In 1997, Morgenroth et al reported the cultivation of aerobic granules in a sequencing batch reactor (SBR)
7KH DHURELF JUDQXOH ZDV GHILQHG DV IROORZV 3*UDQXOHV PDN
be understood as aggregates of microbial origin, which do not coagulate under reduced hydrodynamic
shear and which settle significantly faster tharL,a¢O WH GV QMdegéhtoth@Rak,\1997al\erobic

granules could be formed in much short time, from 2 to 8 months and have some ad{tantagak, 2004)

an increasing number of researchers focused on developing technology of aerobic granules for the wastewater
treatment since 199Fiu and Tay, 2008)

As a promising approach to biological wastewater treatment, the aerobic granular sludge has been
proposed. Thanks to their dense structure, aerobic granulevdrgvgood settling ability that allows

high biomass retention in the bioreactor. This enables the process to withstastidnigth wastewater

and results in the biological reactor having a smaller volume than conventional activated sludge systems
(Kreuk et al., 2007)The size and density of the granules allow simultaneous nitrification, denitrification

and phosphorus removal, SNRRo be maintainedde Kreuk et al., 2005; Yilmaz et al., 2008a)
+RZHYHU WKH RSHUDWLQJ FRQGLWLRQV WKDW LPSURYH WKH \
physical properties of aerobic granular sludge still need considef@iiainet al., 2012)

The application of aerobic granular sludge tastewater treatment may allow removing organic
matter, nutrient and some toxic molecules. Aerobic granules contain specific environmental
microorganisms, which can remove ammonium from wastewater during simultaneiiesition and
denitrification. Nitrification concerns the oxidation of ammonium to nitrite (nitritation) and then to
nitrate (nitraation) under aerobic conditioDuring denitrification, nitrate and/or nitrite is reduced to
nitrogen gas by heterotrophic microorganism under anoxic condiigthermore, new processes for
nitrogen treatment are proposed (anammox): ammonium is combined with nitrite to yield nitrogen gas
in absence of carbon sourE@saka et al., 2012Y hus, depending on kind of wastewater treatment and
operational conditions, the microbial population on aerobic granular sludge is different.

.2.2.1 Structure and morphology

The shape of the granules is nearly spherical with a very clear ofZthoeand Wilderg 2003) The
average diameter of aerobic granules varies in the range of 0.2 to 5 mm. This is mainly due to
operational parameters, such as seed sludge property, substrate composition, organic loading rate,
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feeding strategy, reactor design, and hydnaoigic shear force. The color of aerobic granules is
usually yellow|Figure8) (Liu et al., 2009a)

The collected aerobic granular sludge was smooth on surface appearance and intact in structure. The internal
core was white with crowed spots. Moving outward the color turned yellow, suggesting the presence of
excess biomass. Theeérior of the granule was compact with layered stru¢turest al., 2014)

Figure 8: Images of seed sludge and mature aerobic granules (Bar = 5 mm) (Li et al, 2008).

Sheng et al.(2006) established a multayer structural model to describe the aerobic granula
structure with two distinct structural regions for the microbial aggregates. The outer part contains
dispersible cells losely entangled by the readixtractable EPS fraction. The inner part contains
biomass in a stable structure tightly glued by B®3ch could not be dispersed by shear except under
unfavorable microbial aggregatesdav et al., (B08) reported that microbial granule structure was
VWDELOL]HG E\ D QHWZRUN S$pplyaéchBide® &\thE Rdeidene foGenibedded
SURWHLQV £pOlys&ccliandes, and cells. In native granules, glucose or maoosening
carbdwydrates stained by @oA and protein stained by FIT@audan et al.(2014) found that
carbohydrate and protein have similar localization within the large crown surrounding the core (made
of precipitated mineral compounds). Proteins were distributed in all the structure while glucans

appeared with slightly higher density at the external periphery of the grg ﬁigese(9l.

Figure 9: The model structures ¢ aerobic granular sludge (Caudan et al, 2014)
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1.2.2.2

Aerobic granulation has been mainly achieved in SBR and strongly related to operating conditions, which
should be favorable for microorganism to form aggregates and/or granular particles. Sequencing batch
reactor (SBR) process is known to have severalrgggas over conventional continuous flow system. In
recent years, the use of single tank SBRs for the biological treatment of wastewater has been widely
extended from laiscale studies SBRs usually operate with fixed times for the different phasesi@f filli
mixing (anaerobic, aerobic, anoxic or complex between these conditions), settling and decanting due to
influent fluctuation and system state variations. Higher levels of process control and automation are
necessary to optimize the SBR operation (Leeneiral., 2008). Recently, a number of SBR technologies

Technology for granulation and wastewater treatment

have also been developed for biological nutrient removal from many different kinds of wa@.
presents several type of wastewater which was treated by aerobic granules#reS&Br.

Table 2: Process efficiegies of Aerobic Granular Sludge- SBR for wastewater treatment

Reactor Wastewater | Kind of organic Process Ul
. treatment References
type type matter treated efficiency (%) (days)
SBR Real COD and N 80 (COD); 400 Y.-Q. Liu et
(pilot-scale) wastewater removal 92 (N) al., (2010a)
95,7 (C);
Domestic Carbon and 84 (N); 14 Verawaty et al.,
wastewater BNR ' (2010)
92 (P)
88,4 (COD);
Abattoir COD and BNR 89 § (N)') 18- 133 Pijuan et al.,
wastewater ' ' (2011)
SBR 2 (P)
(lab-scale) Retaelxctjﬁ/:mg COD and N 62 +78(COD); 36 Lotito et al.,
removal 80 +90 (N) (2012)
wastewater
Municipal CODandN, P Bassin et al.,
wastewater removal >90 (N, COD, P) 104 (2012)
Rubber COD and N 96,5 (COD); 90 Rosman et al.,
wastewater removal 89,4 £94,7 (N) (2013)
x Effecting factors

To date, published results indicate many operational factors have significant influence on granulation

process in SBR.

¥ Seed sludge or sludgmoculums

In most studies, aerobic granules were cultivated with activated sludge since the bacterial community

that resided in this environment was important for the aerobic granulation p(beesst al., 2010)

Flocculent sludge is believed to be the precursor of aerobic sludge granules. According to the
recommendation of granulation from the microbial cammation and/or aggregation, seed sludge
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keers the role as a substrate in the initial granulation process. It serves to promote the process of
creating rapid or slow particleRijuan et al.(2011)found that the granulation time strongly depend

on the fraction of the crushed granules with higher fraction leading to faster granulation. The
interaction between crushed granules and floccules sludge during granulation aodritnidiution to

the faster remain to be elucidated. Using crushed granules instead of intact granules has a positive
effect on reducing the staup time. With other idea§ong et al.(2010)created 2 SBRs reactane

reactor was inoculated using fresh activated sludge taken from beer wastewater treatment plant, the
other reactor was inoculated using fresh activated sludge taken from municipal wastewater treatment
plant More hydrophobicity and microbial community structure changed: a lot of varied quantities of
dominant species accelerate the aerobic granulation when aerobic granules were cultivated in beer wastewater
compared with activated sludge from municipal waatemtreatmenZhang et al.(2010)cultivated aerobic
granules by seeding completely autotrophic nitrifying sludge in an SBR with@Dmg/L ammonia under

loading rate of 0.48:3.6 kg/niday. These authors cultivated mature 0.5 mm aerobic granules within 43 days
cultivation.Liu et al., (2010)cultivated aerobic grane$ in an SBR using real wastewater as feed and
noted that about 400 days wereeded to obtain mature granulddence, the different group of
bacteria, and the composition of hydrophobic counterpart of seed sludge can be the major reason for
faster aerobigranulation.

¥ Feeding

The operation of nearly all aerobic granular sludgerR Siystems comprises four stefiseding,
aeration, settling and discharge. In most cases, feeding time is often as short as a few minutes. This
diminishes substrate gradients irethiquid phase, to favor the growth of nfilamentous bacteria.

There is evidence that adding substrate in different aerobic feeding periods could create strong
substrate gradients in SBR and, consequently, improve the settle ability of Gudget al., 2003;
McSwain et al., 2004 Accordingto these researchers, feeding patterns create favorable conditions
for the development of nefilamentous bacteria that high substrate uptake rates duerigds of

high substrate concentration and a capacity to store reserve materials during periods of starvation
(Liu and Liu, 2006; Martins et al., 2004)

By contrast but interestingly, the studiesWinkler et al.,(2012)andLotti et al.,(2014)aimed at
demonstrating on labcale the feasibility of granular sludgeammox based on single stage
(aerated system with both nitrification and anammox bacteria coexist) autotrafifogen
removal at low temperature. The feeding timegresented about more tharf@0f cycle time. For

these purposes, during the anoxic feeding period (60 min) nitrate produced during the previous cycle
was mixed with medium containing acetate and amom.

Wang et al.{(2012)compared the granulation process of two SBRs: for one reactor, wastewater was
fed in one batch at the start of each cycle, in the other reactor, half of the wastewater atahded
beginning of each cycle and the other half was fed within the same cycle. They determined that two
step feeding had adverse effects of granulation. Feeding included 2 stages: the first stage was fed with
high concentration of simulated wastewatei50% of the effective volume of SBR, then the reactor

was anaerobic for 60 min with no stirring, then creating a high substrate concentration area similar to
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biological selector; the second stage was filled with tap water for the rest 50%. They ohtaindesg
after only 18 days with irregular, light yellow, and average patrticle size was 1.59 mm.

Until now, almost studies of granulation operated fast feeding mode. The substrate gradient
absorbance between inside and outside layer of granules is Helielse crucial for the granulation
process. However, based on the requirements of the effectiveness of sludge particles in wastewater
treatment process, more researches are needed to demonstrate the impact of this phase for the
granulation and improve thefficiency of wastewater treatment.

% The cycle

The unique feature of a SBR is its cyclic operation, which leads to the periodical biodegradation phase
followed by the aerobic starvation phase in every cftdle and Tay, 2006)The cycle time represents

the frequency of solid discharge through the effluent withdrawal or tHoalks washout frequency,

and it is interrelated to the hydraulic retention tirdiRT). When the hydraulic selection pressure in
term of HRT is high, microorganisms are either washed out or retained in the reactor through the
formation of granular sludge (Wang et al., 200&)orter cycle time with more cycle numbers implies
stronger hgraulic selection pressure during the certain period, which led to the more frequent biomass
washout and fast granulation. Liu and Ta2007) noted that, as the cycle time increased from 1.5 h to 8 h,
the specific biomass growth rate of granular sludgeredsed from 0.266 to 0.03 L/day, while the
corresponding biomass growth from 0.316 to 0.063 g/g (Xalditionally, the granules cultivated at 1.5 h
cycle time were the biggest in size while the granules cultivtdt cycle time were the most compact
compared with those cultivated at other cycle time. However too short cycle time is unfavorable to the
long-term stability of aerobic granules because there is no need to worry about the loss of microbial
diversity of aerobic granules

Additionally, in aeroic granular sludge SBR, many stresses can become repetitive with the cyclic
operation that is characteristic of SBR. Therefore, to improve efficiency and promote granulation
process of wastewater treatment in parallel with maintaining the stability aflgrastructure in the
long-term, the cycle time should be adjusted with other parameters to optimize the treatment process
(Lotti et al., 2014; Ni et al., 2008)

¥, Substrate composition

Various substrates were used to cultivate aerobic granules. Depending on the kind of wastewater, the
granulation formation varies markedly. From synthetic wastewater, aerobic granules have been
cultivated with an inorganic carbon source and ammonium anel deeminated by nitrifying bacteria
(Zhong et al., 2013)Granules cultivated with inorganic carbon and ammonium had dominancy of
ammonia oxidizing bacteria (AOB) and nitriteidizing bacteria (NOB)Lotti et al., 2014) Some
granules were cultivated with acetate and glucose and propionate as a carbofZeogret al., 2013)

and nitrate as aitrogen sourcéChen et al., 2016)/Vang and Zhoy2010) cultured aerobic granules

from activated sludgéy using nitrobenzene as sole carbon and nitrogen source. It has been noted
from the literature that the carbon source dictates the diversity and dayiokthe bacterial species,
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granule surface and structur¥ang et al.,(2014) cultivated aerobic granules from propionate
wastewater.(U 0 D Q D Q 201BJusdsl lddatic acid in anoxic/aerobic and aerobic/anoxic condition

Information ongranule cultivation with redike wastewater was also reported such as abattoir
wastewate(Yilmaz et al., 2008h)dairy effluent or domestic wastewa(®. Liu et al., 2010)The real
wastewaters are very often characterized by variable caiopesilue to a change in production intensity

of certain products, e.g., seasonal production in food and flavor factories or market driven changes. The
substrates loading content high range of compositions fluctu@taon Dierdonck et al., 2012Y hus, the
formation of aerobic granules takes several monthgYilmaz et al., 2008a)170 days were need to

adapt aerobic granules developed with synthetidemader to abattoir wastewater. (Ni et al., 2008)

300 days were needed to achieve 85% granulation in a reactor treating domestic wadtewateal.(2013)
cultivated an aerobic granular sludge with modified piggery wastewater and obtained granules after 40 days
with high capacity of nitrgen and COD removal in the role of bacterial diversity of strain and
heterotrophic nitrifier microorganisms.

% Organic loading rate

OLR played an important role in developing and sustaining aerobic granules in the wastewater
treatment system. The decrease COD concentration of wastewater decreases the food to
microorganism ratio (F/M), thus most of the biomass in the inner core of granules will face substrate
scarcity due to the diffusion limitation. The activities at the inner part of granules may thus be
seriously suppressed. Therefore, some of the granules disintegrated into small debris which
deteriorated the biomass settling activity and subsequently washed out from the reactor. Under this
starvation condition, much smaller granules were formed inghetor, while the COD performance

was not affected. For detail, at low organic loading rate the significant damage to granule structure is
the dominant granule morphology with size over 540 um which was maintained throughout the
operation. Aerobic granueat sizes of about 750 um were finally obtained at the low OLR after long
time cultivation(Ma et al., 2013)

When the concentration of COD was high, F/M ratio increased, more aerobic granules are formed
and high biomass retaah occurred in the reactqPeyong et al., 2@®). With the same opinion,
aerobic granules were typically cultivated from the wastewater at high organic loading rate (OLR)
(Lopez#Palau et al., 2009D. Gao et al.(2011)showed that high OLRenhancedjranulation rates.

The OLR affects the granulation rate and the microbial communities in formed granules. Tl rates
granulation had significantly increased from the stprdlate. Their results implied that a relative high specific
loading rate near 0.4 g COD/(g SS. day) could be favorable for the initial formation of aerobic granules and a
higher loading rate apptiecould stimulate formation of larger granules compare to lower rate.

The development of larger granules at a high loading rate was likely due to deep penetration of
substrate inside granules without substrate limita@fhrang et al.(2013) cultivated granules in less

than 24h with an OLR of 24k(hday) and settling time of 1 min. However, the cultivated granules
had poor stability.Yang et al.,(2014) studied the effect of different OLR to granulation. They
operated two ranges COD fed at OLR between 4.4 and 17#°RY/ They noted that the shifts of

COD fed change from 1500 to 5000 m@A.8 days and thesuddenly decresing to 1500 mg/lfor 3 days
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and then again increag from 2500 to 5000 mg/from day 18' did not significantlyminimally alter

the appearance of the formed granules. A further increase in the COD loading led to simultaneously
decreases of PN/PS ratand sludge surface hydrophobicity, while the disintegration of aerobic
granules was observederobic granules formed at different organic loading rates had different
morphologies, structural properties and bacterial spé&cieset al., 2012a)

In order to clarify the effect ofiph and low OLR to the granulatiofReyong et ki, (2012)

studied the changes in microbial morphologies and structures of aerobic granules under different
organic loading rate. The development of aerobic granules was carried out in 3 stages using SRRs:
(1) synthetiowastewater with OLR of 1.2 k@gh’day); (2) low strength real domestic wastewater with

OLR of 0.13 kg{m*day); and (3) domestic wastewater with added external carbon source of acetate to
give an OLR of 0.6 kgmiday). In the granulation process, the SVI of biomass in each SBR changed
with high SVIvalue around 165 mi with real wastewater and 788 mL/g for synthetic wastewater

and domestic added source carbon respectively. They also found that the OLR as low &sdl@ykg/

was able to develop and maintain the integrity of aerobiulgra and real wastewater with more particulate
OLR was found to enhance the growth of filamentous and protozoa like microorganism in the granules.

¥ Dissolved oxygen

Changing the DO concentration manipulating thelaw rate may also cause a change indéssity of

the granules. Theoretically, the depth of DO concentration in the granule depends on the DO
concentration in the bulk solution and the oxygen consumption rate of the gi@nulasd Liu, 2006)

The densespherical structure of granules leads to transfer limitations, promoting the dissolved oxygen
gradients and efficiency of denitrificatigbi Bella and Torregrossa, 2013 fact, the simultaneous
nitrification-denitrification largely depends on the DO concentration in the bulk liquid and the
granular sizédComa et al., 2012As described bi Bella and Torregross2Q13) satisfaadry SND was
performed even in the high DO concentration (28/mg/L) because of big mean granule size (> 1.5.mm)
Yuan and Gaq?2010) also reported that the total inorganic N removal were increased when DO
concentration were decreased from 4.5 to 1.0 mg/L, andittifecation via nitrite process was stably
achieved in aerobic granular sludge reactor (3.0 mm in diameter under different DO
concentrations during the aeration phase).

¥ Hydraulic shear stress

Hydraulic shear force has been founded to have a sigmifi;ypact on the formation of aerobic granules

and high shearing force is one of the key factors for aerobic granular forif¥atiQn Liu et al., 2010a)

Lots of researches showed that aerobic granules could not well developed at a low superficial air gas
velocity as 0.008 crh but were observed at higher velocity as 0.025 (i Gao et al., 2010}t is

worth noting that the shear force changes the EPS content. When the surface gas velocity reached fro
0.5 cm/s to 3.6 cm/s the content of PN increased and PS of EPS decreased. The high shear force
causes more frequent collision among granules and/or stronger friction between granules and liquid.
The cells loosely grown on the surface are removed anfbiimation of big granules is prevented. In
addition, it is noteworthy that in the higher hydraulic shear condition (surface gas velocity of 3.6 cm/s),
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the sludge surface hydrophobicity was also higher, and obvious disintegration of granular sludge was
found in the reactors with higher effluefzthu et al., 2012h)

HoweverWan et al.(2011)indicated thahigh shear stress were not necessary to produce granules, but probably
only accelerate the accumulation of granules. They created the granular sludge at 0.6 cm/s at settling time is 30 min.
Low high shear stress and long settling time made the goodaumtiti the aggregates collision.

% Sludge settling time

The settling time is another key factor in the sludge granulation with -adosentration wastewater.

In an SBR, wastewater is treated in successive cycles, each of which lasts several hoursidAdfthe e
each cycle, the biomass is settled before the effluent is withdrawn. The settling time acts as a major
hydraulic selection pressure on sludge. A short settling time preferentially selects for the growth of
rapidly settling bieparticles and the biparticles with poor settle ability is washed out. A lower
settling time would result in a higher settling velocity for the retainegbrticles.

The readily retainable biparticles in the SBR ensures a more rapid and efficient granulation. In many
studies, a short settling time has been commonly applied to enhance the aerobic granulation in SBRs.
With a long settling time, poorly settling sluddeds cannot be withdrawn effectively and they may in

turn out competence grantflerming bioparticles on nutrients for growth. As a result, aerobic
granulation cannot be achieved in an SBR operated at a longer settling time. This suggests that the
settling time is a crucial factor in the granulation of activated sluéjest al., 2008) Beside, long

settling time was also unfavorable for granulation as it could not efficiently supply biologicdiaele
pressure to screen heavy aggregates with good settling ability. Actually, short settling time was the
decisive factor responsible for aerobic granulafifimang et al., 2013)

In some studies, the very short settling time often setup in the rabgmi@. A large amouot of

biomass washed out, but the filamentous bacteria disappeared after only a short time, the aerobic
granules appeared more compact and achieved high performance for processing of N and P removal
(Lotti et al., 2014; Wan et al., 2014, 2013kttling time was progressively shortened from 10 narg

which provoked the almost completastiout of the inoculated activated sludge and the selection of
biomass with better settling properti@ang et al., 2014 However, although the light flocs could be
effectively washed out when the settling time was short, a huge loss of sludge and newly formed
aggregates made the biomass per volume decrease seriously as the initial forfrthegogranules

was slow, consequently leading to OLR increment, which might be likely to cause sludge bulking
during long operatiofZhang and Zhang, 2013)

In other papersthe settling time is not usually fixed (for example in installation that changes
according to the response tim&his created stability and development in biomass during granulation.
The settling time often decreased from 30 to 5 or 2 fiims suggesthat the effects of selective
pressure to granulatiofLong et al., 2014) On the contraryWan et al.,(2014, 2013, 201
Zheng et al.(2013)andWan et al.(2011)indicated that the settling time did not greatly affect the
time for granulation. They keep the long settling time at 30 min during the granulation process.
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Hence, although the effect of settling time for the granulation is important, it also depen@dsyn m
other parameters of the system, like the interaction during granules formation.

% Sludge retention time

Recently, SRT is recognized to be inversely correlated with the specific microbial growth rate. Long
SRT implies a low specific growth rate. Duringetliormation of aerobic granules, a substantial
amount of suspended sludge is discharged out ofSBi® in accordance with the preset selection
pressures in terms of settling time, volume exchange ratio and effluent discharflduieteal., 2005;

Zhu et al., 2013)Besides, a long SRT favors filamentous growth because of a low specific growth rate
of filamentous bacteria, which lead to very poor settle ability of theutganbecame and their
potential washed out of the reacfbiu and Tay, 2006)Li et al.,(2008)studied the effect of SRT and
hydrodynamic selection pressuthey showed that with longer SRT, than size of aerobic granules
bigger than 350 um was found to be less than 20% aritbbgowere dominant form of biomass.

G. Sheng et al(2010)studied the importance of sludge retention time controlling with excess biomass
discharge in bioreactors. This study used a fixed daily sludge discharge ratio of around 10% of slow
sludge in granular sludge reactor, and found that this selective slgdipardie facilitated the growth

and accumulation of denser sludge in the read¥amkler et al.,(2011)used the discharge mode on the

top of the sludge bed to improve the performance of aerobic granular indget al.,(2013)want to
improve the longerm stability of aerobic granular sludge proogih a discharge of-80% of the total
granular sludge in order to achieve an SRT of 9.9 days and obtaih¢ketligganular rate and average
granular diameter of thedveactor were stabilized at®0and 2.3 + 0.3 mm, respectively.

Long sludge retention time (30 days) played a crucial role in the accumulation of precipitated
phosphate in the core of granul@s et al., 2014) Thus, successful operation of aerobic granular
sludge in SBRequires that SRT should be carefully managed to ensure that it is within a range that is
generally acceptable for aggregated forming granules creation.

¥ Exchange ratio

For an SBR system, the OLR depend on both influent substrate concentration and higdinige

rate (HLR). Thus, if a lowconcentration wastewater is used as the substrate and a usual HLR is
employed, the resulting OLR will not be sufficiently high to keep sludge increase for granulation. On
the other hand, an increasing OLR, attributedatoelevated HLR, will compensate for the low
substrate concentration, and this in turn in favor of the granulation process. In order to keep a high
OLR and accordingly to achieve sludge granulation in a-pdate SBR for the treatment of municipal
wastevater, its HLR has to be kept at a high level. The HLR of an SBR is governed by its volume
exchange ratio (VER) and cycle period. In the workbét al.,(2008) the cycle period was set at 3h
becase of the low total COD level in the wastewaterthis case, keeping a high level of VER was the
only way to elevate its HLR. The VER of the pitatale SBR was gdually increased from 50 to %0
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I Fate of heaw metals during wastewater treatment:
comparison between conventional and granular sludge

Heavy metals could be defined as metals with relatively high densities, atomic weights, or atomic
numbers. Ever increasing, industrial activity is the main culprit behind most environmental pollution
problems and ecosystem damage, due to the accumulation of pollutants such as toxic metals:
Chromium (Cr), Copper (Cu), Lead (Pbfadmium (Cd), Nikel (Ni), etc.(Pino et al., 2006)
Contamination of soils, groundwater, sediments, surface water and air with hazardous and toxic chemicals
poses significant problems for both human healthtle@e@nvironmentglAnsari and Malik, 2007)Heavy

metals are considered to be particularly dangerous poll@fdats and Acikel, 2000; Aub, 2006; Kang et

al., 07) Upon entry to WWTPs, heavy metal may sorb on activated sludgéSkmblante et al., 2015)

Activated flocs of microbial biomass can retain relatively high quantities of metals by means of
a passive process known as biosorption, which is dependent on the affinity between the metallic
species or its ionic forms and the binding sites on the maeattucture of the cellular wall
(Ruiz-Manriquez et al., 1998) Binding sites are present in cell wall, composed of
lipopolysaccharide, peptidoglycan, and phospholipids and also preséRtSifiYee et al., 2004)In

contrast to mineral surfaces, the surfaces of microorganisms contain multiple reactive layers, each with
a distinct structure and chemical compositi@i-Asheh and Duvnjak, 1998; Tobin et al., 1990)
Hence, heavy metal sorption on sludge largely dependdhem physicechemical properties
(Semblante et al., 2015)

Compared to biomass or bioflocs, granular structtir@sed biosorbent has the advantages of denser iadicrob
structure and more excellent settling abi{iyei et al.,2013) To date, anaerobic granular sludge is widely
applied for treating industrial wastewater in-&dhle, while aerobic granular sludge technology was developed
during the last decades at laboratory spdt@genroth et al., 1997b; Tay et al., 2002; Zeng et al., 2808)ell

as pilot scalgY.-Q. Liu et al., 2010b; Morales et al., 201Recently, aerobic granular sludge is
applied by Royal HaskoningDHVin the Nereda technology which was first adapted for industrial
applications and then further scalapl for domestic sewage treatm¢Rbest et al., 2011Fewpapers

have been published so far describing full scale operation of the aerobic granules on domestic
wastewater(Giesen et al., 2013)The studies of aerobic and anaerobic granulation indicated that
granules possess compact porous structures, excellent settling ability, and high mechanical strength.
Even under aggressive chemieslvironmental (acidic or base conditions) the biomass demonstrated
high stability with no visible structural damag@dawari and Mulligan, 2006a)n addition, aerobic
granules, which are used as novel techniques for the biological treatment of wastewaters, constitute
special seHaggregated biofilm. The biomass of attachment of aerobic granular sludge was about
300% higher than that of floc acted sludge, which clearly indicate that aerobic granular sludge had

a stronger microbial attachment ability and that the microbial attachment of aerobic granular sludge
may have an important contribution to the development of heavy metals adsorgdti@s abiaerobic
granular sludg¢Hao et al., 2016)
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I1.1. Concentrations of heavy meta Is in conventional sludge
and in granular sludge

Heavy metals are ndriodegradable compounds that can be found in sewage sludge and thus may influence
and be influenced by the predation process. Individual heavy metals showed significant difference in
digribution betweersludge and the treated effluamthe activated sludge syst€Bong et al., 2013aRapid
urbanizaéion and industrialization have been coupled with a sharp increase in municipal solid waste.
Sewage sludge, which is usually generated by wastewater treatment plants, accounts for a major
portion of this municipal sewage slud@ong et al., 2013a)

The activated sludge, being the most commonly used biological wastewater treatment method in
WWTP, has been proved to beeogfficient adsorbent to remove and accumulate heavy metals in
wastewater. The accumulation of heavy metals occurring during stabilization of sewage sludge is an
important aspect that should be considered in order to secure the agricultural land appificied

sludge as a cosdfffective and sustainable option. The concentration of HMs in the sludge is found to
be nearly 0.2% on dry weight basis, which may go up to as high as 6% in some cases. During
sewage treatment, about 5B0% of the total qudity of HMs present in sewage gets fixed into the
sludge by various physiechemical and biological procesgg3aicedo et al., 2015The conventional

sludge treatment operation is mainly aimed at increasing the concentration of total solids in order to
reduce the sludge volume (i.e., ghedthickening and dewatering) or decreasing the concentration of
volatile solids and stabilizing the biodegradable fraction of organic matter (i.e., sludge stabilization via
anaerobic digestion or composting). But conventional sludge drying technoldggefdtér processes,
centrifuges, etc.) are also very expensive to establish due to their high operation, maintenance and
energy consumption costs. Depended on the different stabilization sludge process, the HMs
concentrationsan increase or decreg&&estonaro do Amaral et al., 2014)

Granular sludge played a promising role in adsorption of toxic chemical® dueigh surface area,
porosity and good settling capability. The highly toxic heavy metals had been removesluaigh
granules by biosorptiomhe maximum adsorption density of aerobic granules was three times greater
than that of sludge flocAdav et al., 2008b)The concentration of HMs accumulation on granular
sludge varied according to the wastewater type and gidowlduring wastewater treatment process.
Aerobic granular sludge was normally created by SBRstathe reactor using synthetic wastewater.

The content of HMs was often simulated domestic wastewater, the HMs content did not so huge. Thus
the HMs concentitéons determined on aerobic granular sludge conventionally lower than that on large
scale WWTP of conventional sludge.

presents several HMs concentrations in sludge. Cu, Cd, Zn, Cr and Pb, are popularly HMs
which were found on both of conventional and granular sludge. The HMs concentration depended on
wastewser characteristic and sludge formation process. Copper pollution especially arises from
industries and excessive use of-kased agr@hemicals. So that indicates Cu concentration was often
found higher concentration in industrial wastewater than in dilen@surban wastewaters. Besides,

Cu along with zinc, arsenic, lead, and mercury, is recognized more stable in dewatering sludge with
large contents, which raise the attention for reuse sludge such as landspreading.
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Table 3: Several heavy metals concentration on conventional sludge and granular sludge

Heavy metals content (mg/kg)

Sludge Sludge origin : Refs
Cu Zn Pb Cd Cr Ni Fe Mn As | Mo | Hg
i i i i i i i Longmian Wang
203 821 223 13.3 et al. (2013)
o WWTP
Anaerobic digested | ;o wastewater) | 99.7 | 473.4 | 39.53 | 059 | 63 | 121 | - . -] - Zhang etal,
sludge (2012)
Dong et al.,
181.7 | 1453.9| 40.3 - 293.7 | 114.8 - - - - - (2013b)
WWTP (45%
Activated sludge | industrialand 55% | 1416 | 4946 - - 1668 | 287 | - - - - ) X.Wang et al.,
domestic wastewater) (2015)
Thermal drying WWTP .
activated sludge | (domestic wastewater| 108.8 | 1871.9 ) 93.6 | 788 ) . ) ) - } Li etal.,(2016)
. WWTP with reed .
Dryingreedbed | "o oytralisy | 343 | 1446 | 43 | - | 37 | 20 |7830| 260 | - |11 | - | Cdicedoetal,
sludge (2015)
after 12 years
WWTP :
Dewateredsludge | .. . 287.9 | 1362.1 - - - - - - - - - Hei et al.,(2016)
(industrial wastewater
| i 4939 i i i i i i i i i Marqzuoelsget al.,
Aerobic granular SBR labscale ( )
sludge (synthetic wastewater Xu and Liu
44.14 | 0.239 - 84.52 - 21.72 - - - - - (2008a)
Anaerobic UASB labscale - - 0.29 | 0.008 | 0.008 | - - - | 062| - | 153]| Yuetal (2016)

granular sludge

(synthetic wastewater
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11.2. Mechanisms linked to the fate of trace metal element
during wastewater treatment

In wastewater treatment processes heavy metal are not degraded, so the fate of heavy metal is only due
to their ability to be either in the particulate phase (waste activated sludge) due to bioaccumulation,
DGVRUSWLRQ SUHFLSLWDVSK®DY HHWWUKHDWHG WIRW RBWYROXEOH

As a consequence, the fate of heavy metals in sludge idodpkysical and chemical treatment
mechanisms such as sedimentation with suspended soligeedipitation by organic compounds and
chemical precipitation as well as microbial process. Heavy metals can be actively bound by living
microorganisms by meanof the following mechanismsntracellular accumulation, extracellular
precipitation and chemical transformations catalyzed by these microorganisms, such as oxidation,
reduction, methylation, and demethylation. Passive mechanisms of metal binding are as follows:
extracellular complexation of metal by substances excreted by cells and bio satpiiwting of

heavy metals to active groups of chemical compound of celb\watl membranes

Accumulation and transportation of heavy metals in a sewage treatment plant are governed by various
physicachemical and biological mechanisii@hipasa, 2003)

x Bioaccumulation: active interaction between cells and the metal ions which can penetrate
inside thereof.

It is a metabolism* dependent process. Metal sequestering process by living biomass can be
characteried by intracellular accumulation, which involves metal binding on intracellular compounds,
intra-cellular precipitation, methylation and other mechanisms. Transport of metal across the cell
membrane can occur by diffusion across the outer wall, but initmorsdof starvation for essential
metals also specific transport can be induced for heamgtal internalizatioriLedin, 2000)

X Biosorption: sum of all passive interactions (not related to the metabolism of cells)
between the CEP andhe cell surface.

It is a passive uptake process which is generally fast, mostly reversible and independent from cell
viability. Biosorption is then primarily a physiahemical rather than a biological process based on
ion exchange, complexation and sud micreprecipitation reactions involving a large variety of
binding sites of extracellular polymeric substances and bacterial cell s(@aibaud et al., 2005)

X Sorption on the particulate matter present in the wastewater.

Suspended particle matter in the wastewater is a complex mixture of inorganic particles and organic
material and few attempts have been made using natural suspended particles to access information
related to their sorption heavy metéBrassi et al., 1997)

-31-



Part 1 : BIBLIOGRAPHIC SYNTHESIS

X Precipitation: depending m their solubility, the metals will be present in a more or less
important in the soluble fraction of the waste water and sludge.

The solubilized heavy metals can be removed by precipitation on sludge. The formed precipitate is
removed from the liquid by second physical separation step, resulting in a smaller amount of metal
rich sludge compared to the initial huge fraction of sludge. The metals precipitation process could be
due to pH variation, and garecipitation with other chemical species.

To theseour major mechanisms should be added the possible metabolic reactions (oxidation, reduction,
and methylation) induced by microorganisms that modify the speciation the considered metal element.

