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Chitosan for wastewater treatment

Jacques Desbriéres®” and Eric Guibal®

Abstract

Chitosan (an amino-polysaccharide obtained from deacetylation of chitin, the major constituent of crustaceous shells and insect
cuticles) presents a cationic character in acidic media allowing its dissolution, its shaping and possible ion-exchange interac-tions with
anionic compounds (a property applied in adsorption and coagulation-flocculation processes). In neutral media, non-protonated
amino groups allow complexation of metal cations or organic chemicals. These different properties explain the interest taken by the
scientific community in using this biopolymer. In solution it contributes to complex metals and their recovery by complexation-assisted
ultrafiltration. It can also be used to coagulate—flocculate organic compounds (as anionic dyes). In the solid state, it can be used for
metal ion adsorption, as well as adsorption of organic compounds (dyes, pesticides, drugs, endocrine disruptors, etc.). The adsorption
and coagulation-flocculation processes will be compared and examples con-sidered. Moreover, it is noteworthy that the thermal
degradation of this type of material is also more environmentally friendly than that of conventional synthetic resins (production of
hazardous by-products, etc.), a supplementary advantage of these biopolymer-based sorbents. Combined with its ability to be
chemically or physically modified improving the potential and phase separation of chitosan-based materials, all these properties mean

it is an excellent candidate for wastewater treatment.
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INTRODUCTION

The very marked development of environmental regulations in
the last few decades has induced a strong impetus for devel-
oping alternative wastewater treatments. Processes for treating
industrial or urban effluents (containing mineral as well as organic
substances) involve various strategies depending on the nature
of contaminants (metal ions, dyes, pharmaceutical compounds,
etc.), the interest in recycling (and/or valorizing the by-products of
the treatment) and toxicity. Precipitation processes are very often
used but regularly encounter technical limitations and also pro-
duce large amounts of contaminated sludge. These alternative
processes should reach discharge levels, be competitive and as
far as possible be consistent with the requirements for sustain-
able growth. Additionally, in many countries the regulations con-
cerning waste materials require proving that a waste cannot be
recycled or valorized (under technical and economic constraints)
before its discharge to landfill can be authorized. Membrane pro-
cesses are very efficient but often expensive and limited to fin-
ishing treatments or for specific effluents. Liquid/liquid extraction
processes are reserved for valorization of specific solutes (high
added value, strategic or very toxic metals) with concentrated
solutions (greater than 500mg L™"): losses of extracting matter
by dispersion or dissolving are a great environmental drawback
for these techniques. Electrochemical processes present similar
drawbacks. Adsorption has received great attention in the last
few decades as an alternative process for the recovery of metal
ions or organic compounds from dilute solutions. Indeed, the con-
ventional processes are not competitive when faced with dilute
effluents. Many materials can be used (chelating or ion-exchange
resins, mineral supports, active carbon, and residues from chemi-
cal industry, agriculture or fishing). In the case of biosorption pro-
cesses, the sorbent is produced from a material of biological origin.
Biosorption involves binding mechanisms similar to those used

with synthetic resins: complexation, chelation, ion exchange or
electrostatic attraction.

Chitosan (a biopolymer constituted of glucosamine and acetyl-
glucosamine monomers associated via (1 — 4) linkages; Fig. 1)
is obtained by the deacetylation of chitin (its fully acetylated
form), present in the cell walls of most fungal biomass (chi-
tosan being present in the cell wall of Mucorales), in the cuti-
cles of insects and in the shells of crustaceans. Now shrimp shells
are the main source for the industrial production of chitosan.
This amino-polysaccharide presents unique properties among
biopolymers being cationic in acidic solutions due to the presence
of amine functions with a pK, value in the range 6.0-6.7 (depend-
ing on the degree of deacetylation).! Chitosan is soluble in weak
acids and low-concentration strong acid solutions but not sulfuric
and phosphoric acids. This cationic property is the basis of its inter-
esting ion-exchange properties and its solubility. The dissolution
of the polymer in acidic solutions opens the route to ready phys-
ical modifications of the polymer that can be conditioned under
different forms.>?

