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ABSTRACT: This article reports on the removal of col-
loidal suspensions of kaolinite, bentonite, and alumina
using chitosan sulfate (ChS). ChS was synthesized by par-
tial introduction of sulfate groups in the chitosan (Ch)
structure. The polyampholyte (chitosan sulfate) shows
variable charge depending on the pH of the solution. ChS
was characterized by FTIR, ?C-NMR, elemental analysis,
and potentiometric titrations. The ChS coagulation—floccu-
lation capacity for kaolinite, bentonite, and alumina
aqueous suspensions was systematically studied. The
coagulation—flocculation process was carried out at various

pH values and ChS concentrations. The pH range in which
the largest ChS removal capacity was observed depended
on particle type (4.5-5.5 for kaolinite, 4.5-7.0 for bentonite,
and 7.0-8.0 for alumina). The removal of colloidal particles
is explained by charge neutralization due to electrostatic
interactions between ChS and particles and particle
entrapping when the polyelectrolyte precipitates. © 2011
Wiley Periodicals, Inc. ] Appl Polym Sci 123: 2003-2010, 2012
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INTRODUCTION

The removal of turbidity from aqueous effluents
before discharging into rivers or lakes is a challenge
for water treatment plants. Aluminum salts are fre-
quently used as coagulants of suspended particles.
However, these salts can damage the environment
since large sludge volumes are produced during the
coagulation—flocculation process. Moreover, the pres-
ence of aluminum in water in significant quantities
has been associated with Alzheimer’s disease' (>50
mg L "). Therefore, it is necessary to find more effi-
cient and environmentally safe flocculants for the
removal of turbidity from these effluents.

In the search for better flocculants, chitosan (Ch)
has been used as a cationic flocculant for particle re-
moval from water.>® Ch is a linear cationic polymer
of high molecular weight, is readily soluble in acidic
solutions, and is biodegradable and nontoxic. For
example, Khorr’” reported that Ch was an effective
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agent for the coagulation of suspended solids pres-
ent in various food grocessing wastes. Divakaran
and Sivansakara Pillai® studied the efficiency of Ch
for removing kaolinite particles as a function of pH
(covering the range of 5.0-9.0) with an initial turbid-
ity of 10-160 nefelometric turbidity units (NTU).
They found that the optimum Ch concentration was
1.0 mg L' and the optimum pH was 7.5. Roussy
et al.” reported that when using with small amounts
of Ch (from 0.42 to 3.33 ppm), almost all of the ben-
tonite particles were removed at fast settling rates in
the form of large and stable flocks in the pH range
of 5.0-9.0; they proposed a dual removal mechanism
by which Ch removed the bentonite particles: (a)
coagulation by charge neutralization and (b) floccu-
lation of mineral colloidal particles trapped in the
polymer Ch network.

To modify the properties of Ch, various chemicals
groups can be incorporated in the Ch network. The
maximum degree of substitution of Ch (degree of
substitution = 3.0) occurs when the functional
groups in C; (-NH;), C3 and C4 (-OH) are replaced.
To obtain a substitute for the natural anticoagulant
heparin, Ch was treated with chlorosulfonic acid in
pyridine or in dimethylformamide and a water-solu-
ble chitosan sulfate (ChS) with a high degree of sub-
stitution of the hydroxyl and sulfate groups was
obtained.'®® Wolfrom and Shen Han'' reported the
sulfation of the Ch using pyridine and chlorosul-
fonic acid, where they obtained one sulfoamino
group and one sulfate acid ester group per monomer
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unit, this compound had good anticoagulant activity.
Gamzazade et al.'® studied how reaction conditions
affect the position and degree of sulfation and
obtained chitosan sulfates di- and trisubstituted; how-
ever the groups at C2 and C3 have only a small
amount of sulfation. Naggi et al.'® obtained chitosan
6-sulfate by using a 2 : 1 mixture of sulfuric and
chlorosulfonic acids. Vongchan et al.'* prepared under
semiheterogeneous conditions sulfated Ch with a
degree of substitution of 2.13, which showed strong
anticoagulant activity. ChS with low molecular weight
(M, 9000-35,000 Da) and degree of substitution of
1.10-1.63 showed a regular anticoagulant activity.'’
Quan-Li et al.'® used Collagen and sulfated chitosan
(SCS) to coat titanium using a layer-by-layer self-as-
sembly technique. The multilayer processed surfaces
displayed reduced platelet adhesion and activation,
and prolonged clotting time of activated partial
thromboplastin time (APTT) and prothrombin time
(PT) compared with untreated titanium.