[1.2.1. Precipitation

The complex structure of sludge implies thatréhare many ways for the metal sorption. The sorption
mechanisms are various and are not fully understood. They may be classified according to various
criteria. In case of precipitation, it may be either dependent on the cellular metabolisms of
microorgansm distribution on sludge or independent of it. In the former case, the metal removal from
solution is often associated with active defense system of the microorganisms. They react in the
presence of toxic metal producing compounds, which favor the pgegimpi process. In the case of
precipitation not dependent on the cellular metabolisms, it may be a consequence of the chemical
between the metal and the cell surface. The various biosorption mechanisms mentioned above can take
place simultaneousl{davanbakht et al., 2014)

x Comparison between CAS and granular sludge

The pH of sludge often knows as factor impacting HMs precipitation on sludge. In sludge, metal
speciation and hence their solubility are significantly affected by the solution chemistry, especially pH
(Dong et al., 2013c; Singh and Kalamdhad, 20M)th increasing pH, most metal iongould
undergo a series of transformation, from hydrated metal cations to hydroxylated monomeric species,
polymeric species, and finally to crystalline oxide precipitates after &iimghwaha et al., 2012-or
example, Ni was found to exist mainly in the form of Ni ions (90%) at pH/ D00 but 10% of
Nis(OH)s** and 8.6% of Ni(OH) were formed at pH 9.0. Othespecific metal may change more
drastically in response to pH. For instance, Cu(Qgcipitate was the major form of Cu(ll) at pH
above 6.6Ahmad et al., (2010jound high concentration of Cd, Pb and Zn on dried activated sludge
at pH 3.54.5 due to the precipitation in the form of Cd(QHIb(OH} and Zn(OH}), respectively. On

the other side at pH 7.5, Pb tends teqipitate as hydroxide even on activated sludge for very low
total metal concentratiorSeveral solubility products for solid Pb(QHyere found from the literature

with observed initial precipitation for Pb concentration ranging from 0.1 to {lalgnanelli et al., 2009)

On the other handdhmad et al.,(2010b)noted that Ct and Cu (OH) are the dominant species
involved in the Cu adsorption on modified activated sluddevwoeH 5.0, thus other species Cu(QH)

and Cu(OHy* were not accounted in the formation of surface precipitation. Therefore, it could be indicated
that pH kept the important role for Cu adsorption by hydroxyl precipitate cre@tatoni et al.(2016a)
established the speciation diagrams to sdic¢he effect of pH on different Cu concentra.

They found that at pH 6.5 there are nogenegligible concentration related to Cu hydroxide
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precipitation. Normally, Cu precipitate significantly at pH higher than 8, and different pH &and C
concentration can create other type of Cu hydroxyl precipitation.

Figure 10: Speciation diagram as function of pH for Cu (Pontoni et al, 2016)

In addition, the metal ions are in competition with theii the solution at low pHsalues for the
biosorption on biomass surface active sites. Also less functiooap isionized (deprotonated) in this
region, and it is difficult that they form Cu preitgiion. The study of Hg adsdipn on activated
sludge ofNatarajan and Manivasagd2016)indicaked that the Hg is present mainly as Hg(Qtnd
Hg(OH), at pH 6.0 and Hg(OH)at pH 8.010.0.The increase in Hg sorption efficiency in this range was
due to the retention of Hg(OkPrecipitation by the selected sorbé@hodbane and Hamdaoui, 2008p

major change in sorption efficiency was observed when pH > 7.0, which may be due to the
precipitation of metal hydroxid@gRajamoharet al., 2014)

In case of granular sludge, it has been reported that the biosorption of heavy metal by the aerobic
granules increased with the pH increasing from pH 5.0 to 7.5 because of precipitation of heavy metal
under the alkaline conditiofLiu et al., 2003b; Yao et al., 2009 addition, by comparing with
activated sludge, granular sludge often has higher surface capacity for adsorption of HMs due to larger
functional groups distributed on surface granular stu@@ai et al., 2014)According to theeport of

Xu and Liu., (2008)the mechanisms of heavy metals biosorption by the aerobic granular sludge could
be attributed to the surface precipitatiomantracellular adsorption. Surface precipitation refers to the
DHURELF JUDQXODU VOXGJH PLFUREHTV HOW POFaddOEOS( @) SRO\PH
carried out adsorption with metal ions by chemical precipitation reactions. B&adegek et al(2008)
indicated that the accumulation of HMs on aerobic granular sludge can be caused by or adsorption or
absorption on/in the granules or by Co precipitation with ianig ions contained in the liquid
medium. The presence of carbonates £3@nd phosphates (RY) functional groups on granules
caused CoCgand Cg(PQu). precipitation.

In case of anaerobic granulation under anaerobic conditions, sulfate compaeeatseduced to
sulfides that mediates the metal removal (especially Cu, Pb, Zn, Cd, Ni awvid Bee resulting metal

sulfide precipitationGopi Kiran et al., 2017; Sahinkaya and Yucesoy, 204é)dvoort et al.(2006)

also indicate that precipitation of metals, e.g., as carbonates and especially as sulfides, is important for
the accumulation of metais the anaerobic granular sludge. The HMs can be retained in the anaerobic
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granular sludge along the time due to the sulfide precipitates transformed from amorphous to more
crystalline formgJansen et al., 2003)loreover, metals precipitates (phosphate, carbonate, sulfide, etc.)
may actually take part in the sludge granulation process in anaerobic granular sludge reactor
(Oleszkiewicz and Romanek, 1989; Sharma and Singh, 2001; Shen et al., 1993; Yu et alTH2000)
speciation of metal on anaerobic granular sludgeetdstcomplex adsorption mechanism such as
complexation, precipitation, etthese mechanisms presenite@Zandvoort et al., 2006)

Figure 11 Metal precipitation and complexation on anaerobic granular sludge (Zandvoort eal. 2006)

EPS also is important factor during HMs adsorption on granular sludge by precipitation together with
other sorption mechanis. There are various mechanisms involve HMs adsorption by
precipitation by sludg&PS. Surface precipitation may contribute to high metal adsorption by EPS
content on sludgf.i and Yu, 2014) At neutral or alkahe pH, Cd" can easily be precipitated into EPS or

onto the surface of some mineral fractions contained in(E®®) et al., 2011)Therefore, the chemical

species of metals in solution can vary considerably with the metal category and pH, as a consequence their
surface charge and absorbability magoaliffer significantly. These factors, along with the inherent metal
absorbability of some mineral fractions in EPS, would greatly complicate the metal sorption process.

[1.2.2. Biosorption capacity of heavy metal on sludge
x Definition

Biosorption of heavy metals is a relative rapid process and usually reaches equilibrium within several
hours. The adsorption process experiences a fast initial sorption followed by a slower and longer
uptake. At the beginning of adsorption, a large nuntferacant active site are available for heavy
metals, and the driving force provide by the metal concentration differences between the sludge
surface and solution is larg®unus Pamkoglu and Kargi, 2006a)As the active sites are gradually
occupied by metals, the adsorption process slows down. Heavy metals can enter the pores within the
sludge and subsequently get adsorbed. However, the interior adsorption needs to overconassager
transfer resistang@&ulnaz et al., 2006)
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X Mechanisms involved
Bioremediation of heavy metal can occur through several pathways.

In many biosorption processes, several mechanisms take gimultaneously and it is thus difficult to
distinguish the individual mechanisrt@ai et al., 2005ummarizes the contribution of different
mechanisms in some biosorption process. Among heavy metal adsorption on aerobic granular sludge, ion
exchange seems to be dominant except in the stu@ydayet al., 2009)where complexation is mainly
responsible for the heavy metal uptake. In case of heavy metal adsorption oniamgenokar sludge,
precipitation is dominant adsorption mechanism. Activated sludge presented different adsorption
mechanisms for heavy metals. This phenomenon can be understood by different activated sludge
characteristic and experimental condition fimsbrption of heavy metal on activated sludge.

X Comparison between CAS and granular sludge

The activated sludge biomass is known as a rich organic mass and composes of microorganisms (bacteria,
algae and protozoa) and inorganiggola et al.,(1997)found that the sorption of metal by the sludge is a
consequence of the interaction between metal ions in the agueous phase and the cell waibofTibec
biochemical composition of this organic mass is protein, lipid, extra cellularapoharides, and nucleic
acids.Cell wall compositions and other cellular compounds of the microorganisms are able to interact with
metal ions in aqueous solutexGulnaz et al., 2006)Ihe adsorption of metal ions through biomass cells

and the leaching of heavy metal ions in the activated sludge biomass system seemed to be influenced by all
passive iteraction of the microbial cell walls with metal ions (in this case, heavy metals adsorb to
carboxylic, hydroxyl, phosphate, carbonate and sulfonate groups of the lipids, proteins and polysaccharides
found on the celburface}(Roane et al., 2001pyummary of HMs biosorption involves the following many
mechanisms such as ion exchange; physical adsorption; precipitation; complexation, etc., on sludge as
biosorbent was presentexIF'rgurelZ andTable4

Figure 12 HMs adsorption mechanisms on conventional sludge as biosorbdilveira et al., 2003a)
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Table 4: Contribution of different mechanisms to heavy metals biosorption on different kind of
sludge: conventional activated sludge and granular sludge.

v Adsorption mechanisms
eta
Adsorbent ion lon exchange | Complexation | Precipitation Refs
(%) (%) (%)
Cd (I 57 - 0 Remenarova et
Zn (1) 66 - 0 al.(2012)
Activated | Cd (Il) - - 20 Laurent et al.,
sludge Cu (Il) - - 49 (2010)
Cu (1) 10 70 18 .
Cai et al. (2007
Zn (Il) 39 21 10 ai et al.(2007)
Cd (I1) 75.51 19.36 5.31 X dLi
u and Liu,
Cg () 71.73 16.19 12.50 (20083)
Ni (1) 82.43 14.20 3.37
Pb(ll) 51 20 29
Aerobic Cu (Il 77 18 0 Hawari and
granules Mulligan,
Cd (1) 82 15 0 (2006b)
Ni (1) 98 0 0
Cr (Il 11.2 60.3 18.7 Yao et al.(2009)
Cu (Il 70 - - Gai et al.(2008)
Zhou et
Co (Il - - 66.7 al.(2013a)
Anaerobic
) Bartacek et al.,
granular Ni (1) - - >99 (2010a)
sludge
Zhang et al.,
Cu (Il 6.28 2.34 51.6 (20153)

Aaerobic granules played a promising role in biosorption of heavy metals that may be attributed to
following reasongWei et al., 2016)

x Positively charged heavy metals and negatively charged cell walls occur commonly in
sorption process.

x Cell walls or EPS containing abundant functional groups provide rich sorption sites for heavy
metal sorption.

X lon exchange procesdth light metal ions (CH, K*, Na).
x Chemical precipitation.

Bartacek et al.(2010b)studied the mechanism of Ni sorption onto anaerobic granular sludge. They
indicatedthesorption process consists of three distinctive periods:
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X A fast initial sorption in the first minutes upon nickel injection;
X A slow sorption process limited by intparticle diffusion and

x Final equilibrium establishment.

Zhang et al.(2015a)studied the fate of Cu adrption on anammox granular sluolge'ag(Jrelfﬂ . They
indicated that Cu migrated from the soluble EPSEFS) to the bound EPS {|PS) and then
accumtuated on the cell surfaces, entered the cells or converted to inert cores. This migration behavior
may be due to a multiplelayer structure with two distinct regions in the anammox granules

Figure 13: Behavior of Cu adsorptionon anammox granular sludgg(Zhang et al., 2015b)

[1.2.3. Modeling adsorption ability

During the study of the retention of a soluble compound on a solid phase, it is possible to comparing the
solution concentration Ce (nigbr mol/L) and concetration retained on the solid @g/g or mol/kg)
TherelationQ | & LV FDOOHG 3VRUSWLRQ LVRWKHUP® )RU WKLV UHOD\
satisfied: the balance physicochemical retention/release to be achieved and all othechphysal

parameter (pH, temperature, etc.) must be constant

The isoherms were classified into four typegHigure14
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Figure 14: Representation of the four main type of isotherma(Limousin et al., 2007)

7KH LVRW KtHddrvaui& § straight line passing through thiggin. This means that the C/@
Dozb\V WKH VDPH UHJDUGOHVV RI WKH FRQFHQWUDWLRQ 7KLV
RU 3 SDUWLWLRQ FRHIILFLHQW ™ DQG LV H[SUHVVHG LQ / NJ

7KH LVRW KihUd®io IC/@decrease as the concentration of the solute increase giving a concave
curve. This suggests a gradual situation of the solid. Two subgroups can be distinguished: either the
curve reaches a strict tray (the solid in a limited sorption capacityo plateau is observed.

7KH LVRWKMUR W4V VSHFLDO FDVH RI WKH LVRWKHUP / ,Q WKDW F
although this is not a strictly thermodynamic standpoint

7KH LVRWKH&is|sigfoidal shape and thwasta point inflection. This type of isotherm is

met in two cases: in one hand, where a compound is more easily adsorbed on a surface already covered
by the soluble, and on the other hand, the presence of a soluble ligand which will limit the sorption
phenanena. The meal species may be subject to this second phenomenon: low metal concentration,
sorption is limited by the presence of sorption takes place. The inflection point then illustrates the
concentration at which the sorption exceeds complexation @oluti

The most commonly used for modeling their models are those of Freundlich and Langmuir
(Limousin et al., 2007)

11.2.3.1 Freundlich model

Freundlich isotherm is an empirical equation. This equation is one among the most widely used
isotherm is capable of describing the adsorption of organic and inorganic compounds on a wide variety
of adsorbents including biosorbent. Thigiation has the following form.

Equation 1 L o i’
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Equationljcan also be expressed in the linearized logarithmic:form

Equation 2 L u E- f

Where @ represents the metal phase concentration efteilibrium (mg/g), Gis the final metal
concentration in the solution at equilibrium (mg/L) of adsorbed in solutip@ni n are Freundlich
constant incorporating the factors affecting the adsorption capacity and adsorption intensity
respectively. The Ipt of logg: against lo@. gives a liner gaph slope 1/n and intercepgbgKs from

which n and Kcan be calculated respectively.

On average, a favorable adsorption tends to have Freundlich constant n between 1 and 10. Larger
value of n (smaller value of 1/n) implies stronger interaction between biosorbent and heavy metal
while 1/n equal to 1 indicates linear adsorption leading émtidal adsorption energies for all sites.
When n value of higher than unity (n less than one), it suggests the presence of curved upward
isotherm, sometime called as solventaffinity type isotherm.Within this type of isotherm, the
marginal sorption emgy increases with increasing surface concentration. In this case, strong adsorption
of solvent as a result of strong intermolecular attraction within the adsorbent layerq 8iteu2001)

Adsorption capacity is the most important charadieresf an adsorbent. It is defined as the amount of
adsorbate taken up by the adsorbent per unit mass of adsorbent. This variable is governed by a series of
properties, such as pore and patrticle size distribution, specific surface area, cation exchaitgeptap

surface functional groups, and also temperature. Most of the adsorption capacity for biosorbent (obtained
from FreundlichK; parameter) is quite low. Different types of bio sorbents are still attractive due to its
biosorption advantages and ceffectiveness for metal biosorpti@Rebrianto et al., 2009)

As a robust equation, Freundlich isotherm has the ability to fit nearly all experinagistarption
desorption data, and is especially excellent for fitting data from highly heterogeneous sorbent system.
Accordingly, this isotherm can adequately represent the biosorption isotherm for most of the systems
studied.Still, in some cases, Freuiddt isotherm could not fit the experiment data well (as pointed by the
low correlation values) or not even suitable for the biosorption equilibrium expréBarahet al., 2007)

As a precaution note, Freundlich equation is unable to predict adsorption equilibria data at extreme
concentration. Furthermore, this equation is not reduced to linear adsorption expression at very low
concentration. Moreover, it does not have limit exgi@s at very high concentration. The
concentration obiosorbend needs to be randdefore experiments.

11.2.3.2 Langmuir model

Langmuir model is widespread used model for describing heavy metals sorption to sludge as
biosorbent. Langmuir equation relates tbgarage of molecules on a solid surface to concentration of

a medium above the solid surface at a fixed experiment condition of temperature. This isotherm based
on the assumption, namely adsorption is limited to monolayer coverage, all surface sitie aredal

only can accommodate one adsorption atom and the ability of molecules to be adsorbed on a given site
is independent of its neighboring sites occupancy. By applying these assumptions, and a kinetic
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principle (rate of adsorption and desorption frdra surface is equal). The Langmuir equation aan b
written in the following form:

Equation 3 L

This equation is often written in the linear forms:

Equation 4 LR

Where: @ is amount of compound sorbed (g/kg or mol/kg) ardsConcentration of compound in
soluble (g/L or mol/L)at equilibrium; chax is maximum adsorption capacity of the solid studied
(g/kg or mol/kg) K.: Langmuiraffinity constant (L/g or g/mol).

Langmuir model assumes uniform energies of sorption onto a homogenous sorbent surface and no
migration of the sorbate in the plane of the surface. Because sludge particulates are the heterogeneous
materials, the informatio derived from the application of the Langmuir model must be taken with
precaution. However, and as pointed out for the Freundlich model, it is a model also widely applied to
describe metal sorption in sludge or g6ikbrianto et al., 2009Base on analysis parameters, we can

have more information of the adsorption processes such as the metal binding takes place as a passive
mechanism based on the ofieal properties of surface functional grouptammaini et al., 2007a)

The mechanismnvolved in metal adsorption are complicated, therefore the interpretation is very
difficult (Zorpas et al., 2011 Jsually these mechanisms are related to electrostatic interaction, surface
complexation, iorexchange, and precipitation, which can occur individually or in combination.
Moreover, pretreatment of adsertis improves physical and chemical properties ofsbitent,

increase the adsorption capacity and prevents organic leaching, while chemical modification makes
some improvements on surface active sites, liberates new adsorption sites and enhancesamechanic
stability and protonatiofLaurent et al., 2011a)

x Comparison between CAS and granularlsidge

Conventional activated sludge and granular sludge show limited differences in metal uptake capacity
in batch mode studies. The maximum adsorption capacity as main factor indicates the heavy metal
biosorption capacity on the sludmsummarizes the maximum adsorption capacities of sludge.

As can be seen fro@able 5|granu|ar sludge has comparable adsorption capacities with activated
sludge. Furthermore, the dense structure and excellent settling ability of granular sludge make granular

sludge feasible for heavy metals sorption.

Adsorptioncapacity is highly dependent, for a considered metal, on the kind of sludge (CAS/granular sludge)
and on the kind of implementation process. In the same sludge treatment method such as dried CAS,
almost studied shows higher Cu adsorption ability in sluzigated from real industrial wastewater

than that in domestic synthetic wastewater. Besides, for instance, with the same type of domestic
wastewater, granular sludge can enhanced more Cu adsorption capacity, compared to CAS. This could
be explained basenodenser structures of granular sludge and diverse characteristics of organic
functional groups which lead Cu easier for adsorption.
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Table 5: Maximum adsorption capacities (Ghax) Of different sludge towards heavy metals

Heav Adsorption
Sludge Sources of sludge y capacity References
metals
(mg/g)
Powdered WWTP cu(ll) 277 Kargi and Cikla, 2006_;
. _ Pamukoglu and Kargi,
activated sludge (Paint company) Zn (Il 82.2
(2007)
WWTP
Cu(ll 91 Zare et al.(2015
(Paper company) ul) ( )
Cu (Il 10.6
Cd (Ih 9.6 Ong et al.{2013)
Dried activated Ni (1) 18.6
sludge SBR Cu (Il) 20
(lab scale reactor) Cd (I 13
Ni (11) 11 Lawson et al.(1984)
Zn (Il 3
Cr (1) 10
i SBR
Aerobic zn (Il 64.44 Wei et al.(2016)
granules (lab scale reactor)
Disintegrated SBR
. Cu(ll 40.71 Wang et al.(2010a
aerobic granules (lab scale reactor) u(ll) g ( )
Sr (1) 28.8 Li Wang et al.(2013)
Aerobic SBR Cu (I 121.79 Luo et al.,(2016)
granular sludge (lab scale reactor) Cd (II) 566 Liu et al.,(2003c)
Ni (I1) 48.27 Xu et al.,(2006a)
UASB full-scale reactor+ van Hullebusch et al.
. Co (Il 18.76 ;
(paper mill wastewater) (1 (2006)
UASB full-scale reactor
Ni (11) 6.5 Bartacek et al(2010c)
(alcohol wastewater)
Anaerobic Pb (Il 255
granular sludge L;ASB reac;ori. Cd (1) 60 Hawari and Mulligan,
(cheese production cu(ll) 55 (2006c)
wasteater) _
Ni(ll) 26
UASB full-scal t Co (1l 11.71
! .sca © reactor 9 (i Osuna et al(2004)
(paper mill wastewater) | Ni (Il) 13.33
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[1.2.4. Factors affecting biosorption

Biosorption is highly dependent on technology of wastewater treatment, type of concentration and
oxidation state of metal, sludge and influent composition, pH of wastewater, type of microorganism
(Bartacek et al., 2010c; Zhang et al., 2019w, study on effecting factors on adsorption is the key to
understand the heavy metal bioavailability on sludge.

11.2.4.1 Element type properties

The sorption of heavy metals depends on the type, properties and nature of the elements involved
(Cecen et al., 2010; Klapwijk et al., 1974; Ong et al., 2Q05a)

X Comparison between CAS and granular sludge

Among the numerous methods to measure metal adsorption ca2eipn et al., 2010; Klapwijk

et al., 1974; Ong et al., 2005a) has been difficult to compare results obtained with the different
methods. For example, the following sequences of heavy meal adsorption on bacterial communities in
activated sludge have ée reported: Cd > Cu> Zn > Cr >Pb, Cd > Cr > Cu > Zn. These discrepancies
between the two samples probably resulted from both the type and structure of the bacterial which
affected the adsorption of heavy metal on sludge.

Generally, increasing the heavetal concentrations in sludge resulted in a corresponding the adsorption
of heavy metal. The study gfawson et al., 19843howed that Cu is the most adsorbed on activated
sludge microorganisms. Other stuofyOng et al.,(2005b)indicated Cd is less adsorbedrthdi. The

several of Ni and Cd in the adsorption could probably be explained by the reduction of these metals
during oxygen uptake of the sludge microorganisms. Heavy metal adsorption experiments performed on
activated sludge reveal an uptake sequencelof ISi > Cd = Cr > Zr{Lawson et al., 1984)

The relationship between anaerobic granular sludge and heavy metals adsorption were directly
proportional to metal properties. It was reported that the adsorption of Zn and Pb on aerobic granular
sludgeas greater than Cd at thanse pH and experimental conditioshmad et al., 2010a)By
comparison between Co and Zn adsorption, aerobic granulaestadgadsorb Co alone more rapidly

than Zn alone from aqueous solutiof&un et al., 2008)In the sense of chemical reactions, the
reaction order is directly related to the reaction mechanisms.

11.2.4.2 Heavy metal concentrations

High heavy metal adsorption capacity depends on sorgities) of high selectivity, which have relatively
strong bonding energies. Otherwise, heavy metal sorption becomes unspecific at higher element
concentrations, when the specific bonding sites become increasing o¢Bapredkoglu and Kargi, 20Q7)

At low element concentrations, elements are mainly adsorbed onto specific sorption sites, while at
higher element concentrations, sludge loseesofrtheir ability to binding trace elements as sorption
sites overlap, thus becoming less specific for particular metal ions. This in turn, induces a reduction in
element sorptioffYunus Pamukoglu and Kargi, 200e sorption isotherms, which were best described
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by the Freundlich curve fit model-turve type), shows refeely high affinity of sludge for adsorbates at low
element concentrations. This affinity decreases with an increase in the proportion of the surface covered with
the adsorbatéAhmad et al., 2010alk is possible to distinguish two types of sorption sites:

- High affinity sites, which responsible for element sorption at low added element concentration

- Low affinity siteswhich are responsible for element retention at higher added element concentrations
x Comparison between CAS and granular sludge

Pamukoglu and &rgi, (2007)study the Cu adsorption on conventional activated sludge in the range of
Cu ions concentration between 50 and 300Lmdhey found that at low Cu ion concentration the
binding sites on the sludge surfaces were in excess of Cu ion avail@geeous phase yielding low

Cu ions concentration in solution. However, when the feed Cu ion was increased, Cu ion concentration
exceeded the binding sites on sludge surfaces yielding high Cu ion concentration in solution
(Pamukoglu and Kargi, 2007)

Initial metal concentration provides an important driving force to overcome all mass transfer resistances of the
metal ion between the aquecand solid phases. Hence, a higher initial concentration of heavy metal ions will
enhance the biosorption procd€dulnaz et al., 2006)The study ofBenaissa and ElouchdR011)

obtained the amount of Cu biosorbed on drying activated sludge at the equilibrium increases with the
initial Cu concentration: 9.21 mg/g{€ 20 mg/L) and 59.41 mg/g (& 500 mg/L).

Zhou et al., (2013study the adsorption of Cu on fresh powdered anaerobic granular sludge (PAGS)
and disintegrated anaerobic granular sludge (DBRGS) when the initial concentration of Cu (ll)
changed from 100 mg/L to 400 mg/L. At initial Cu concentration of 100 nigé.adsorption amount

of copper by methanogenic PAGS and DB&RGS was only 17.65na 8.71 mgCu/dPAGS. When the

initial concentration of Cu (II) increased to 400 mg/L, the adsorption amount of copper by
methanogenic PAGS and DIRAGS werancreased to 301 and 27.94 mgCuAGS, respectively.
Higher initial concentration could improve the transfer of metal ions from solution to solid phase.

11.2.4.3 Sludge properties

x EPS composition and chemical functions associated

The metal ions can be retained by some of tleahial biomass through the interaction between the
positively charged metal ions and the binding sites on the cellular wall of microbial biomass.

In general, almost heavy metal adsorption on sludge studies focused on the maximum adsorption
capacity of acertain kind of wasteludge. Thesestudies failed to investigated the source and
characteristics of the sludge used for the biosorptiongss. In fact, sludge samples have often very
different physicechemical properties due to the kind of process implemented and to the composition
of the effluent(Lister and Line, 2001)Therefore, the EPS component distribution in sludge also
varied. Type of EPS functional groups will dées the main interaction between sludge and metal ion,
which isindividual, or complexes, complexation, ion exchange and/or precipitatigr{Fejare 15
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Figure 15 Schematic diagram oimechanismof metal - EPS interaction and precipitation(Li and Yu, 2014)

In the last decades, a lot of publications demonstrated that EPS composition had very strong influence
on trace metal element sorption ability in waste activated sl(@g#aud et al., 2009)n addition,

thermal hydrolysis of activated sludge can increaséitiing site on surfa¢¢hereforeenhance HMs
adsorption by complexation and precipitation with functional groups such as carboxyl or phosphate on
disintegration of activated sludgleaurent et al., 2011bHence, activated sludge could be considered

as a biosorbent with different functional groups such as carboxylic acid, carboxyl and amjpe grou
(Gulnaz et al., 2006; Laurent et al., 2011a)

Several study aimed at explaining the functional groups and adsorption mechanisms between heavy
metals and biopolymel.uan et al.(2011)revealed that carboxyl and hydroxyl groups have been found

to be primarily involved in the heavy metamplexation by forming stable complexes under neutral pH
solution. Phosphoric amine and amidocyanogen of proteins, polysaccharides and phospholipids could
also become negatively charged and serve as effective metal binding lQadesir et al.,(2003lso

found that the carboxyl groups were negatively charged in neutral pH solution, and attracted positively
charged cations through electrostatic interaction and form organometallic cofrgubexet al.(2011)

further mentioned that nitrogen in amisogars and oxygen in hydroxyl and carboxyl were the main
electron donor atoms, which were prone to preferentially bind with soft metal cations of strong covalent
characteastics and then form innetsphere complexes.

Moreover, the formation of functional groups in sludge could be enhanced with pretreatment method
such as heating, autoclaving, acidic treatment and alkali treatment and then improve trace metal
element sorjpon (Kargi and Cikla, R06; Shroff and Vaidya, 2012)

Zare et al.{2015)compared the adsorption capacities of Cu, Ni, and Cd ions onto the fresh activated
sludge and dried sludge (at 1@5and 24h). They indicated that the adsorption capacity of these ions
on fresh activatedludge were significantly greater than dried sludge according to the kinetic models.

Many studies have shown that aldehyde, carboxylic, sulfhydryl, phosphoryl, hydroxyls, amine organic
and acidic functional groups of sludge were implicated metal ionsvanfimm aqueous solutions
(Zzhang and Banks, 200@argi and Cikla(2006) demonstrated that waste activated sludgergaeed

with 1% HO, improve the Cu biosorption capacityhe author hypothesis that.® oxidized or

-44-



Part 1 : BIBLIOGRAPHIC SYNTHESIS

activated some functional groups on the surfaces of bacterial biomass and provided more suitable
surface characteristics for attachment of Cu {@&mnukoglu and Kargi, 2006)

The ability of dried anaerobic activated sludge to adsorb phenol and chromium (VI) ions in a batch system
were investigated byAksu et al., 2002)The cells of dried anaerobic activated sludge bacteria were
effective for simultaneous removal and separation of phenol and)@orfs from aqueous effluents.

x Case of granular sludge

Among different kinds of waste sludge, anaerobic granular sludge often has higher biomass content.

Obviously, characteristic of such waste sludge might depend on the treatment processes in many ways
and affect the heavy metal adsorption. Anaerobic granular characteristics such as growth environment,

microbial community and physical structure affected largely the biosorption capacity.

However, the mechanisms of binding between the material and themBRSules are not well
understood and a lot of studies on the mechanisms of the binding of heavy metals to sludge conclude that
different binding sites are involved depending on the type of sludge (cell wall, EPS, polysaccharides, etc.)
and the experimental conditions (pH, temperature, ionic strength, metal ions, concentration, ratio
bacterial mats/metal ions, etpresentedihe effect of EPS on heavy metal adsorption on sludge.

EPS components of sludge were extracted by different method according to the different studies.

Liu et al.,(2003d)studied the feasibility of aerobic graeslfor Cd removal from industrial wastewater.
A kinetic model was developed to describe Cd biosorption by aerobic granules. Results showed that the
Cd biosorption on aerobic surface was closely related to both initial Cd and granule concentrations.

Guibaud et al.(2012a)investigated Cd (Il) and Pb (ll) sorption by EPS extracted from anaerobic
granular biofilms. EPS displayeal better binding ability for PKll) than Cd (ll) due to the strong
binding capacity between heavy metal and EPS. Heavy metal may be trapped in thk oE&RS
matrix to form metaEPScomplex during sorption process.

For granular sludge, EPS plays the primary role in the adsorption of hestay iomns on granules.
According to the research biu et al, (2015a) the abundant carboxyl hydroxyl groups located on protein

are the main adsorption sites, and the high protein content of EPS leads directly to the extremely large
capacity for adsorption of heavy metal ions. Moreover, the metal ions (such as Pb, Cd) and Z
adsorbed onto EPS through the complexation function by measSQ@® and £H under laboratory
conditions presented a close relatitoetween the good adsorption properties of granules, the
excellent adsorption performance of EPS and the high protein content ¢fige&al, 2015b)
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Figure 16: Schematic diagram of adsorption of heavy metal ions onto EPS extracted from
aerobic granular sludge(Liu et al., 2015b)

According t the removal of metal ions via either activated sludge system or granular process
can be enhanced by improving the PN content in the EPS as biopolymer. During activated/granular
sludge formabn, nutrient (C, N, COD., etc.) levels and proportion in wastewater have significant
effect on the composition of ER®urmaz and Sanin, 20Q1As for the EPS extracted as adsorbent,

the extraction method of the EPS can be adjusted to obtain high PN and/or PS proportion which
depend on sludge characteristic and purposes of study. Almost results suggested CER was the best and
popular method to extrged high protein content biopolymers from activated/granular sludge.
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Table 6: The effect of EPS components on sludge to heavy metal adsorption

Sludge :i?gé EPﬁqgﬁgg%cstlon EPS components Role of EPS on adsorption procss Refs
EPSPN as biosorbent of Cu was 2.34 times
Phosphate buffer | PN: 25.49mg/gVSS . . L |
o Cu (1D solution and CER | PS 139 30 ma/aVss much_as the adsorption capacity of disintegrg Wang et al.(2010a)
E PN: 52.6% i '?'(re\mblc %ranL:]eS d [ ma
o : 52.6% e carboxylic groups and amingroups y
2 Cu (1D UItraszo;kr:_d' reactor PS 30.7% coordinate to Cd and Zn ions as chelaf Z.Zhang et al(2014a)
§ ( 2) NA: 16.7% (bidentate) complexes.
G Series of bench scal PN: 21%- 35% PN were identified to be the key constituents
< Cu(ll of chemical PS 24-70% feature of the biopolymer responsible for bindi Zhou et al.{2016b)
compositions NA: 9-41% heavy metals.
4 PN-like substances were more susceptible to
= PS 5.92 mg/g (I binding than humic % like substances. Th .
E Zn(ih The heat method PN: 23.55 mg/g main functional groups for complexation of 2 Wei et al. (2016)
3 and EPS were @l and C=0 groups
'g Pb (1) CER PN: 86.8% Dominant  adsorption mechanisms  wg '
E Cd (I (75gCER/GVSS) PS_9.7% complexation by carboxyl and hydroxyl groups Liu et al.,(2015c)
Zn (I HS: 2.3% PN-heavy metals
The values varied Pb and Cd seem to bound different with the E
Pb (I Nine different according to the a higher binding capacity was observed for G 1 8 et al.(2010)
S Cd (1In techniques ing than for Cd and extraction protocol has strg '
S extractionmethods .
S effect to adsorption process.
2 The cu migrated from the soluble EPSEBS) to
- The heabxtraction the bound (BEPS) and then accumulated on
S Cu(ll method Not mention cell surfaces, entered the cell or converted to if Zhang et al.(2015a)
> cores during exposure to the ovdoaded
2 environment.
% Zg ?;OSGmn%/g%g Mechanism of proton exchange is likely to
c Pb(l1) CER PS. 93 1.m he involved in the Cd oPb binding by EPS extracte Guibaud et al (2012b)
< Cd(n (70g CER/gVSS) UA: 4 4 m g/ 9 from anaerobic granular sludge. Pb display '
C 9 g. better affinity for EPS than Cd as function of.pH
NA: 7.0 mg/g;

PS: Protein componentsPS: Polysaccharides componentS : Humic like substancesNA : Nucleic acids componentdJA : Uronic acid components
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As previously observed for waste activated sludge, granular sludge treatments could impact their sorption ability.
X Thermal treatment

Zhou et al.(2011)studied the biosorption efficiency of Gan on methanogenic anaerobic granules and
SWKHUPDOO\ GULHG” DQDHURELF JUDQXOHYV DW WKUHH GLITHUHQW
that the biosorption efficiency of Cu ion on fresh methanogenic anaerobic granules was always higher

than driel anaerobic granules. By comparing adsorption at 25°C to that at 45°C, the biosorption amount

of CU** by fresh anaerobic granules decreased by 68%, while dried anaerobic granules decreased by 60%.

Hawari and Mulligan,(2006c) studied the biosorption of Pb, Cd, Cu and Ni by viable Aiable
anaerobic granular biomasA. nonviable anaerobic granule was prepared by during anaerobic biomass at
50°C for 6 daysThree viable biomass obtained separately from nonviable biomass was treated \MtiH@)2

0.02 M KOH and 0.01 M Ca(OH)They found that for the 4 metal ions studied, the uptake capacity of the
viable biomass was higher than that of the nonviable sentéor the viable biomass the metal uptake is
also facilitated by the production of metahding proteins.

Therefore, the higher uptake capacity of the viable biomass could be due to the active uptake of the
biomass. Active uptake by the cell membrarseially requires energy from the cell for the transfer
process. This process can be highly selective and often irreversible unless the living system is destroyed.

