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a b s t r a c t

Chitosan, a biodegradable compound, is used as an eco-friendly coagulant in water and wastewater
treatment to avoid production of the large amounts of sludge using conventional chemical coagulants.
Conditioning of chitosan using four different salts (Na2SO4, NaHSO4, (NH4)2SO4, and KHSO4) along with
H2SO4 and treatment condition optimization were investigated to enhance coagulating efficiency for ben-
tonite suspension. Chitosan dissolved in acetic acid was used for coagulation of 5 g/l bentonite suspension.
The optimum concentration of chitosan required for maximum coagulation of bentonite suspension was
hitosan
oagulation
onditioning
astewater

5 mg/l. Among the five additives used for conditioning, NaHSO4, at all concentrations, was found to be the
most effective for enhancing the coagulating efficiency of chitosan and it was at its maximum when con-
ditioned by 0.05 mM NaHSO4. NaHSO4 conditioned chitosan showed better coagulating efficiency than
unconditioned chitosan at all pHs (3–8) tested in this study. The coagulation of bentonite by chitosan was
found to decrease with increase in pH of the suspension. Using 5 mg/l of NaHSO4 conditioned chitosan at
pH 6, the removal percentage of bentonite was increased from 76% to 88 % compared to unconditioned
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chitosan.

. Introduction

Water treatment plants face many problems when removing
urbidity from raw untreated water in order to produce drinking
ater that is pure enough for its intended use. Inorganic coagulants

uch as alum and poly aluminum chloride (PACl) are widely used
or the removal of raw water turbidity because they are cost effec-
ive and easy to handle. However, the sludge obtained from such
reatment poses disposal problems because of its aluminum con-
ent and the residual aluminum concentration in the treated water
as raised public health concerns [1]. McLachlan [2] reported that
xtensive intake of alum may cause Alzheimer’s disease. The search
or a better alternative for conventional coagulants has become an
mportant challenge in the water treatment process, with the aim
f minimizing the detrimental effects associated with the use of
uch coagulants.

In many studies, cationic polyelectrolytes have been high-
ighted as effective coagulants or flocculants for negatively charged

uspended particles found in natural turbid water. Chitosan, a
olycationic, biodegradable, non-toxic and high molecular weight

inear copolymer of glucosamine and N-acetyl glucosamine, is sol-
ble and positively charged in acidic media and may therefore be

∗ Corresponding author. Tel.: +82 42 821 1537; fax: +82 42 821 1593.
E-mail address: shwoo@hanbat.ac.kr (S.H. Woo).
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sed as an eco-friendly coagulant and flocculant [3]. Chitosan can
e prepared through the deacetylation of chitin, which is second
nly to cellulose in terms of abundance in nature, and is found in
he shells of crustaceans such as crabs and shrimps. Thus, chitosan
an be obtained from a waste product of the crab industry. Chitosan
as been widely used as an effective coagulant or flocculant for a
ide variety of suspended solids in various food and fish processing

ndustries [4–7], and for suspensions containing mineral colloids in
ater [8–10]. The biopolymer chitosan has also gained importance

n environmental biotechnology due to its very good adsorption
apacity for dyes and metal ions [11–13]. Applications of chitosan
or coagulation and flocculation of montmorillonite, bentonite and
aolinite suspensions have been reported [14–16]. Chitosan is even
ore ecological and effective than alum, because it produces less

ludge [17]. The reactivity of chitosan for coagulation and floc-
ulation of suspended particles and colloids results from several
echanisms, including electrostatic attraction, sorption (related to

rotonation of the amine group of chitosan and chelating capacity
ue to the high content of –OH groups) and bridging (related to
he high molecular weight of chitosan). The contribution of each

echanism depends on the pH of the suspension.

In the present study, conditioning of chitosan was carried out

sing different additives prior to its use as a coagulant for bentonite
uspension. The objective of this work was to observe the effects
f chitosan conditioning on bentonite coagulation and to select the
ost effective additive for conditioning. The optimum dosage of

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:shwoo@hanbat.ac.kr
dx.doi.org/10.1016/j.cej.2008.09.016
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odified chitosan for maximum removal of suspended bentonite
as determined. The influence of pH and bentonite concentration
n the coagulation process was also examined in this study.