The aim of the present study was to obtain a new
flocculent by partial substitution of the OH groups
of the Ch by sulfate groups. The introduction of sul-
fate groups in Ch makes the ChS a polyampholyte.
The ampholytic character of the polyelectrolyte can
contribute to reinforcing the electrostatic interactions
between chains, favoring the flocculation process. In
spite of its interesting properties, ChS has not been
studied for the removal of colloidal particles from
water. Due to its ampholytic nature this polyelectro-
lyte can be used to eliminate cationic and anionic
colloidal particles from water. The capacity of the
ChS for the removal of kaolinite, bentonite, and alu-
mina from aqueous suspensions was evaluated as a
function of pH and ChS concentration.

EXPERIMENTAL
Chitosan pretreatment

Ch was pretreated to expand its structure to facilitate
the sulfonation reaction. About 1.0 g of dry chitosan
(France chitine, France; deacetylation degree, 0.85; av-
erage molecular weight, 125 kDa) was dissolved in an
aqueous acetic acid solution (1%), and then precipi-
tated by adding 50 mL of a 0.25 mol L' NaOH aque-
ous solution. The suspension was filtered and washed
with water until neutral pH was reached. To eliminate
possible trapped water within the Ch structure the
precipitate was immersed in methanol and stirred for
30 min. Methanol was eliminated by decantation. The
precipitate was filtered, washed with methanol, and
then immersed in dimethyl formamide (DMF) (Sigma-
Aldrich, St. Louis, MO) and agitated for another 30
min. The DMF was removed by decantation and the
procedure was repeated to completely remove the
methanol. The precipitate was maintained in DMF.
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Synthesis of chitosan sulfate

While maintaining the temperature at 0°C, chlorosul-
fonic acid was added drop wise to DMF to form a
complex (HCISO3-DMF).'""*'7 Then, the complex
was dissolved in toluene, and the pretreated Ch was
added to the toluene solution and stirred for 2 h at
room temperature. The precipitate was separated by
filtration, washed with a small amount of methanol,
and redissolved in NaOH aqueous solution (pH
12.0). It was then purified by ultrafiltration using a
polysulphone ultrafiltration membrane (Millipore, 10
kDa) in a Millipore cell (Series 800 Stirred Amicon
cell). Then, the remaining water was evaporated and
the product dried at 45°C. The dry sulfated product
(ChS) was ground and used for further characteriza-
tion. FTIR spectra were obtained by the pellet tech-
nique using KBr (Perkin—Elmer Model Spectrum 100
FTIR spectrometer). The '>C-NMR spectrum of the
ChS was obtained using a Varian model Gemini
2000, 300 MHz. Elemental analysis was carried out
in an Elemental Analyzer Fisions Model EA 1108.

Potentiometric titration curves were obtained
using a procedure similar to that described by Par-
ada et al.'® The Ch and the ChS (0.20 g) were dis-
solved in 100 mL of previously acidified water (with
0.1M HCI, pH 2.0), and then titrated with a 0.1M
NaOH aqueous solution (Metrohn, Tritino model
716 DMS) using a glass electrode and Ag/AgCl as
the reference electrode.

Colloidal suspensions

The colloidal particle suspensions of kaolinite (1.0 g
L', Burguess 17, Burguess Pigment Company, Sand-
ersville, GA), bentonite (5.0 g L! Riedel-de-Haén
Steinheim, Germany), and alumina (1.0 g L' alumi-
num oxide, Degussa, Germany), were prepared by
suspending the particles in 0.01 mol L' NaCl aque-
ous solutions. While agitating, the pH of the suspen-
sion was adjusted to the desired value using a HCl
aqueous solution (0.1 mol L") or a NaOH aqueous
solution (0.1 mol L' ). The suspension was allowed
to sediment for 2 h, the settled particles were sepa-
rated by decantation and the resulting suspension
was used for the coagulation—flocculation studies.

Zeta potential measurements

To determine the Zeta potential the suspensions
were prepared as follows: for the blank, an aqueous
solution with an ionic strength equal to that used in
the coagulation—flocculation tests (0.01 mol L
NaCl) was prepared. Suspensions containing more
than 1% of particles were prepared and their ionic
strength was adjusted by adding NaCl. The pH was
adjusted to pH 11 with 0.1 mol L™' NaOH aqueous
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Figure 1 FTIR spectra of: (A) chitosan, (B) chitosan
sulfate.

solutions. Then, the suspension was allowed to settle
for 2 h and was separated from the settled particles
by decantation. The Zeta potential was determined
using an Acoustosizer IIS s/m Flow-through System
model titrating the suspension with 0.1 mol L'
NaOH or HCl aqueous solution.