Another possible explanation why sorption was higher for the viable biomass is the difierencace

area of viable and newiable biomass. The biomass was killed by basically drying the biomass in the
oven. Water was most abundant single compounds in the cell and it makes almost 70% of the total weight
of the cell. Thus by drying the biomasso the form of pellets the surface area of the cell would decrease,

i.e. less area is exposed to the metal ions, therefore, less metal uptake.

Furthermore, according to the analysis of specific surface area, the dried powdered methanogenic granules
(6.7%7 ntflg) had much more surface area than the powdered disintegrated granules (376389 m
Obviously, the methanogenic anaerobic granules, which had less smooth structure and more surface area,
could have a better biosorption capacity.

x Disintegration

Thestudy ofWang et al., (2010aimed to investigate the performance and mechanisms of the adsorption

of heavy metals by disintegrated aerobic granular sludge. Cu was selected as a typical candidate of heavy
metals pollutionsDisintegrded aerobic granular sludge holds greater potential for the removal of Cu
than initial aerobic granules, and Cu biosorption capacity increased with the increasing oftsi (3

Cu biosorption was associated with a significant release of Ca from disintegrated aerobic granules. EPS
played an important role in biosorption, but its efficiency was restricted by the spatial structure of
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granules. Functional groups of disintegrated aergkanules contributed ©u adsorption in the order of
-COOH >-NH; =-OH >-PQ¢.

Hence, sludge characteristics have strong effects to heavy metals adsorption. In our knowledge, very limit
research study on comparing of heavy metal adsorption capacitgtivated sludge and granular sludge.

But from these points of view we can see that the different sludge properties between activated sludge and
granular sludge might affect to heavy metal adsorption capacity. These comparisons need to be obtained
from the same experimental conditions such as sludge environmental creation, heavy metals species,
sludge treatment method, etc.

X Granules

Adsorption is a mass transfer that depends on effectively surface contact between the target metal ions
with the solid sludg surface. Generally, mixing condition in adsorption reactor provide better contact
between the heavy metal and sludge since heavy metals are not in contact with each other due to complete
mixing. Mixing can improve the rate of adsorption due to complgtzaction between the phases, which
provides a homogeneous mixture and therefore better control of the environmental conditions.

At high metal ions and low sludge concentration the rate is limited by the availability of sludge surface or
binding sites. On the contrary, a limitation of adsorption was observed at high metal concentration and
large particles. Accordingly, the adsorptiate increases with decreasing particle size. The total surface
area of sludge particles increases at small particle size, thus leading to an improvement of the heavy
metal binding to functional group on the surface of sludge and to a rise of adsaffiddencies

(Yunus Pamukoglu and Kargi, 2007)

x Comparison surface inpact to HMs adsorption between CAS and granular sludge

As mention above, various types of sludge have been used as biopolymer for binding heavy metals, such as
sewage activated slud@l-Qodah, 2006; Hammaini et al., 200,7thied activated sludg@\ksu et al., 2002;

Wanget al., 2006) aerobic digested activated sludge Zhang et al., 2014b; Zhou et al., 201 Gakali

modified sewage sludge #odah, 2006) and aerobic granular sludfigu et al., 2003k
Macromolecular biopolymers in the surface sludge play an important role in the adsorption of heavy
metals by sludg€G.-P. Sheng et al., 201Qbjerobic granules often produced by selfggregation of
suspended flocs activated sludge have more compact and stronger structure and larger surface area than
activated flocs structur@Ozdemir et al., 2003b)Campared with the sludge flocs, the maximum HMs
adsorption amount for aerobic granules was much hi@Bar et al., 2008; Xu and Lit8008b) which

could be attributed to their compact structure, greater biomass preservation and high surface area
(GonzalezGil and Holliger, 2014, Liu et al., 2009byhey also demonstrated that surface complexation
might have occurred between hydroxyl group and HMs.
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Aerobic granules could be used as an effective adsorbent to remove Culhikie lawge specific surface
(Wang et al., 2010b)

Wei et al.,(2017) compared the Zn, Cu adsorption ability on EPS of three kinds of sludge: activated
sludge, anaerobic flocs sludge and anaerobioujma sludge. They indicated that surface polarity
(hydrophobic/hydrophilic) distribution of the sludge EPS affected thedsorption processes of Zn and

Cu. Surface hydrophobic of sludge EPS had a relative higher specific surface area and complex
macronolecular structure of anaerobic granules than that of anaerobic flocs and activated sludge which
led to higher Cu and Zn adsorption on anaerobic granules. Hence, they proposed that the hydrophobic
EPS combined with the element Zn and Cu preferentiallyfemded the EPS/heavy metadmplex on

the surface anaerobic granular sludge at the initial stage of adsorption.

Ozdes et al.(2014)assumes uniform energies of sorption onto the surface and no transmigration of the
sorbate consequence, the surface adsorption of étiMsludge determination by the Langmuir model
could be used. The value of maximum adsorption densitydicated that anaerobic granular sludge was
efficient in surface adsorbing the heavy metal of Zn and Cu, wjttal@e of 1157.6 mg/g for Cu and
721.7mg/g for Zn comparing with anaerobic flocs and/or activated sl(\tige et al, 2017)

11.2.4.4 Sludge concentration

Heavy metal ions adsorption increased at high sludge contents due to increased occupation of binding
sites on biosorbent surfaces. For example(Ramukoglu and Kargi, 2007)Cu ion concentration
decreased in the effluent with increasing amounts of the sludge due to larger sediaoebanding sites

on sludge surfaces at high sludge concentration.

The experiment oPamukoglu and Kardi2006)showed that the extent of Cu biosorption was limited by

the availability of the binding sites on the sludge surface. Low biosorbent contents such as 1g or 2g
resultedin high residual Cu ions in soloti. At high sludge contents such as 5g or 6g of suspended solids
concentration, large fractions of Cu ions were biosorbed onto sludge surfaces resulting in low residual Cu
concentration in solution.

Moreover, the rate of heavy metal adsorption on sludigme iacreased with high sludge concentration.

This is due to increasing binding sites in that condif®danus Pamukoglu and Kargi, 200However,

Ahmad et al.,(2010b) precise that it is necessary to take also in consideration the amount of sorbed
copper as a function of sludge volume since large amounts of heavy metal ions can be removed from a
lower volume of sludge solids.

The optimal sludge concentration for heavy metal adsorption depends on sludge properties and
experimental conditions: at high sludge solid concentration, and increase in sludge pH, biosorption of
metal ions decreased consideradihmad et al., 2010a)
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To date there is no comparisons of the impact of sludge concentration on HM adsorption for |a given
concentration of activatesludge versus granular sludge

11.2.4.5 Sludge pH

The pH in sludge solution directly and indirectly influences all chemical processes, and consequently the
behavior of heavy metal adsorption on sludge. The solubility of the heavy metal that occurs as free
hydratedcations generally increases with decreasing(thus Pamukoglu and Karg?2007) Various

factors explain this behavior:

x Competition for sorption
x Decreasing pH creates more negative charge of the sorption complex

x Dissolution of sludge components

The sorption of element is generally acknowledged to be directly proportiaiatie pH. In addition, sludge

pH plays a major role in the sorption by precipitation mechanisms of heavy metals due to the carbonates and
phosphates ionic species. An increase in the sludge pH, increase cationic heavy metal retention to sludge
surfacesvia sorption, innesphere surface complex, and/or precipitatiod amultinuclear type reactions.
Increased element sorption with increasing pH is attributed to changes in the hydrolysis state of ions in
solution, therefore explaining heavy metal easyrgtism on sludg€Xu et al., 2006hb)

As mentioned before extracellular polymeric substances (EPS) are reported to be actively involved in the
biosorption of metals by sludge. In sludge, EPS form the matrix where bacterial cells are embedded and
involved in the formation of microbial aggregate@dhesion to surfaces, flocculation, ions sorption and
water retention(Guibaud et al., 2012bEPS components contain many functional groups suchtas O
groups, aride |, carboxyl groups, ©-C, phosphate, etc. The interaction between heavy metal ions and
these EPS functional groups depend on pH solution condition. So, EPS is important factor for heavy
metal sorption on sludge.

In more details, pH is an important pareter in biosorption of metal ions since variations in pH affect the
surface charge of biosorbent and also the solubility of metal ions.

x Case of copper: conventional activated sludge.

Yunus Pamukoglu and Karg@R007)found that Cu ions are known to pigtate in form of hydroxides at pH

values above 5 on activated sludge. The rate of adsorption increased with increasing pH due to increasingly
negative charges on sludge surfaces and low@righl concentration competing withe Cu(ll) ions at high

pH values. In addition, the pH of metal bearing wastewater varies dieatigissa and Elouchdi, 2011bhe
interactions between sorbate and sorbent is affected by the pH of an aqueous medium in two ways: firstly,
since metal ions can have differespeciation forms at different pHsecondly, the surface of the
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biosorbent consist of biopolymers with many functional groups, so the net charge on biosorbent, is also
pH dependeniVill aescusa et al., 2000)he distribution diagra of Cu species as a function of

pH show that only cationic species @GuUCu(OHY) are present at low concentration in solution, thus
indicating high Cu adsorption on sludge. Accordingly, at the lower pH values, the surface charge of the
biosorbent is positive, which is not favorable to Cu ion biosorpteanwhile, hydrogen ions compete
strongly with metal ions for the active sites, resulting in less biosorption. With increasing pH from 3 to 5,
electrostatic repulsions between Cu ions and surface sites and the competing effect of hydrogen ions
decrease.Consequently, the metal biosorptioncrieases. Beyond pH fnsoluble Cu hydroxide starts
precipitating resulting in lowemaount of Cu biosorbed at equilibrium.

Figure 17: Effect of initial pH on the kinetics of Cu biosorption by dried activated sludge
(Benaissa and Elouchdi, 2011b)

x Case of copper: granular sludge

Luo et al.,(2016) also indicated that increasing pH had a positive effect on the Cu (Il) biosorption
capacity on aerobic granular sludge. They found that aerobic granules had a higher affinity constant for
Cu (Il) as the pH increasetdhey also indicated that the functional groups such as carboxyl group might
be involved in complexing with Cu (1) by analyzing FITR spectra of aerobic granules before and after Cu
biosorption in pH effect conditio. The pH influences the surface charge of these functional
groups of granular sludge, which consequently affect the Cu ion uptake by aerobic granules. As the pH
increased, the carboxyl growpould be ionized and the surface charge of sludge would become more
negative, resulting in an increase in the biosorption capacity of the sludge toward Cu.
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Figure 18 ATR - FITR spectra of aerobic granules before and after Cu bigorption (Luo et al., 2016)

According to Guibaud et al.(2012a) both cations Pb and Cake not sorbed by EPS on anaerobic
granular sludge at low pH&hen pH increase the amount of Cd and Piorbed by EPS increases
drastically. According to the relative positions of the gidorption, Pb appears to be more competitive
toward protons than Cd on surface sites. The major part of metal of metal in solution is sorbed by EPS
within a relative highepH range, varies over pH Bhe presence of a pH sorption edge is due to

1) protons exchange between the binding sites and the metal in the bulk solution, and 2) the
electrostatic binding sites (apparent pKa and number of proton binding sites) of tR8shake.
Moreover, the pH range was investigated {2165) and several functional groups harbored by EPS
(i.e., carboxyl, phosphoric, amine and hydroxyl si@® involved in Cd or Pb binding. The binding of
metal ions by EPS results from the contriboted different proton binding sites, which could explain the
relatively large pH range (about pH 6) of the-pbtption.

11.2.4.6 Temperature

Temperature is reported to influence the sorption mechanism by affecting the mobility of ions and the energy
of the moleculs. It was widely recognized that the decrease of biosorption efficiency with elevated
temperature was due to the decrease of liquid viscosity; this increased adsorbate diffusion on the adsorbent and
reduced combinations between the metal ion and funatiupg from granular sludgghou et al., 2013b)

The adsorption rate increased with increasing temperature due to high energy levels amdyfrefjue
interactions among the metal ions and the sludge particular at high temperatures. By consensus, other
study also indicated that increase in temperature might reduce the thickness, viscosity and density of
solution interface film, therefore promotexhs diffusion and biosorptioiiL. Wang et al., 2015)
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[l. Heavy metals dynamic in sludge application in
land spreading

lII.1.  Interest of sludge land spreading and legislation controlling
sludge land spreading in France and in Vietham

[11.1.1. Control of sludge land spreading in France

According to data collected by the statistical regulation on walsteit 4 5Mt of crude product, 1M of

dry matter of sewage sludgee produced in France (MEDE, 2010). This sludge is composed of water
and inorganic and organic solids. Sludge after stabilization process are disposed of by burning, put in
landfill or recycled in agricultural. In 2010, 639Mt of dry matter are spreathionland as fertilizer.
Today, 42% of the annual production of these urban sludge is spread on agricultural |and pyitr
composting (about OMt DS in 2011) and 31% after composting (0.3Mt DS), 18% incinerated and 9%
landfilled (EsoMafor, 2014). Thepreading of industrial and sewage sludge is ab&@% 2f the French
agriculural area, or 285,600 ha, att30S hal of raw material. Within 4 to 5 years usually separates two
consecutive spreading of sludgetbe same plot. Volunteer farnsawho spread sludge on their plots are
advised by the Chambers of Agriculture or private providers under state c@higpractice is strictly
regulated in the health and environmental point of view, to ensure both the ability of soil to perform
the functionof recycling and also the safety land application of the food chain and water (MEDE, 12014).
France 75% of the sludgeland spread

Indeed, sludge may contain traces metal. To avoid trace metal enrichment of soils subjected to sludge spreading,
Francehas adopted a regulatory framework (Decree of December 8th 1997 and Decree of January gtiri®98)
beyond the European standards (Directive 86/278/EEC) as pre the levels of metals are
analyzed in sludge and in soils prior to any application.

Table 7: Concentration limits in trace elements and trace organics for regulation of the spreading
of sludge (January & 1998)

Heavy metals Limit values in sludge (mg/kg DS) Max;m duuTaf};nnogptlgcféJ;;g/% over

Cadmium 10 0.03
Chromium 1000 1.5
Copper 1000 1.5

Mercury 10 0.015
Nickel 200 0.3
Lead 800 15
zZinc 3000 4.5
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[11.1.2. Sludge management situation in Vietham
X Wastewater and sludge management

In Vietnam, a nationwide survey in 54 provinces/cities in 2001 found that 75% of domestic wastewater in
large cities and 45% in smaller cities are discharged into sééleais 2007) In urban areas, the wastewater
almost includes wastewater from industries, hospitals and agricultural ac{ipitiesng et al., 2010ah

recent years, there has been a rapid increase of industrial activities in Vietnam that generate a significant
amount of industrial wastewater and industrial sewage sludge (LBCD, 2010). Especially, thebgpchi

as Hanoi and Ho Chi Minh have experienced a rapid economic growth and urban expansion in the last
couple decades. However, appropriate cities planning and wastewater management for both industry and
household have not been done. Most of manufestuese established in the 1950s with almost assistance
from China. The plants are old and are not equipped with appropriate wastewater treatment facilities
(Nguyen et al., 20)0Instead, in many cities, industrial wastewater is sometimes dischargeduimitzipad

collection systems when an alternative is not availdbteBarreiro & Parkinsn, 2009. Industries close to

rivers tend to discharge their wastewater directly into these (iSedit et al., 2004)These activities caused
various environmental problems and required the emergency development of wastewater treatment technologies.

Sewage sludge is mainly treated by burial in landfill afg¢asng et al., 2015)The industrial sludge
collected represénabout 65% of the total generated sludge niBsmg et al., 2015)These data only
relate to factories registered at the Vietnamese enviatah protection agency. The fate of industrial
sludge that is not collected by authorities is unknown and it is most likely not treated properly. According
to (Thai, 2009) hazardous and toxic wastes from industrial activities are dumped on land, leading to
negative impacts on the environmental quality in Vietham. Thus, in Vietnam, not only wastewater but
also sewage sludge necedgsisaimplementation of techniques for treatment and environmental protection.

x Fertilization in agricultural activities

Like some Asian countries, Vietham has a long tradition in the use of wastewater in agriculture
(Fuhrimann et al., 2016; Qadit al., 2010) Reuse of wastewater as nutrient sources has become common
practice in Vietnam, especially in peturban areas. Wastewater was used for agriculture or aquaculture

in 93% of Vietnamese cities with total area estimated 908 ¢watt et al., 2004)

In addition, besides the use of chemical fertilizers, farmyard maRiid)(which is produced from pigs,
livestock and poultry are also used in agricultural land (NISF, 2003). Traditionally, Viethamese
households have used solid animal manure to fertilize crops in fields and g&tdan<t al., 2005)t is
estimated that about 75% of the &30 million tons ofFYM produces is used for rice and vegetable, and
the rest is applied to other crops such as coties, peppers, strawberries, .ekor a long time, the
biosolid from chicken or pig manures-composted with rice straw (composted manure) and chicken
manue were applied in agricultural at a rate of 20 tones/ha and 14 tones/ ha, respedtiyé{yi E Q
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Moreover, in rural area composting buffalo mang@kgo et al.,, 2011)pr composted human feces
(Khoa et al., 2005) are also commonly used as crop fertilizer.

In recent years, the use of sludge from wastewater treatment plant was also noted in some research for
supply organic matter and mineral nutrients for crops productions, especially sewage sludge from
WWTP, which often contained high amount of C, high raficC/N. Sludge from the paper industrial
WWTP (Xuan Cu, 2015)n North of Vietnam, and/or sewage sludge from WWTP of industrial parks in
South of Vietnam(Dung et al., 2015are used as fertilizer leading to additional elements in soil such as

N, P and organic matter, etc, required for plant growtbwever, in most of the studiethe sewage

sludge comes directly from the discharged point without any treatment method. Currently, the direct use
of municipal for agricultural soil application is not feasible due to its high pollution levels sucbhas hi
concentration of heavy metals were observed in sldiegag & al., 2015) Therefore, municipal sewage

sludge in urban areas of Vietham need to be treated with an appropriate treatment method to reduce
pollution level, to produce valuable fgroduct with low treatment cost.

X Sludge application on land regulationsn Vietnam

The application of sludge on land for agricultural purposes is strongly regulated at the EU and USA level
under the sludge directive, prohibiting the use of untreated sludge on agricultural land, except if they are
injected or incorporated into s@Dung et al., 2015However, there are no Vietnamese regulations related

to this issue due to the lack of sludge treatment stabilization andtmém technologies. The Viethamese
legislation (Nation Decree No. 59/2Q0a@nd Circular 12/2001/TFBTNMT (MONRE , 2007, 2011)on

solid waste management only specifies that solid waste must be classified, stored, collected, and treated
by appropriate treatent methods. These regulations do not provide more details on what is considered as
an appropriate treatment method. Current management options for sewage sludge include landfill disposal
without treatment; stabilization/solidification prior to landfilspgosal, and incineratiodMONRE , 2007).

At the present, there are no guidelines regarding sludge reuse for agricultural purposes, therefore, no
Vietnamese legislation until now for heavy metals limitation on sludge applisdils. Consequently, no
spedfic guideline exists for watesoluble concentration of heavy metals in waste sludge regulated by the
Vietnamese environmental legislatiorlowever, the Ministry of Natural Resources and Environment
provides the National Technical Regulation on Undergtauater qualitytNTRUWQ. The concentration of

heavy metal can be considered as an indicator for the risk of water contamination caused lagdon
application of sludge-lence, we perfoned a comparison between the heavy rmetahcentration in leaching

water and the PTEs contents in underground water quality following the National Technical Regulation
NTRUWQ (MONRE, ®08) to evaluate the risk of heavy metalaching from sludge land spreading.
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l1l.2.  Effect of sludge amendment on soil properties and heavy
metal bioavailability

Land application of sewage sludge is both environmentally and economically advisable. It provides organic
matter (OM) to soil and this addition may represent a good alternative to prevent degradation of soils and to
improve many physid¢groperties of agricultural soils such as water holding capatration, porosity and
cationexchange capacity. Moreover, the application of this residue offers the possibility of recycling plant
nutrients with the beneficial effects on soil fertibityd plant nutrientéScotti et al., 2015)

As the sewage is treated, it goes through a series of processes that recimeehtrations of easily
decomposable organic materials. The insoluble solid residue remaining after sewage treatment is referred as
biosolids, domestic wastewater residuals, or sewage sludge. The safe disposal of the sewage sludge is one of
the major envonmental concerns throughout the world. Disposal alternatives that have been tried include soil
applications of the sewage sludge are suggested to be the most economical sludge disposal methods.

Figure 19: Schematic representabn of the effect of organic matter amendments on soils by acting
as sources of carbon, nitrogen nutrient and heavy metal leachir{§coti et al., 2015)

As widely reported in literature, the use of sludge amendments increase soil organickhattgrand

Kaleem Abbasi, 2015; Thangarajan et al., 201&i1)sequence soil aggregate stability, water holding
capacity and soil porosity, thus improving soil quafitgroy et al., 2008)As presence the

latter soil properties is strongly correlated to soil organic C, since the additidge as one type of
organic material amendments normally increase soil organic C and conversely decrease soil bulk density.
Sludge can affect directly or indirectly to soil physical properties or heavy metal distribution or
mobilization due to sludgetabilization process or sludge characteristics. The interaction of soil and
sludge components to heavy metal impacts the heavy metal speciation and leachability.
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[11.2.1. Effect on nutrient contents in soil (fertilizing value), effect on soll
structure (amending v alue)

Land application of sewage sludge has great advantagegiew of its fertilizer and soil conditioning
properties, unless it contains toxic substances. The heterogeneous nature of sewage sludge produced at
different treatment plants and variatiobgtween seasons necessitates knowledge of the chemical
composition of sewage sludge prior to the land application. Characteristics of sewage sludge depend on
wastewater treatment processes and sludge treatment. Generally, sewage sludge is composéed of organ
compounds, macronutrients, and a wide range of micronutrient&essential trace metals, organic micro
pollutants and microorganisnfGaber et al., 2011)

Organic matter added to the soil as sewage sludge composts improved the soil properties, such as bulk
density, porosity and water holding capacitpper et al., 2010)The chemical properties of sludgeil

mixtures not only depend on the properties of the soil and sludge and the application rates of the mixtures,
but also on their interaction and soil pH. The effect of sewage sludge applitatgwmil on water
retention, hydraulic conductivity and aggregate stability showed that raw, as well as digested sludge
increased the total soil water retention capacity with the greatest increase in the raw sludge amended soil
(Singh and Agrawal, 2008afludgeaddition in soil caused a significant increase in soil hydraulic
conductivity after incubation. The raw sludge treatment had the highest percentage of stable aggregate of
the incubatior{Jien and Wang, 2013; Saad, 2016)

[11.2.2. Effect on soil pH

The soil physical conditions could be deeply modified by sewage sludge application. An increase in soil pH
has been reported in soils applied with municieategye sludgéUsman et al., 2012) owering of soil pH

is also reporteqOleszczuk et al., 2012 he changes in soil pH have been correlated with the calcium
carbonate content of sludge and acid production during sludge decomposition. Soil pH consideration is
especially important in viewf trace metal abundance in sewage sl8gegh and Agrawal, 2008a)

The changing of pH value when sludge applied on soil also affects the dissolution of metal in soil.
Singh and Agrawal(2008a)assuming that Zn, Cu and Ni behave similarly as pH varies when sludge
applied in soils, maintenance of a pH above 6.0 for grassland and 6.5 for arable soil which the sewage
sludge is applied were recommend@dstudy to evaluate the effect of pH on release of Zn, Cu and Ni

from the sewage sludge to soil showed that metal erdration released to the supernatant liquid
increased as pH decreased below the threshold value, which was 5.8 for Zn, 6.3 for Ni and 4.5 for Cu
loaded sludge. The metal content of the supernatant was small and relatively constant above the aforesaid
pH values. In speciation experiments, the proportion of soluble Cu present'aa CuCk was found to

be related to pH, whereas the proportion of soluble Zn present?awah scarcely correlated with pH
(Kwon-Rae and Owens, 2009; Péfegteban et al., 2014)
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[11.2.3. Effect on soil heavy metal content

The metal concentrations in the sewage ®ludgpend orseveral factors such as: Sludge origin; Sludge
treatment procses, etcThe bioavailability of the sludge borne metals to sail is further influenced by soil
properties such as pH, redox potential, and organic matter, as well as sludgeappieiGolui et al., 2014)

Studied on trace element concentrations of sludge evaluates theictimties with soils to determine their
effects on plant growtfBose and Bhattacharyya, 2008; Dharni et al., 2014; Jamali et al., 2009a; Patel et.al., 2016)
The total concentrations of trace elements in sludge were highly variable depending on the sources, which
were related to different industries discharging effluents in the sewage system. Concentrations of Cu, Zn,
Ni, Co and Cu were consistently greatersaturation extracts obtained from sludge than those obtained
from soils of any sampling site§he maximum total concentration of Cd, Ni, Cu, Pb, Zn, showed positive
correlation with concentrations of these elements found in soil sol(Aisimvorth and Alloway, 2008
Following th the heavy metals concentration in soils following to sludge application often
increase comparing with control soils. However, the changing of heavy eoetants depends not only

on sludge stabilization process and soil type but also on initial heavy metals contents in sludge or soils
(Contin et al., 2015)Besides, in soil, heavy metal elements are distibin various forms such as solid
phasegSilveira et al., 2003b)ree ions in soil solutio(Singh and Agrawal, 2008a3oluble organic mineral
complexes (Scotti et al., 2015), or adsorbed on colloidal partidled. SancheMartin et al., 2007)Sewage

sludge addition to soils therefore could affect potential availability of heavy metals. The solubility and
consequently the mobility of metals added with sewage sludge asstanlgart controlled by organic matter
decomposition and the resultant soluble organic matter decomposition is binding or complexing with heavy
metal ion and leaching through the soil lay@&mgiarte et al., 2006a; Parkpian et al., 2002a; Speir et al., 2003a)
Trace metal bioavailability is also dependent on the form of organic matter, i.e., soluble (fulvic acid) or
insoluble (humic acidjViolante et al., 2010)nsoluble organic matter inhibits the uptake of metals, which are
tightly bound to organic matter; however, increase the availability obyiig soluble metal organic
complexes. With stabilization of organic matter decomposition rates, the level of soluble organic matter
reduces leading to a reduction in the bioavailability of mé@alenea et al., 2009;gira et al., 2003b)
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Table 8: Effect of sludge amended soils on heavy metals (HMs) contents comparing with control soils

Heavy metals (mg kg)

Sludge Soils Effects Refs
Ni Cu Zn As Cd Pb Cr Hg
Composted | Slitloam from | g »1 | 543 | g8 | 268 | 039 | 721 | - i Increase Fang etal.,
sewagesludge farm land area (2016a)
Dehydrated Loam soil from Suhadolc et al.,
sewage sludge arable field 17.9 18.7 75.5 - <02 | 264 | 147 - Increase (2010a)
Basic loam 31 16 58 - - - - -
Low metal Acid loam soil 17 13 15 - - - - - Maintain stable
sewage sludge
Basic loam soil | 6.5 3.2 17 - - - - - Toribio and
Basicloam | 38 | 45 123 - - - - - Romanya(20062)
Metal-enrich Acid loam soil 19 27 61 - - - - - Increase
sewage sludge
Basic loam saoil 12 24 66 - - - - -
: Subsurban soils| 0.85 63 89 2.8 0.46 | 0.047 | 2.9 | 0.085
Anerobic .
digested sludge Increase Qi et al.,(2011)
Industrial soils 11 84 40 0.59 15 49 23 0.095
Composted Cu contents does Gusiatin and
P Farm land soils - 846.3 | 1709.1 - - - - - not change and Zrj  Kulikowska,
sewage sludge °
content increase (2015)
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l11.2.4. Effect of sludge amendment on the fate of trace metal element in soils
.2.4.1 Mechanisms of heavy metal interactions with soils

To evaluate the potential impact of sludge application to land spreading, it is necessary to understand the
mobility and bioavailability of heavy metals in soil. Metal solubility in soits dontrolled by
adsorption/desorption, precipitation/dissolution and complexation react. These
interactions influence the partition ofetals in the liquid and solid phases, and are responsible for their
mobility and bioavailability(Silveira et al., 2003b)

Figure 20: Possible reaction involved in physical, chemical and biological transformation of metal
in soils(Seshadri et al., 2015)

FoIIowin the general mechanism involved in the transformation of metal ions in the soil led to retention
(mediated by sorption, precipitation and complexation reactions) or loss (plant uptakeg leadhialorizationpf

heavy metals. The lower the metal solution concentration and the more sites available for sorption, the more
likely that sorption/desorption processes will determine the soil solution concentration. However, the fate of
metal in thesoil environment is dependent on both soil properties and environment factors.

.2.4.2 Experimental methods to study heavy metal speciation on sludge amended soil

Heavy metals in sludge and soils are present in various forms. Therefore, the total concentrations
sludge amended on soils cannot provide a precise index for evaluating their behavior according to soil
properties.Many extraction methods were used to study the distribution of heavy metals after sludge
amendment. It must be noted that many kinds adfetrmetals will have different behavior in terms of
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distribution which was affected not only by sludge and soil characteristics but also by the extraction
method using for heavy metal speciation st(itiynito et al., 2001a)

Over the last decades, scientists have become increasingly aware that determining total concentrations of
heavy metals elements $tudge amended on soils provides very limited information about their mobility
within the profile, bioavailability and toxic potential to ecological sysi@fasile and Tanase, 2010)
Nowadays, numerous laboratory studies have reported extraction metlstutijong the leaching or bio
accessibility of heavy metals either in sludge and soil (separately) or in sludge amended on soil. Single
extraction methods are used to provide a rapid shapshot of metal leaching from environmental solids or
sludge (Quevauviller and Olazabal, 2003; Sahuquillo et al., 20B®Wwever, sequential extraction or
fractionation tests have been the commonly method chosen so as to provide infoaimatibregarding
detailed insight into different metalsoil assciation (Bacon and Davidson, 2007a; Filgueiras et al., 2002a;
Okoro and Fatoki, 2012; Rao et al.,, 20088he fractionation tests are based on the use of different
extractants of increasing elution strength. Hence, the extraction methods allow determining the metal
proportions associated to each component of the solid phase and, thus, to predict it$y sahabili
leachability. The sequential chemical extraction procedure has been used especially for determining metal
forms added to soil via sewage sludgem and McBride, 2006)

Therefore, fractionation studies are aimed at determining the chemical forms in which metals occur,
becaus metal mobility bieaccessibility and bioavailability strongly depend on their chemical and
mineralogical formgBacon and Davidson, 2007b; Baeyens et al., 2003a, 2003b; Filgueiras et al., 2002b;
Rao et al., 2008bequential extraction protocols individually separate chemical forms of metal species
that have different leachability, normally including:

x The ion-exchangeable fraction This fraction reflects the amount of heavy metals that woeld b
released into the environment when conditions become more acidic. Therefore, this fractions will

give adverse impact to the environment

x Metal bound to FeMn hydroxides: This fraction represents the concentration of metal bound to
iron and manganese oxsl that would be released if the substrate was subjected to more
reductive condition. Furthermore, a reduction of low pH might have also decrease- the re
adsorption of metals from the liquid phase.

X QOrganic matter. This oxidation fraction represents the amioof metal bound to the organic

matter and sulfides that will be released into the environment if conditions become oxidative.

X Residual fraction: The metals in the residual fraction are strongly bound to the crystalline
structures of the minerals. Thesetals are not easily extracted or removed.

The most widely accepted fractionation tests aresthealled 3-step BCR developed under the auspices
of the Community Bureau of Reference (formerly BCR, but currently termed the Standard, Measurement

-62-



Part 1 : BIBLIOGRAPHIC SYNTHESIS

and Testig (SM&T) Program of the Commission of the European Commur{fasret et al., 1999; Ure
et al., 1993)where bieaccessible metals are associated to the following stages:

x Stage I CH:COOH exraction +aiming at identification and measurement of assailable and
carbonatetbound metals content (F1 or EXCH fracti@xchangeable)

x Stage Il: NH,OH-HCI extraction +aiming at identification and measurement of the content of
metals bounds with amdnpus iron oxide and manganese oxide (F2 or INP fraction: reducible or
Fe-Mn oxy hydroxides)

x Stage Ill: H,O./CH:COONH, +aiming at identification and measurement of the content of
organometallic and sulfide fraction (F3 or GMction toxidizable ororganic matter)

X Stage IV: mineralization of residual fraction with the mixture of concentrated acid (HCI, HF and
HNO; taiming at identification and measurement of the content of metals bound with silicates
(F4 or RES fractiontresidual).

However, the BR sequential extraction procedure require an overall operation time of about 48h and it
takes around 10h for each extraction steps. This made limitations for BCR extraction method due to time
consumption. There has been considerable recent interest ins¢hef ultrasound to improve the
extraction method. A rapid ultrasound accelerated sequential extraction procedure has been reported by
Kazi et al, (2006), to develop sequential extraction proposed by BCR protocol. The extraction process by
using the commmise of BCR and sonication conditions in ultrasonic bath could be completed in one
hour, and the overall metal recoveries werel98% compared to the conventional BCR protocol.
Recently, the method complexing BCR and ultrasonic was used widely for inesadyextraction.

In addition, because of the different and complex distribution patterns of metals among various chemical
species or solid phaseme sequential chemical extraction methods were deve{dpetli etal., 2009b)

The two regents validated by a group of European researchers coordinated by the Measurements and
Testing Program of the Commission of the European Community, in stagbgraction procedure
(Sahuquillo et al., 2003are EDTA 0.05 M and CI€OOH 0.43 M.The EDTA, in either the disodium or
di-ammonium salt form, has been used extensively as an extractant of available potentially heavy metals,
neutral salt extractants are generally weaker than EDTA, and give an indication of the availablatetynedi
metals(Beckett,1989) In some trials, EDTA was found to give a very good indication of the pollution
hazard of heavy metals in soils as well as being a reliable test for predictingglaiable metals.

However, the classification of chemical forms of metal sgetig sequential extractions is usually
performed by batch wise methods with tedious and-toresuming unit operations such as filtration,
centrifugation and reagent replacement. Those manual operations are likely prone to sample
contamination, and theyteh limited data accuracy.
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111.3.  Heavy metal distribution in sludge amended soils

[11.3.1. Heavy metal distribution according to the chemical speciation in soils

Distribution and leachability of heavy metals is significantly influenced by various natural processes in the
sludge- soil-waterplant system, such as sludge application rate, microbial activities, weathering, drainage;
etc.All these processes are intetige with the potential to change properties of soil, thereby influencing the
distribution and leachability of heavy metals. When sludge is applied to soil, it can increase the content of
soil organic carbon and microbial activities for examf@eanda et al., 2015)The enhanced microbial
activities resulting from sludge land application are factors influencing leaching of heavy metals.

To date, a variety of studies have focused on the effect of sladdespreadingn the leaching ability

and speciation of heavy metals in the amended Boélsch et al.(2010) determined the organic matter
mineralization of the soil amended by pig slurry sludge and composted sludge during 28 days and
assessed its impact on the leachability of heavy metals. Their study highlighted the Cu binding ability of
organic matterrbm composted sludge amended soil. Part of the exchangeable Cu fraction was quickly
complexed by the organic material and the exchangeable heavy metal fractions in both sludge
amendments were less than 10%.