. Materials and methods

.1. Chemicals

Chitosan (CS, >85% deacetylation) and bentonite used in the
resent investigation were purchased from Sigma Chemical Co.,
SA. All other chemicals were of analytical grade and were also
rocured from Sigma Chemical Co., USA.

.2. Turbid water

Water with desired turbidity was prepared by mixing 5 g/l ben-
onite in 25 ml deionized water. pH of the bentonite suspension was
djusted by adding 0.1 (N) HCl or NaOH. Bentonite has negative zeta
otential in deionized water [18].

.3. Preparation of chitosan solution as coagulant

Chitosan was dissolved in 1 % acetic acid solution by stirring
vernight at 150 rpm to make 0.5 % stock solution. The stock solu-
ion was diluted to the desired concentration by adding deionized
ater prior to each experiment. Concentration of chitosan was var-

ed from 0.1 to 20 mg/l in 25 ml (5 g/l) bentonite suspension at pH
to determine its optimum concentration for bentonite coagu-

ation at 30 ◦C after 30 min. The calibration curve of bentonite in
he suspension was carried out by measuring absorbance of dif-
erent predetermined concentrations of bentonite at 540 nm using
DR5000 spectrophotometer (HACH, USA). Concentration of ben-

onite in the experimental bentonite suspension before and after
oagulation was calculated from the calibration curve. Triplicate
uns were performed for each condition of all the experiments.

.4. Screening of additives for conditioning chitosan solution

Fifty ml of chitosan solution at 25 mg/l was conditioned using
ifferent additives viz., ammonium sulfate [(NH4)2SO4], sodium
ulfate [Na2SO4], potassium bisulfate [KHSO4] and sodium bisul-
ate [NaHSO4] in shaking condition at 150 rpm overnight at 50 ◦C.
oncentration of each additive during conditioning was varied from
.005 to 0.5 mM). Fifty ml chitosan solution (25 mg/l) was also
onditioned using sulfuric acid (H2SO4) with the same concentra-
ion range. In the case of NaHSO4, a wider range of concentration
0.001–50 mM] was tested. The coagulation of the 25 ml (5 g/l) ben-
onite suspension at pH 6 was performed using each variety of
onditioned chitosan at a concentration of 5 mg/l in order to obtain
he most effective additive and its concentration for conditioning
hitosan solution.

.5. Bentonite dosage

The coagulation of the 25 ml bentonite suspension was achieved
sing 5 mg/l unconditioned and NaHSO4-conditioned chitosan at
H 6. The concentration of bentonite in 25 ml suspension was var-

ed from 1 to 20 g/l.

.6. Effect of pH
The effect of pH on the coagulation process was studied over a
H range of 3.0–8.0 and at an initial bentonite concentration fixed at
g/l. To observe the effect of acid type on the bentonite coagulation,
H adjustment of the bentonite suspension was done using HCl as

e
e
t
[
e

Fig. 1. Chemical structure of chitosan.

ell as H2SO4. Twenty-five ml of pH-adjusted bentonite suspension
as coagulated by 5 mg/l chitosan conditioned with NaHSO4 at its
ptimum concentration for conditioning as described above.

Optimum dosage of chitosan was studied over a pH range of
.0–8.0 with an initial bentonite concentration fixed at 5 g/l. Con-
entrations of unconditioned and NaHSO4-conditioned chitosan
ere varied from 0.5 to 20 mg/l in 25 ml of pH-adjusted bentonite

uspension.

.7. Calculation of molar amine content

Fig. 1 shows that chitosan is a co-polymer of N-acetyl glu-
osamine (GlcNAC) and glucosamine (GlcNH2) and that it contains

mol units of GlcNAC and n mol units of GlcNH2. Here, m � n indi-
ates chitin and m � n indicates chitosan. The deacetylation ratio
f chitosan (fD) is given by this equation:

D = n

m + n
(1)

or 85%-deacetylated chitosan (Sigma, USA), m = 0.15, n = 0.85 and
D = 0.85 were calculated. The average weight of monomer (Mcs,mon)
n chitosan can be given by this equation:

cs,mon = MWm × (1 − fD) + MWn × fD (2)

here MWm is 191 g/mol unit m and MWn is 161 g/mol unit n. Then,
olar amine content (C̄NH2 , mol NH2/g chitosan) of chitosan can be

iven by

¯NH2 = fD
Mcs,mon

= fD
MWm × (1 − fD) + MWn × fD

(3)

or 85%-deacetylated chitosan, the 0.0051 mol/g of molar amine
ontent was calculated.