This material can be used directly in solid form for adsorption
applications building on the presence of amino groups (complex-
ation of cations or organic molecules, electrostatic attraction or
ion exchange in acidic media to fix anions on protonated amine
functions). It may be also used in the liquid state (dissolved in
acidic media) to neutralize charges, for coagulation-flocculation
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of anionic species (dissolved matter, colloids and parti-
cles in suspension) and for the complexation of metal ions.
Various examples will be considered in this mini-review.

CHITOSAN AND ADSORPTION

Adsorption of metal ions and ionic dyes

Adsorption is the consequence of specific interactions between an
adsorbent and a compound to be adsorbed (the adsorbate). These
interactions are strongly correlated to the chemical structure of
chitosan. The functional groups able to create such interactions
are, for chitosan, hydroxyl and amine groups. Amine groups are
susceptible to be ionized, as a function of pH (pK, in the range
6.0-6.7). That allows chitosan to be polycationic and, hence, to
interact by electrostatic interactions with anionic derivatives,
such as some dyes. The protonated amine groups can bind
anionic species by electrostatic attraction or ion exchange. Fur-
thermore, when non-ionized, they possess a free electron pair
on nitrogen atom, likely to interact with chemicals that are poor
in electrons, such as cations. It will be possible to interact with
hydrophilic chemicals, charged (anionic or cationic) or neutral.
The basic structural parameter is the degree of acetylation.*
Finally, a certain amphiphilic character due to the presence
of acetyl groups has been mentioned,” adding the possibility
of interaction with chemicals presenting a slight hydrophobic
character.
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Figure 1. General structure of chitosan (DA: degree of acetylation).

Nevertheless, the adsorption mechanisms are not completely
elucidated. Major works have been undertaken to study the mech-
anisms occurring during adsorption of metal ions. Though the
contribution of —OH groups in metal binding was cited in some
studies, it is now commonly accepted that metal binding takes
place essentially on amine groups. Hydroxyl groups essentially
contribute to stabilizing metal binding on amine groups. These
reactive groups can bind metal ions through various mechanisms:
(a) complexation on nitrogen (free electron pair), (b) formation of
ternary complexes (one such case is the binding of the ion pair
Sr(ll)/carbonate on chitosan) and (c) ion exchange/electrostatic
attraction. The acid—-base properties of the amine groups of chi-
tosan also allow proton binding. This protonation induces a com-
petition for the binding of metal cations and for the formation
of ternary complexes. These mechanisms are essentially active in
near-neutral solutions. On the other hand, this protonation makes
possible the binding of metal anions in acidic solutions through
electrostatic attraction or ion exchange.

Different models were proposed to elucidate the mechanism
of coordination implied in the formation of complexes. The first
one is called the ‘bridge model'. It is supposed that the metallic
ion is bound to several nitrogen atoms from the same chain or
from different chains.® The second one, called the ‘pendant model’
considers that the metallic ion is bound to an amino group in
a ‘pendant’ manner.” Potentiometric, dichroic and spectroscopic
experiments were carried out on chitosan—copper complexes to
elucidate their structure.® Observations during the variation of
pH demonstrate that the fixation of copper ions on chitosan is
negligible when the amino groups are in the protonated form. Two
types of complex are present (Fig. 2):

o[Cu(—NH,)]I** whose formation begins at a pH value of 5.3
(complex 1)

o[Cu(—NH,),1?* which is formed as soon as the pH is greater than
5.8 (complex II).

But the contribution of hydroxyl groups from glucosamine to
cation binding remains debatable.’ It may be assumed that in
complex | water molecules may be replaced by hydroxyl groups
from glucosamine rings.