Rajaie et al.(2006) exploredthe change of Cd speciation in the municipal composted sludge amended
soil during 16 weeks. Their results showed that, abouB82 of Cd content in treated soils was
converted to exchangeable, carboraiand and organically bound fractions. These foastipresented

high Cd bioavailability in soil sludge amendments.

Pardo et al.(20113 investigated how the speciation of heavy metals changed when composted sludge
were applied to soil after 56 days. Following this study, while the addition of composted sludge led to an
increase in NaOkéxtractable Cu concentian (associated with organic matter Cu fraction), the soluble

and exchangeable Zn and Pb fractions decreased. They found that, the increase in soil pH by the
application of composted sludge was the main responsible for the changes in metals fractiotiaion

soil. Also, the C@ produced during mineralization of the organic composted sludge amendments could
have promoted the formation of Zng@nd PbCQ@in the carbonate extractable fraction.

Jalali and Arfanig2011)study the distribution and fractionation of Cd, Cu, Pb, Ni and Zn in municipal
sludge amended calcareous sandy soil. They indicated that when sludge was added to the soil, the
speciation of all heavy metals chadgdue to sludge characteristics.
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Table 9: Effect of sludge amendment on soil heavy metal distribution

Sludge am_ended Heavy Control soils Land spreadln_g of sludge on Refs
on soil metal soils
Cd Pb: OM>EXCH>RES>INP
Pb RES>OMSINPSEXCH Ni: OM>EXCH>RES>INP Jalali and
.. > > > .
Municipal sewage | Zn: RES>INP>OM>EXCH Arfania,
sludge for all metalselements (2011)
Zn Cd 20!(;&++,13!5(6
Cu Cu 5(6!20°,13! (;&+
Hapludoll soil:
Cu: RES>OM>INP>EXCH
Pb: RES>INP>OM;EXCH
Cd: Not detectable 3 soils presented similar trend fg
] 3 elements:
Natraquoll soil:
Cd Cd: RES (EXCH, OM, INOR: Torri and
Dried sewages cy | CU INP>RES>OM; EXCHI Not detectable) Lavado
sludge pp | PPiINP>RES>OM; EXCH | Cu:RES>OM>INOR>EXCH (2008)
Cd: Not detectable Pb: RES>INOR>0OM
Arguidoll soil (EXCH-no detectablg
Cu: OM>INP>RES>EXCH
Pb:INP>RES>0M; EXCH
Cd: Not detectable
. Cu: RES>OM>INP>EXCH Cu: OM>RES>INP>EXCH
Dried and Cu Kunito et al
composted sewagq Pb: RES>INP>EXCH>0OM Pb: RES>INP>EXCH>0M v
sludge 7n (2001a)

(RES: residual fraction; OM: organic fraction; INPinorganic precipitates or F&n oxyhydroxide; EXCH:
exchange fraction)

Kunito et al.,(2001b)found that the sludge application increased the percentage of Cu in the NaOH
fraction. The sum of the three bioavailable fractions KN®1,O, NaOH, and EDTACu, exceeded 50%

of the total Cu content in all the soil samples. In case of Zn, the sludge application increased the
percentage of Zn in EDTA fraction. The percentage of Zn in the &NBO fraction was also higher in

the control soils. These results icated that

X The ratio of bioavailable fraction to the total amount was large for Cu,

x The ratios of the most labile fraction, the exchange fraction, to the total amount of Zn were
extended when sludge was amended on soils.
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In addition, distribution of mtal in different fractions appeared to be different when anaerobic and
aerobic digested sludge was amended on @dils). SancheMartin et al., 2007)Most of the metal was
concentrated in the residual fraction with percentages ranging froa86% for Cu, Pb and Zn and 80%

for Cd, Cr and Ni. High percentages of heavy metal in residual fraction concerned immobilization of
metal elements in soil aftemeendment. In general, the most important changes in distribution fractions
were observed by changing the linking between the heavy metal and soil components which was
impacted significantly by type and rate of sludge amendiiMni. SGncheiartin et al., 2007)

[11.3.2. Heavy metal distribution according to the soil depths

The enrichment or distribution of regulated metals in 1se@face soil following sludge application, in
relation with soils depths, has been reported in various types of soll.

Pardo et al., (2014howed a decreasing heavy metal gradient from near surface-806ilc(@) to deeper

soils depths (3670 cm, 70+100 cm) when mine soil was amended with composted sludgewifoil

high clay content could preferentially retain regulated metal, which may explain the accumulation of
regulated metal in surface soils. In mine soils, several anions such as chloride and sulfite, which can
complex or associate with metals ions, reduitee metal solubility and mobility. Metals that could forms
complexes or precipitates with anions were more resistant to leaching and thus were retained in the near
surface layer after entering into the sdils Pardo et al., 2014aljt shows that sludge application may

have more impact on the@anulation of metals with lower mobility in soils than of metals with higher
mobility. It is particularly noticeable in areas like those assayed where erosion rates are low.

Similar, Jalali and Arfanig2011)studythe distribution of Cu, Cd, Pb and Mi a calcareous sand soil
receiving municipal sludge waste. The heavy metal distributions at each soil layer were analyzed by
diethylenetri-aminepentaacetic acid (DTPA) extractable method (0.005 mol of DTPA, pH 7.2, 1:10 w/\v ratio)
This extraction method showed that a siguifity greater concentration of DTPA extractable Cd, Cu, Pb,

Ni and Zn was found in soil receiving sewage sludge. Most of the heavy metals were distributed in the top 5 cm
soil layer and the heavy metal concentration decreased with soil layers. Cd nuostiylated in the G2 cm

soil layer, and there was a difference among treatmer@sl iconcentration in the @10 cmdepth. Zn
followed a similar pattern of high accumulation as those of Cd in tkk@ @m soil layer and low in the

next layer. Ptmostly accumulated in the &5 cmsoil layer and there was a difference among sludge
amended rate and Pb concentrations decreased dramatically intg@dn layer. The Ni concentration

in all layers in both treatments was different in the D cm soil layerand similar in the rest of the sall
layers and more than that of the control soil. In the 0 to 5 cm soil layers, the proportions of the metals in
the exchange fraction followed the order Pb> Cd > Ni> Cu$Jatali and Arfania, 2011)
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lll.4. Heavy metal leachability in sludge amended soils

In the previous part, some studies done on field sludge application sites have concluded that metals are
strongly bound in the topsoil, since little or no metals accumulate in the soil below the depth of
incorporation(Egiarte et al., 2006a)

Hence, adding sludge on land may mobilize or immobilize heavy metals leachability. The heavy metal
bioavailability depends on not only sludge characteristite of application and heavy metal pieces but

also soil properties. As mentioned above, heavy metals can bind to soil through the processes of ion
exchange and chemisorption. Oxides of Fe, Al and Mn can provide chemisorption sites for metals.

l1.4.1. Method to study heavy metal leaching behavior on sludge amended soill

Many researcherhave been developed for the evaluation of leaching from waste sludge amended soil that
provides specific leaching test methods and the approach to testing and evéiadgon et al.2002)

Almost these tests take under consideration the utilization scenario, and consist of either batch
equilibrium or column tests.

1.4.1.1 Batch tests

The most of the bioleaching studies for heavy metal bioavailability on sludge amended soil have been
repated using laboratory batch test scale which are easy to operate and are conventionally used to
generate data required for development of the process before fmame application.

Normally, the bioleaching process was also found to be efficient béhgjudge solids content or low

L/S ratio. This clearly suggests that at higher sludge or soil solid concentration more solid phase can be
treated at a given volume of batch and time. However, a decrease L/S ratio of sludge soil solid can lead to
a decreae in metabolubilization. A high solid contents leads to high buffering capacity and increase the
organic content of in the solid pha@eu et al., 2007) Further, the low L/S ratio affects the oxidatian
reduction potential (ORP) values of leaching solution. The lower ORRhiEved at low L/S ratio
resulting in solubilization of meta(Ryu et al., 2003)

In theliterature heavy metal leaching in sludge wassessednder diferent L/S ratio from 100 to 5 L/kg
Kim et al (2005), and from 0.1;28.0.5; 1, 2, 5, to 10 (L/kgNaka et al., 2016a)

In some studies, authors observed a real threshold in leaching as a function of L/@Nedi#st al., 2016b)
measured clear difference betweemn Pb, As, Se and Cu concentration in leachates at an equilibrium time
at L/S ratio lower than 1 L/kg. They also found that the electrical conductivity and concentrations of Cr, Pb,
As, Se and Cu in the leaching solutions appear to have the same pattSrratios higher than 1 L/kg.

In other study, the leaching was not dependent. In the studddabéd et al.(2008) static batch tests
using deionized water was performed on sludge at L/S ratios of 5, 10, 20, 50 (L/kg). At the end of
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experiment, Cu and Zn solubility were independent of the LS. Gu released increased as the L/S ratio
increased from 5 to 10 (L/Kg). At L/S ratio of 10 (L/kg) Cu and Zn leached to maximum concentration in
leachates. A moderate increase in As and Se release was observed with increasing L/S ratio, with the
leachedamounts less than 10% of the total metal concentration.

Hence, the increase of L/S ratio, the high amount of the liquid phase results in some dilution of the metal
concentration. This increase in extract concentration with increasing L/S ratio suggestddtidn
mechanisn{Kosson et al., 2002; Sanchez et al., 2000; THBama et al., 2004 his is mainly due to the
agitation conditions and dilution fetts in both testing regimes, since the concentration of the
constituents in the material solution are not only dependent on the total amount, but also on the available
amount and the release kinetics.

Batch tests are usually used to determine the sopdoticulate phase partition.KDistribution coefficient

Kq indicated the heavy metal distribution and bioavailability in batch test experiments.qTha Kseful
parameter for comparing tleerptioncapacities of different soils or materials for amytjgular ion, when
measured under the same experimental conditions. The distribution coefficignése(iKalculated as the
equilibrium adsorbed element concentration normalized to the equilibrium element concentration in solution
(Shaheen et al., 2013yhere the equilibrium adsorbed element concentration is given per unit weight of soil
and the equilibrium element concentration in solution is given per unit volume of liquid.

The distribution of heavy metals between the solid phase and solititnypH LV DQ LQGH[ RI D PHWD
mobility and retention of these elements in soils or sludge amen¢{Remtert and Rinklebe, 2010; Rinklebe

and Du Laing, 2011; Zhong et al., 201The Ky represents the net result of various processes by which
element ions &n be transferred between the solid phase and solution phase and are satisfactory for
comparing the behavior of different soils with respect to a given cation under given condition. It is
especially useful when the irregularity of empirical sorption andé&sorption isotherms hampers or
prevents the fitting of simple empirical curves or theoretical models such as Freundlich and Langmuir
isotherms, as is often the case when the presence of more than one element resupetition for
sorption sitesThehigher the K of a metal the stronger its sorption and retention onto the soil solid phases by
various chemical reactionand the lower its solubilityn contrast, a low Kvalue indicates that a high amount

of the element remains in the soluti@nderson and Christensen, 1988; Covelo et al., 2004; Shaheen, 2009)
Also, the sorption selectivity sequence of an element by soils could be established at selected vgtoes of K
obtain one comparable value for each element and eich so

11.4.1.2 Column test

This method can be used for assessing the impact of contaminated materials on #wasmilwater
pathway, since the percolatitvased data they provide is the result of a flomugh similar pattern to that
found in field condition. Glumn tests can account for contaminant wash out at lower L/S ratios and the
changes in solubility controlling phases that occur as a (Exjistra et al., 2006)The correlation between
batch and column tests has been studied, udirading a good correlation between both types of testing.
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There are many column works which investigated the accumulation of trace HMs in soil caused by sludge
amendment, focused on the metals retention and mobility related to the different teshmighods

(column materials, design; solution irrigation dftmlv rate of solution, etc). The column experiments

were establish based on the study purposes and laboratory conditions and the HMs selected were chosen
either due to their high leaching potentiddeit intensive application or due to their (eco) toxicological
potency. In order to have generalized data and repeatable experiments, the research is conducted on an
artificial model soil according to internationally accepted guidelines had to be perfofimedolumn
experiments were prepared following to organization for Economic Cooperation and Development
(Chemicals, 2005)which normally is considered to improve the understanding of the distribution, fate

and impact of HMs in the environme(Rontoni et al., 2016bMoreover, in columrexperiments, test
conditions can be controlled to closely simulate flow characteristics in the field. The test consists of
percolating the heavy metals transfer through the column filled with soil and/or sludge amended soils.
Concentration heavy metals rigtion and physice@hemical parameters in leachates are typically
monitored at the different levels along the column height and manuscript of the experiments for the study
the fate of heavy metals leaching through soil column. Samples of solutions fleemtsfare collected

and subjected to chemical analyses to determine heavy metal concentration changes and to obtain
physicechemical impacting parameters such as the pH, redox potential, end electric conductivity,
dissolved organic matter contengse, in leaching solutions.

pH: could affect the capacity of soils in maintaining and releasing the heavy metals, since it play an
important role in adsorption/desorption, and-@echange process@@egum et al., 2013; Cao et al., 2001,
Polettini et al., 2007; Zou et al., 200Fhe pH values of leachates reflexed the interaction between heavy
metals and proton exchange during leaching experiment. The responses of pH |eaaieatifanent for
sludge application, soil characteristics, leaching experiments and heavy metal study, etc.

Redox potential (ORP): Redox potentials measured in the leaching solution with the electrode vary
from negative to positive valu¢kumar et al., 2013)Oxidization process in soil column was normally
presented by ORP values. Other processes in soil column such as: biological degradation of organic
matter, a variety of biological and abiotic redox processes of dissolution/precipitation of minerals,
complex formation, ion exchange and sorption also affect to the ORP values in leachates and reflex the
heavy metal bioavailabilityBjerg, 2014) Generally, when ORP values decrease, the heavy metal
leaching ability also decreag&appuyns and Swennen, 2008)

Electrical conductivity (EC): The EC indicates the content of salts in solution and is often used as a
measure of ions changes in soil coluf@arciaFigueruelo et al., 2009; Huang et al.p@0Zhou et al., 2005)
Salinity changes related to ion exchange can be estimated by the measurement of EC in the leachate

during simulated rainfall for column experiment. Normally, high EC value of leachates indicated high
heavy metal content leachiadility (Kaschl et al., 2002)
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Dissolved organic carbon (DOC) The leaching of DOC depended on the organic matter (OM) content
of soil sample that were packed in columns. i.e. higher OM vyielded higher DO inotumn and
leaching solutiongKumar et al., 2013)However, under the columns experiment, the DOC contents in
collected leachates can increase or decreasgdicg to the leaching experiment conditions. The DOC
can complex with heavy metal and leaching together through soil column. It is important parameter
indicating the fate of heavy metal leaching ability on soil columns

l1.4.2. Effect of soil characteristics on he avy metal distribution and leachability
.4.2.1 Soils mineral and organic matter composition

Research on the transfer of heavy metals from soils to water or plants following sewage sludge amendment has
been focused on evaluating the ability of surrogate methmalaly chemical extractants as mentioned abtuve)

assess heavy metal bioavailability in soi{SorianaDisla et al., 201Q)under different sewage sludge

rates and availability of heauyetals(Antoniadis et al., 2010However, a grticular metal can behave

entirely differently in different soil§McBride, 2003) According to th soil properties played an
important role in the toxicity and bioavailability of heavy met@esar et al., 2012&und higher levels of

toxicity were detected for the ferralsol. The abundance of 2:1 clay minerals, high fertility and more basic
values of pH seem to be very important in the reduction of toxicigideer microorganisms in the soils.

In some cases, higher contents of nutrients in chernosols may have influenced such heavy metals
bioavailability proceseqCesar et al., 2012a)

In addition,it is now widely recognized that the toxicity and mobility of these pollutants strongly depend
on their specific chemical forms and on their binding state (precipitated with primary or secondary
minerals, complexed by organic ligands, and so on). Soisipaychemical properties, especially pH,

CEC, organic matter and clay content are likely to assume great importance in determining heavy metal
elements behavidiTorri and Lavado, 2008)

Heavy metals are often highly persistent in soil, with residence times as long as thousands of years
(Alloway and Jackson, 1991Metals applied with sewage sludge may be retained in the soil as a result of
their adsorption on hydrous oxidedays, and organic matter, the formation of insoluble salts; or the
presence of residual sewage sludge particles.
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Table 10: Effect of soil characteristic on heavy metal distribution, speciation and leachability when

sludgeamendment

Sludge

Impact of heavy metal distribution and

when sludge amendment

Soils e Refs
amendment speciation
Heavy metal distribution did ng
Dehydrated Alluvial significantly = change  after sludg Suhadolcetal.,
sewage sludge | agricultural soil | amendment due to higher organic ma (2010a)
contentof soils
S Sandy soil has higher @esidual fraction
Drinking than calcareous in sludge amended §
wastewater Calcareous and d . : . Elkhaib and
. ue to higher soil carbonates in calcare
treatment Sandy soils oo ; - Moharem,(2015)
residual soils increasing leachability of hea
metals
Hapludoll, Cuorganic matter fractions in th
R Natraquoll and | amended soils followed the sequer .
scésvr:gglédsrllﬁgge Argiudol (3 Hapludoll>Argiudoll>Natraquoll due t Torr (aznodolé? vado,
types of the highest organic components
Mollisols) Hapludoll soils
Acid loam showed the highest me
concentrations in leachates and the b
3 types of soils | clay showed the lowest; Low clay conte
Centrifuged of the basic loam soil may result Toribio and
sewage sludge | (Ioam; clay and| jncreases of the leachiraf both Cu and Romanya(2006b)
acid loam soily | zn as compared to the basic clay soil ¢
to lower organic matter, clay, and Cag{
content of this soil.
Ferralsols are more acidic than chenog
Sewage sludge Ferralsols and leading higher heavy metal leachabil Cesaretal.,
Chenosols (2012a)

Soil pH: Moreover, soil CaC®has often been found to increase soil metal retention, thus, in basic soils
metal persistency is expected to be generally very high. A nunfilséndies on acid soils have examined

the leaching of heavy metals in sewage sludge amended soil columns. While some studies have shown
that the migration of heavy metals is negligifRarat et al., 2007; Song et al., 2Q1dther studies have
demonstrated that significant amounts of Zn, Cr, Cu and Cd (among others) were readily leached
(Suhadolc et al., 2010a; Toribio and Romanya, 2Q06ltherefore concluded that soil properties such as
orgaric matter and soil pH may have a major effect on metal mobility. The addition of sludge may also
affect metal mobility, for instance, by increasing soluble organic matter and heavy metal mobility may be
enhanced, especially in sandy soil of high(p¢Bride, 2003)
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However, the evaluation of the transfer of several heavy metals occurring together (e.g. in sewage sludge)
to water, to plants, and animal or human, from various soils amended with sewage sludge has received,
comparably, little attention. These studiesénaemmonly involved a set of sludge soils, under a range of
conditions often restricted to sludge effects in the heavy metals distrib(Bastset al., 2005)the study

of the soil characteristics (mineral component, geochemistry, soil texture and colloids, etc) that are
primarily responsible for limiting metal uptake at soil or sludge amended soil still needs further research.

Soil organic méter: also plays a key role in complexing and retaining metals. Both solute @otute

of organic matter form complexes with metals by exchange and chemisorption reaction and hold the
metal very stronglyJalali and Arfania, 2011)Cu and Phin soil form stronger complexes thisurfaces

and soluble organics than do Cd and Zn. This tends to make them less mobile in soils, but also provides a
greater opportunity for facilitated transport by soluble organics (Jalali and Arfania, 2011).

Dissolved organic matter (DOM) has a sigifit role in the sludgeamended soil for heavy metal leachability.

For example, sludge amended soil increase DOM leaching; this DOM had a significant role on the mobility of Ni
in the sludge with 7.7% total Ni was mobile through the soil coli#ehworth and Alloway, 2004 his value

was clearly much greater than for Zn and Cu. Thus, of the three metals, Ni was the least well retained by
the sludge and is therefore likely to be the moshi@ant environmentally. Its apparent lackf
adsorption to soil solids (once released from the sludge), and its mobility in association with DOM,
further suggest the potential for environmental imgastworth and Alloway, 2004)

[11.4.3. Effect of sludge origin on heavy metal leachability

Leaching of heavy metals in soil can be explained by various mechanisms such as complexation, precipitation,
bioaccumulation, etc. These last mechanisms are also depending on sludge origin and stabilization processes.

Most of the time, the fate of HM in soil is investigated with a specific doping of the soil solution rather
than a real sludgkand spreadingThen the fate of HM is explained through interactions with organic or
mineral matter of the soil solution only. In real conditions, the change in sludge composition and
amended soil condition over time influence the chemical forms of the heavy metals d@radsyeificant
control on the release of me{@astre et al., 2001l is important to know whether slud@erne metals
become increasingly available (as organic binding sites are lost through micretpiatiation), or do

they form more biologically inert species, which are predominantly inorganic in character. Regarding this
aspect there is an important lack of informatibh]. SancheMartin et al., 2007)

The total heavy metal asant in sludge amended soils is distributed over some fractions which can be
deternined as described in paragraph'gure 20: Possible reaction involved in physical, chemical |and
|biological transformation of metal in soi{Seshadri et al., 201"]6)'he soluble exchange fractions are the
most important associated to groundwater pollution and to plant nutrition. The extractability of metals can
be reduced many years af'dudge application, and this behavior may result from the increase in soail
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organic matter contentherefore, the distribution, mobility and bioavailability of metals are related to their
solubility, of their geochemical form and especially depend atgslapplicatiorfSilveira et al., 2003a)

For example, the chemical flocculation treatment of sewage sludge with fegldtes heavy metals
availability in neutral soils amended with anaerobically digested sludge, but markedlysésctbair
solubility and bieavailability in acid soilfContin et al., 2015)

Cu, Zn and Ni derived from the sewage sludge were found to leach readily from the soils when sludge
amended. This fact may be relditto the effects of the newly added organic matter and/or sludge fine mineral
particles. Theodoratos et al(2000) found that after the addition of municipal sewage sludge to a soil
polluted with Pb Zn, and Cd, both the leachability and toxicity of these metals was reduced. Similarly,
Kiikkila et al., (2002) after mulching a Cu polluted organic boreal forest soil with an arragrgénic
materials (sewage sludge, compost and garden soil) in a microcosm study, found that Cu mobility was reduced
by the newly added soluble organic matter, although the microbial activity of the soil did not change.

Egiarte et al., (2005) studied tleathing of heavy metal derivedrich anaerobic municipal sludge amended

soil. They found that the sludge amendment caused a decrease in leached concentration of Cd. Besides, the
municipal sludge useih this study contained 208 nkg/ of Ni, and producedn increase in Ni leachability
throughout the whole soil column. Thisidge also contained 456 mg/kfCu and caused a decrease in Cu
concentration when sludge was amended on soil columns. The decrease in concentration of these heavy metals
below origind levels in the upper 4 cm of the soil column indicates that native heavy metal was mobilized.
This phenomenon was probably due to binding reactions with organic and inorganic ligands which were added
by the sludge. In deeper horizons, it precipitatesifayroomplexes with organic matter, of a low carbon/metal

ratio. For the same reasons, sludge amended soil caused a decrease of Pb concentration while less than 1% of
Pb concentration was collected in the leachates. However, sludge amendment did noycéaossse in Cr
concentration, onl§% of the Cr addedas collected in the leachates.

In other study ofEgiarte et al.(2006a) soils were also aemded with anaerobically stabilized sewage
sludge, under highly acidic condition and very high dose of sludge applied to the soil column: trace metal
element like Zn, Cu, Ni, Cu and Pb leached at low pergestand prevented toxic effects

Moreover, Zn ompounds are relatively highly leached from limed sludge amended soil although this
metal precipitation may occur at high Zn concentration and at high pH values. This result can be mainly
understood by mechanisms of retention in soils through exchangemsa®©ne possible explanation for

this phenomenon is the inability of Zn to compete for exchange sites in the presence of large amounts of
Ca added in the lime sludge.

Composting and anaerobic digestion can be considered as stabilization processges lmavishort term
risk of metal mobilization when applied to s@lvarenga et al., 2015)
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[11.4.4. Effect of sludge application rate on heavy metal leachability

Adsorption, accumulation and distribution of heavy metals may vary between different crops and at
different levels of ewage sludge amendmen{Singh and Agrawal, 2008b)Several leaching

ability of heavy metals have been refmal at different rates of sludge amendments in soils
(Carbonell et al., 2009; Guo et al., 2013jngh and Agrawal(2010)reported that sewage sludge
amendment from 0,38 45, 60, 90, 120 ton DS/hmodifiedthe physicechemical properties of paddy

land soil, thus increasing the availability of heavy metal in soil with consequently higher accumulation in
plant pars. At the rates above 45 ton D&/ heavy metal leachabilitsignificantly increased. In their

study, soil pH decreased, EC increased according to application rates. The decrease of soil pH with higher
organic matter and moisture may have increased the heavy metals availability and further uptake by
plants duringheir study.

Higher heavy metal availability in soil due to an increase of sewage sludge application rate is of great
concern due an enhancement of leaching leading to nearbyomatamination.

In addition, Carbonell et al.(2009) applied stabilized anaerobic sewage sludgeuntreated grass
land soil at three applicath rates: 30, 60 and 120 ton D&/for assessment the fate of heavy metals
during 21 days experimenThe leaching ability of heavy metal was assessed by their concentration
analysis in leaching solution. Aarding to their study, the leachability of heavy metal presented different
phenomenon from beginning to the end of experiment at different sludge application rates.

At the beginning of the experiment the highest concentration of Zn was observed irchzegat the

highest application rate. Ni, Pb and Zn concentrations did not show differences between control or
sewage sludge amendment soils at every rate. The concentration of Cr showed a significant decrease in
leachates with respect to the controluesd at the lowest and at the highest application rate. On the
contrary, Cd and Cu concentration showed a significant increase at the highest application rates. Hg
concentrations in sewage amended soil were dose related at any application rate.

At the endof their experimental period, a significant increase of Cd concentration was observed at the
lowest and the highest application rates. Cr, Ni and Pb presented similantcatiares for control or
sewageamended soils. The largest concentrations were \@asdor Cu and Zn showing significant
differences at the highest and at medium application rates for Cu andigh#st hpplication rate for Zn.

In other hand, moderat®ske of sewage sludge (80 tonsfresh sludge weight pdta) applied to agricultura
soil did not produce an increase in heavy metal content, but high does (d#@sbrsludge weighper ha
caused a significant increase in Cd, Cu, Zn an@LiHet al., 2007) Therefore, the metal concentrations of soil
solution normally reach to high contents as sludge mass loading increases
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By the way, the application rate of anaerobicedigd sludge from 50 t D& up to 100 t DSia in the soll
caused an increase of Zn in the leachate and in the shoots of Chinese @dbbag2006) The increase of
heavy metal leachdly may due to the application of in organic matter from sludge amendment.

Tripathi and Tripathi(2011) showed the solué heavy metals contaminants tgptoxic levels at high
sludge application rate of 150 t D& due to the increase the solubilityoo§anic matter mineralization
GXULQJ PLFURRUJDQLVPVY DFWLYLWLHV

However, Somasundaram et a(2012) reported that at apphtion rates up to 476 tons @&/ heavy

metal remaing mainly in the zone of incorporatipeven during londgerm application. In addition, at
application rates less than 1@@ns DSha essentially no movement of heavy metals was observed.
Gusiatin and Kulikowska(2015) had the similar assessment when they amended composted sludge on
soil at the application rate of 6@0ns DSha Their results indicated #ih the metal transformations in the
amended soil proceeding longer than in the-amended soilRigby et al., 2016)Method to study heavy
metal leaching behl@r on sludge amended soll
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1l.5. Conclusions

This bibliographic synthesis thus made it possible to make an inventory of the current knowledge on the
evolution of the concentrations and the fate of the heavy metals during the wastewater triegtment
conventional or granular sludge and following the sludge stabilization process. We found the great
number of studies which focus on HMs adsorption, distribution on individual conventional/granular
sludge, while the evaluations of HMs adsorption abityboth of conventional and granular sludge are

not regulated and considered.

The literature analysis has led to the conclusion of lack knowledge about the fate of the majority of HMs
during different sludge treatment stages and also during spreadingadspe case of granular sludge.
Although the effects of sluddand spreadingn heavy metal distribution in soils have been widely studied,

the influence of sludge characteristics has been rarely investigated. Sludge characteristics can be impacted by
sludge stabilization processes and nature of wastewater treatment (i.etionalemctivated sludge
systemigranular sludge systeinsAlmost researches focused on conventional activated sludge from
wastewater treatment plant. In the range of our studse i no research regarding after granular sliadge
spreading Therefore, the impact of granular sludge amended soil on heavy metal distribution and leachability
was limited. In addition, literatures indicated that the determination of heavy metahdgbehavior and
speciation of sludge amended on soil was affected by various parameters which was controlled by not only
sludge characteristics but also references of soils and was analysis by different extraction methods.
Conventionally, these extraatianethods were chosen base on the objectives following the study purposes.

Furthermore, literature synthesis brings a lot of useful information and a better understanding of the
mechanisms involved in studying the behavior and distribution of HMs on izsgioih of
conventional/granular sludge (thickenitigiing and anaerobic digestion, §tbefore and after spreading

on soil. It is part of this thesis works.

This work focuses on understanding the mechanisms governing the fate of HMs pollutants in the
conventional/granular sludge and sludge amended on soils. The aims are to evaluate the different sludge
treatment process in terms of either their potential to eliminate HMsotmachabilityin soil during

sludge amendment. The understanding of the heatglrbioavailability on sludge and sludge amended

soils mechanisms will couple with the monitoring and analyzing the HMs mobility and impacting factors

in leachingsolutions.Moreover, the determination of HMs distributions on different soil after andéefo
sludge amendment also indicated the HMs transportation/behavior of HMs on soil.
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Part 2: MATERIAL & METHODS

l. Description and origin of sludge

l.1. Conventional activated sludge

The conventional activated sludge processes used in this study were taken at three wastewater treatment
plantsin FrancgFigure21).

Figure 21: Location of three WWTPs in France
[.1.1. Sludge of the Limoges wastewater treatment plant 1 (WWTP1)

The different typesf sludge used in this thesgigestedcentridried, filterpressedlimed and thickened
sludgeswere carried out from the municipal wastewater treatment dlafWwWTPL) in the city of
Limoges This WWTP is an activated sludge plant with a capacity of 285,000 inhabitant equivalents,
mainly treating urban wastewater and receiving discontinuously effluent from the nearby municipal
abattoir wastewater treatment location (less than 10% of the total incoming volume). The sludge used

during the thesis was taken at different stages of sludge treatﬁ@mezz :

-79-



Part 2: MATERIALS & METHODS

Figure 22 Summary of sludge treatment processes in WWTP of Limoges. In black boxes: sludge sampling.

The sludge treatment process consists on different stages of from activated sludge which was taken from the
aeration basi to stabilized sludgesludge was thickened by drainage grids (GDD) and centrifugation,
then the thickened sludge was stabilized chemically by liming and biologically by anaerobic digestion.

A portion of the thickened sludge is used to perform a chemical stabilization tn¢ditmiag. This step
consists in adding a quantity of lime (powder) corresponding to 30% of the quantity of dry matter of the
thickened sludge, with slow stirring to homogenize the mixture.

Digested sludge was continuously stabilized by physical methaden® hand, 60% dryness of digested
sludge was dried and concentrated by a cemyriprocess. On other hand, digested sludge combined with
thickened sludge was stabilized by filfmess to ensure 30% of dryness.

More details of sludge stabilization mets were described {hachassagne, 2014)

Each sludge sample was taken less than 24 hours before the start of the analysis and the sludge samples
were stored at 4°C before manipulation in order to limit the evolutions of the sludge characteristics due to
prolonged storage.

Finally, the different stbilized sludge ispead on laboratorgcale in soil column tests to assess the
leaching potential of copper in sails.

[.1.2. Sludge from WWTP 2

Centrifuged and composted sludge was taken at the WWTP2 which is located in urban area. This WWTP
handles 49,000 population equivalents and operates in two basic stages of primary and secondary
treatment processes. Primary treatment consists of four dinasscreen, flocculation, disordering and
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degreasing. In the primary stage, the physical gravity decantation was applied in dry weather and
flocculants were added in rainy weather as physi@mical treatment method. Then, the wastewater was
transportedo four sequential batch reactors (SBR). This biological treatment was operated with hydraulic
and organic loading rate of 15600/day and 2940 kg BOdlay, respectively. At the end of processing,

the secondary and primary sludge were mixed and dewalgraetbuble centrifugation to constitute
centrifuged sludge. Sewage sludge was stored and evacuated two times per week to the composting
center. The characteristics of the composting platform were shokigure23

Figure 23: Diagram of composting stabilization process at composting platform of Cahors
[.1.3. Sludge from WWTP3

The wastewater treatment plaMWTP3 was run with activatedludge in prolonged aeration. The
hydraulic and organic loading rates are 2%6ay and 90 kg BOBday, respectively. The treatment
comprises 4 sludge drying reed beds (SDRBs) for a population of 1500 inhabitants. Sewage sludge from
WWTP3 was stored andytirated on four SDRBs with total area of 308(i#bn¥ for each SDRB). The

depth of the sludge layer was about 1.83 m. Then, sludge was sampled according to the quartile method in
the reed bed of fours SDRB systems.

1.2. Granular sludge

[.2.1. Anaerobic granular sludge

Anaerobic granular sludge was collected from a full scale UASB reactor treating paper mill wastewater
(paper company, France).
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[.2.2. Aerobic granular sludge
Aerobic granular sludge created on-ltale sequencing batch reactor (SBR).
x Description of experimentsetup

The experiment device consists idbntical sequential batch reaciarcylindrical glass column
Theworking volume of reactors L. The inside diameter is 5.0 cm and the total height is 50 cm (H/D = 10).
Theair is introduced through a fine bubble diffuser at the bottom of the reactor. Aeration flow rate was
around 1.2 L/min, equivalent to a superficial air velocity of 0.6 cm/g rBactor is equipped with a
mechanicastirring system (100 rpm). The combination of air diffuser and agitator ensures the flow of air,
liquid and solids mixing well in the reactor. The synthetic wastewater is sitorédttles at room
temperature (20°CGJuring 2 days to avoid degradation of the compounds. The influent feeds the column
from the bottom of the column. The experiment program was controlled automatically by the timers.

Figure 24: Scheme of labscale SBR Figure 25: Photo of lab-scale SBR system:
1-Reactor; 2-Agitator; 3-Air diffuser; 4 -Inlet
pump; 5-Oulet pump; 6- Synthetic wastewater
bottles; 7-timers

The system operate in sequential mpdgure26), with a cycle defined as follows: 2 min of feeding, 15 min of
anoxic period with mechanical mixing, and aerafibe settling time was gradually decreaset0day: 15 min;

17-22M day: 5 min; 225" day: 4 min anaith 15 first minutes of mixing (air and agitation), 2 min of withdraw
and 10 min of idling. 3 min of settling time were kept until the end of experiment. The total cycle time is 4h. The
volume fraction of exchange is%0and the hydraulic retention time (HRT) is 8h.
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Figure 26: Description the SBR operating cycle.

x Description of seed sludge and synthetic wastewater

Seed sludge was taken from an aeratiok @af the WWTP1 The seeding sluddeada fluffy, irregular,

loosestructure and brown color.