Jar tests

A conventional jar test apparatus (Phipps and Bird
model PB-700) was used for the coagulation—floccula-
tion experiments. Colloidal suspensions were adjusted
to the desired pH, and 1-L aliquots of the colloidal sus-
pensions were poured into the 2-L jars. A sample was
collected to measure initial turbidity (NTU). Next, the
desired volume of ChS solution (1.0 mg ChS mL ") was
added to each jar and mixed thoroughly by stirring rap-
idly for 3 min at 200 rpm. Stirring was maintained for
30 min at a steady rate of 30 rpm. When the stirring
was stopped, samples (3 mL) were collected (2.5 cm
below surface) to measure the turbidity of the solution
as a function of settling time. Suspension turbidities
were determined with a UV-visible spectrophotometer
(Cary-50 Probe, Varian) measuring absorbance at 350
nm and using a calibration curve obtained with forma-
zine standard suspensions. A blank experiment was
systematically performed in the absence of ChS to eval-
uate the natural decantation process of the suspension
under the selected experimental conditions (pH and
concentration of suspended material). The results were
plotted as a function of sedimentation time, pH, and
polyelectrolyte concentration.

RESULTS AND DISCUSSION
Synthesis

The synthesized ChS was an amber solid that was
soluble in acid and alkaline aqueous solutions, with
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an insolubility window between pH 5.0 and 8.0. Fig-
ure 1 shows the FTIR spectra of the ChS in which one
can observe the characteristic sulfate stretching vibra-
tions of C—O—S (810 cm ') and S=0O (1240 cm ™).

By comparing the "*C-NMR spectra of the Ch [Fig.
2(A)] and ChS [Fig. 2(B)], a displacement of the Cq
signal can be seen from 68 to 60 ppm, due to the
substitution of the OH groups for the sulfate groups.
The ""C-NMR ChS spectra do not show evidence
that the sulfate has substituted the hydroxyl group
of the C;, or the amino group in C, By using the
sulfur and nitrogen atomic ratio S/N, obtained from
elemental analysis it was determined that 61% of the
OH groups were replaced by sulfate groups (degree
of sulfate substitution = 0.61).

ChS is constituted by three types of monomeric
units [Fig. 3(A)]; the first (represented by RAc) corre-
sponds to the units containing acetamide groups, the
second unit (represented by RH™) corresponds to the
deacetylated monomeric units that are not sulfated,
and the third unit (represented by RSH) corresponds
to the deacetylated monomeric units that were sul-
fated. The molar fractions of RAc, RH", and RSH
were determined by titration and their values are rep-
resented by x, y and z, respectively, [Fig. 3(A)]

Titration of ChS [Fig. 3(B)] shows three equivalent
points (V; = 2.07 mL; V, = 447 mL; V3 = 9.36 mL).
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Figure 2 '>C-NMR spectra of: (A) chitosan, (B) chitosan
sulfate.
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Figure 3 A: Structures of the monomeric units of ChS. B: Potentiometric titration of ChS. 0.182 g of ChS. Titrant: NaOH

0.1 N. C: Determination of pKa values.

The zone before the first equivalent point (V) is
associated with the neutralization of the excess HCL
The zone between the first equivalent point (V) and
the second equivalent point (V;) corresponds to the
neutralization of the amine groups (RH™) of the non-
sulfated units of the ChS. The region between the
second equivalent point (V,) and the third equiva-
lent point (V3) corresponds to the neutralization of
the amine groups (RSH) of the sulfated units.

The pK, was calculated using the Henderson-Has-
selbalch equation®:

pH = pK,; + log (1 ; oz) 1)

where pK,; is the average pK,; o ;; and o is the disso-
ciation coefficient (o0 = (V — V1)/(V, — Vy)).

Journal of Applied Polymer Science DOI 10.1002/app

The pK,; values were 540 and 8.16 for RH" and
RSH, respectively, [Fig. 3(C)]. The molar fraction of
the amino groups of the nonsulfated groups (RH™)
was 0.28 and that of the amino groups of the sul-
fated units (RSH) was 0.57; this last value is similar
to the fraction of sulfated groups obtained by ele-
mental analysis and it was taken as the real degree
of sulfation, because the sum of the molar fractions
of RH' and RSH is 0.85, a value that is similar to
the degree of deacetylation reported by the Ch sup-
plier. This result indicates that the amine groups
were not modified by the sulfonation reaction.

Zeta potential measurements

Figure 4 shows the Zeta potential as a function of
pH for kaolinite, bentonite, and alumina where it
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Figure 4 Zeta potential as a function of pH of: kaolinite
(A), bentonite (@), and alumina (¢).

can be observed that the isoelectric points of kaolin-
ite, bentonite, and alumina are 1.2, 0.9, and 9.1,
respectively.