Moreover it was demonstrated that the degree of polymerization
plays an important role in the interaction between oligomers and
Cu(ll) ions.2 A number-average degree of polymerization of 6.5 is
the threshold for which complexation is efficient.

The electrostatic attraction mechanism can also be cited for the
binding of a series of metals that form anionic complexes in acidic
solutions. In acidic solutions (i.e. pH below 6) the protonation of
amine groups is favourable for the attraction metal anions. At
very low pH (below 2-3) the sorption of metal anions can be
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Figure 2. Structures of copper-chitosan complexes.
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Figure 3. Effect of pH on sorption of Mo(Vl) by ion exchange on
glutaraldehyde-crosslinked chitosan beads. (From Guibal et al?).

significantly decreased due to the competition of counter anions
for binding on protonated amine groups. For these reasons, in
most cases, the binding of metal anions (and anionic dyes) is
generally optimal in a narrow pH range: between 2-3 and 5.
Additionally, chitosan dissolves in acidic solution (except H,SO,)
and it is necessary to crosslink it for improving its stability. Several
processes have been described for chitosan crosslinking using, for
example, epichlorohydrin. However, the crosslinking agent that
is most used for chitosan stabilization is glutaraldehyde. A Schiff
base reaction takes place between amine groups (on chitosan)
and aldehyde groups of the crosslinker on both sides. These
supplementary linkages between the chains of the polymer may
explain the stability in acidic solutions. When increasing the extent
of the crosslinking (using higher glutaraldehyde concentrations in
the crosslinking bath) the amount of metal anions bound hardly
decreased,'® while the crosslinking of amine groups completely
inhibited metal cation binding by complexation.'" In the case of a
complexation/chelation mechanism the binding of protons does
not allow a free electron pair to be available for interaction with
metal cations. Figure 3 shows the effect of pH on Mo(VI) sorption.'?

The sorption properties on chitosan are controlled by a series
of experimental parameters related to the composition of the
solution (pH, effect of the presence of competitor ions, metal
speciation, metal concentration, etc.) or to the polymer (particle

size, sorbent dosage, conditioning of polymer, etc.). However, the
effects of these parameters on metal adsorption are all involved
with main criteria/mechanisms: (a) crystallinity and swelling
behaviour, (b) diffusion properties and (c) metal speciation. The
crystallinity of polymers affects their hydration and their swelling
behaviour. This parameter, in turn, affects the accessibility to
sorption sites. This accessibility can be controlled both at equi-
librium and in terms of kinetic behaviour. The crystallinity can be
affected by several parameters: (a) the origin of chitin (a-chitin,
p-chitin or y-chitin), (b) the treatment of the polymer during
its extraction from biomass (tailoring polymer conformation:
tendon form, annealing, etc.), (c) the post-treatment (dissolving
and re-precipitation, freeze-drying, crosslinking, chemical graft-
ing, etc.) and (d) the polymer conditioning (flakes, un-dried gel
materials in the form of beads, membranes, fibres, etc.).

Hence, a comparison of chitosan samples with identical degree
of acetylation (i.e. close to 90%) but produced from fungal, shrimp
and squid sources showed considerable changes in Pt(IV) sorp-
tion isotherms and uptake kinetics. Shrimp- and fungal-based chi-
tosan samples exhibited comparable performances, while sorp-
tion capacity and kinetic behaviour were significantly poorer for
chitosan produced from squid material: (@) maximum sorption
capacity decreased and (b) the time required for reaching equilib-
rium markedly increased. These differences were correlated with
the crystallinity of the samples (analysed using XRD): squid chi-
tosan was characterized by a greater crystallinity than the two
other types (Fig. 4)."314