The composition of synthetic wastewater was selected to approximate a conventional organic effluent
(which could be domestic effluent). The organic carbon source was supplied by using sodium deetate. T
ratio of COD/NH*-N/PQ2-P was kept constant at 100/5/1. Nitrate is feeding in the reactor to maintain
strictly anoxic conditions in thagitatiornonraerated phase (no anaera)iummarizes the

concentration ranges used in this study:

Table 11 Synthetic wastewater composition using for aerobic granulation

Compositions Concentration (mg L?)
CHsCOONa 1660
NH.CI 248
NaNGs 400
NaHCQ; 358
KoHPQ, 73
MgSQ.. 7HO 25
CaCb 30
FeSQ 20
Trace elements (BOs, ZnCh, CuCh, MNSQ, etc.,) were followedby Liu and Tay,(2007)

After granulationfAppendicesl) the aerobic granular sludge was taken for Cu availability on sludge and

sludgeland spreading
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1.3. Summary of different sludge samples using in experimental study

Aerobic granular sludge from $Blab-scale reactor was collected after 47 days of configuration. Their
characteristics were analyzed and were compared with anaerobic granular sludge and conventional
sludge. Due to a large number of sludge characterization and copper adsorption/desgpationents,
granular sludge and convention sludge were identified by different syifdloe 12 lists the names of

sludge using in this study.

Table 12 Summary of different sludge with their name and stabilization process

Characteristic
Sludge | Abbreviations | Kind of treatment Origin of the
installation
BE . .
WWTP 1) Thickenedsludge Limoges WWTP 1 pag¢r9)
BCh : Made fromBE WWTP 1
) CWWTP 1) Limed sludge ot b pagé79
=) BD . .
% (WWTP 1) Digestedsludge Limoges WWTP 1 pag¢79|
3 (W\?VEI'ITD 1 Filter-presssludge Limoges WWTP 1 pag¢79]
<
% BCD Centridriedsludge Limoges WWTP 1 pagé79]
S (WWTP 1)
T BC : I
£ (WWTP 2) Centrifugedsludge | Cahors (Lot) WWTP 2 pagés0]
‘GE) Col Composting platform
= (WWF1)'P 2) Compostediudge (without sludge from pagés0]
5 WWTP2)
Co2 Composting platform 1
P Compostediudge (with sludge from pagésq]
(WWTP2) WWTP2)
LR La BastideMurat (Lot)
(WWTP 3) Reed Beddudge (WWTP 3) pagés]]
o Anagobic granular UASB, Paper mill
%%’ e sludge effluent pagdgl]
o BAE Aero'gl'ﬁg;””'ar SBR labscale pagés1]
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1. Analytical methods

The various fractions of the sludge were characterized using several techniques to determine their
biochemical composition and their structures and morpholdgjple 13| provides a summary of the
parameters determined by different analytical methods to characterize the sludge.

Granular and conventional sludge after stabilization process were prepared in two phases: soluble phase and
particular phase. Soluble phase waesated from centrifugation of total sludge at the condition of 6000 rpm,

40°C during 20 min, and then the supernatant was filtered by cellulose nitrate membrane 0.45 pm as soluble
fraction. The pellet which was collected after centrifugation and filtratamused for particular phase.

The biological matrices of sludge were characterized by using several techniques to determine sludge
characteristics. Firstly, their biochemical compositions such as protein, polysaccharides, humic like
substances, etc. weeanalyzedSecondly, the nature and quality of functional groups to the surface that and is
responsible for interaction with miccomponents (interactions or hydrophobic surface charges in particular)
were determined by titration or IR spectfdnen heay metal such as Cu content and distribution in sludge

also weraanalyzed A summary of the applied techniques is shoWFigure27/andTablel13

Figure 27: Summary of analyzes methods for sludge characteristic
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Table 13 Summary of parameters determined by different analytical methods to characterize sludge

Fields Parameter Methods Phase(s) Separation Objectives
c Light observation Optical microscopy total - Evaluate the granular size and the granular morphology
— o X . - X - X . -
8o Microbial composition SEM Particular - Evaluate the microbial distribution and granular structures
25 > : : - - —
E 25 Paru;ular d]ameter LS TM 13 310 total i Evaluate the granular size and the changes in the specific surfg
0?8 distribution
© EPS distribution CLSM particular - Evaluate the distribution of EPS components and granulation
Quantity and TS, MM, VS, TSS, VSS, Total Centrifugation,
distributionof material MMS (AFNOR 1997a) | Particular | 6000g, 20 min, %C
S Dissolved organic COT-Nt meter
o
= carbon (DOC) SHIMADZU Soluble 0.45 um
N
S chemical oxygen
g demand(COD); Total Cuvette tests HACH Total 0.45 um
5 phosphorous (TP); LANGE Soluble o H
S Total nitrogen (TN) Determination of sludge compositions
3 . o (Lowry et al., 1951)
[S] l
g | Proteinand humic acid 50 horriolund et | 1Ot 0.45 pum
o like substances Soluble
< al., 1995)
o . . Total
foal Polysaccharides (DuBois et al., 1956) Soluble 0.45 um
3D-fluorescense SHIMADZU RF-5301 | Soluble 0.45 pm
spectra
2 Proton exchange L . Soluble Centrifugation Determine the number of inonizable sites at surface ofltidge or
= 0 - )
-g %‘ capacity (PEC) Protofit titration acid/base Particular | 6000g, 20 min, &C | in the soluble phase
‘g S | pKa and number of sitg Protofit titration acid/base Soluble Centrifugation, The surface complexation model allows determine a number of
T cI_s in acid/base Particular | 6000g, 20 min, &C | which may be treated as functional gosu
§ 2 Cation exchange (Hawari and Mulligan, Particular Centrifugation, Assess the ability of sludge bind cations by ion exchange
_g § capacity (CEC) 2006d) 6000g, 20 min, C
= . . . . .
2% Infrared spectra (FTIR] FTIR Nicolet Magna 550 | Particular Centnfuga‘qon, Assess the natuand quality development in functional groups
o 6000g, 20 min, C
“E . . Soluble Centrifugation, Evaluate the concentration distribution efficiency between sol
.g s Cu concentrations Varian SpectrAA 800 Total 6000g, 20 min, %C | and total phase of Cu according to tteatment and
s © . BCR extraction methods . Centrifugation, Determine the Cu distribution in different fraction of slud
e Cu distributions Particular

(Kazi et al., 2006)

6000g, 20 min, C

structures
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I1.1. Determination of material quantity and its distribution

The determination of the different fractions of the materialsaisied out according to the standard
method (AFNOR, 1997a).

[1.L1.1. Total solid (TS) and Volatile solid (VS)

To determine the total solids (TS) and volatile solid (VS) coniinown volume sludge (0.05 is
introduced into a porcelain crucible. This crucilgglaced in an oven (BINDER, Germany) at 105°C for

24 hours. Thus, water is evaporated and the dry matter is remained in the crucible. The porcelain crucible
is weighed after cooling at roonerperature in a desiccator (30 minutes) in order to prevent
precipitation of humidity on samples or their supports. The difference in mass corresponds to the total
solid contained in the sludge.

The crucible is then put in an oven (Nabertherm, Germany) at 550°C for two hours. After cooling, the
crucible is weighedgain, there remains only the mineral. The mass of volatile solid is obtained from the
difference between the total solid weight and the weight of inorganic material.

The TS and VS values were calculation accordifiggoationSlandEquation6

Equation 5 L —uuw?

Equation 6 | Luw? pbw
Where:mjos-c: is the weight of crucible (contained sludge) at 105°C
Merucible: 1S the weight of initial crucible (without sludge) at 105°C

Mssec: is the weighbf crucible (contained sludge) at 550°C

[1.1.2. Total suspended solid (TSS) and Volatile suspended solids (VSS)

TSS and VSS are determined in the same way as TS and VS but on a base of centrifugation. The sample
volume is then considered the volume of sludge mémtrifugation. The error in the measurements is in
the order of 2%.

40 ml (0.04 L) of sludge was o&ifuged in 20 minutes at 60§(and 4°C, then remove the supernatant

and recover the pellet in the porcelain crucible which was weighed after washedgeand lis crucible

was putted in the oven at 105°C for 24 hours. It was then weighed after cooling at room temperature
during 20 £30 minutes. The difference of mass will be showed for TSS value.
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The crucible was placed continuously in the oven at 558°€ hours and was taken the weight after
cooling indesiccatorsThe VSS of sludge was calculated bases on the differences between the weight of
crucible after 105°C and its weight after 550°C.

The TSS and VSS values were calculated accordjagtation7{andEquation8

Equation 7 | —Gum?

PR ’) <,
Equation 8 [ —22- _PPRa

Where:mjos-c: is the weight of crutile (contained particular sludge) at 105°C

Merucible: 1S the weight of initial crucible (without particular sludge) at 105°C

Mss-c; is the weight of crucible (contained particular sludge) at 550°C

11.2. Sludge chemical and biochemical characteristics

[1.2.1. Determination of Oxygen chemical demand (COD), nitrogen and
phosphorus measurement

Chemical oxygen demand (COD), total nitrogen (TN), total phosphorus (TE),-FO(orthophosphate)

were carried out itriplicate according to HACH kits regent sets anditicolorimetric measurement was
determined by HACHDR/2010 spectrophotometer devi. Sludge samples were divided into

two phase, solublena total phase. The soluble phase was obtained after centrifugation of total sludge
after 20 min at 6000g and 4°C and then filtration of supernatant through the cellulose nitrate membrane
0.45 um. There are different measuring ranges for each measureoeamtliag to sample concentration.
Sample was diluted with distilled water if it was necessary. The measurements are performed in triplicate. The
standard deviation of the measurements is in the order of 20% for total sludge and 10% for soluble fraction.

Table 14: Parameter and analytic methods

Parameters

Range of concentration

Method

COD

0 +150 mgQ/L

LCK 500 HACH #DR 2010

100 +2000 mg@Q/L

LCK 541 HACH #DR 2010

TP and PQ3° P

0,05 +1.5 mg PG** P/L

LCK 349 HACH #DR 2010

2.0 20 mg PG*’ P/L

LCK 350 HACH +DR 2010

TN

20 +100 mg/L

LCK 338 HACH +DR 2010
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[1.2.2. Proteins and humic like substances

Protein content in sludge is performed according to the colorimetric meth{adwiy et al., 1951)and

the modification of Frolund et al., 1995)This colorimetric assay is based on two reactions: 1) the Biuret
reaction:based on the reduction of €wvhich then binds to protein forming a Queptide complex with
biuret (NH-CO-NH-CO-NH_) in alkaline medium, and 2) subsequent reduction of the f&itinalter
reagent by this complex based on the reaction between phosphdatel and phosphotungstate with
tyrosine and tryptophan to give a blue coloring.

Furthermore, a modification to the Lowry assay employedHmglund et al., 1995¢laimed to enable
separation of absbance due to protein and that from the humic fraction, by inclusion and exclusion of
copper sulphate from the Lowry reagent. The color is measured with and without the addition of CuSO
in the analysis. When Cug@ omitted, coloring is due to humic comynds and chromogenic amino
acids. Without CuS@Qcolor was developed by BSA (Bovine Serum Albumin) was reduced by 20% but
not for humic +like substances. The absorbance respectively due to proteins andlikandcid
substances are then calculated i following formulagFrolund et al., 1995)

Atotal = Aprotein+ Anumic

Ablanc= O,ZAarotein"' Anumic

Aprotein: 1,25 (Aotal - Ablanc)

Anumic = Ablanc i012Aprotein

With:

Avwotal = the total absorbance with CusO

Abianc = the total absorbance without CuSO

Anumic = the absorbance due to humic compounds

Aprotein= the absorbance due to proteins

The concentrations of protein and hurdiike substances are calculated based onliliterations which were

established by Bovine Serum Alimins (BSA, Sigma A790&8 %) and humic acid (Fluka 53680) standard
solutions, respectively. The concentration ranges extend from 0 to 200 mg/L BSA and Humic acids.

The protocol is shown |iable15 The reagents and the solutions are introduced in the test tubes. The standard
deviation of protein in triplicate measurements is + 70 mgBSA/L (= 5%) on the total fraction and £ 8 mg
BSA/L (1to 7 %) in the soluble fractiofror the Humic xlike substances, the standard deviataiues

are £16 mgAH/L (x4%)and + 1 mgAH/L (1 to 13 %) in the total and soluble fractions respectively.

-89-



Part 2: MATERIALS & METHODS

Table 15; Protocol for determination of Proteins and Humic tlike substances

Tubes with CuSOg4 without CuSOq
Solution C1 (ml) 5 0
Solution C2 (ml) 0 5
Volume of sample solution (ml 1 1

Shake the tubes by using a vortex

Keep the tubes standing in 10 minutes

Solution D 0.5 0.5

Shakethe tubes by using a vortex

Keep the tubes standing in 30 minutes in the dark

The absorbance (Abs) valuere analyzety using the spectrophotometer device at the wavelengt
750 nm

With: SolutionA: 500 mIA1 + 500 mIA2
X Al: NaCO; 4% m/V, this soltion was prepared by dissolved 53.96gQ@s.10HO or 20g NaCGs in
500 ml distilled water
X A2: NaOH 0,2 M: diluting 100 ml of NaOH 1M in 500 ml distilled water
B1: CuSQ.H:0 at 1% m/V: Dissolving 6.39g CuS@nhydride in 1 L distilled water
B2: K and Natartrate at 2% m/V: Dissolving 2g of tartrate in 100 ml distilled water
CL98 mA+1miBl+1mlB2
C22.98mA+1mliBl+1mlB2
D: Folin reagent 1N: Dilute 2 times the commercial reagent solution 2N
7KH XVH RI WKH VOH NP MXXEPVANIDIE) EfaV sincd/ it does not act exclusively of
substances from the ground, but is commonly used in the literature concerning sludge and extracellular

SRO\PHUV 7KXV ZH XVH WKH ¥Y®HNHL¥XEKNWDWHWHV+XRLRNVKH SUI
charaterized by(Frolund et al., 1995)

[1.2.3. Polysaccharide

Colorimetric method is the most widely assay to date for determination of polysaccharides concentration
in aqueous solutiofDuBois et al., 1956)The basic principle of this method is that carbohydrates, when
dehydrated byreaction with concentrated sulfuric acid, produce furfural (a heterocyclic aldehyde)
derivatives. Further reaction between furfural derivatives and phenol develops detectible orange color.
The standard procedure of this method is as follows: a 1 ml alafuo carbohydrateatution is mixed
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with 1 ml of 3% aqueous solution of phenol in a test tube. Subsequently, 5 ml of concentrated sulfuric
acid is added rapidly to the mixture. After allowing the test tubes to stand for 10 eyiraréhstirred by
vortexfor 30s and placed for 20 min in a water bath aC2fer color development. Then, light absorption

at 490 nm is recorded on a spectrophotom&eference solutions are prepared in identical manner as
above, except that the 1 ml aliquot of carbohydrateeplaced by distilled water. The phenol used in
this procedure was redistilled and®bphenol in water (w/w) was prepared immediately before the
measurement. The concentration of polysaccharides is then calculateddmasatibration curve
(range of0 to 100 mg glucose/L)Polysaccharide standard solution was prepared by glucose standard
solution (D glucose, VWR Prolabo RECTAPUR 243383). The measurements are performed in
triplicate. The standard deviation of the measurements is in the order of +r20% twtal fraction and
between 1 and 10 % for soluble fraction.

I1.2.4. Lipid

The colorimetric sulfgphosphotvanillin (SPV) method developed by Chabrol et al (1937) is an attractive

method for lipid measurement. The SPV method has been modified for the @pplisation such as in

case of sludgeBilla et al., (2014) have recey modified the method for use with small sized samples.

For principal, the SPV reaction is performed in two steps, initial reaction of the lipids with concentrated
W\A\SLFDOO\ - VXOIXULF DFLG DW KLJK WHPSHUrbad praddcts ROOR ZH

with vanillin in the presence of phosphoric acid. Consensus understanding is that a positive SPV reaction

requires the presence of double bonds or free hydroxyl groups within the lipid analysis. The chemical

reactions are complex and areatigh to involve formation of relatively stable carbonium ion in the

initial reaction followed by generation of a pink chromophore upon addition of vanillin to the reaction.

X Reagent preparation of analysis

- The phosphor vanillin reagent was prepared by pta&.0 g of vanillin into 0.5 L hot water.
After dissolution of the vanillin, the vanillin solution was added to 2 L of 85% phosphoricTaeid.
reagent was stored at room temperature in darkness in an amber color bottle.

- Oil standard solutiol g/L (soybean oil or olive oil or commercial oilWwas prepared by adding
50 mg of neat soybean oil to a 50 ml volumetric flask and diluted to volume using
methanol/chloroform (1:1v/v)

- The methanol/chloroform (1:1: v/v) was also prepared in the dark bottle
X Lipid analysis method

With the oil standard solution, a standard curve was prepared by pipetting 50, 100, 200, 300, 400, 600 pl of oil
standard solution into glass tubes of 10 ml, respectively. For each tubes, 500 ul of the chloroform: methanol
extract was transfed into a 13 mm culture tubgll the tubes (without the caps) were then placed on the
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heater at 100°C (temperature range 10@°C10°C) for 30 min to evaporate all solvent from the tubes.
The tubes were allowed to cool to room temperature, and 2.5cohoéntrated sulfuric acid was added,
closed strongly the caps for all culture tubes, and then putted them in the heater for 20 min at 100°C.
Maintaining the temperature above 100°C is crucial in this step for the hydrolysis of lipid esters. The
tubes werehen allowed to cool to room temperature and 5 ml of phosydralin reagent was added to

each tube while mixing by vortex. After a minimum of 30 min for color development, the absorbance at
525 nm was measured on BXis spectrophotometer DR/400eHach.

For thesludge samples, 5 ml sfudge were mixed with 5 ml of methanol and chloroform (1/2:v/v) in 5 min,
then centrifuged in 20 min, 609Gt 4°C. The supernatant from the extract was removed in other glass
tube as lipid extract solution. Themwlorimetric steps were applied for extracted solution as standard
solution. Then, amounts of lipid in extract were computed bases on standard curve. Lipid extract solution
of sludge was replied two or three times.

Depending on the concentration of lipid @ach kind of sludge, the volume of sludge solution for lipid
extraction is changed.

[1.2.5. Dissolved organic carbon (DOC)

The measurement of the dissolved organic carbon is performed using a Shimadu TOC metet TOC
(The accuracy is £ 2% and the detection tlimi50 pgC/L with calibration range of @50 mgDOC/L

which were prepared from potassium biphthalate standard solution of 1 gDOC/L). The measurement is
carried out after acidification with HCI 1M and bubbling synthetic air quality during 3 min, to degas t
inorganic carbonThe sample is then injected into an oven at 720°C angr@@uced by the combustion of the
organic material is then quantified by IR measurement. These measurements are carried out in duplicated.

[1.2.6. Spectroscopy de fluorescence three di mension (3D)

The analysis is performed at room temperature for sludge soluble fraction study. Some samples highly
concentrated DOC had to be diluted in distilled water to obtain an unsaturated florescence spectrum. The
apparatus used was a 3D spectroflometric ShimadztRF5301 PC with acquisition software
S3SDQRUDPD )OXRUHVFHQFH " DQG SURYLGHG ZLWK DQ RSWLFDO
is checked prior each series of analysis using the fluorescence due to the Raman scattéraguoé ul

ZDWHU 7KH FKDQJH LQ IOXRUHWFHQFID R QVWSEIY hiwis beleld 20X UHG D W
Excitationemission matrices are plotted for excitation wavelengths ranging from 220 nm to 450 nm in

steps of 5 nm and the emission wavelength tiedsen 250 nm and 550 nm, in step of 1 nm.

Chen et al.(2003) defined in their work to map areas with different lie organic compounds such as
proteinlike and humidike substances and their excitation/emission wavelengths were pr
andFigure28
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Figure 28:Mapping different areas of fluorophores(Chen etal., 2003 Barret, 2009)

Table 16: Different excitation/emission wavelength correspond with region of components

Main Excitation wave Emission wave
Zone Components
components length (nm) length (nm)
| 200 +£250 250 300 Tyrosine
Protein like
Il 200 £250 300 £380 Tryptophan
substances
v > 250 250 +380 Submicrobial protein product
Humic +like I 200 £250 > 380 Fulvic acid(FA)
substances v > 250 > 380 Humic acid (HA)

[1.2.7. Confocal laser scanning microscopy (CLSM)

Chenetal.(2007) ZDV WKH ILUVW WR GHVFULEHDW Bblysadchaided saklipidsR Q R1 S

in aerobic granular sludge using a novel staining scheme and confocal laser scanning ngicroscop
&/60 7KLV ZRUN VHOHFWLYHO\ K\GURDDppHsacchdriBds@aing Spgditv HLQ V |

enzymes. Briefly, fluorescein isothiocyanate (FITC) was utilized to stain amine reactive compounds such

as proteins and amino sugars. Fluorescentlyllbédectin concanavalin A (Con A) conjugated with

WHWUDPHWK\O UKRGDPL Q HglddpranGsg Gught Gesitiuigs. Mila & Wak ilized to

stain lipid. All the dyes and target staining was showed IT #ie17

Table 17: Dyes and target staining by(Chen et al., 2007)

Dye Excitation (nm) Emission (nm) Targets
ConcanavalinA conjugates (Con A 543 550600 Polysaccharides
Fluorescein isothiocyanate (FITC) 488 500550 Proteins
Nile red 515 625700 Lipids
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Prepare standardstaining and buffer solutions

X Standard staining solution

- Nile red: 0.02 mg powder/ 2 ml afcetone to obtain 10 mg/L Nile red solution
- FITC: 0.02 g/2 ml of distilled water for 10 g/L FITC solution

- ConA 0.5 mg/ 2 ml of distilled water to get 250 mg/L ConA solution
All solutions are stored a#'C
x Buffer solution

- Sodium bicgbonate buffer 0.1 MpH = 9): Prepare separately a solution of anhydrous sodium
carbonate 0.M (2.2 g/L00 ml of distilled water) and a solution of sodium bicarbonate 0.2 M
(1.68 g/100 ml of distilled water). The sodium bicarbonate was created by combining: 4 ml of
carbonate solution artb ml of bicarbonate solution in distilled waterd for total volumef 200 mL
The pH of solution was controlled by NaOH 0.1 M or HCI 0.1 M with the pH probe.

- Phosphor saline buffetPBS 0.1 M (pH = 7.4): The mixed of powder contents: NaCl (8.0 g);
KCI (0.2 g); NaHPQ: (1.44 g);KH2PQO, (0.24 g) was dissolved in 1.0 L distilled water and
adjusted the pH to 7.4 by HCI solution and pH device.

Staining process:

One kind of sludge was prepared in 2 samples: 1 sample was stained with FITC and ConA, the other one was
stained with FITC and Nile red, due to Con A and Nilehastlosely the wavelength of emission and excitation.

The first sample 0.1 M Sodium bicarbonate buffer (100 ul) was added to maintain the amine group in
nonprotonated form that was followed by a 50 pL FITC solution and mixture stirred at room tenmgperatur
in 1 hour and in the dark place. Continuously, 100 ul of the Con A was incubated with the sample for
another 30 mins in the dark.

The second samplethe process will be repeated with FITC and then 100 pl of the Nile red was
incubated with the sample fdl0 min in the dark (because the acetone evaporate very quickly so the
staining will be very fast).

Beforestaining, 2 ml of sample was added in centrifugége and centrifugation at 600@gring 10 min

and 4°C. Then, the supernatant was removed thetpellets werealways kept fully hydrated during
staining. Between each staining, the stained sample was washed twice (or more than twice) with
phosphate buffer saline (pH = 7.4) to remove extra stain and the stained sample were stored at 4°C.
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A drop of thestained suspension was deposited on a glass slide, covered with a cover slip, and sealed
with a clear varnish to prevent drying of the sample during visualization with the microscopes. It should
be remembered that using of the cover slip the original shfethe aggregates in the activated sludge will

be deformed. The observation under microscopic need to be fast because the stained sample will dry
quickly, it affects to the quality spectrum when you analyze with the Velocity software.

After staining, thestained sample was observed under CLZMss 510 META, Germany.

11.3. Determination of functional groups distribution on sludge
11.3.1. F—f"ecef—c'e " oZ —tT%oFie «—"" fAcid-base titratiorf

Acid-base titration is used to characterize the chemical furctiothe soluble and particulate fractions of

the sludge in order to observe the changes in potential functional groups present. The aim is to determine
the acidity constant (pKa) and the corresponding number of locations, both on the surface andrnthe floc
the soluble fraction. The total proton acceptor site that is to say of the ionizable groups is called proton
exchange capacity (CEP).

The protocol described below is from the work.athassagné2014 and Lauren{2009)

11.3.1.1 Total and soluble fraction preparation

Solube fraction: 2 x 40 ml of sludge is centrifuged. The supernatant is collected for soluble phase titration.

Total fraction: The pellets in the centrifuge tubes after remove soluble phasesaspeaded in 40 ml of
NaNQ; 0.01 M and centrifuged again. Thepernatant was discarded and the procedure repeated once
again. After the final rinse, the pellet is a lastileited in NaNQ solution for a final volume 2 x 50 ml.

This suspension was then used for titration of the biomass.

X Total fraction titration

The biomass suspension (50 ml) is transferred into a thermostatic ¢€l).(Z6is cell is covered by Parafilm.

The cover is pierced to let the pH probe, the injection capillary and a hose for nitrogen bubbling pipe. The
suspension is stirred using a magnsticer. Before any measurement, the system is degassed for 30 min in
nitrogen to eliminate C&atmosphere. A positive pressure of nitrogen is then maintained during measurement.

Titrations are performed in a pH range from 2.5 to 10 at 2& byl using &16 NET Titrino automatititration

(Metrohm Ltd). Forimed sludge, the pH is being higher; the titration process was programmed toBefot@

each experiment, the pH electrode is calibrated. The titration is programmed dynamically (DET) for installed
method. This mode adds varying amounts of solution based on pH changes: smaller additions are made when
the pH changes are greater and the drift signal is 6 mV/min. Two separate interchangeable burettes 20 ml are
used: one for the acid (nitric acid) antedor the base (sodium hydroxide).
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In general, the protocol is adapted to the type of sludge as regards volumes and the concentrations of acid
and sodium hydroxide added. Concentrations of acid or base are 0.01; 0.1; 1.0 mol/L. These solutions are
prepare extemporaneously from commercial solutions. For titration of 2 x 50 ml total fractions, the first

is titrated to pH 2.5 by nitric acid 0.01 mol/L (for example). The data is saved and changed burette. The
second sample is then titrated by sodium hydroRi6& mol/L (for example) up to pH 10.

X Soluble fraction titration

50 ml of the supernatant sludge which was collected after first centrifugation is transferred to the titration
vessel. The protocol is the same one used for the biomass fraction exctat titr@tion with the acid and

the base are performed on the same solution: the first step is titrated to pH 2.5 with nitric acid 0.01 mol/L
(for example)and then to pH 10 with sodium hydroxide 0.01 mol/L (for example).

11.3.1.2 Data analysis

The data of titraton are recorded on a PC using the software Tinet (Metrohm). Titration curves are then
interpreted by a nenlectrostatic adsorption model protons using software PROTOFIT. PROTOFIT is a
tool for analyzing the data after adidse titration. It is primarilgesigned for optimization of protonation
models of different types of mineral or organic origin surfaces. PROTOFIT can optimize acidity constants
from a pattern selected from four available, this kind for a four surface locations. These models include
the model of the double layer (DLM: Double layer model), Constant capacitance model (CCM), Donnan
Shell model (DSM), and a neglectrostatic model (NEM). The activity coefficients can be considered as
equal to 1. For a detailed presentation of surface pratonaf the modeling and the operation of the
software PROTOFIT are available in the work of Turner and Fein (Fein and Turner, 2006).

The adsorption model of nealectrostatic protons chosen based on surface reactions forming positive or
negative monovalemgroups as equation:

In these equations, R represents an organic functional group.

The model is optimized based on the assumption that the pH is fixed at each stage of the titration and the
surface is in equilibrium with thsolution. A number of exchange reactions of protons, the shape of the
above equation assumed to take place at the surface, each equation corresponds with the equilibrium
constant and a number of sites. The law of mass action is expressed in ‘hectastatic model
according to the following equations:
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The choice of the number of types of sites and their properties (acid, base, amphoteric) is performed by
configuration offering the best fit between experiment data and calculdketthevimodel (Laurent et al, 2009).

The model provides the corresponding concentration for each pKa, which correspond3EC theéhe
sites unit of mol/kgTS.

[1.3.2. Cation exchange capacity

The CEC is determined according to the protocol usetidoyari and Mulligan (2006d)on a sludge
sample concentrated by centrifugation.

The capacity of the biomass to bind cations by ion exchange mechanism is proportional the number of
negative charges per unit weight of biomaBke capacity of the biomass retaih cations, i.e. the

number of negatively charged sites per unit mass of biomass can be expressed quantitatively by a
parameter called the Exchange Capacity Cations (CEC). There are many ways of measuring the CEC.
Most are based on principle of cation désmment, that is to say, a method in which cations occupying

WKH H[FKDQJH VLWH DUH PRYHG 3ULQVLQJ" ELRPDVV ZLWK H[FHV\
acetate (NH LV WKH FDW LR&varPaRdrNMuligan, 2006d)

The protocol used is derived from that used in their work on granular sludge previously dried by
Hawari and Mulligan,(2006d, 2006e)In this stug, the sludge will not be dried before handing but
concentrated by centrifugation so as to maintain the surface properties of fresh slurry. This protocol is
described in different steps:

Step 1 40 ml of a liquid sludge was transferred to the centrifuge then centrifuged at 6000g in 20 min
and 4C. The supernatant was removed and the pellet was kept in the tube for the next steps.

Steps 2 20 ml of potassium acetate 1M was added in the centrifuge tube which contents only pellet after
step 1. This tubwvas agitated at 180 rpm in 30 min. Then it was centifugt 600§ in 20 min and €.
The pellet on the tube was separated after removed supernatant. This step will be replied 2 times.

Step 3 this step is similar step 2, the difference is: 20 ml of [soias acetate 1M was replaced by 20 ml
of distilled water.

Step 4 final step: 25 ml of ammonium acetate 1M was added in the centrifuge tube after step 3. All the
conditions of agitation and centrifugation in the step 3 were reminded in step 4. Thiastepeated 2 times
After centrifugation, the first and second supernatants were kept separately and then filtrated by cellulose
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nitrate membrane 0.45 pm and stored in fridge at 4°C until analysis. Before analyzing potassium concentration
by atomic adsqtion device, the filtrated solutions were diluted 250 times with distilled water.

Note In the step 1, the volume of sludge was taken depending on the concentration of sludge sample.

The potassium concentration in the supernatant is measured by atoissorern the Flame retardant
according to the standard (diluted to reach a concentration of < 2 mg/L is about 25QAHFNSIR, 1997b)
The potassium concentration thus determined (expressed in meg/100 g) is equal to ﬂﬁmﬁ?’

®U wuu

Equation 9 n o fL D A0B0

Where:CEC: is cation exchange capacity (meg/100g MVS)
X: is Potassiunconcentration in the diluted sample assayed by flame (mg/L)
D: is dilution factor used for the determination flame
Vsampie is final volume of the sample (50:3Q.)

VSS is volatile suspended solid concentration of studied sludge (g/L)

[1.3.3. Infrared spectra

The infrared spectroscopy is used to study the structure of the organic material or mineral -infraneitl
regardswavelength radiation ranging from 4000 to 400%crAn IR spectrum is made up of absorption
bands corresponding to different modes of wibraof the molecule. Obtaining an IR spectrum requires
analysis of all wavelengths emitted by the source, after absorption by the sample. Each absorption band
can be attributed to a characteristic group.

The spectra was produced from sludge samplesdhavidergone preparation follows: a volume of 40 ml of
slurry after treatment 3 times is centrifuged (6000g, 20 minutes, &f€}he pellets were suspended in
distilled water. The pellets obtained after the third centrifugation were then recovered bite gpoctelain

and dried for at least 24 hours at 105°C. The obtained dried sludge was finely ground in an agate mortar. A
pellet of 13 mm in diameter is then manufactured through a mold adapted by mixing about 5 mg of the
powder thus obtained with 180 mfjKBr. This mixture was then pressed at a pressure atsmmtr3o obtain

the patch. White is performed on a pellet containing only KBr. The spectra are finally registered (400 to'#000 cm
with a Nicolet Magna 550 FITR spectrometer and operated ugr@NNIC software

11.4. Sludge observation

[1.4.1. Optical microscopy

To visually identify the structure of aggregates, microscopic observation of sludge was carried out using
an optical microscope Zeiss Stemi SV6 (objective x 0.8; 1.0; 1.2; 1.6; 2.0; 2.5; 3.2; 4.0; 5.0). The
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photographs are taken with the LD camera (Migimn Instrument, Germany)lJsing a dissecting
microscopy Loup SV6) is preferred to characterize aggregates when they reached a large size that can no
longer see them in full light microscopy. The insertion of the ladder on the photo microscope or
magnifying glass and the image processing are done using the computer program Videomet.

[1.4.2. Scanning electron microscopy (SEM)

This method is used for observation of microbial composition distribution and the shape of aggregation which
cannotobtain by optical lighticroscope. Sample for SEM were washed with phospbaféered saline (PBS)

and fixed in 2.5% glutaraldehyde overnight &€.4Fixed aggregates were washed with (M.Godium
cacodylate buffer; dehydrated by successive passages ti2augh, 75, 80, 905, and 100% ethandhen

sludge were dried in freeze alC4(Weber et al., 2007)Finally, the completed sludge forming process
was investigated by scanning electron microscope (SEM) TM 3000 (Hitachi Instrument, Japan).

[1.4.3. Laser diameter diffraction

Measuring the granular size is determined using a LS (TM) 13 320 particle size analyzer (Beckman Coulter
Instrument, American). This technique relies on the property of materials to diffract light. Any particle
illuminated by a laser laen diffracts light in all directions with an intensity distribution that depends on its size.

Depending on the properties of the material, the measurement range varies between 0.02 and 2000 pm.
The particle size of sludge yielded aggregate size distritmiiad thus access to the most likely diameter
of the aggregates (granule and floc) in terms of volume percentage. The example of the volume

distribution of the sludge was showr[ﬁ'rgurezg

Figure 29: The aggregate distribution of sludge following the volume distribution

It can be noticed that the interpretation of the results must be carry out with the cauiiracfion
phenomenon and methods which are not easily applicable in certain circumstances, for example:

The particle are spherical, homogeneous and isotropic
The particle movement are random
The patrticle are sufficiently distant from each other

X X X X

The medim is transparent and does not absorb laser beam.
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11.5. Copper determination in sludge

[1.5.1. Sample preparations: mineralization process
X Soluble fraction

The samples are filtered on a cellulose nitrate membrane 0.45 pm. They are then acidified with a few
drops of concetrated nitric acid (69%) and stored in tubes polyethylene at 4°C.