. Results and discussion

.1. Chitosan as a coagulant

Fig. 2 shows sedimentation of bentonite suspension over time
ith and without chitosan coagulant. While 30% of bentonite was

emoved within 30 min in control suspension, chitosan at a concen-
ration of 5 mg/l removed 76% bentonite from a 5 g/l suspension.
his coagulation process was very fast initially and around 84%
entonite was removed within 1 h of coagulation.

.2. Screening of additives

Fig. 3A and B show that conditioning of chitosan with differ-

nt additives improved the coagulating efficiency, but to a different
xtent. It has been reported that the presence of sulfate ions in ben-
onite suspension enhanced the coagulating efficiency of coagulant
19]. The additives used in this study for conditioning of chitosan
nhanced the coagulating efficiency of chitosan because all of the
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ig. 2. Effects of chitosan addition on removal percentage of bentonite (%) at pH 6.

dditives contain sulfate ions. Van Duin and Hermans [20] hypoth-
sized that chitosan formed larger aggregates in the presence of
ulfate ions. Therefore, chitosan appears to have a higher molecular
eight, and this might cause enhancement of bentonite coagu-

ation. Among the five additives used for conditioning chitosan,

aHSO4 and KHSO4 were found to be more effective than the others
ue to protonation of the amine group of chitosan by

NH2
NaHSO4 or KHSO4 or H2SO4−→ RNH+

3 (4)

ig. 3. Effects of chitosan conditioning, using different additives at different con-
entrations, on the removal of bentonite (%) at pH 6. (A) Removal over time and (B)
emoval after 30 min settling.
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NaHSO4 and KHSO4 have the same pKa value of 1.9, which indi-
ates an acid strength similar to phosphoric acid. Chitosan has a pKa

alue of 6.2, and at pH 6.2 chitosan has zero zeta potential. Over-
ll conditioning of chitosan with NaHSO4 and KHSO4 increased its
oagulating capacity because the amine group of chitosan was pro-
onated by H+ produced from the dissociation of NaHSO4 or KHSO4
n the chitosan solution during conditioning.

Conditioning of chitosan solution with ammonium sulphate
ould probably form the R–NH3

+SO4NH4
−, as proposed by Muz-

arelli and Rocchetti [21], and this would enhance bentonite
oagulation.

NH2
(NH4)2SO4−→ RNH+

3 NH4SO−
4 (5)

However, the enhancement of coagulating capacity of chitosan
fter conditioning with (NH4)2SO4 was found to be much lower
han with NaHSO4 and KHSO4, due to very high pKa value (9.25)
or (NH4)2SO4.

Conditioning of chitosan with Na2SO4 also increased bentonite
oagulation because chitosan forms larger aggregates in presence
f this salt containing sulfate ions [20] and alkaline cations in this
alt can favour delamination of the bentonite particles in the sus-
ension, which thereby displays highly accessible surfaces [22].
owever Na2SO4 conditioned chitosan was found to show lower
oagulating capacity compared to NaHSO4 and KHSO4 conditioned
hitosan because Na2SO4 is a neutral salt, which is completely dis-
ociated in water.

Fig. 3B shows that at all concentrations, NaHSO4 was the most
ffective additive for increasing the coagulating efficiency of chi-
osan. Although NaHSO4 and KHSO4 both have the same pKa value
1.9), NaHSO4-conditioned chitosan was a much better coagulant
han KHSO4-conditioned chitosan. One possible explanation for
his observation is that alkaline cations can favour delamination
f the bentonite particles in the suspension, which thereby dis-
lays highly accessible surfaces [22]. The lower ionic size of Na+,
s compared to K+, would gain more easily access on the bentonite
urfaces. Furthermore, the lower ionic size of Na+ leads to higher
bsolute values of enthalpy of hydration. Therefore the difference in
he hydration capacity between the cations, and consequently the
ifferences in the sizes of hydrated cations and their interaction
ith chitosan, would be the possible reason for higher coagulating

fficiency of chitosan conditioned by NaHSO4 [22].
Chitosan solution was also protonated by H2SO4 (pKa values

f −3 and 1.92) during conditioning [23] and that increased its
fficiency for bentonite coagulation. However NaHSO4 conditioned
hitosan showed better bentonite removal than H2SO4 conditioned
hitosan due to presence of alkaline cations, which delaminate the
entonite particles in the suspension [22].