The contribution of diffusion mechanisms in the control of sorp-
tion performance can be easily explained by the poor porosity of
the biopolymer. As a consequence, the sorption may be limited to
external layers of the biopolymer and the accessibility to internal
reactive groups may be markedly hindered, leading to very slow
sorption kinetics. These restrictions to intra-particle diffusion are
particularly important in the case of large-size diffusing molecules.
An example is given in Fig. 5 for the sorption of molybdate anions
on glutaraldehyde-crosslinked chitosan flakes (G1-G3).'? Increas-
ing the size of sorbent particles strongly reduced the maximum
sorption capacity from 300 to 150 mg Mo g~'. Metal ion removal is
controlled by surface sorption or by sorption/diffusion restricted
to an external thin layer. Under selected experimental conditions,
molybdenum is present in the form of polynuclear molybdate
species (MoO,5-, and its hydrolysed forms). These large species
face significant resistance to intra-particle diffusion through the
compact porous network of the polymer (especially in the case
of crosslinked material due to the supplementary bonds induced
by heterogeneous crosslinking). This effect of diffusion limitations
is concomitant with the effect of polymer crystallinity. A solution
to reduce these limiting effects of diffusion may consist of man-
ufacturing chitosan gel beads: this conditioning contributes to
decreasing the crystallinity of the polymer and to expanding the
porous network (more than 95% of water in the polymer hydro-
gel). Figure 5 shows the impact of the conditioning on particle size
effects: the size of chitosan gel beads did not affect sorption capac-
ity and the sorption isotherms superimposed with maximum sorp-
tion capacities close to 700-750 mg Mo g~ ' (this is about 2.5 times
greater than the levels reached with chitosan flakes).

Concerning dyes, although hydroxyl groups may be involved
in the adsorption of dye molecules, the amine groups remain
the most active groups and influence polymer performances.
Guibal and co-workers have observed that decreasing the degree
of acetylation of chitosan implies an increase of the relative
proportion of amine groups able to be protonated, favouring
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Figure 4. Influence of the origin of chitosan on Pt(IV) sorption uptake kinetics (left panel) and XRD patterns (right panel; F, is the degree of acetylation).
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Figure 5. Influence of the size of chitosan particles and polymer conditioning (flakes: G1 < 125 yum < G2 < 250 um < G3 < 500 um; beads: B1 = 0.95 mm,
B2 = 1.6 mm, B3 =2.3 mm) on Mo(VI) sorption isotherms at pH = 3 (glutaraldehyde-crosslinked chitosan). (From Guibal et al.’?).

the adsorption of dyes.' Nevertheless the variation in adsorp-
tion properties is not proportional to the degree of deacetyla-
tion, but it changes with the nature of the dye.'® More recently, it
was reported that chitosan properties do not depend only on the
degree of deacetylation but also on the repartition of acetyl groups
along the macromolecular backbone."”

Dotto et al.’® have shown that, using food dyes such as amaranth
(Table 1), the number of sulfate groups and the molar mass of
the dye play an important role in adsorption properties; sulfate
groups are more important than other ionic groups regarding the
adsorption of food dyes on chitosan.

Adsorption of organic compounds by chitosan

Organic contaminants are nowadays some of the most serious
environmental problems and the elimination of organic contami-
nants (dyes, pesticides, herbicides, drugs, etc.) from aqueous solu-
tions is a major concern because they become persistent within
the environment. The adsorption of organic substances depends
on the size of these molecules, their chemical structure and their
polarity. The nature of the functional groups on the organic com-
pounds strongly influences their binding on the functional groups
at the surface of the sorbent through several interactions that
depend, for example, on the pH or the ionization of these groups.

Drugs

Active substances contained within a drug are characterized by
very varied chemical structures. Once they have acted within an
organism, they are excreted, mainly in faeces and urine, and then
rejected within the network of wastewaters (human drugs) or in
the ground (veterinary drugs). These residues end up somehow
within the environment and potentially in sources of potable
water. Once these pharmaceutical substances find themselves in

the environment, they may contaminate living organisms and
potentially affect them, especially if they are bio-combinable. As
a consequence it is very important to better treat wastewaters to
eliminate such drug residues and not to reject them within aquatic
media.