X Total fraction

Total fraction is prepared by mineralization method using Multivalve GO (Microwave digestion system
with DMC directed multimode cavitytAnton Paar): 5 ml of sludge are stdyim the Teflon tube of

device. Some solutions was continuously added in the tube: 3.0 mDaf38%% solution were putted in

the tube at the beginning, mixed softly angtkine tube quite during 30 mi;0 ml of concentrate nitric

acid was added latend stored culture tube abom temperature during 1 howd;0 ml of concentrate
chloride acid was manned at the end of process. The tube was kept during one night before transferred to
microwave device and setup and check all the conditions for the aigoniaéralization program on the

device before starting. When the process finish and the samples cooled at room temperature, they are
filtered by cellulose nitrate membrane 0.45 um and stored at 4°C for further study.

Depending on the concentrationroétal elements to be measured, the measurements are carried out on a
flame or furnace atomic absorption spectrometer.

[1.5.2. Flame - Atomic absorption Spectroscopy (AAS)

Copper concentrationwas measured using a Varian spectrometer 880Z. The analysis is based on the
absorption of photons by the atoms in the ground state at a specific wavelength of the element to be assayed.
The sample in the liquid phase is sucked and injected in a flame sleaeetvhich will ensure the
atomization of the elementhe absorbance is then measured and the concentration of the element is
determined by a calibration curve which formed in the measurement range for each element ( from 0 to 5 mg/L
for Copper determirieon). The samples were diluted with distilled water if necessary

% Furnace - atomic absorption spectrometry (FAAS)

The apparatus used &n absorption spectrometer equipped with electrotheratamization with a
background correction system Zeelan maidagan SpectrAA 800. The measurement principle is the same

as flam except that the atomization of the element is ensured within an electrothermal graphic furnace which
increases the sensitivity. In order to avoid interference phenomena due to the coatplessetudied,
element analysis is performed by the addition method after appropriate sample dilution method. For each
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sample, known concentration and increasing of the element to be assayed are added before the measure. The
line obtained is used to calate the initial concentration of individual trace element concerned.

[1.5.3. Copper distribution determination: BCR extraction

The conventional BCR protocol (the community Bureau of Reference now the European Union
SOHDVXUHPHQW DQG 7 Haftehlr€uire8 td RxirdrbeR Bindig consuming (48h). Recently,
The BCR extraction method was modified by the use of compromise sonication conditions in ultrasonic
bath Following this methodthe sequentiatxtraction procedure could be completed in around 30Imin.

this work, copper wasxtracted in different fractions of sludge, soil and sludge amended soil by using
modified BCR extraction method which were described in studiladi et al., 2006)

% BCR materials

Soil or sludge or sludge amended soil samples were dried’ & df& 24 hours and sieved through a 200 pm
mesh screen (after removing stoaed other debris) and stored in polyethylene bottles until further use.

Deionizedwater was used for all dilutions. All the standards, reagent solution and samples were kept in
polyethylene containergcetic acid (glacial, 100% Fisher Scientific, Loughirough, Leicestershire, UK)
Hydroxyl ammoniumchloride (ACROS organics, New Jersey, USA), hydrogen peroxide (3o&her
Scientific, Loughborough, Leicestershire, UK), and ammonium acetate ands K8%@, Suprapur
Merck, Darmstadt, Germany) weseipper pte quality. All the plastic and glassware were cleaned up by
soaking in dilute HN®0.1N and were rinsed with deionized water prior to use.

Solution | (acetic acid, 0.11 M): Distilled glacial acetic acid, 6.29 = 0.2 ml, was added (in a fume
cupboard), to lBout 500 ml of deionized water in a 1000 ml polyethylene volumetric flask and made up to
exactly 1000 ml to obtained an acetic acid concentration of 0.11 M.

Solution |l (hydroxyl ammoniunchloride, 0.1 M, pH = 2.0}dydroxyl ammoniunchloride (6.95 g) was
dissolved in 900 ml of deionized water. The solution was acidified with concentrated nitric acid to pH 2
and made up to 1000 ml. This solution was prepared on the day the extraction was carried out.

Solution lll (ammonium acetate, 1.0 M) ammonium aceta?e08 g) was dissolved in 900 ml of deionized
water. The solution was acidified to pH 2.0 with concentrated nitric acid and made up to 1000 ml.

Note: All the BCR material amounts were calculated bases oarttwint ofsludge sample analysithey
were usd immediately after preparation.
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% The BCR sequential extraction procedure
Step 1: Exchangeable/acid soluble fraction (F1)

20 ml of acetic acid (0.11 Mwas added to 0.5 g sludge in a 50 ml centrifuge tube with stopper and
extracted by sonication in 7 mat 20 W and room temperature. The extract was separated from the solid
residue by centrifugation at 6000g for 20 min and 4°C and supernatant liquid was decanted and filtrated
by cellulose nitrate membrane 0.45 um into polyethylene container and frodeamnatysis.

Step 2: Reducible fraction (F2)

20 ml of a freshly prepared of hydroxylamine hydrochloride §0)as added to the residue from step 1

in the centrifuge tube, reuspended by manual shaking, and then extracted by sonication in 7 min at 20 W
and room temperature. The extract was separated from the solid residue by decantation, centrifugation,
and filtration as in step 1. The extract was retained in a polyethylene container, as before, for analysis.

Step 3: Oxidation fraction (F3)

10 ml of hydrg@en peroxide (30%) was added carefully to the residue in centrifuge tube and was digested
by sonication in 2 min at 20 W and room temperature. A further aliquot of 25 ml of ammonium acetate
(1.0M) was added to the moist residue and sonicated in 6 mh\&t &1d room temperature. The extract

was separated from the solid residue by decantation, centrifugation, and filtration and storage as in step 1
and step 2. The solid residue was stored in the oven at 40°C.

Step 4: Residual fraction (F4)

The residual fretion was digested using the aqua regi@l/HNO; (1/2: v/v) solution. This step was
mannered similar total metal digestion analysis.

Two independent replicates were performed in parallel for each sample. And blanks were measured for each
set of analyses,espectively. An internal check was performed on the sequential extraction results by

comparing the total amounts of metals extracted by different reagents during the sequential extraction
procedure with the results obtained by total digestion. All theetidn steps were presentefFigure30,
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Figure 30: BCR sequential extraction method scheme

% Result calculations

The Cu concentration in the different fractions was calculated foIIowir[thationlo

fia
U Ba

Equation 10 5 L

Where:mg: is Copper concentration in each fraction (mg Cu/g)

C: Copper concentration in each extraction solution according to different fractions was
determined by fAAS (ug L?)

V: Volume of extraction solution (ml)

m: the weight of sample (sludge orilsmr sludge amended soil samples) (g)

[l. Experimental protocols for studying the behavior
of Cu in sludge and sludge amended soill

The objective of this part is to determine the potential Cu adsorption/desorption on granular
(anaerobic/aerobic) and convemi# sludge and soil. The Cu leaching availapilithen sludge amended

on soils (grass landnd paddy langl, was established on batch and column tests. After Cu leaching
process, Cu distribution in different fraction of sludge and sludge amended soil vessigated.
Summary of the study was presentgéigure31
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Figure 31 Summary diagram of the Cu adsorption/desorptiorexperimental process on the sludge studies
lII.1.  Sludge and soil collection and preparation

[11.1.1. Sludge preparation

Cu adsorption/desorption was conducted in several kinds of conventional sludge which contains: digested
sludge (BD), limed sludge (BCH), composted geidCPT, CPC), thickened sludge (BE), reed bed sludge

(LR), centrifuged sludge (BC), centiiied sludge (BCD) and filtggressed sludge (BFR)dble 12).
Granular sludge, which contains aerobic from SBRsledde reactor and anaerobic granular sludge from

paper industrial wastewater treatment plamtre stabilized at laboratory by centrifugation. This process
was conducted as thickening process adugrtthickened sludge from sludge treatment plants. Granular and
conventional sludge was collected and dried at dried at 105°C in 24 hours, prepared for all experiments.

[11.1.2. Soil collection and preparation
¥ Soil collection

2 topsoil samplesvere utilized in this study to represent different land use types, nagnas lancnd
paddy landAs presence iffrigure32| grasssoil (GS)was closen at a basement meadow -amithropized
(without rearing or culture) in the commune of I$&¥-Limosin- France). In this region, the average
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annual rainfall and temperature are 1060 mm and 10°C, respediieefassagne, 2014paddysoil
(PS)with no previous history of sludge application ob&airirom the commune of Phu MBinh Dinh, at
Southern Coastal agriculture zone of Vietham where is covered by mountains or hills and the popular type
of soilis sandy soil. The average annual rainfall and temperature at Vietnamese soil collection esgion ar
1560 mm and Z€, respectively.

Figure 32: Mapping the soil sampling regions
¥ Soil preparation

Soils were collected at ®&15 cm depth surface after plant residue or debits was removed. At the
experiment site, soil was aiiried under shade at ambient temperature and crushed by mortar and by hand
and sieved through 2 mm stainless steel screen. T8tepe eliminates the effects linked to the soil
structure, making reproducible tests and comparable from the column to another. Sieved soil was kept in
plastic prior to experiments and analyses.

% Soil characteristics

Various characteristic of soil, botltinysical and chemical properties, which influence leaching, adsorption,
and decomposition of copper in soil, were analyzed in the laboratory analysis of INRA in At
methods described detail jbachassagne, 2014)he soil characteristics were show|Table18
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Table 18: Selected properties of thegyrass and paddysoil horizon (0-15 cm)

Soil properties Grass soil(GS) Paddy soil (PS)
Type of soil Brunisols HydragricAnthrosols
Grain size distribution
Clay (%) 24.2 8.1
Slit (%) 29.2 17.7
Sand (%) 46.6 74.1
Texture Loam Sandy loam
Physicechemical properties
pH 5.6 5.2
Total nitrogen (mg g§) 0.280 0.511
Organic carbon (mg¥ 34.70 7.18
Organic matter (mgd 60.1 12.4
C/IN 12.4 14
Cation exchange capacityCEC (cmol kdt) 17 1.59
Exchange cations
Ca*(cmol kgb) 12 0.487
Mg?* (cmol kg?) 3.9 0.107
Na'* (cmol kg?) 0.187 0.0315
K (cmol kg?) 0.28 0.0489
AL3* (cmol kg?) 0.18 0.243
Fe* (cmol kgY) 0.0084 < 0.005
Mn2* (cmol kg?) 0.0532 0.042
S% (cmol kg?) 16.4 0.674
CaCQ (mg gh <0.1 <0.1

l11.2.  Batch test for study Cu availability on sludge, soils and

sludge amended soils

[11.2.1. Kinetic study for Cu adsorption on sludge and on soils

The Cu kineticadsorption study is first and important step to determine the equilibrium time of Cu
adsorption/desorption on sludge or on sails. In this study, the kinetic conditions were applied similarly for
studying Cu adsorption on sludge and on soil.
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% Cu kinetic adsorption on sludge

The kinetic adsorption was conducted at three different L/S (liquid/solid) ratios of 10@ndD0 (L/kg),

therefore according teeach kind of sludge, 0.5 g; 1.0 g and g &f sludge dried matter was mixed with 50 ml

of copper solutin in plastic bottles, respectively. A known quantity of copper solution ¢Cp@ity >98%)

at 10 g/L (<2% of the total volume) is added at the beginning of the test to obtain initial copper
concentrations at 10 mg/L and 100 mg/L. The tests are madastant pH 7. Adjustment of pH is done

by the additia of 0.01M HEPES buffer (SIGMA, H4034.00g, purity >99.5%), this concentration was
prepared by adding 1.1915 g HEPES in 50 ml of each adsorption solution in plastic bottles. The plastic
bottles were lien agitated on a thermostat shaker bath at 180 rpm and ambient temperature; they are
shaken in 8 hours. Then, the solution was centrifugatea®000y, 20 min and 4°C, the supernatants
were filtered by cellulose nitrate membrane 0.45 um and were dédedrops of concentrated acid

HNO; 69%. All these solution were stored at 4°C until analysis by AAS-AAE for determination of

copper concentration. The concentration of copper adsorbed in particular sludge is obtained by difference
between the initiabnd residual of copper concentration in solution at equilibriing sorbedcopper

amount g(mg/gTS) was determined accordinggquaton 11

Equation 11 LA Fn,; &

Where:Cita andCe: are the initial and residual of Cu concentration at equilibrium, respectively (mg/L).
V: is the volume of adsorption solution (mL).

m: is the amount of dried sludge).
% Cu kinetic adsorption on soils

The kinetic of copper adsorption on soils was conducted for bagrassandpaddy soil For each kind

of soils, 1 g of soils was mixed in 50ml of adsorption solution which was contained in plastic bottles at
100 mgCu/L The mixing condition corresponds with L/S ratio of 50 (L/kg). The pH of testing solution
was not controlled. The plastic bottles were then agitation (180 rpm, room temperature) during 8h.
Finally, the solution was centrifuged at the 6000g, 20 min and #fCsupernatants were filtered by
cellulose nitrate membrane 0.45 um and were added few drops of concentrated ag@RIN@Il these
solution were stored at 4°C until analysis by AAS eAAS for determination of copper concentration.

The amount of Cadsorption on soil particulate was calculated by usirI@thfatbn 11
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[11.2.2. Batch tests study for Cu adsorption ability on sludge, soils and
sludge amended soils

¥ Calculation of the amount sludge amended on soil for batch test experiments

Due to the big number of sludge, digested sludge was chosen for study of copper availability on sludge
application soils. The adsorption/desorption experiments wenelucted on three sludge application
rates: 3tons, 30 tons and 150 tons DS sludgé. Adne amount of sludge amended soils was calculated by

Equation12

Equation 12 S L

Where:%S: percentage of sludge amended soils (%) or the gram of sludge applied on 100 gram soils
A: Sludge application rates (tons &)
H: soil horizon (m)in this studyH = 0.1 m

D: Density of soils (g/n?)
% Batch test establishment

The copper adsorption on sludge, soils and sludge amended soils experiments was established in the
similar range of copper concentration in adsorption solution (from 0 mg/L to 1000 mg/L)xdAarto

L/S ratios, a known amount (in gram) of sludge, soil or sludge amended soil was added in 50 ml of
adsorption solution in plastic bottles. The experimental conditions of Cu adsorption on sludge, soil and
sludge amended soil were detaile The batch test bottles were agitated at 180 rpm in 4h at
room temperature (25°C). At the end of adsorption test, the solution was separated ihgataotr,

filter and was acidified by some drops of HNED% , then stored at 4°C for analyzing residual copper
concentration maintained in solution at equilibrium.

Table 19 Several different conditions of Cu adsorption on sludgepils and sludge amended on soils experiments.

Adsorption conditions

Batch test study

L/S ratios (L/kg) | Type of adsorption solution pH control
- Adjust pH 7 by adding
Sludge 50 Distilled water HEPES buffer
Soils 10 Distilled water None
Sludge amendesbil 10 Distilled water None
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% Adsorption isotherm modeling

In order to evaluate the metal adsorption capacity in sludge, it is important to establish the most appropriate
correlation for the equilibrium curve. Several isotherm models have been tedtesl jmesent study,
namely, Liner, Langmuir and Freundliimousin et al., 2007)These modeling permits to determine the

copper adsorption capacity and copper availability on sludge, soils and sludge amended soils.

The quality of the isotherm fit to the experimental datgpgcally assessed based on the magnitude of the
correlation coefficient for the regression; i.e. the isotherm giving?araRe closet to unity is deemed to
provide the best fit.

The Langmuir model has the following form

Uy
O ug

Equation 13 L

=3

With ¢ is the amount of Cu ion sorbed at equilibrium per g of sludge or soil or sludge amended soil (mg/g),
Om is the maximalCu sorption capacity of sludge or soil or sludge amended soil (mg/g)th@ equilibrium

Cu ion concentration in the solution (mg/L) and iK the constant of equilibrium (L/mg) depending on
temperature and the applied conditions. This equation can be linearized under the following shape:

L~ f "

Equation 14

Ug

If the equation of Langmuir is valid to describe the experimental results, it must verify the linearized
shape of the basis equation, in system of coordinatgs=Cf(C), that will permit to obtain theonstants
Om and K_from the intercepts and slopes.

The Freundlich model has the form

Equation 15 L o i’

Where @ and G are as described before; #d n are the positive constants depending on the nature of
sysem solutesludge or soil or sludge amended soil and temperature. This equation can be linearized
under the following form:

Equation 16 L u E- i
If this equation is verified with data of sorption eduilm, we must obtain a straight line in the system of

coordinates logg= f(logCe), the slope and the intercept to the origin give the value of constants n and K
respectively.
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The liner model:

The liner model was applied when the ratio betweerdheentration of the compound remaining in solution
and adsorbed on the solid is the same at any concentration. Thus, this model is often used atoatiusasy
approximation (for a narrow range of concentration or very low concentrations), accorttiiedarm:

Equation 17 Lu &

Where gand G are as described beforey iK distribution efficiency (L/kg) which was determined as the
slope of liner isotherm curve following the relationstujp= f(Ce)

This model needs to be indicated the concentration range of adsorbate, otherwise it could lead to
erroneous conclusions. For example, if the solid has a limited quantity of adsorption sites, the isotherm
could be nonlinear because of a possible saturptaiaau.

[11.2.3. Batch tests study for Cu desorption ability from sludge, soils and
sludge amended soils

Desorption batch test were carried out for study Cu desorption ability on sludge, soils and sludge
amended soils. The amount of sludge amended on soil farpdiesn experiment study was also
calculated by tH&quation12

For establishment copper desorption batch test study, a known amount of sludge,sbeilge amended

soil was added on 50 ml of desorption solution in plastic bottle. The different amount of adsorbent
depends on the L/S ratios. The Cu desorption ability on sludge, soils and sludge amended soil was
conducted at several differences of eipental conditions which were presente Then, all

the bottles for desorption batch tests are shaken at 180 rpm at ambient temperathaiis. Once
equilibrium was reached, the samples were centrifuged and filtered at 0.45 um, the aqueous phases were
acidified with a few drops of HN{69% before analysis.

Table 20: Several different conditions of Cudesorption from sludge, soils and sludge amended on
soils experiments.

Desorption conditions
Batch test study : - :
L/S ratios (L/kg) | Type of desorption solution pH control
Sludge 50 NaCl 0.02 M None
Soils 10 NaCl 0.02 M None
Sludge amended soil 10 NaCl 0.02 M None

The concentration of copper presented in two fractions (or phasespattieulateand the soluble
fraction, was analyzed by flame or furnace atomic absorption spectrometer.
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All studies were carried out in duplicate and the copper desorption percentagalaated according to the:

. .- ~ Oo >ie a

Equation 18 n oA

Where:Ccu s): is Cu concentration isoluble fraction aftedesorptiortest(mg/L);
Ccu): is Cu concentration iparticular plase before desorption test (mg/gTS
V: Volumn of desorption solution (L)

m: Amount of dried sludge used for desorption test (g TS)

l11.3.  Column test for study Cu leaching ability on sludge land
spreading

[11.3.1. Sludge amended soil column leaching experimen t

Leaching experiment were performed using glass cylinders (4.5 cm inner diameter, a 40.0 cm height) with
2-cm depth quartz sand was applied at the bottom to retain sedriéd soil (< 2mm) was carefully added

to the column in approximate 2 cm increnseto maintain soil thicknessf 15 cm. The extract mass of the

soil was calculated from the weight of the column before and after filling. Sludge obtained following the
implementation of the treatment process described aisavsed to be applied to the soil columnas

planned according forwiige application rate 3 tons D®&fea) (ADEME, 1999).The amount of sludge

added and mixed in topsoil-@cm depth) layewas calculated by usifigguationl9

. i @A B@e- Ok Vo
Equation 19 “:J L

- u
08— pa
Where:m: amount applied per column (ug)

A: rate of applicatiorfkg/ha)

d: diameter of soil column (cm)

&.14

Atfter filling process, a piece of quantitative filter paper was placed on top of soil column. The column
slowly saturated with artificial rainfall (Ca£D.01 M, pH 6.8) from the bottom until fieldolding

cgpacity was reached prior to leaching tests. Then, the packed and saturated columns were immediately
started experiment. For leaching process, 393 ml artificial rain was dropped on the top of column during
48 hours and repeated 5 times to simulate a onergedall in the Limousin area. Leachate following

each leaching episode was collected in plastic bottles by gravity flow under the column. All tests were
conducted in the darkness at ambient tempergigere 34landFigure33). Moreover, control soils were
performed without sludge application.
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Figure 33: Leaching column experiment

Paddy soil Grass soil
(PS) (GS)
Paddy soil Grass soil
(PS) (GS)

Figure 34: Photos of the establishment leaching test on sludge amended soil columns.
[11.3.2. Soil leachate analysis

Each leaching treatments were carried out in duplicated (2 replicated x 2 soils x 11sludge). Five bottles of
leachate (one bottle contains varied between 752.8 and 835.9 ml leachate) were selected for one leaching
column, which were equalent to average annual rainfall statistics in Limousin region. A part of each
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leachate was acidified with concentrated HNGltrapure) for determination of Cu amount in leachate
then copper leaching percentages.

For one soil column, the Cu leached petage in leachate after every two days of collecting was
calculated by th&quation20

Equation 20 A Lgp—auUu

Where:%Cu;: leaching desorption efficiency in each of five leachate (%)
Ci: is Cu concentration in each of five leachates (mg/L or pg/L)

Vi: is volume of each leachate (ml or L)

Other part of leaching solution was kept untreated the determination of other parameters: pH,
conductivity, redox potential, turbidity, TSS, dissolved organic carbon (DOC), UV adsorption at 254 nm,
and fluorescence excitatimmission matrices (EEM) which were constructed from a series of emission
spedra up to 550 nm by varying the excitation wavelength from 220 to 450 nm in 5 nm increments. All

the analysis method was Iiste«filablezl

Table 21: Sample analysis method

Parameter Methods
pH Multi 9430
Conductivity (EC) Conductivity Meter LF 538
Redox potential (RP) Multi 9430
Turbidity Turb 550 IR
UV absorbance at 254 nm UV-1700 Shimazu

dissolved organic carbon (DOQ TOC xTekmarDohmann

Fluorescence EEM Shimadzu RR301 PC

Copper F-AAS

At the end of the test, for each column corresponding to each kind of sludge samples, volume of leachates
collected during the test were mixed and characterized with the same |legmbatie characteristics to

determine the effect of each parameter for copper availability on sludge amended soil column. The copper
leaching ability in total leaching solution is determine(Hoyation21
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Equation 21 T 0> <t % ZoLe Qo> %248 .100%

OO)ZTM',‘a TM'>OO>:”"’>§-;6;a ™5 Sec

Where:Ccu (eachatej IS COpper concentration sompositdeachate solution (mg/L)
V: is volume ofcompositdeachate solution (L)
Ccu(soi: Copper concentration in the soil (mg/g)
Msoii. Amount of soil in the column (g)
Ccusiudgey Copper concentration in sludge (mg/gTS)

Msiudge AMount of sludge amended on soil column (gTS)
% Column dismantling and soil sampling extraction and analysis

At the end of the experiment, the column was gldw#izontally into sections @5 cm, 510 cm, 1615 cm,

which were then air dried ambient room temperature. Each soil column section was stored in plastic bags,
the soil was then manually homogenized by shaking, sieved retaining the frattium, and then weighed.

The percentage of copper distribution in different soil layers waslatdd based pEquation22)

Equation 22 " oo L 0% 4y )Y

0> €

Where:%Cu ). is percentages of copper distribution in each soil layers
Mcu ): IS amount of copper in each soil layer (mg)

Mcu (n): IS amount of copper in soil column (mg)

Besides, copper distribution in different fraction in each soil layer was extracted bys@Gé&hcing
extraction method. According this method, the copper speciation is classified into four species: the
acid-soluble fraction (F1)the reducible fraction (F2), the oxidizable fraction (F3), and the residual fraction (F4)
The oxidizable fraction (F3epresents the metals bound to organic matters and sulphides and the residual
fraction (F4) represents the portion of metals bound to silicate lattice or crystalline iron and manganese
oxides with less mobility and potential béwailability. In the presnt work, the samples were evaluated

by means of the BCRsequential extraction method&g.3 +Part 2 £pagel101).
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Chapter 1. Comparison between conventional
activated sludge (CAS) and granular sludge  originated
samples: Insight into the sludge structure from
macroscopic to microscopic considerations.

Numerous studies have shown the influence of the properties of the sludge matrix in the interactions with heavy
metal during the adsorption/desorptiongasse$Ong et al., 203,Bolan et al., 2014a; Laurent et al., 2010)ere

are different mechanisms convoluted in the interaction of heavy metals with sludge, which include
physical processes like entrapment of metal ions within sludge nf@wikaud et al., 2005pdsorption

of metal ions on the sludge surfa@@amrakhiani et al., 2016yiffusion of metals due to interface of

heavy metals with negative charged consortium surfai¢ei et al., 2016) Chemical process like
precipitation of metals occurs. They aféected by pH values and sludge component such as carbonate
(CGs?), phosphate (P9), sulfur ($) or sulfate (SG¥), etc,(Xu and Liu.,2008 Bartacek et al., 2008)
Extracellular polymeric substances (EPS) comptsealso play a vital role in heavy metal
adsorption/desorption by effecting the complexation formdtiband Yu, 2014)

Thus, the study of the fate of heavy metal in case of Cu in sludge during treghoesgs not only
depend on the determination of the sorption/desorption constants but also on the effect of sludge matrix
characteristics on Cu availability.

In this chapter, 9 sludge samples coming from conventional activated sludge systems and tate granu
sludge samples were characteri. All the samples were collected in full scale installation,
except aerobic granular sludge whiehas specifically produced during this stu. The
interest of this work lies in the fact, originally, it was possible to compare in tidty,shot only
stabilization treatment (digestion, liming, composting) but also sludge structure (CAS sludge versus
granular sludge). These kinds of information are indeed really scarce in the literature.

The sludge matrices obtained during the variowrirents have been characterized using several techniques.
All the techniques were chosen to bringeful information giving sense to interaction between
particulate/soluble parts of the sludge for one part and trace metal element for anothigiupass).

In this chapter sludge characterization was intentionally presented so that the sludge structures appear gradually from
macroscopic to microscopic scale. And from general composition)(TS3 FRQWH QW « PRUH DFFXUD
(chemical functional groups nature and localization, 3D fluorescence of the soluble phases) were determined.

All the methods for sludge charadition were detailed in part @ Materal and Methods and are
remindedon |Figure35).
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This chapter is the starting point of this work, and numerous references to the content of this chapter
would be done in chagt2 and3 as support for interpretation of copper sorption/desorption abilityng

land spreading.

Figure 35 Summary of the sludge origin and analyzed methods carried out to various sludge characterizations.
l.1. Sludge characterization: general considerations.

[.1.1. Material distribution

Material distribution measurements are performed on each sludge sample at each step of the treatment.

The results are presentedTiable 22| The sludges studied are of different origins and undergo several
treatments and/or stabilization, which modify their dry matter content (TS), but also the distribution

between organic matter (VS) andnaial matter (MS).
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Table 22 General sludge matrix characteristics after water and sludge treatment processes

Sludges oH Dried matter (TS) | Organic matter (VS) | Mineral matter (MS) % of VS % of MS
(g/L) (9/L) (9/L)
BE (WWTP1) | 6.88 1.16 0.87 0.29 74.92 25.08
o BCh (WWTP1) | 12.89 1.67 0.97 0.70 58.31 41.69
(@]
% BD (WWTP1) 7.14 0.96 0.65 0.31 67.41 32.59
g BFP (WWTP1) | 8.29 7.93 5.30 2.62 66.99 33.11
;% BCD (WWTP1) | 7.23 21.98 14.5 7.48 65.97 34.03
-é BC (WWTP2) 5.83 8.18 6.40 1.78 78.23 21.77
% Cpl (WWTP2) | 7.08 15.34 8.66 6.68 56.44 43.56
- Cp2 (WWTP2) | 7.20 14.31 8.07 6.24 55.58 44.42
LR (WWTP3) 8.12 3.57 2.54 1.03 70.09 29.91
EEEr BAN 6.80 91.19 78.58 12.61 71.65 28.35
sludge BAE 8.50 3.34 2.85 0.49 85.32 14.68
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Material distribution was supposed to be one of the main important valuke ercess sludge stabilization.
After dewatering and composting treatment, ¢coacentrationof mineral and volatile matters significantly
increased and showed the highest valuesdotridriedsludge (BCD). By evaporation, 30% of water content in
BFP sludge was removed, therefore, Biig® present high material distribution in sludge. Besides, the addition
of green waste in composted sludge (Cpl and Cp2) enhanced dramatically the rmtesraircgludge with
around44%. Moreover, the addition of lime (with 30% Ca(QidY'S) inthickened sludge increased slightly the
mineral contenin BCh compared to BEvhile the volatile content of BCh and BE is quite equal.

Sludge drying reed beds are a robust method for dewatering and stabilization of sludge. In our study, reed
bed sludge (LR) also presented considerably material contents in sludge.

Furthermore, by comparing granular ddi¢ and conventional sludge, BAghowed identically higher
volatile value 85.326) than BAN and other conventional sludge. However, the mineral contents in
granule were lower than that in dewaterargl composting sludge.

Volatile values normally indicate the organic matter content disatbirt sludge. This kind of material

often have high affinity for adsorption of heavy metal and especiallizou et al., 2013a)n addition,

the ion exchange mechanism during metal ion adsorption/desorption also effectively occurs on sludge
with large content of mineral material. Théore, sludge with high VS and MS values could be owned
high adsorption capacity with metal ions. In the case of this study, dried, composted and granular sludge
could be predicted for high adsorption capacity with copper ion in solution.

[.1.2. Dryness and pH of sludge
Dryness and pH are very important parameters as they greatly influence soil amending quality.

First of all, thedryness of sludge isimportantinformation because it greatly impacts the cost for sludge
transportation and valorization. From th@m of view the more the dryness is important the more the cost
associated to transportation antbviaation could be decreasékhe dryness of the different sludge samples
is presented Concerning conventional activated sludge systemmsposted (Cpl and Cp2)
and centedried sludge (BCD) exhibited the most important dry matter conférgse result@re not
surprising whertonsidering the literature on composting and the efficiency of centridry process

From this point of view it is very interesting to observe that without any stabilization or drying treatment,
the dryness of the granular sludge is very high compareddketted (BE), limed (BCh), or digested
sludge (BD). Thus the step of dewatering could be not necessary or drastically reduced for granular
sludge, then inducing reduction of the cost of sludge treatment.
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Figure 36: The pH and dryness values of different sludge

Other important characteristic of sludgeid values.

The determination of pH plays a critical role in the wastewater and sludge treatment process. Extreme
levels, presence of particulate matter, accumulation of tdwdmicals and increasing alkalinigvelsare
common problem which were often linked to pH values. pH is directly influenced by sludge stabilization
treatment physical/chemical or biologicahe pH variations of sludge samples varied from 6 to 8, except

as waited, for limed sludge (BCh) which pH is equal tgFigure 36).

The addition of limed in (BCh) and (BFP) samples led to increase alkaligfigcially for BChsample

(pH values equal to 12.9). Besides, reed bed sludge (LR) and aerobic granular sludge (BAE) also
presented basic pH values which were probably due to the organic matter mineralization (for LR) and/or
denitrification process in sludgeactor (for BAE).

According to French regulation (Decision of Janudry1998), sludge cannot be landspreaded on soil which pH is
lower than 6 except if some conditions are simultaneously completed: sludge pH higher than 5 and liming.

[.1.3. Amending and fe rtilizing value (N and P)

Sewage sludge are also known to be rich in nutrients (nitrogen and phosphorus) that are beneficial for
plant growth and gave better yield when sludge was applied for spreading in agricultural activities. For
these purposes, sewagkidge is considered as suitable and uke of sewage sludge as a fertilizer
decreasethe requirement for commercial fertilizer.

The total nitrogen (AN) and total phosphorus {fF) content of sludge are reporteqrigure37
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Figure 37: Total nitrogen (T-N) and total phosphorus (FP) concentration in different sludge.

Considering on the one hand the nitrogen content in the samples coming from conventional activated
sludge systems, it clearly appears that dewatering (centrifugation, filter press, bed dryingirgeigri

the best way to keep interesting amount of giérg on the other hand, granular sludge exhibited more
important nitrogen concentrations compare to other sludge sample. For example, BCD sample has a high
content of organic matter including high total nitrogen (72.54 mg/gTS) and phosphorus (32.25 mg/gTS)

Sludge stabilization by digestion (BD) or reed bed (LR) is not detrimental to N and P content compare to
composting (Cpl and Cp2).

also slowed that composting stabilization process led to very poor phosphorus content compare
to other sludge treatment processes. Considering the other sludge sample, originated from CAS systems,
the range of P content is quite comparable and comprises between?® mgP/gTS. One process led to
important P content in CAS, it ie centridry sludge (BCD). This content is comparable to granular
sludge phosphorus contentdais quite high around 30 mgH/S.

In the case of granular sludge, the N and P conteminaerobic granules is reported but cannot be
compared with other sludge sample, due to the fact that anaerobic granules were created from paper mill
treatment and not from domestic wastewater treatment. In the case of aerobic granules, N and P also
accumuéted to a lower extend but the values of N and P content in aerobic granules were in the high
range compared to centrifuged, filter press, reed bed and centridry sludge.

From these results it can be concluded that the granulation process is thus atingntaitesnative to
increase fertilizing value of sludge from wastewater treatment.

Therefore, the associated input of N and P in case of sladdepreading at a level in accordance with
French regulation is reported|irable 23] As waited, aerobic granular sludge led to the more important
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inputs of N and P in the soil (results are lower than BAN, probably related to the origin of the effluent).
Concerning CAS sludge sample, BCD sludge led to comparable results after a very costly process.

Table 23: The potential amaunt of N and P added to the soil for a sludge amending of 30 tDM/ha,
corresponding to French regulation.

Sludges KgT-N/ha KgT-P/ha
BE (WWTP1) 1183.5 416.7
@ BCh (WWTP1) 1055.1 429.9
% BD (WWTP1) 1153.8 4233
% BFP (WWTP1) 2109.6 649.2
<_§ BCD (WWTP1) 2176.2 967.5
§ BC (WWTP2) 2358.3 472.8
% Cpl (WWTP2) 785.4 284.7
© Cp2 (WWTP2) 546.9 64.8
LR (WWTP3) 1688.1 491.1
Granular BAN 3370.2 1513.7
sludge BAE 2600.4 814.5
1.2. Characterization of the particulate fraction.

[.2.1. Biochemical composition of sludge particulate fraction

The different sludge treatment processes have significant impact on biochemical sludge composition
Figure38).
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Figure 38: Biochemical component in particular phase of different sludge

In relationto the quantity of TS, proteisiudge content is always higher than polysdedhL G H V-likkK X P L F
DFLG VXEVWDQFHV"  DQG OLSLGV WKXV VXJIJHVWLQJ WKDW SURWHL

Protein, polysaccharides, and huramd concentrations were higher in limed, thickened sludge and
digested sludge. Theelease ofextracellular polymer or biopolymer, primarily soluble proteins and
polysaccharides, during digestion can explain those higher concentrations.