Coagulation—flocculation

In Figure 5, the turbidity of kaolinite suspensions as a
function of settling time is compared at different pH
values and ChS concentrations. At pH 3.0, when ChS
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was added, the suspensions had a slightly higher tur-
bidity than the blank, indicating a stabilization effect.
When bentonite and ChS interact at this pH, the result
is a net high positive charge, and instead of coagula-
tion, the particles are stabilized. At pH 4.5 and 5.0,
the combination of an increase in the Zeta potential of
kaolinite and a decrease in the net charge of the ChS
causes a rapid and very effective coagulation—floccula-
tion (very low turbidity). At pH 5.5, although the frac-
tion of ionized groups is small (around 0.10), because
the Zeta potential of kaolinite is high, more kaolinite
is removed as the ChS concentration increases. Particle
removal can also be helped by ChS precipitation. At
pH 6.0 the ChS charge is still positive but too small to
be able to coagulate—flocculate the kaolinite particles.
At pH values above 6.9, the ChS charge becomes neg-
ative and electrostatic attractions between ChS and ka-
olinite are not possible, and therefore the coagulation—
flocculation process does not occur.

When using ChS in bentonite suspensions the fol-
lowing behavior was observed. At pH 3.0, as a result
of the low Zeta potential of bentonite combined with
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Figure 5 Settling curves for kaolinite suspensions (1 g L") at different pH values and ChS concentrations: blank (®); 2

ppm (M), 4 ppm (A), 6 ppm (x), 8 ppm (*), 10 ppm (@).
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Figure 6 Settling curves for bentonite suspensions (5 g L") at different pH values and ChS concentrations: blank (@®); 2

ppm (M), 4 ppm (A), 6 ppm (x), 8 ppm (*), 10 ppm (@).

the amount of ChS added when bentonite and the
polyelectrolyte interact the result is a net high posi-
tive charge, and instead of coagulation, the particles
are stabilized (Fig. 6). When pH increases, ChS
charge decreases and for this reason at pH 4.0, at
the lower ChS concentrations, the stabilization effect
disappears and some coagulation—flocculation
occurs. As pH increases further, the coagulation-
flocculation process becomes more efficient due to
charge neutralization and is accomplished at faster
rates. At pH 4.5-6.0, almost all of the bentonite is

Journal of Applied Polymer Science DOI 10.1002/app

instantaneously settled at all tested ChS concentra-
tions. If pH is increased above 6.0, again there is an
imbalance of charges, which causes coagulation—floc-
culation to become less efficient. At pH 6.8, the frac-
tion of negatively charged units of ChS is very small
and only at high ChS concentrations is possible to
obtain bentonite charge neutralization and thus
cause coagulation—flocculation. Removal of bentonite
can also be aided by bentonite trapping when the
ChS precipitates (Fig. 3). At the highest pH value
studied (7.8), the ChS charge is negative, and, since
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the charge of the bentonite is also negative electro-
static attractions do not occur, making coagulation—-
flocculation impossible.

ChS was also tested with alumina suspensions
(Fig. 7). At pH values lower than 6.8, ChS is in its
cationic form (Fig. 3) and because the alumina par-
ticles also have a large and positive Zeta potential
(+40 mV) the polyelectrolyte is not effective for the
removal of alumina. The low removal effect at pH
6.0 can be explained by alumina being trapped
when the polyelectrolyte precipitates; at this pH the
amount of alumina removed increases as the amount
of ChS is increased, which supports the hypothesis
that alumina is trapped as the ChS precipitates. At
pH values above 6.8, ChS becomes negatively
charged and can interact electrostatically with the
positively charged alumina particles (Fig. 4), and
therefore at a pH of 7.0, by increasing the amount of

ChS, a larger increase in coagulation—flocculation is
observed. At pH 9.0, the ChS has a negative charge
and the alumina Zeta potential is positive but small
(Fig. 4), and thus only a fraction of the ChS added is
used for neutralization and the rest causes the alu-
mina to become negatively charged. This explains
the partial removal and that less particles are
removed as the amount of ChS increases. At pH val-
ues above 9.0, both the alumina particles and ChS
are negatively charged and particle removal is
negligible.

CONCLUSIONS

A ChS was synthesized with a degree of sulfation of
0.57. This polyelectrolyte was water soluble at acidic
and alkaline pH with an insolubility window

Journal of Applied Polymer Science DOI 10.1002/app
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between pH 5.0 and 8.0. The ChS proved to be effec-
tive for the elimination of colloidal particles of
kaolinite, bentonite, and alumina. The pH range in
which particle removal was achieved depends on
particle type (4.5-5.5 for kaolinite, 4.5-7.0 for benton-
ite, and 6.0-9.0 for alumina). For cationic particles at
optimum pH, even at the lowest ChS concentration
studied (2 mg L"), particle removal was very fast
and practically all of the colloidal particles were
removed. Colloidal particle removal is explained by
charge neutralization due to electrostatic interactions
between ChS and the particles, and by particle
entrapping when the polyelectrolyte precipitates.
Cationic and anionic colloidal particles can be
removed by ChS because of its ampholytic character.
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