Pharmaceutical products may be eliminated by adsorption with
synthetic or natural polymers. Chitosan presents hydroxyl and
amino groups able to form hydrogen interactions with functional
groups of antibiotics, as an example. In the case of cefoperazone
(Table 1) sorption, chitosan allows elimination of 13% of the total
amount during the first three hours.' Compared with cellulose
and sodium alginate, chitosan is the most efficient polymer consid-
ering that the amino groups have a larger activity compared with
hydroxyl or carboxylic groups. The same observation was made for
tetracycline (Table 1).2° However, the solubility of chitosan in acidic
media may decrease its stability for long-time use. Crosslinking
allows one to overcome this problem and the porosity of hydro-
gels is an important parameter for this phenomenon. In the case
of diclofenac or dipyrone, non-steroidal anti-inflammatory drugs,
the interactions between amino groups of chitosan and carboxylic
ones of diclofenac and sulfoxide ones of dipyrone are responsi-
ble for their adsorption.?’ The chemical modification of chitosan
with acetylacetone and ethylenediamine allows pH adjustment to
optimize the recovery conditions of diclofenac?? and reduce the
time necessary to its elimination to 45 minutes, compared with
80 minutes with non-modified chitosan.?®

Endocrine disruptors

During the last few years, endocrine disruptors have become
among the most studied molecules for their elimination because
of their high potential to cause negative effects in human
endocrine systems, and also in those of fauna and flora.?*%
Bisphenols, as well as chlorophenols (Table 1), are among the
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most used in industrial or agricultural activities. Generally the
adsorption process is efficient and economically feasible for
eliminating bisphenols and chlorophenols.?® Active carbon
is the most used material but clays or clay-based compos-
ites were recently developed.?””2 Pan etal. have formulated
composite sorbents based on chitosan and iron oxide nanopar-
ticles or by incorporation of ash particles.?® The presence
of magnetite allows easy separation of these particles after
adsorption using an external magnetic field. Adsorbed quan-
tities are 31.92mg g~ for bisphenol A and 68.89mg g~ for
2,4,6-trichlorophenol.

Phthalates and phthalic acid esters represent another important
class of contaminants. They are used as plasticizers to improve
the flexibility of plastics such as poly(vinyl chloride).3° Although
phthalates are quickly excreted by organisms, some of them,
due to their lipophilic properties, build up within the adipose

tissues. Most phthalates present a weak acute toxicity but chronic
exposure to these esters may result in serious toxic effects towards
rodent animals, and even humans. Adsorption by active carbon
is non-selective and expensive, its performances depending a lot
on the type of carbon used.3' Moreover, these technologies are
able to remove phthalates from water, but few technologies are
known to remove their metabolites such as phthalate monoesters
and phthalic acid during their hydrolysis. Chitosan beads were
shown to efficiently remove some phthalate esters from aqueous
solutions.3? Amine groups of chitosan can interact with carbonyl
groups of monoesters and phthalic acid, and these beads may
be able to remove these metabolites.>* Chitosan adsorbs diesters
principally by hydrophobic interactions and by polar interactions
with phthalic acid.

To improve the adsorption of phthalates, a-cyclodextrins were
grafted on chitosan.3? Molybdenum-impregnated chitosan beads



were also tested* and in these cases phthalate adsorption was
improved and the influence of pH, salinity and calcium ions was
decreased.

Herbicides

Herbicides are biologically active when applied to plants and they
are further carried towards soils and aquatic systems. Excessive use
of pesticides and herbicides leads to short- and long-term harmful
effects on human health, such as reproduction abnormalities,
cancers, hormonal perturbations, etc. Chitosan membranes are
very efficient in adsorption of glyphosate (Table 1), a non-selective
herbicide that is widely used.3® The maximal value of adsorbed
glyphosate is 10.9mg g~', and adsorption is due to the attractive
electrostatic interaction between positive charges of chitosan and
anionic ones of the herbicide (as a function of pH).