The dewatering process of CA&ntrifuged (BC), filterpress (BIP) and centrdried sludge (BCPledto
higher lipid concentration compared to other CAS sludge samples and also to granular sludge samples.

Except in the case of lipid, BAE biochemical content is always higher in granular sludge compare to
CAS. This result could be explained by the factt taring aerobic sludge formatiosgecretion of
extracellular polymer components has important role in the formation of granules. It makes the
granular structure more stable, apwbtectsthem from erosion mechanisms of fluid hydrodynamics
conditions. hversely to the other biochemical compounds, the content of lipid in BAE is quite
comparable to other sludge samples.

The titration and microscopic confocal measurement were implemented to give more precise information
about chemical surface charge lozation.

[.2.2. Confocal microscopy

Conventional biochemical characterization of sludge gave quantitative and qualitative information, but in
the context of this work (study of interactions with copper), it is necessary to also determine their
localization in thefloc structure. Thetechnique of confocal microscopy allowedocalizing the
biochemical components into the 3D structure of the floc. In the above pictures, siwmiichromes
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wereused to visualizproteins (geen fluorescent) and polysaccharidesl fleaorescent) inside the sludge
structure. For one kind aludge, the observation was conducted on 10 samples wistasking for each
sample. The slice presentinwas chosen at the out layer of sludge surface with the highest
fluorescent intensities. All sludge sampl&ere scanned at the similar conditiorendfor eachsludge
sample the standard deviation of fluorescence interstyed in the range 15925%.

The results of confocal microscopy observation, for the different CAS sludge samples, are reported on
For somesludge sampke proteins and polysaccharides localization in the floc are quite
comparable and for loers is it completely differentAt this stage, the technique was not developed
enough for granular sludge because of their important size.

By adding CaDH), in BCh sludge, inorganic precipitation were created leading to a problem of
absorptionof the light in the sludge samplédowever, the CH ion does not affect fluorescence
observation by using the dye for organic components of protein and polysdesha

Confocal microscopy pictures were compared to the concentration of the corresponding biochemical
components measured in the particulate frac). The above pictures evidenced, that for
some sample, even at lower concentration, a given biochemical compound can be localized at the sludge
floc surface and could thus probably interacrenwith copper. The comparison between the biochemical

and the microscopy allowed us to demonstrate that the biochemical concentration is probably not the only
indicator explaining interaction between sludge and copper.
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Table 24: CLSM spectra of protein and polysaccharidefluorescents in different conventional activated sludge

Normal optical Confocal Protein Confocal Normal optical Confocal Confocal
Sludges microscopy fluorescent polysaccharide Sludge microscopy Protein polysaccharide
observation fluorescent observation fluorescent fluorescent
BE BC
(WWTP1) (WWTP2)
BCh Cpl
(WWTP1) (WWTP2)
BD Cp2
(WWTP1) (WWTP2)
BFP LR
(WWTP1) (WWTP3)
BCD
(WWTP1)
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[.2.3. FTIR and titration.

Confocal microscopy allowelbcalizing proteins and polysaccharides in the sludge floc structure. FTIR
and titration allowedchaving a more thorough insight in the chemical functions at the surface of the
particulate phase of the floGhis information is fundamental as chemical function are driven copper
interactions.

.2.3.1 Infrared (IR) spectra

Fourier transform infrared (FIR) spectroscopy being a modern ragstructive analytical method, is

more and more often used for the structure elucidation and quantification of large variety of organic,
inorganic, and biological samples. One of the mdsaatages of IR spectroscopy is that all the chemical
functions present in the sample are measured simultaneously, thereby simplifying and speeding up the
analysis. The IR spectra and the main absorption bands detected in IR spectra of the partitidate frac

of the different CAS and anaerobic granules are shojFigimre39andTable25

Table 25: Main absorption bands detected in IR spectra of the diierent sludge samples

Type of vibration | Functional groups | BE | BCh | BD | BFP | BCD | BC | Cp2 | LR | BAN
-OH Polymer + + + + + + + + +
(3200-3400 cmt) component
“CH: Organic + + + + + + + + +
(2930 cm?) component
“CH: Organic + + + + + + + + +
(2845 cmt) component
-C=0 L
(1720 cn) Carbonic acid + - - - - - - - -
-C=0 and CN . .
(16401660 crrd) Proteins (amid I) | + + + + + + + + +
-C-N and N-H . .
(15501560 crrd) Proteins (amid Il)| + - + + + + + + +
-C=0
(14001410 cri) | CAPOXYIAtE o+
C0C- polysacharide | - - - - + |+ | - - +
(13301660 cmt)
(12-51:;3711) Carbonicacide | + | + | + | + + |+ |+ | o+ +
"OH alcohol + + + + + + + + +
(10401070 cmb)
-557& &#and
5571& &5 Alkenes - - - + - - - - -
(800-900 cm?)
P-O or SO Phosphate or + + - - + + |+ +
(650-700 cm?) sulphate + : Presence - Absence
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Figure 39: IR spectra of CAS sludge and anaerobic granular sludge and the main type of bonds and
associated functional groups observed on IR spect(aaurent, 2009).

The bands at 1640660 cm' was assigned to the C=0 stretching vibration of amide I. TH¢ N
deformation vibration of amide Il was observed at 25560 cn1!, whereas the peak at 12401 was
due to the N stretchingvibration of amide IIl. The bands at 133660cn1?, and 104a1070cn?* were
attributed to the €@ and GC stretching as well as the@C and GO-H deformation vibration of the
polysaccharide structure. The results indicated that the proteins grougsrixdind carbohydrate in the
structure of all sludge. More details of IR spectra for each kind of sludge were showg@idbl&25,
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The spectra sheed a high intensity for three bands: 320, 1650 and 1034ntl. The first
corresponds to Honded OH groups and/or-N groups, the second one arises mainly from benzoic
compounds and the third one is produced mainly by ether linkag®€£ CThese chacteristics confirm

the presence of highly oxidized polymerized humic acid structures in composted sludge (Cp2), thickened
sludge (BE), and digested sludge (BD).

The band 3606nT*appeared only in limed sludge and wiaaracteristic of the @l free due t&Ca(OH) addition.

The spectrum of the composting mixturedssuperposition of all components and the most intense was
broad absorption band at 1024tr®ccurrence of the characteristic bands of lignin: 1628, 1600, 1544 cm
evidenced the presencé wood chips(Grube et al., 2006)The intensity of these peaks appears quite

similar on the reetbedsludge thatontributed to lignin which is residues of reedtbasludge (LR).

1.2.3.2 Acido -basic titration of the particulate phase
x Proton exchange capacity (PEC)

The PEC was plotted according to its distribution in both soluble and particulat for clearer
understanding. Strong differences in the distribution of PEC in soluble and particulate phases were observed in
limed (BCh), thtkened (BE), digested, (BD), reed bed (LR) and composted sludge (Cpl and Cp2).

PEC was mainly distributed in the soluble phase of centrifuged activated sludge at abouT &8 %.
percentage increased to%0for the filterpress sludge (BF), anaerobic (BABRNd centrdried sludge
(BCD). In composted sludge (Cpl and Cp2), PEC was also mainly distribusetuble phase, this can
be explained by the oxidation process which increases the amount of PEC.

Opposite results were observed in digested sludge @@I2kened sludge (BE) and limed sludge (BCh).

The solid distribution of PEC is in majority localized in the particulate fraction. The proportion increased
simultaneously with the increase of EPS content. For example, the protein content increased in the
paticulate phase of theses sampleigre40) probably leading to an increase of the number-éf lihks.

Figure 40: Distribution of PEC in particular and soluble phase of different sludge
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x Determination of pKa: nature of site present in the sludge

Base on the acillase titration method, four major types functional groups has been identified and
associated with their adtg constant: pKal = 2.91 to 4.3 and pKa2 = 4.74 to 4.85 are pka of carboxyl
groups. pKa3 = 6.27 to 6.67 (phosphoric group) and pKa 4 = 8.25 to 10.03 (amine or hydroxyl groups).

Figure4lpresented ththree main kinds of sites:

- Carboxyl sites were presented as sum of two carboxyl groups with pKal = 2.91 to 4.3 and
pKa2 = 4.74 to 4.85. Depending on the nature of the carbon chain carrying the carboxyl
groups, the pKa values may vary.

- The phosphoric sites are present in proteins, humic substances and uronic acids.

- The amine/hydroxides sites are mainly coming from proteins, whereas hydroxyls are mainly
derived from polysaccharides and humic substances.

The percentage of sites corresponding to amines/hydroxyls functions is higher in the composted (Cp2) and
centridried sludge (BCD) compare to other CAS sludge samapleégyranular sludgd.hese sites will have
tendency to outcompete with negative charged compounds or to complex (in case of amine groups) with cation or
positive groups or precipitate (in case of hydroxyl groups) with cations. The distribution of these functional
groupsis relatively comparable for limed (BCh), thickened (BE), fiieessed (BFP) and reed bed sludge (LR).

In the particlate fraction of sludge samp{€p2) and BD, 80% of the sites correspond to carboxyl groups.
Moreover composted (Cp2) also contained the highesentage of phosphate groups (more than 40%),
compared to other sludge, these groups being capable of reacting with the metalLcatiens et al., 2010)

or positive charged organic compounds (such as positive charge on surface of soils with sludge amendment).

In granular sludge samples, carboxydgps also presented the highest percentages, followed by phosphoric
and amin/hydroxyl groups. Larger carboxylic groups on particulate phase of aerobic granular sludge (BAE)
may indicate more potential ability to complex with Cu ion compare to anaerohidagdBAN). Higher
percentages of phosphoric groups in anaerobic granules could generate precipitate with cations.

The percentage of carboxyl and phosphoric groups in particulate phase of granular sludge was lower than
composted (Cpl) and digested slud@@D) but higher than other sludge. The percentages of
amin/hydroxyl groups of granular slgel werealways lower to other sludge samples.
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Figure 41: Percentage of carboxyl, phosphoric and amine hydroxide site in the particulafeactions
of the different sludge samples.

1.3. Characterization of the soluble phase

[.3.1. Dissolved organic compounds (DOC)

Dissolved organic concentrations were measured after centrifugation and filtration of sludge sample.
Characterization of sample soluble phds YHU\ LPSRUWDQW DW WKLV SKDVH FRXO
generated from sludge in case of land spreading and precipitation simuld@ooncentration of DOC

in different sludges was presentegFigure 42 DOC concentrations are particularly high in BAN, Cp2,
BCh, BCD, soluble phase, and to a lower extend in LR, BC, Cpl, BFP. The impact of DOC concentration

on copper fate in soil is discusdater (next chapter).

Figure 42: DOC concentration in different sludges
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[.3.2. Biochemical composition

The composition of the soluble phase was investigated more accurately trough biochemical composition
measurement, titration and 3Mudrescence. The final objective being to understand how this phase
could interact with copper and to link those interactions with soluble phase specific characteristics.
Therefore, while biochemical component in the particulate phase of sludge dowldrakrpretingthe
interaction between copper ions, and could be an indicator of the copper adsorption ability, the
biochemical composition of the soluble phase could explain the solubility of copper ion due to
complexation with soluble organic mattemgoonents.

Figure 43: Biochemical components distribution in soluble phase of different sludge samples.

Among conventional activated sludge sam, the total soluble EPS concentration of BFP
BCh, is always higher. BAE exhibited the most important soluble proteins and humic like substances
concentrations compare to other sludge sanidysaccharides concentration was drastically higher in
BAE sample.

As observed in the particulate phase characterization, the lipid content of the different sludge sample is
quite comparable.

Surprisingly, the highest concentration of EPS in soluble plvasenot correlated with the distribution of
PEC in the soluble phase. In other words, high soluble phase EPS content does not mean high protonic
exchange capacity.

-132-



Part 3: RESULTS & DISCUSSIONS - CHAPTER 1

[.3.3. Titration

The chemical functions present in the soluble phase were investigated arxeﬂre;[éigure44

Figure 44: Distribution of different functional groups in soluble phase of different sludge

As observed fothe particulate phase, functional groups distribwas made ofhree main types
of sites: carboxyl groups associated with their pKa (pKa = 2.91 to 4.85), phosphoric (pKa = 6.27 to 6.67)
and amine groups (pKa = 8.25 to 10.03).

The highest pesntages of carboxyl groups in soluble phase were associatedntofuged (BC),
thickened (BE), composted (Cp2) and anaerobic granular sludge @#ftples, representing more than
60% of the total distribution of functional groups.

Reed bed (LR), filtepressed (BFP), and aerobic granular sludge (BAE) contained high amine/hydroxyl
functional groups in soluble phase with more than 65% of the total distribution of functional groups. The part
of amine/hydroxyl functional groups is particularly high in reed Sludge (LR) with approximate 90%.

The highest percentages of phosphoric groups distributed in soluble phase were observed for digested
sludge (BD), followed by thickened (BE) and anaerobic granular sludge (BAN). This groups were not
present in solublphase of composted (Cpl and Cp2), centridried (BC), and reed beds sludge (LR).
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[.3.4. 3D-Fluorescence.

Lachassagne et al(2015) highlights thatconventional EPS characterization (i.e., by colorimetric
techniques) could not reveal any differences between two samples3D spectrosquic fluorescence
can clearly explain different interactions with micropollutants.

3D fluorescence spectra are divided in 5 main zones. Each zone could be assapatftictorganic matter

(Part 211.2.6 pag: Zone | (Trypsine proteinike), Zone Il (Tryptophane proteitike), Zone Il
(microbial proteielike by-products), Zone IV (Fulvic acilike), and Zone V (Humic acitike).

Fluorescene maximal intensity was identifietbr the different zone of the 3D fluorescence spectra
AppendiceL).

The distribution of relative fluorescenitgensity (according to DOC concentration in soluble phase of sludge)
in soluble fraction of different sludge was presentdeigure45,

In some casethe distribution of polymeric components was determined byfl@Brescence method in
accordance with biochemical characterization follows biochemical an but sometimes it is
not the case

BAE and BAN exhibited higpick LQWHQVLW\ LQ JRQH , DQG ,, FRUUHVSRQGLQJ \
This result is m accordance with proteins concentration in the soluble . Fluorescent

density of proteins components in sludge is significanitijperthan other components such as hutikie

substances, excepted in composted sludge. This is consistent with analytic wherethe

amount of humidike acid and polysaccharide were lower than the amount of protein in both soluble and
particulate phase. This suggests that protein structure decompose during composting and that the increase

of humic substances concentrations wasto the process itself.

This distribution showed some discrepancies with biochemical composition distribution in soluble phase
presented i In the case of BFPpf examplezone | and Il had the highest relative intensity,
while proteins concentrations measured by conventional biochemical methods were not the highest for
this sampl. It demonstrates that 3D fluorescence spectra can give very precious and more
accurate information.
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Figure 45: The distribution of relative intensity fluorescence insoluble fraction of different sludge

Centridried (BCD), thickened (BE), digested (BD) and fbed sludge (LR), presented peaks in the five
different zones. Fluorescence zone repartition is quite comparable for BAN, BAE and for most of other
sludge samplesexcepted sludge sample submitted to biological stabilization process like anaerobic
digestion and composting. Digested sludge (BD) presweiticeable fluorescence intensity in each zone.

In this sludge zone lll, IV and V increased after digestion widdlee | and Il stayed constant. In case of
composted sludge (Cpl and Cp2), zone IV and V increased compared to other CAS sludge. This result is
in accordance with the process of digestion and composting leading to humic like substances production.

1.4. Conclusion

The comparison between conventional activated sludge and granular sludge provided samples and the
specific attention paid to insight into the sludge structure from macroscopic to microscopic considerations
will be used in next chapter to argine tdiscussion concerning the interactions with copper.
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Il. Chapter 2: Characterization of interaction between copper
and sludge/solid matrix before landspreading: Impact of
stabilization p rocess, sludge origin (CAS  or granules) and
kind of paddy/grass land __soils

This chapter is specificallgevoted to the study

x of the biosorption/desorption properties of Cu in the sludge and soil matrix, separately and in mixing

x of Cu distribution in the sludge and safterbiosorption process.

Figure4e6frecalls the methodology and the stage of study in this chapter.

Figure 46: Diagram of the experimental process for studying the Cu interaction in sludge and soil matrix
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The first part of this chapter focused on Cu adsorption on conventional and granular sludge after
stabilization proces® conventional sludge anddtanular sludge (aerobic/anaerobde@mplesvere used
in this study.

Cu biosorption/desorption processes in sludge and soils were investigated during batch test experiments.
The kinetics and isotherms of the Cu biosorption weodeledfor all the sludge samples. The factors
impacting Cu kinetic adsorption on sludge were investigateth as: the range of Cu concentration, L/S
(liquid/solid) ratio, sludge characteristics (physicheEmical properties), adsorption equilibrium time.
Different models were fitting a part or the whole isotherms, (inear, Langmuir, and Freundlich).
Biosorptionisotherms were established by using the equilibrium data and the isotherm constants in
relation with the different models were determined.

In the same ways, the kinetic adsorption and sorption isotherms of Cgrast and paddyoils were
also determinedThen,in order to explain the discrepancies of the obtained results, the sludge and soil
characteristics were put in relation with Cu adsiorpability.

Secondly, Cu desorption was measured for all kind of sludge, soils and sludge amended soil following
batch tests adsorpti@xperimentgKigure31).

In parallel, digested stabilized sludge were used to study different sludge application rates, L ratios
amendedyrass/paddsgoils. At last, the Cu desorption experiments on sludge amended on soils were carried
out at landspreading doses consistent with current agricultural conditions in France. The Cu distribution in
sludge amended soil was analyzed by using BCR extraction methodesiteption experiment.

The novelty of this approach was 1) the use of a combined approach between Cu adsorption, desorption
and distributions and the number of sludge samples and the comparison of soils coming from completely
different countries. 2) Théinal goal was to propose some hypothesis on the possible Cu desorption
ability following the sludge application and to contribute to the debate regarding the nature and
availability of Cu bearing components during agricultural sludge recycling or laeadspg

I.1. Copper concentration and distribution in native sludge sample

Cu concentrations present in the nine conventional activated sludges and two granular sludges taken from
different WWTPs and lalscale reactor were alyzed by the FAAS (see part 2|II.5.2| page}loq.The

total Cu concentration and the sble/particulate partition constant were determined. Moreover the
speciation of copper was also elucidated for each sludge samples.
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x Total copper concentration in sludge

The Cu concentration showed variations that reflect 1) the characteristicsintdh@ing wastewaters
(urban domestic, rural domestic, industrid) the kind of wastewater treatment (CAS or granular) and
the kind of sludge stabilization treatment. The Cu concentrations in sludge were presEigectii/

Figure 47: Total Cu concentration in conventional and granular sludge

Conventional sludge:

Sludge samples from th&/WTP1 generally showed lower Groncentrations compared to the other
conventionalksludge samples taken from the other WWTP. BCD presented the highest Cu concentration
(0.378 £ 0.103 g/kgT$SBD, BFP, BCH and BE had Cu concentration lower than 0.25 g/kgTS. These results
are consistent witthe conclusions of the ESCoMafor (2014) on the evolution of trace metal element contents
in sludge in France, which indicattithtthe Cu conaatration was usually lower th&n350 g/kgTsS.

In our study, the concentration of copper in BC and ®ph colected from WWTP2 is higher than in

Cpl. The highest Cu concentration obtained in LR sludge from WWTP3 with 1.091 + 0.264 g/kgTS. The
large Cu concentration in reed bed sludge may due to the accumulation of Cu following the long retention
time of sludge aciated with sludge treatment in reed b@engne and Tilley, 2014; Stefanakis and
Tsihrintzis, 2012)jnvestigated that during reed bed sewage sludggment the concentration of metals

in sludge typically increase as the organic matter is reduced through decomposition. They indicated that
sedimentation, adsorption and precipitation (as metal oxides, carbonates and sulphites) are the primary
mechanisra through which the gravel and sand layers trap and retain metals as they pass through the bed.
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Granular sludge:

The Cu concentration in BAN from paper industrial WWTP was lower than that in BAE from SBBalab
reactor after 47 days of granulatic@ompared to conventional sludge, while BAN had Cu concentrations
(0.104 £ 0.018 g/kgTS) lower than all conventional sludge, BAE showed Cu concentration (0.911 + 0.182 g/kgTS)
higherthan sludge almost CAS sludge but lower than LR sludge.

During aerobic ganulation, the Cu concentration in synthetics wastewater stayed as trace amount with
0.05 mg/L. Under the anoxic condition, the pH values in reastene closed to 8.5. It could be
hypotheses that these conditions promoted Cu precipitation or accumulation in the core of granular sludge
and increase significantly Cu concentration in granular sludge according to the sludge formation.

The Cu concentrations iconventional and granular sludge were also compared with French regulatory
limits for trace metal elements in sludge land spreading. In present studge copper concentrations
were mostly within the regulatory limits of the standards considered faro@centration (1 g/kgTS),
excepted for LR sludge. The results of the experiments showed low risk of heavy metal toxicity of sludge
samples (in terms of the regulatory limits specified) and therefore a reasonably good potential for the
sludge to be used fagricultural purposes. Out of the context of French regulation, the reed bed sludge
should be noticed for the hazards when application for land spreading.

x Copper distribution in the different sludge samples (sequential extraction)

The distribution of Cuin the different fractions in the sludge allows predicting their mobility and
bioavailability. In this study, the Cu distribution in four fractions: exchangeable fractions (F1), reducible
fraction (F2), oxidizable fraction (F3) and residual fraction (4€ye determined by B extraction
method (see partR.5.3| pagél01) and were presented ligure48

Figure 48: Copper distribution in different fractions of sludge
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Cu boundesidual fraction (F4) was higher th&®%not only for some conventional sludge such as Cp2, BC
and BCh but also for BAEgranular sludge. From the observation of Cu distributid@ypih and Cp2, it can be
understood that, during composting, the additbentrifuged sludge and green waste in Cpl sludge, can
enhance mor€u adsorption on organic matter components, which lead to high#sdCind organic fractio3)

in Cp1 than that in Cp2. In residual fraction Cu was normally stable in forms of stystture.

Besides, Cpl, BD, BCD and LR sludge samples contained high amount of Cu in organic matter fraction (F3)
with 70.27%, 73.92% and 69.10%, respectiv®Zh and Cp2 presented very low Cu form in organic
matter fraction (F3). Compared to BE, thdding lime with the ratio of 30% of Ca(OH)er gram of

dried sludge facilitated the increase of the sludge pH and provided more amount of ion hydroxjde (OH
which promoted the stable form of metal ion such as the precipitation. That led to increesidiled

fraction (F4) of copper and to reduce the organic matter form in BCh.

Almost conventional sludge presented low percentages of Cu partition on reducible fraction (F2). The
highest percentages of Ctbound reducible fraction was measured in LR g&udith 10.09%, followed

by BCD sludge with 8.75% and other conventional sludge with lower than 5.54%L({@f)evels of the
Cu-bound reducible fraction (F2) can be attributed to the low affinity of this metal to metals associated
with manganese and/ooin (hydr)oxides.

Similarly, the Cu boungéxchangeable (F1) also showed low Cu distribution percentages. The copper distribution
in exchangeable fraction ranged in the order of BAR > BE > BCD > BFP > BC > BD > Cp2> Cpl. In
theory, heavy metal ions in exchangeable fraction were potentially bioavailable, especially under acidic
condition. These fractions presented the risk of heavy metal release due to its easy mobility and transportation.

In case of granular sludge, while in BAE sludge is almost distributed in residual fraction (F4) with
high Cu distributior percentages (65.65%nd low Cu distribution in other fractions. in BAN sludge
was distributed in organic matter (F3) and dasi fractions (F4). In BAN, only 1.16% and 3.97% of Cu
components was found in reducible fraction (F2) and exchangeable fraction (F1), respectively.

1.2 General characteristics of soils
x Physical and chemical properties ofjrass and paddysoils

Physical ad chemical properties of grass soil (GS) and paddy soil &% analyzed and are presented
in thgTable26

Soil pH was relatively low with a value of 5.6 and 5.2dmssandpaddy soilsrespectively. Any soil with
pH below 6.5 could increase metal solubility, resulting in plykicity to plants(Parkpian et al., 2002b)
Grass soikcontained 24.2% of clay; 29.2% of slit and 46.6% of sand, which is classified as a loam soil.
Paddy soilcontained 74% of sand, which is classified as sandy loam soil. Nitrogen application is
necessary for supplying sufficient nutrients for plant growth in this soil. Base on tspetiéic nutrient
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management (SSNM) approach for fertilization of (i€&RD, 2006.) A rice crop requires about 50 kg/ha
of N fertilizer. It corresponds with approximaemgN/g PSin case of this stud. Total
nitrogen content of the paddgilss 0.511 mgg, which is considered low for rice grow#Parkpian et al., 2002b)
In addition, the contents of organic carbon and organic mattgadufy soilare lower than that ajrass
soil which was collected on gratand region. The organic matter and nutrient contenggaddy sdiis
low because of high sand and low clay contémtthis soil. The exchangeable cationpgaddy soilis
lower than that irgrass soil Soil with higher clay content such giass soihas a higher cation exchange
capacity (17 cmol k¢) (Parkpian et al., 2002b)

Table 26 : Summary characteristics d GS and PS(See part 2-(111.1.2 | pagg104

Soil properties Grasssoil (GS) Paddy soil (PS)

Type of sail Brunisols HydragricAnthrosols

Grain size distribution

Clay (percentage) 24.2 8.1
Slit (percentage) 29.2 17.7
Sand (percentage) 46.6 74.1
Texture Loam Sandy loam

Physicechemical properties

pH 5.6 5.2
Total nitrogen (mg g§) 0.280 0.511
Organic carbon (mg 34.70 7.18
Organic matter (mgd 60.1 12.4
C/N 12.4 14
Cation exchange capacity 17 159
CEC (cmol kd')

Exchange cations

Ca*(cmol kg?) 12 0.487
Mg?* (cmol kg?) 3.9 0.107
Na'* (cmol kg*) 0.187 0.0315
K* (cmol kg?) 0.28 0.0489
AL3" (cmol kg?) 0.18 0.243
Fe#* (cmol kgb) 0.0084 < 0.005
Mn?* (cmol kg?) 0.0532 0.042
S% (cmol kg?) 16.4 0.674
CaCQ (mg g') <0.1 <0.1
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Some reasons may explain the differences of physical and chemical properties lggaseaand paddy

soil. Firstly, the temperature and rainfall have influence on the soil structures and components
(Karmakar et al., 2016)The sandy loanpaddy soilcontains high percentages of sand and very low
percentage of clay. Under heavy annw@énfall condition (1650 mm)paddy soilis capable of quickly
draining excess water but cannot hold significant amount of water or nutrients. The dissolved organic
matter can be easily washed out through draining process. Besides, the rate of ordgteic ma
decomposition, evaporation and other chemical which easily transfer via the movement of gas and water
are obviously increased at high annual temperat{iikasmakar et al., 2016)it could explainthe low

nutrient contents ipaddy soil

Moreover, mineralization of organic matterpaddy landwill be more rapid undecontinual cultivation

than under gradand or woodlandZhou et al., 2013aAs in many other countries of SotHast Asia, in
Vietnam field-grown crops are often rotated with foolded rice. This rotation has disadvantages. Wet
puddling, necessary fdoolded rice affects soil structe, resulting in restricted water movement in the
soil, making soil nutrient less available for rice grofittuong et al., 2013)Iin such cases, the low soil
fertility and low nutrient holding capacity of theaddy soilmay be compensated by the repeated
application of fertilizer or amending by materials with high nutrient contents such agessludge in
paddy land regionéDung el al., 2003Huong et al., 2013)

X Cu content and distribution in soils

The distribuion of Cu ingrass soiandpaddy soilwas determined by BCR extraction. According to the
the native Cu concentration was high in gnass soicompare to th@addy soil The low Cu
concentration irpaddy soilmay explain larger desorption efficiency as demonstrated in the next part of
this chapter during desorption batch test experinTHrﬁsZ( pag¢led).

The Cu distribution in the two soils showed that the copper was mainly inithakésction (highest percentages)
followed by the oxidant fraction, reducing and exchangeable fractions. Ne@eRuhangeable fraction
was found inpaddy soiland this fraction presented the lowest percentagegaiss soil(1.88%). The
percentages of «in reducible and oxidizablactions were higher ipaddy soil(5.65% and 20.88%)
than ingrass soil(3.20% and 15.30%). As presente paddy soilis more acid thagrass soil

The acidification ofpaddy soilcan result in higher concentration of free Cu in soil solution and easily form
organic complexes with organic matter content in soil. Hence, the amount t6rGanic matter fractiom
paddy soikcan leach rapidly by dissolved organic matter during leaching pr@easisand Lavado, 2009)

The Cu distribution between solulpefticulate fractions was presentegiliable 27| Both grass soiland
paddy soilshowed high Cu distribution percentages in particulate phase. Bgstlesntages of Cu in
particulate phase and Cu distribution coefficienpaddy soilare lower than that afrass soil

Combination between Cu distribution in soluble/particulate phases and Cu distribution in different fractions
indicated that Cu was alrsbin form of organic and crystallized form in particulate phase of soils.
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Table 27 : Concentration and distribution of Cu in grass soiland paddy soil

Soils Grass soll Paddy soil
Total Cu concentration (mg/kg) 45.9 1.79
Cudistribution in soluble/particulate phases
Percentage soluble 0.68 3.9
Percentaggarticulate 99.32 96.1
Kq(L/KQ) 1132 82.6
Cu distribution in different fraction (BCR extraction method)
F1- exchangeable fraction 1.88 ND
(percentage)
F2- reduciblefraction 3.20 5.65
(percentage)
F3- Oxidizable fraction 15.30 20.88
(percentage)
F4- Reducible fraction 79.63 73.48
(percentage)

(ND: non detected)

11.3. Modeling Cu sorption in different sludge matrix

[1.3.1. Determination of biosorption equilibrium time

For determation of Cu biosorption ability on sludge, it was important to carry out the sorption kinetic
tests. The kinetic study makes it possible to indicate the equilibrium time necessary for Cu sorption on the
particulate phase of the sludge.

In this study, theéime required for reaching equilibrium was not investigated for all kind of conventional
and granular sludge. Samples from the three main waste activated sludge stabilization processes in
WWTP wereselectedliming, anaerobic digestion, composting for stuehuilibrium time according to
thecondition described in (part-g11.2.2| pag¢l0§.

pH of solution was controlled at pH 7 by HEPES butteachassagne, 2@1 Laurent, 2009)Two initial

copper concentrations (10 mg/L and 100 mg/L) were performed in order to observe the effect of initial Cu
concentration on Cu sorption kinetic equilibrium. The effect of liquid to solid ratio (L/S ratio) on Cu
kinetic bioswption was studied at three L/S ratios: 100; 50 and 10 (L/Kg). The relationship between the
Cu sorption ability on sludge at experimental conditions was preselféglie49
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Composted sludge (Cp1) Digested sludge (BD) Limed sludge (BCh)

Composted sludge (Cpl) Digested sludge (BD) Limed sludge (BCh)

Figure 49: Kinetic adsorption of Cu on Cp1, BD and BChsludge at different initial Cu
concentration in adsorption solution: A +10 mg/L and B £100 mg/L and different L/S ratios.

The kinetic of Cu biosorption by different kinds or sludge for the two initial Cu concentrations presented
a shape characterized by:

X A strong increase of the Cu biosorbed concentration at equilibrium during the first 30 min of
contact solutiorsludge. This indicated the high Cu sorption capacity on sludge at beginning of
adsorption process.

X A very slow increase of Cu sorption until reaching a state equilibrium after 4h.

Therefore, the necessary time to reach the equilibrium is 4h and an increase of removal time to 8h did not
show any notable effect.

The Cu sorption on granular sludgedesriptedin the literature. This rapid biosorption phenomenon was
consistent with the results reported(Bai et al., 2008; Wang et al., 2010a) Cu adsorption on aerobic
granulesWang et al (2010a)indicate that the uptake of Cu by disintegrated aerobic granules rapidly
reaches equilibrium within 35 and 20 min for metal concentrations of 40 and 80 mg/L, respectively.
Gai et al., (2008) indicated the time required for equilibrium wamB0at an initih Cu concentration

of 125 mg/L. Benaissa and ElouchdR011b) also investigated that Cu quickly sorbed on dried
activated sludge after first 30 min at Cu concentration 100 mg/L and they set up 5h for the necessary
time of Cu adsorption study.

-145-



Part 3: RESULTS & D ISCUSSIONS +CHAPTER 2

Hence, the adsorption of Cu on sludge almost occurs quickly at théirsiedpeginning of adsorption process
for three studied sludge, followed by the slow adsorption dtatnghe stable at equilibrium after 4 hours.

It also can be seen that the initial Cu concentrations have significant impact to the ability of Cucadsorpt

on sludgeWhen Cu concentration increased from 10 mg/l to 100 mg/l, the Cu adsorbed concentration on
the sludge also went up. Hence, a higher initial concentration of Cu will enhance the biosorption process
(Gulnaz et al., 2006)At low initial Cu concentrations, such as 10 mg/L, it could be hypothesis that all Cu
ions were biosorbed onto binding sites on sludge surfaces. Then Cu sorption capacity increased at higher initial
Cu ions concendtion (incase of 100 mgCu/L). This result could be attributed to an increase of binding or
interaction between Cu ion and active sites on sludge suiYareis Pamukoglu and Kargi, 2006@)he

amount of Cu sorbed on sludge depends on the occupation of activate sites on the sludgéHe 2066

Adsorbent concentration is a significant factor impactedsorption processes, determining the
adsorbenttadsorbateequilibrium of the systeniDeveci and Kar, 2013)This notion was reflected by

the liquid to solid ratio (L/S)From the literature reviews, the adsorption studies of heavy metal on sludge
were dten set up at L/S ratio of 50 (L/kg), this ratio was also very close to stabilized sludge concentration
in WWTPs (20gTS/L). In present study, we established the Cu adsorption experiments at three L/S ratio
of 100, 50, and 10 (L/kgNormally, the adsorpin of metals ions is due to the copper interactions with
the reactive functional groups of the biosorbé€Bdeek et al., 2015 case of composted sludge, when

L/S ratio decrease from 100 (L/kg) to 10 (L/kg), the Cu adsorbed concentratiorsenfr@a 8.97 mg/L

to 9.15 after 4h of adsorption. The similar trends were also obtain@&Dfand BCh sludge in the same
condition of experiment. Apparently, the decrease of the L/S ratio from 100 to 10 (L/kg) resulted in an
increase of external surfacé sludge particles, yielding more binding sites for Cu ions, and therefore,
more efficient biosorptiofYunus Pamukoglu and Kargi, 2006c)

The sludge physal-chemical structures and characteristics also influence the Cu adsorption process.
Comparing Cpl sludge and BD sludge, similar Cu adsorption capacity was seen at 10 mg/L, and very
small difference was obtained at 100 mg/L of initial Cu concentration. details, Cu adsorbed
concentration was around 95 mg/L for BD sludge and approximated 96mdZpiosludge at 100 mg/L

initial Cu concentration, when the L/S ratio vt up at 100 (L/kg).