CHITOSAN AND COAGULATION-ADSORPTION
Principle

Protonation of amino groups imparts to chitosan a potential for
electrostatic attraction of anionic compounds as observed in the
adsorption of metal anions. Anionic derivatives can then interact
with amino functions to cause the neutralization of charges.
This interaction is the basis of the coagulation phenomenon,
which can be set up to eliminate dissolved anionic derivatives
or anionic colloids when sedimentation is too slow to allow a
competitive process. The principle of coagulation-flocculation
is as follows. Colloidal suspensions are characterized by the
presence of well-dispersed small particles bearing ionic charges
of the same nature that contribute to stabilize these suspen-
sions. The repulsion forces hinder their aggregation under
stirring. The objective of coagulation is to neutralize the sur-
face charges of these colloids in order to limit the repulsion
forces and allow their aggregation (under stirring). By increasing
the density and size of these neutralized particles, their capac-
ity to settle is significantly increased. Among frequently used
reagents are metal ions (iron or aluminium salts), poly(aluminium
chloride) or poly(diallyldimethyllammonium chloride. Some
of these chemicals present technical or environmental draw-
backs. There is a need to develop alternative systems based on
eco-compatible chemicals from renewable raw materials (e.g.
tannins, chitosan or alginate, and/or their combination). The
second step of this process involves flocculating the aggregated
matter in suspension. Aggregation can be improved using a floc-
culant (high-molecular-weight polymer), in which the network
contributes to entrap the particles, to favour their agglomeration,
playing the role of a net that makes easier the sedimentation
of aggregates. Chitosan, being of high molecular weight, may
play the role of both coagulant and flocculant. Its efficiency is
directly affected by its characteristics, the degree of deacetylation
(influence on acid-base properties and charge neutralization)
and the molecular weight (influence on flocculating properties).
Its major additional advantages are the reduced noxiousness of
wastes obtained at the end of the treatment (by comparison with
other coagulants and flocculants, which may deliver metals and
potentially toxic compounds such as acrylamide monomers) and
the significant reduction in produced sludge (when compared
with conventional mineral coagulants).

Treatment of mineral suspensions
In industrial units, pre-conditioned process water is collected
from surface water; these water bodies frequently contain high

levels of suspended matter such as humic and inorganic col-
loids. This content may influence the quality of manufacturing
processes, and a pretreatment is generally required to clarify
these waters. The ionic charge carried by these mineral matters
in suspension (clays) at natural pH is generally negative. Using
chitosan is obviously justified to allow neutralization of surface
charges of these mineral colloids and make easier their aggre-
gation. The coagulation-flocculation performance for clay sus-
pensions is strongly affected by parameters such as pH, charge
of the matter in suspension, chitosan concentration and ionic
charge of the solution (presence of salts versus pure water).3637
These parameters have to be very accurately adjusted: indeed
adding an excess of positive charge may lead to a ‘re-stabilization’
of the suspension. An excess of chitosan may lead to a positive
charge being imparted to the colloidal particles in suspension,
provoking again their repulsion. The presence of salts (salinity of
solution, water hardness) may also impact the performance in
coagulation-flocculation, by a charge screening effect. The quan-
tities of coagulation—flocculation agent to be introduced within
the suspensions are particularly low: Roussy et al. have observed
that for slightly acid suspensions (pH of ca 5), chitosan concentra-
tions of 0.1 mg L™ are enough to decrease the turbidity of suspen-
sions prepared with initial bentonite contents of a few grams per
litre below the required turbidity threshold (i.e. 5 FTU, formazine
turbidity unit).?’

Treatment of coloured effluents

Coloured effluents (or tincture agents, pigments and dyes) are
encountered often in the dissolved form (and not as colloids) and
can present an affinity with chitosan. The most classical process to
treat coloured effluents using chitosan is the adsorption of anionic
compounds (typically those bearing sulfonic groups) on amine
groups that are protonated in acidic medium using an electrostatic
attraction or ion-exchange mechanism.3-#' This ion-exchange or
electrostatic attraction mechanism may occur directly in solution
between the dye and dissolved chitosan, this interaction resulting
in the coagulation-flocculation of the dye. These mechanisms
are at the basis of the coagulation and flocculation processes of
dyes using chitosan.*>=#* The influence of chitosan concentration
is important (Fig. 6).

When the quantity of coagulant (therefore of cationic charges)
reaches the stoichiometric ratio of anionic charges present on the
dye, the residual dye concentration reaches a minimum. As soon as
a supplementary addition of coagulant is introduced, the suspen-
sion re-stabilizes (excess of cationic charges) and the coagulant
efficiency decreases. The optimum concentration (threshold con-
centration) is very accurate and the slope of the re-stabilization
curve is sharper than that of the stabilization curve. As a conse-
quence the optimization of the coagulant quantity is quite del-
icate. However, knowing the composition of the solution allows
anticipation of polymer dosage.

Other tests performed on industrial effluents containing inks
confirmed the usefulness of chitosan, and a combination with
tannins proves very beneficial to improve the efficiency of the
treatment.*

Treatment of effluents containing organic suspensions

Chitosan may also be used to treat suspensions containing
organic matter (in the food-processing domain as an example).3’
Using a biopolymer to treat organic suspensions leads naturally
to the production of less toxic sludge than when using metal



(@)
100
w75
-
on
E
2 50 A
=
=
8 25 1
0 T T T T T T r
0 50 100 150 200
[Dye], (mg L)
(b)
0.3
pHS
0.2 1 £
_ ——BI
£ ——BIf
01 | —e—B6
—o—Bo6f
0 T T T T T T -
40 60 80 100 120
[Chitosan] (mg L)
Figure 6. Effect of chitosan concentration on efficiency of

coagulation-flocculation of reactive black 5 at pH=5 for two types
of chitosan (DA: 89.5%; M,,: 308 300g mol~' for B1 and 80 100g mol~'
for B6). The profiles are compared for water treatment without and with
supernatant filtration (‘f). (a) Variation in optimal concentration; (b)
variation in stoichiometric ratio ([n]) between dye and amine groups at
optimal dosage. (From Guibal and Roussy.*2).

salts or polyacrylamide. Consequently, the sludge produced
using this process might be valorized. Considering mixtures of
food-processing industry wastes (production of food flavours,
wastes of mushrooms), the coagulation-flocculation process
using chitosan was studied.**~*® The pH value has a strong effect
on the efficiency of the treatment. Decreasing the pH down to
5 allows a decrease by half of the quantity of chitosan to be
introduced. The effects of degree of deacetylation and molar mass
depend on pH and chitosan concentration. Usual concentrations
of chitosan close to 5 mg L', in slightly acidic solutions, allow lim-
iting the impact of chitosan characteristics. Chitosan has, naturally,
an antimicrobial and bacteriostatic effect, due to the presence
of protonated amine groups. This effect may be improved by
imparting a quaternary amine function by grafting reagents.
This property was used to synthesize a derivative of chitosan
having both coagulation-flocculation and antimicrobial effects: a
quaternary amine was grafted on carboxymethylchitosan.*

COMPARISON BETWEEN ADSORPTION AND
COAGULATION-FLOCCULATION

The principles of the interaction between biopolymer and solute
are more or less analogous for the two processes or polymer
uses: solid (adsorption) versus liquid (coagulation—flocculation).
This analogy does not lead yet to similar performances as well