In BCh sludge, Ca(OH)pdding has an effect on Cu adsorp. Insoluble Cu hydroxide starts
precipitating, resulting in lower amount of copper biosorbed at equilifBemaissa and Elouchdi, 2011kr)

case of BCh sludge, the fluctuation of Cu adsorption was seen at L/S ratio of 100 (L/kg), the similar
stable trend after reaching equilibriunoem 4h to 8h was seen at lower L/S ratio of 50 and 10 (L/kg) in
both of initial Cu concentration.

According to the above described results, we can conclude that the necessary time to reach the equilibrium for
all sludge samples is 4h. A L/S ratio 50 (LYkeas proven to be adapted for our experiments. These conditions
will be used for investigating Cu adsorption onto all kinds of conventional and granular sludge.
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[1.3.2. Copper adsorption isotherm on different kind of sludge

Adsorption is usually described throughtherms. In this present study, the Cu biosorption isothers.(Ge)
obtained for the different sludge samples under a L/S ratio of 50 (L/kg) and Cu ion concentration in adsorption
solution ranging from 0 to 1000 mg/L (pad11l.2.2| pagel0§, are reportedh Figure50

,Q DOO FDVHV WKH VKDSH RI WKH LVRWKHUP FRUUHVSRQGV WR
liquid-solid adsorptior(Limousin et al., 2007)This type indicates the relationship between the Cu ions
concentration equiirium remaining in solution (Ce) and Cu adsorbed amount on the sludge (q
following a concave curve. Cu ion adsorption isotherm on sludge did not reach any plateau very clearly.
From the plot of this isotherm, the curves were devised in two main regions:

x The linear region, where the steep slope of the beginning portion of tstudhye isotherm
indicated a very high affinity at the lower metal concentration. In this region of adsorption curve,
the Cu adsorption ability onto sludge were illustrated byridigion efficient (Ky) following
linear isotherm model,

X The concave regioat the end of adsorption curves, in which, the concentration of Cu in solution
increased but the Cu adsorption on sludge presented the downward trend. The decrease of Cu
adsorption ability onto sludge may be a reflection of complexation or saturatioatingithat
once this reached value no further adsorption occurs.

Figure 50: Isotherm of Cu biosorption by different sludge at experiment adsorption conditions
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Therefore, in order to study sludge copper adsorption availabitidgferent sludge, it is important to
establish the most appropriate correlation for the equilibrium curve. Equilibrium data, commonly known
as adsorption isotherms, are basic requirements for the design of adsorption systems. Considering the
shape ofhe isotherms, three models were used for their description: first linear isotherm model for the
very low initial Cu concentration (from O mg/L to 400 mg/L), Freundlich for the intermediate
concentrations and Langmuir (even though plate was never reathedg models have been described

in the material and methods part (p&fflll.2.2{ pag¢l08§).

The results of the differembodelingscenario are summarizedTiable28 Thesemodelingallowed us to
determine the capacity of Cu bsorption onto sludge and the Cu distribution between the liquid phase
and the sludge particulate phases.

When the experimental dateas applied to adsorption models, the quality modich fitting to the
experimental data is typically assessed based“oraRes. Closed to unityalues araleemed to provide

the best fit. From the results obtained, it appeared that the linear model can fit the first part of the
isotherms. Freundlich and Langmuir models lechtoeptable fitof the experimental results over the
experimental range with good regression coefficients

X Linear isotherm model

The distribution coefficient (K of linear isotherm model described the Cu distribution capacity between
the sludge particulatphase and soluble phase after adsorption. Thus, higlales illustrate strong
sorption and retention of Cu onto sludge solid phase. According to the results obt all
sludge samples exhibited different Cu sorption capacity.

The Ky values associated to conventional sludge samples varied according to the following decreasing
order: Cpl>Cp2 % &' ' /5! %' 8 %( ! & ! %) 3loweH &Kalue&were obtained in

BCh and BFP sludge and equal to 0.098 + 0.022 (L/g) and 0.142 + 0.023 (L/g) respectively. It could be
hypothesis that the components in the soluble phase of thesesshadigestrong affinity for Cu, which
reduced the Cu sorption and distribution on particulate phase of sludge.

In case of granular sludge, the & BAE was higher than the &alue of BAN. The K of BAE was
equal to 0.431 + 0.093 (L/g), while the ¥alueof BAN was equal to 0.134 + 0.026 (L/g). Compared to
conventional sludge, the ¢kvalues of BAE granules was comparable thevlues of BCD sludge,
whereas the Kvalues ofBAN sludge was in the range ofikheasured foBCH sludge and BFP sludge.
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Table28 &RQVWDQWY DQG FRUUHODWLRQ FRHIILFLHQW IRU /LQHDU /DQJP XL (STafiobfQAEKYU HX QG OLF

Langmuir model Freundlich model Linear model
Sludge
Omax (MQ/Q) K. (L/mg) R? Kt (L/g) 1/n R? Ka (L/g) R?
BE (WWTP1) 39.06 £ 8.63| 0.085+ 0.036| 0.98 0.318 + 0.051 0.866 + 0.031 0.98 0.323+ 0.058| 0.99
o BCh (WWTP1) 26.80+4.53| 0.038+0.017| 0.99 0.280 + 0.013 0.896 = 0.035 0.99 0.098 £ 0.022| 0.99
% BD (WWTP1) 39.52+5.78 | 0.089 £0.018 0.98 0.916 £ 0.433 0.845 = 0.028 0.99 0.324 £ 0.077| 0.97
% BFP (WWTP1) 3460+ 6.72| 0.095%0.012| 0.98 0.982 + 0.023 0.772 £ 0.128 0.99 0.142 £ 0.023| 0.98
E BCD (WWTP1) 53.47+481| 0.191+0.019| 0.98 1.674 £ 0.078 0.636 + 0.078 0.99 0.901 £ 0.074| 0.99
é BC (WWTP2) 3759+ 0.54| 0.078+0.031| 0.97 0.307 £ 0.043 0.886 + 0.037 0.97 0.277 £ 0.059| 0.97
% Cpl (WWTP2) 50.50+3.77| 0.184+£0.036| 0.99 1.479 £ 0.083 0.746 £ 0.012 0.99 1.438£0.241| 0.98
° Cp2 (WWTP2) 50.76 £ 2.79| 0.186 £ 0.015| 0.98 1.408 £0.619 0.742 = 0.025 0.99 1.743 £ 0.300| 0.97
LR (WWTP3) 40.16 £+ 3.96 | 0.129+0.029| 0.98 1.012 £ 0.093 0.867 = 0.025 0.98 0.383+0.072| 0.99
Granular BAN 42.19+0.48 | 0.132+0.017| 0.97 0.937 + 0.039 0.841 + 0.211 0.99 0.134 £ 0.026| 0.98
sludge BAE 49.65+1.11| 0.141+0016| 097 | 0972+0.162| 0825+0184 | 097 | 0.731+0.093| 0.99
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Effect of surface functional groupsof sludge characteristic on Cu adsorption ability

In fact, the sludge surface is dominated by permanent of functional group on the sludge particulate fraction
and therefore has the capacity to sorb relatively large amounts of metélaonsnt et al., 2010)n this

study, acidbase titration and infrared (FTIR) spectra method ( pag were complexed to
determine how many types of functiorgabups were involved in the Cu adsorption and distribution on
sludge particulate and soluble phases. The pKa values of functional groups present on sludge particulate
and soluble, were investigated via titration aoitse (parQ pag fitting PROTOFIT software

in respect with IR spectra. Types of sites associated with their pKa for sludge particulate and soluble
phases were showedkigure51]

Figure 51: The distribution of functional groups according to pKa values of aciebase titration
method for conventional and granular sludge.

Comparing between conventional sludge, the highest percentage of carboxyl groups and phosphoric
groups was found in particulate fraction of Cpl and Cp2, respectively. These high percentages are related
to high Ky values (high Cu adsorption on sludge particuledetion). According tqLaurent et al., 2009)
carboxyl and phosphoric groups had significant effecnetal ions adsorption due to complexation and
precipitation mechanisms.

Wang et al.{2010a)illustrated the key binding site of carboxyl group on aerobic granular sfoddgiee

cationic Cu and their results were in accordance with those obtaifor BAE. Aerobic
granular sludge contained high percentages of carboxyl groups in particulate fraction with 64.8%, but
only 25% in soluble fxction. The different distribution of carboxyl group between particulate and soluble
phase on aerobic granular sludge can be involved in more Cu affinity for particulate phase thus explaining
high Kq value from linear isotherrjTable28).
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X The Freundlich isotherm model

In this model, the 1/n values are representative of the shape of the isotherms. The 1/n values were relatively
comparable in differenype of sludge, indicating that the shapes of the curves were closed. The 1/n value in
Freundlich equation ranged from 0.636 + 0.078 to 0.986 + . The situation 1/& 1 or n> 1 is

most common, and may be due to a different distribution of surface sites or any factor that causes a decrease
in adsorbentdsorbate interaction with in@sing surface densifpite, 2001) The values of n within the

range of 1+10 (or 1/n in range of 0.1%1.0) represent good adsorption. In the present study,1/n ranges
between 0.1 and 1.0, thus indicating good physical adsorption of Cu ioalldata of sludge

The constant Kof Freundlich isothermmodel allowsestimatingthe adsorption coefficient of Cu on
sludge. For conventional sludge; \Walues ranged from 0.280 + 0.013 to 1.674 + 0.078 (L/g). The sample
corresponding to K increasingvalues were: BCh 8C <BE < BD <BFP < LR <Cp2< Cpl< BCD.
Increasing K values corresponded to increasing adsorption ability. This result showed that sludge
stabilization treatment impacted on Cu affinity. The affinity was all the more increased asgémic
matter was humidified (composted sludge and reed bed sludge) and drieddigedtsiudge).

According to literature, Freundlich isotherm is suitable to explain metal ions adsorption at high concentration
while linear isotherm is often used farnarrow range of concentration or very low concentration of metal
ions. The differences between thedfid K values could be indicators of the quantity of adsorption sites on
sludge. It could be hypothesis that, if #d K are closed, the sludge caave high adsorption capacity. In

the case of Cp2 and Cpl the (438+0.241 (L/g) and K (1.479 £+ 0.083 (L/Q)were very closedThis
indicated that, according to this range of Cu concentration in this study (from 0 to 1000 mg/L) a@sarhn

in all sites on the surface of slud@arakat, P11). There were not or small limitation of adsorption sites on
these kinds of sludge. It als@plainsthe almost straight line on the isotherm curve for composted sludge.

In some other cases, such as BFP or BCh sludge sthhaKabout 1@meshigherthan K; values.These

sludges showed concave isotherm curve for Cu adsorption. Thus, the potential for Cu adsorption decrease
when the Cuwconcentration increases solution. In addition, when copper adsorption on BCh, the 1/n
values is always higher thaother sludge, this illustrated the lower number binding sites for Cu
adsorption in these sludge, and reduce the retention of Cu on particulate phase of these sludge.

Kt values for aerobic and anaerobic granular sludge were comparable; Vakiés were @spectively
equal to 0.972 + 0.162 (L/g) and 0.937 + 0.039 (L/g) for BAE and BAN granular sludge. In comparison to
conventional sludge, these values stayed in the range of tzéuiés between BD and BFP.

Effect of proton exchange capacity of sludgeharacteristic on Cu adsorption ability

In theory, the Freundlich isotherm constants) (kelated to the biomass capacity of Cu adsorption.
Therefore, the sludge might have a heterogeneous surface with various metal binding sites of functional
groups rathethan a homogenous monolayer. According to-beige titration method, it is assumed that
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adsorption is due to proton interaction with negatively charged organic acid functional groups on the
bacterial walls or the extracellular polymers. The PEC valfistudge particulate were calculation and
showed ifFigure52,

Figure 52: Total number of ionizable functional groups on dlidge particular phase

The order of PEC values could be directly linked to the Cu adsorption capacity on sludge. Indeed, high
PEC values also indicated strong Cu adsorption ability (example of Cp1 and BCD).

The increase in the global Freundlich isothermapeeter (K for Cu (BCH <BC <BE < BD < BFP < LR

< Cp2< Cpl< BCD) could be explained by the increase of sludge specific surface area after composting,
centridrying, and digesting. After these stabilization processes, the sludge size decrease and enhanced
proton exchange capacity which allowed a better availability of metal binding sites at the surface of
sludge(Wang et al., 2010a)

Granular sludge had PEC values lower than BCD and higher than BD . The granular

sludge structure (numerous proton exchange sites, compact, dense and round staudtlifayor the
interaction between Cu ion in solution and active sites on surfageoules(Ho, 2006) Furthermore,

during the anaerobic granulation, methanogenic proceslsiged gas, which facilitated the formation of

a more porous structure and large surface of the granules, thus increasing the exchangeable sites for
binding with metal ions.

Hence, as already mentioned (haurent et al., 2011a; Zhou et al., 201REC values could be assumed
as important factors explaining Cu bayption efficiency on conventional and granular sludge.

X The Langmuir isotherm model

The Langmuir isotherm assumes monolayer adsorption onto a surface containing a finite number of adsorption
sites of uniform strategies with no transmigration of adseibgblane surfacimousin et al., 2007)Once a
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site filled, no further sorption can take place at that site. This indicates that the surface reaches a saturation
point where the maximum adsorption of the surface will be achieved. In the Langmuir mgdepresented
the maximal adsorption capacity andskowed the affinity for the Cu.

In this study, a plate was never reach in the isotherms, so the parameters deriving from Langmuir
modelingshould be cautiously considered. The numeric values cannohbiEle®d as representative of
real physical mechanisms, but can give some information when comparing one sample to another.

In cases of conventional sludge, the highest valuesofvgs obtained in BCD with 53.47 + 4.81 (mg/g),

followed by Cp2 and Cpl i 50.76 £ 2.79 and 50.50 + 3.77 (mg/g), respectively. The orde.of g

values was as followed: BGh BFP < BC< %( 8 %'/5 §8 &S &S %&' 7KLV RUGHU L
comparable to those observed with the Freundlich model: BCh and BFP had the lowest abiiftiion

(probably due to excessive positive charge compared to other sludge samples).

K. provides an indication of the affinity of the metal for binding sites on the biosofBantukoglu

and Kargi, 2007)BCh showed the lowest maximal Cu adsorption ability value at 26.80 £ 4.53 (mg/qg)
with a value of K of 0.038+ 0.017 (L/mg). The order of Kwas the following: BC« BC % ( § %'
<BFP<LR< &S 8 &S § %i&tompletely correlated to.g values, meaning that sorption were
due to affinity of copper for the whole sludge.

Anaerobic and aerobic granular sludge showed maximal Cu adsorption loakee than composted
sludge and centriced sludge but higher than others sludge. The wplues obtained 42.19 + 0.48 and
49.65 = 1.11 (mg/g) for anaerobic and aerobic granules respectively were comparable.

Effect of organic matter and cation exchange capacity on Cu adsorption ability

It is difficult to correlate biochemical composition anghgvalues. As demonstrated in previous studies,

the cation exchange capacity is a decisive parameter in trace element heavy metals sorption behavior
description. Indeed, metal adsorb onto the sludge hgnsaexchangeConsequently CEC is directly

related to the capacity of the sludge to adsorb heavy metals. The greater CEC value, the more exchange
sites on the sludge minerals will be available for metal retefitioand Xu, 2009)Therefore CEC could

be considered an important fator controlling heavy metals adsorption in sludge matrix.

Cation exchange capacity (CEC) values of conventional sludge and granular sludge were

The CEC values of sludge obtained high values. When shdgapplied to soils, they are supposed to
increase the cation exchange capacity of soils. This point is of interest especiaiyndgrand loamy

soils that lack clay and thus have poor cation binding capacity. It is know that organic matter behave
partially as amphoteric substance with the negative charge attracting cations and hence increasing the
cation exchange capacity of sledgln this relationship, granular sludge (BAN/BAE) and some
conventional sludge such as BCD, Cp2, Cpl and BC presented higher CEC values than other sludge.
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During the wastewater treatment which contented high heavy metal concentration, while cationeexchang
capacity of sludge often affect to the adsorption ability of metal ion on sludge by cation exchange
mechanisms, dissolved organic carbon (DOC) impacts to metal ion distribution between soluble and
particulate fractions in sludge and/or mobilization dgiigaching process.

Organic matter (OM) in sludge has an important role for metal adsorption cafhaciet al., 2014)OM
availability and selectivity for metal depends on the specific electrochemical and structural properties of
the ligand and metal ions. Cu generally reacts with OM by forming stable coordination complexes rather
than by forming compounds via hydrogeonding or electrostatic attraction because of its low hydration
energy and low chargg.iu et al., 2014) Previous stdies demonstrated the high affinity of Cu for OM,

thus leading to strongly adsorption of Cu on sludge matrix.

Therefore, the amount of sludge organic matter could be also considered as an important parameter
driving Cu adsorption ability on sludge.

The dfect of sludge organic matter (OM) and CEC parameters on Cu adsorption ability were preE@utmﬂsﬁ

Figure 53: Relationship between K and organic matter (OM), relation betweengmax values
(Langmuir model) and cation exchange capacity (CEC) values of native slgd matrix.

showed that the OM content and CEC values could be put in relation,veitidl K.values evolution.

Some conventional sludge such as Cp2, Cpl, B@® granular sludge (BAN/BAE) contained Inég

amount of organic matter and capacity of higher cation exchange capacity compare to other sludge
samples. These sludgalso presented high affinity and adsorption capacity of Cu onto sludge matrix
following the constants of Langmuir isotherm modeed sludge and thickened sludge present low OM

-154-



Part 3: RESULTS & DISCUSSIONS +CHAPTER 2

and CEC values which were related to low Cu sorption on sludge particulates phases. The low organic
content of the soluble phase could partly explained lower Cu affinity for limed sludge.

More interestingly,BFP presented organic matter concentration values comparable to BC, and CEC
comparable BD. However, BFP sludge exhibited Cu adsorption capacity lower than BC and BD sludge
(see gaxVvalues ofirable28lof Langmuir isotherm model).

The reasons for the low copper adsorption affinity and capacity in the cases of BFP and BCh sludge can
be explained by cations adding by lime (on limed sludge) togetherveogilymeric substances during
sludge polymeric flocculation and/or coagulation during fifisrssed stabilization. Those positively
charged element could compete with Cu ion and reduced Cu adsorption on these sludge.

Granular sludge is known as an origarich matrix and composed by microorganism, EPS and mineral
matter. The biochemical compositions of these organic matrices are able to make interaction and binding
affinity with Cu ion in aqueous solutigiiVang et al., 2010aYhus,high organiamatter and cation exchange
capacity can explain high Cu biosorptigfficiency on aerobic granules in the context of this study.

Effect of biochemical composition of sludge on Cu adsorption ability

Sludge are made of different biochemical compounds sugitaésins, humidike acid (or humidike
substances) and polysaccharides. These compositions were evaluated on both of sludge total and soluble
phases (see chaptix. The proportion of biochemical compositions in soluble and total phase of sludge
matrix could be reflected the Cu adsorption capacity on sludge. The distribution of these components was
presented {frigure54

Figure 54 : The biochemical compositions distribution in soluble and total phases of sludge matrix.

The presented results show that the treatments of the sludge (in particulate liming-prefdgrhave a
notable impact on the biochemical composition of the sludge and also on the nature of the biochemical
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species of the soluble phase. Whatever thgiroof the sludge, the total sludge consists mainly of protein

and humic substances and to a lowgtendsof polysaccharide. However, the soluble fraction of the
different sludge samples is composed mainly of polysaccharide and humic substances and their
concentrations in both soluble and total phase increased after treatment like liming, thickening and
granulation with anaerobic/aerobic process. Moreover, Cp2, Cpl, LR and BCD contain low biochemical
components in both total and soluble phase, comparatthéo conventional sludge and granular sludge.

showed that the biochemical composition of the soluble may influence the metal ion adsorption
capacity. Biochemical composition led to different proportion of functional groups in the salutle
particulate organic matter such as carboxyl, phosphoric, amine and hydroxyl groups, which are
considered as effective adsorbent for metal(ivei et al., 2016)

However, high concentration of biochemical components in sludge matrix is not directly linked with
metal sorption enhancement. For example, limed sludge contained the highest concentration of
biochemical speciem total sludgebut showed the lowest maximum Cu adsorption capacity according
Langmuir and Freundlich isotherm models. The opposite trend was seen in Cpl, Cp2, LR and BCD
sludge. Compared to Cpl, Cp2 and BCD sludge, granular sludge also had high biochemical components
concefration in total sludge but low Cu adsorption capacity.

One hypothesis is that this phenomenon can be explained by the distribution of biochemical components
between soluble and total phg&egure55).

Figure 55: The correlation between the maximum Cu adsorption capacity and percentages of
biochemical composition distributed in soluble phases of sludge.

-156-



Part 3: RESULTS & DISCUSSIONS +CHAPTER 2

Following|Figure 55| more important biochemical components concentration in soluble phase could be
closely linked to gax LOW gnax Values for BCh and BFP can hieked to high biochemical components
content in soluble phase.

1.4, Modeling Cu sorption on grass and paddy soil samples

The most important process affecting the behaviors of heavy metals in soil is the adsorption of metals from
liquid phase into the solidhase. The adsorbents used in this part study consistgsdsoil (from Franceg
andpaddysoil (from Vietnam)as introduced ipart 2of materialand methogbart(Se¢lll.1.2| paggl04

The batch method was used to measure the copper adsorption ability on soils. Tnecesst was
completed with initial concentrations of solutions ranging from 0 to 1000 mg/L Zf2.2| pagl108).

After determining the equilibrium time, the adsorption isotherms weréeledby the linear, Langmuir

and Freundlich isotherm models. The L/S ratio at 10 (L/Kg) is chosen for studying soils
sorption/desorption abilities.

The time required for Cu adsorption on soils is an important step and was determined firstly. Batch
experimentsvere conducted to explore the Cu adsorption capacitgréss soiland paddy soilat the
initial Cu concentration of 100 mg/L.

The relationship between the Cu concentration and amount of Cu adsorption on soil at equilibrium was
presented i Base on the shape of isotherm adsorption curve, we can be recognized two main
regions according to the relationship between the equilibrium Cu conantratiolution and the amount of

Cu sorbed on solidoil at different L/S ratiosAt low initial concentration, in range of#00 mg/L, the curve

of (Cevs @) were linear and then changed to concave curve when Cu concentration in solution increased.

12
10
v 8
2
g 6 =4—Paddy soil
< 4 == Grass soil
2
0
0 100 200 300 400 500

Ce (mg/L)

Figure 56: Cu adsorption isotherm ongrass soiland paddy soil

The Linear, Freundlich and Langmuir equations were used to fit the adsatpteiT he fitting results
showed that these two adsorption &iipn can mathematically fit the data well. Almost the correlation
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coefficient are greater than 0.98. As no plate was reached, the Langmuir model values as to be cautiously
interpreted, especially in casegrass soll

Table 29: Results of isotherms models for Copper adsorption on soils at L/S ratio of 10kg.

Langmuir models Freundlich model Linear model
Soils
gmax (MQ/Q) KL (L/mg) R? Kt (L/g) 1/n R2 Kad (L/g) R?
Gsrg‘ifs 25.32 + 1.45| 0.033 + 0.002| 0.99 | 0.748 + 0.115 0.895 + 0.076 0.99 | 0.752 + 0.143 0.98
Paddy
soil 7.24+0.78| 0.012 £ 0.001} 0.98 | 0.135 + 0.003| 0.691 + 0.025 0.98 | 0.068 + 0.009 0.97

Linear model: TheKg value was 10 time lower fqraddy soilcompare tgrass soil

The Langmuir model: The change in the trends of the maximum adsorption of copper in the soils is
depending clearly on the kind of soils. The copper adsorption capacitiggss soilare higher than
those onpaddy soil Both of gnax and Ky values of Cu adsorption agrass soilwere always higher than

that of Cu adsorption goaddy soil

The Freundlich model as for the other model kinetics parameters of Freunlich model were higher for
grass soil compare t@addy soil

These phenomena could be understood based on the higher clay and organic matter which often had
attractive for Cu adsorption igrass soilthan in paddy soil These results provide evidence to the
interpretation that the kind of soil is important factdhiancing the adsorption of copper ion

I1.5. Modeling copper sorption isotherms in sludge amended soils:
case of digested sludge on grass and paddy soils.

In most of the studies, the interactions between soil and HM are investigated by adding a doping &olution o
the concerned metal. The investigations of pagtand 1.5 were compulsory to allow the description of the
sorption of Cu on the two different matrix of interest: sludge for one part (11.4) and soil for another part (I1.5).

The approach is an importastep of our methodology (understanding interaction between sludge/soil and
copper) but is far from representing the reality of landspreaDimgng landspreading, HM is brought to the
soil trough sludge application. It is thus very important to impléipaich tests mixing soil and sludge.

Digested sludge sample (BD) was amended on bajfas$ soibndpaddy soil The batch adsorption tests were
conducted at three sludge application rates (tons of dried shadged(): 3, 30 and 150 tons sludge/(ha.year)).
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All the adsorption conditions were repeated on desorption experiments (seeifjlpa12| pagg10§. Each
test was duplicated. The Cu adsorption isotherm on digested sludge amended soils was pjesgmes¥jn

Digested sludge amended grass soil Digested sludge amendepaddy soil |
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Figure 57 : Isotherm of Cu sorption on digested sludge amendegtass soiland paddy soil at
different application rates.

The shapes of isotherm adsorption curve presented a similar tendency for a given landspreading rate
on sludge amendegrassand/orpaddysoil. Besides, when sludge application rate increased from

3 tonsDS/(ha.year) to 150 tons DS/(ha.year), the isothedsorptioncurves also changed from concave

to straightlines. Thus linear, Freundlich and Langmuir adsorption isotherm were used to determine Cu

adsorption kinetics parameters. The results are pexbeim|Table 30| the fitting of parameters
mathematically obtained by linear, Langmuir and Freundlich equation, was very good.

Effect soils origin andsludge amending rate and omffinity for copper

From the results obtained [ifiable 30| sludge amendedrass soilhad higher Cu adsorption ability
compare to sludge amendgaiddy soilat any sludge application rates.

X Linear model:
K4 values were around 10 tiskigher ingrasssoil compare tgaddy soilwhatever the landspreading rate.

Grasssoil: Sludge landspreadd led to a slight increase ofiMalue. The increase was in accordance with
the rate of sludgamendingKqincreased with sludge amending rate.

Paddy soil Kq values are not significantly different according to the amending rate.
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X Langmuir model:
Omax Value forgrass soilwere higher tgaddy soilfor a considered amending rate.

Grass soil gmax Value was quite comparable for non amended and 3 to 88 [8(ha.year) amended
soils. gaxincreased was noticeable for an amendatg of 150 (tons DS/(ha.year)

Paddy soil the same tendencies were observed.
X Freundlich model:
Ksvalues were around 1ibneshigher ingrass soil compare to padslyil whatever the landspreading rate.

Grass soil Ksvalues were quite comparable for non amended and 3 (tons DS/(ha.year)) amended sails.
1/n values were quite comparable for non amended and amendedKsoislues increased with
increasing amending tex Therefore, high rate of sludge application on soil can increase the affinity for
Cu adsorption on the particulate phase of soil. These results coincide with.thv@lges tendency at
increasing sludge application rates of the Langmuir isotherm mblgelk values of Freundlich isotherm
model also correlated withd&alues of linear model.

Paddy soil K; values and /h values were not dstically modified whatever treemending rate.

Surprisingly the only parameters which were really affectedslogige amending rate wereagand Ky
and K for grass soiband only ¢.axfor paddy soil
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Table 30: Copper adsorption isotherm kinetics parameters for digested sludge amended on soils at different sludge applicatiates.

Digested sludge amended so Langmuir model Freundlich model Linear model
(tons DS/(ha.year) Gmax (MQ/Q) K (Lg) R? Ki(L/g) 1/n R? Kq (L/g) R?
= 0 25.32+ 1.45 0.033+0.002 0.99 0.748+ 0.115 0.895+ 0.076  0.99 0.752+0.143 0.98
é §/ 3 20.41+1.49 0.031+£0.009 0.98 0.802 + 0.056 0.918 £ 0.076 0.99 0.810+0.033 0.99
§ f}' 30 27.78 £ 1.53 0.051 £ 0.003 0.98 0.948 + 0.037 0.916 £ 0.045 0.97 0.936 £ 0.242 0.99
- 150 52.63 = 1.27 0.054 £ 0.007 0.99 1.561 £ 0.016 0.881 +0.064 0.97 1.144 £ 0.089 0.99
= 0 7.24+ 0.78 0.012 £ 0.001 0.98 0.135+ 0.003 0.691+ 0.025 0.98 0.068+ 0.009 0.97
g §, 3 7.90 £ 0.11 0.015+ 0.009 0.98 0.144 + 0.009 0.774 £0.067 0.95 0.095 + 0.006  0.99
? f)' 30 10.75+ 0.72 0.029 £ 0.004 0.99 0.157 + 0.006 0.698 + 0.015 0.98 0.088 +£0.002 0.99
- 150 47.62 £ 2.09 0.030 £ 0.004 0.96 0.161 + 0.006 0.685 + 0.010 0.99 0.069 + 0.002 0.99
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Sludge contain high amount of organic matter and caretiunce organic matteontent in soil when they are
amended. The increase of sludge application rate on soil can increase the organic matter amount; therefore increasing
the negative charge of organic functional groups on the soil activéBsaes Vinaja and others, 2012Jhese

groups can bind with Cu during the adsorption process and promote the Cu sorption efficiency.

Furthermore, Cu is known to have high affirftty organic matter (OM). Organic matter complex formation is
recognized as one of the most effective mechanisms of Cu retention in soils, together with adsorption of
CuOH' on clay surfaces and formation of a basic Cu carbonate from Ca car(ieolatet al., 1999)As
expected, Cu adsorption in this work increase as the sludge dose applied to soil is higheifiecahsan

150 tons DS/(ha.yearyo the increase of sludge content clearly affected coppesoition capacity on

soil, especiallyvhen an important amount of OM has been added.

By analyzing adsorption isotherm parameter, it can be demonstrated sahgltgt adding sludge on soil
have effect to the copper adsorption. More sludge application will enhanced the copper adsorption capacity
in soil, especially 150 tons DS/(ha.year). This amendment rate increases the copper availability in soil.

However,the calculation of the amount of sludge amended on soil is really deficiency if it is only based
on the adsorption capacity. Other parameters such as copper desorption efficiency, mobility of copper,
accumulation ability and physicochemical characterisficoil, etc are important to choose the best
sludge application rate to avoid high copper content accumulation in soil.

11.6. Description/characterization of copper desorption in
sludge and soil before land spreading: Batch tests study

The mobility and availality of heavy metals are controlled by sorption and desorption characteristic of
sludge and soils. The capacity of sludge and/or soils to retain and release metals is a very important factor
to predict environmental impact of the use of gkidor landsprading activitiesCesar et al.(2012b)
observed that sludge application on soil can mobilized or immobilized the heavy metal transportation.

The aim of this parttherefore, was to studiesorptiorability of copper from sludge alone, soil alone and
sludge amended soil at different rates of sludge application under batch test conidiggohtS ratio was
equal to 10 (L/kg), desorption time was equal to sorption equilibrium time (4hjeStsewerearried out
under ambient temperature.

[1.6.1. Evaluation of copper desorption ability in the different sludge samples

Copper desorption ability was assessed in batch conditions described in material and method part
(part 2|III.2.3| pageiallo} Sludge were rsuspended in NaCl solution (0,02M), wikieL/S ratio of 50 (L/kg)

Figure58|displays desorption efficiency of copper for different kind of sludge.
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Figure 58. Percentage of copper desorption efficiency for different sludge, L/S =50 L/kgTS

Sludge as bioorganic materials can be effectively recycled by spreading them on cultivated soils, with
many beneficial effectéTella et al., 2016)Before land application, sludge is often stabilized in order to
reduce metal availabilitgBravo Vinaja et al., 2012)n our study, different stabilization processes were

compared for conventional activated sludge sample, and for grashudigre. According tgFigure 58| all
sludge samples had very low values of copper desorption percentages (< 5%).

In case of conventional sludge, thghwst Cu desorption percentages was measured on BCh with 4.75 + 0.35%,
followed by BFP with 4.49 + 0.68% and other sludge. In overall, the order of Cu desorption percentages

LQ FRQYHQWLRQDO VOXGJH ZHUH %&K ! %)3 ! %&' SowegtofQu& § /5 | ©
desorption percentages obtained in Cp2 and Cp1l with 1.19 + 0.28% and 0.19 + 0.06%, respectively. They
were approximate 2 times lower than BCh. Composting and to a lower extend digestion are known to be

very efficient processes for metal statalion.

Copper desorption ability of granular sludge was very different between BAN and BAE granular sludge. BAN
copper desorption percentages was only 0.43 + 0.06%, BAE copper desorption ability was 3.27 + 0.55%. This
last value was comparable with thagehe different conventional sludge samples. Cu desorption percentage

in BAE was lower compared to B@nd BFP but higher other conventional sludge.

Desorption of copper from BAN was lower than all sludge samples. This result could be explained by the
origin of the effluent (papemill industry compare to domestic effluent for other sludge samples).

The potential relation between copper speciation and copper desorption percentages in the different
sludge samples was investigated and reportgeigure’59
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Figure 59: Correlation between Cu desorption percentages and Cu speciation in native sludge matrix

The analysis revealed, as expectethat high Cu leaching was correlate whiiigh Cubound
exchangeable fraction (F1). This is especially significant B@h, BFP and BAE sludge samples.
Inversely, Cpl, Cp2, BCand BAN sludge samples presented very low Cu desorption percentages
corresponding to very low distribution of copper in the exchangeable fraction (F1). The exchangeable
fraction (F1) provides high #xibility of metal ions that makes metals ion easily transferred from
particulate phase to soluble ph&Beavo Vinajaet al 2012) So, theexchangeable mechanism sedma
dominantprocess controlling copper release in this study.

Moreover, BAE created by SBRab scale after 47 day#\ppendices 1are characterized by an increase

of EPS content during aerobic granulation. The amount ofipretas much higher than those of
poysaccharide in EPS componentdVei et al.,(2016, 2014, 2017)ndicated that PMike substrate of

EPS played an important role to bind with metals during adsorption process of granulation. The migration
and enrichment of Cu in BAE can be understood as complexation with EPS compohertigdingof

Cu and EPS is labile and ion Cu can be replaced by ion exchange mechanism with other cation in
solution(Li Wang et al., 2013)By using electrostatic desorption solution NaCl 0.02M, the copper ion in
BAE can be easily replaced by Nan with high cation exchang=mpacity.

[1.6.2. Evaluation of copper desorption ability in soils

The potential toxicity of heavy metals in soils mainly depends on soil solid compositions, especially the
amount and type of clay minerals, organic matter, and iron and manganese oxides. The bioavailability and
mobility of heavy metals in soils strongly gend on their physicochemical form, chemical fraction or
speciation. For all case, adsorption and desorption reactions on the surface of soils and oxides are two
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