in terms of yield in using reactive groups as of kinetics.’%>! Maxi-
mal adsorption capacities (g,,, milligrams of solute per gram) can
be converted (as a function of the number of reactive groups of
solute) taking into account the ‘concentration’ of amine groups
in the biopolymer in the form of a coefficient, [n] (moles of
function in solute per mole of amine), which can be compared
to the optimal molar ratio between solute and amine groups
in coagulation—flocculation. In a systematic way a comparison
between [n];q,q and [nl,;4 shows a better use of amine groups
when the chitosan is used in dissolved form. This may be corre-
lated with the differences in availability and accessibility of amine
groups in the two forms. Solid structure of chitosan is a com-
pact one associated with the presence of hydrogen interactions
between amine groups. There are both diffusional limits (due to
structure compactness) and reactivity constraints (amine groups
within inter-chain interactions). In contrast, when chitosan is used
in dissolved form (liquid) in coagulation-flocculation, the proto-
nated amine groups are accessible and available to interact with
dyes or for metal ion complexation (Hg(l)).>® Considering the
kinetics, using the biopolymer in dissolved form also improves the
reaction rate: for coagulation—flocculation, the process time unitis
related to the fast stirring step (dispersion phase of a few minutes),
the slow stirring step (around 20 minutes) and the sedimentation
step (1-2 hours). On the whole, it is much shorter than the contact
time necessary to reach equilibrium in the case of adsorption on
solid chitosan (24-48 hours).

MODES OF APPLICATION

The preceding sections have pointed out the different parame-
ters and mechanisms that can control sorption performance. This
section also identifies some solutions for limiting their impact.
These solutions involve chemical and/or physical modifications.
Indeed, chitosan is a very versatile material. It is readily modi-
fied by grafting new functional groups to the hydroxyl or amine
groups.>? Regarding physical versatility, the solubility properties of
chitosan (due to the protonation of amine groups in acid solutions)
make possible the synthesis of various forms of chitosan that can
find specific applications in metal sorption. Figure 7 shows some
examples of chitosan conditionings. Chitosan being dissolved in
an acetic acid solution can be extruded, dropped into an alka-
line solution to neutralize the acid and stabilize the biopolymer
in an appropriate form: beads,”®> membranes,* fibres,>> hollow
fibres.>®>” These various conditionings allow the design of differ-
ent systems for metal ion recovery.

Recently, new materials (highly macroporous foams/sponges)
have been designed using chitosan or chitin foams for reactive
filtration of metal-bearing solutions using chitosan alone,*® or after
incorporation of a specific ion-exchanger.? The sponge can also
be used for treating accidental dumping of contaminated water:
the water is absorbed by the sponge, the contaminant (radioactive
caesium) is transferred to the ion-exchanger before the wringing
of the sponge releases decontaminated water (with confinement
of the radioelement into the ion-exchanger).

CONCLUSIONS

Chitosan is a biopolymer which may be more often used for treat-
ing wastewaters and removing pollutants, whatever their nature.
Different processes are considered. Adsorption is very developed
and much progress has been made during the last few years, allow-
ing the planning of an industrial development in coming years
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Figure 7. Examples of chitosan conditionings elaborated at Alés School of
Mines.

as soon as the supply conditions and characterization of chitosan
samples are ensured.

Coagulation-flocculation of substances in suspension (whether
mineral or organic in nature) or dissolved substances (dyes) by
chitosan is a very promising technique. At the same time it builds
on (a) the acid—base characteristics of this biopolymer (unique
due to its cationic properties in acidic media) to ensure the
neutralization of ionic charges of anionic colloids (coagulation)
and (b) the flocculating properties of this material (related to
its high molecular weight). The dissolution of chitosan allows
‘opening’ the compact structure of the polymer, to make easier the
availability and accessibility of the reactive amino groups and to
improve their use as well in terms of equilibrium performances and
in terms of kinetics of transfer or reaction time. Performances, in
relation to process conditions, can significantly vary as a function
of intrinsic characteristics of the biopolymer (degree of acetylation
and molar mass). There are likely obstacles to its industrial use:
material variability; difficulty of having reproducible and constant
sources of chitosan may trouble industrial operators when it is time
to substitute usual techniques with this new process. Moreover,
although coming from abundant and renewable sources, the cost
of this biopolymer limits its potential application to particular
niches.
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