.3. Optimal concentration of NaHSO4 during conditioning of
hitosan

Fig. 4 shows that the removal percentage of bentonite sus-
ension with 5 mg/l chitosan was enhanced by increasing the
oncentration of NaHSO4 up to 0.05 mM during the conditioning.
urther increase in concentration of NaHSO4 during the condi-
ioning could not produce any further increment; instead, a slight
ecrease was found in its coagulating capacity. Calculations of
olar amine content using Eqs. (1)–(3) show what percentage of

he whole amine groups of chitosan were protonated at optimal
oncentrations of NaHSO4 during conditioning. The 25 mg/l chi-

osan solution has 0.128 mM NH2 for 85%-deacetylated chitosan.
emoval percentage values of bentonite around 88% and 86.4%
ere achieved after conditioning 50 ml chitosan solution with 0.05

nd 0.1 mM NaHSO4, respectively, and these concentrations are not
nough to completely protonate 25 mg/l chitosan solution. This
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ig. 4. Effects of NaHSO4 concentration variation during conditioning of chitosan
n the removal of bentonite at pH 6.

ndicates that complete protonation of amine groups of chitosan
y NaHSO4 during conditioning would not be required to achieve
ts maximum coagulating capacity.

.4. Effect of chitosan concentration

Fig. 5 shows that the percentage removal of bentonite was
nhanced by increasing the chitosan concentration up to 5 mg/l.
urther increase in chitosan concentration reduced bentonite
oagulation. Concentration variation of chitosan conditioned with
aHSO4 at two concentrations viz., 0.05 and 2 mM, produced a simi-

ar pattern of coagulation as obtained with unconditioned chitosan.
he optimum concentration of chitosan for coagulation of 25 ml
5 g/l) bentonite suspension was found at 5 mg/l for all three cases.
herefore, very low doses of chitosan (5 mg/l) were required for
estabilization and coagulation of concentrated bentonite suspen-
ion. The cation exchange capacity (CEC) of bentonite was found to
ary between 50 and 100 meq/100 g depending on the mineralog-
cal condition [19]. Therefore, effective coagulation was achieved

ith much lower doses of chitosan than would be required for
omplete charge neutralization of bentonite, and this process was

uided by the combined effects of electrostatic patch and bridg-
ng mechanisms. This coagulation process was fast; around 88%
emoval of bentonite was achieved within 30 min at pH 6 with
mg/l chitosan conditioned with 0.05 mM NaHSO4. Removal per-

ig. 5. Effects of chitosan concentration on the removal of bentonite (%) at pH 6.
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ig. 6. Effects of pH on the removal of bentonite (%) using unconditioned and
aHSO4 conditioned chitosan at 5 mg/l.

entage values around 76% and 85% were achieved after 30 min
ith 5 mg/l of unconditioned chitosan and chitosan conditioned
ith 2 mM NaHSO4, respectively. A possible explanation for the
ecreased removal percentage of bentonite with increased chi-
osan concentration (beyond 5 mg/l) is that increased chitosan
mounts may favor chitosan–chitosan associations at the expense
f chitosan–bentonite interactions.

.5. Effect of pH variation

Fig. 6 indicates that both unconditioned and 0.05 mM NaHSO4-
onditioned chitosan at 5 mg/l coagulated 25 ml (5 g/l) bentonite
uspension very effectively at pH 3 and 4. This phenomenon can be
ttributed to a higher degree of protonation of amine groups of chi-
osan at lower pH. Coagulation of bentonite particles was enhanced
y the increase in charged groups of chitosan, which increased elec-
rostatic interaction with anionic surface of bentonite. At pH 3 and
, removal of bentonite was around 89.9% and 89.6% for 0.05 mM
aHSO4-conditioned chitosan and 85.8% and 85.2% for uncondi-

ioned chitosan. 0.05 mM NaHSO4−conditioned chitosan showed
lightly higher coagulation efficiency than unconditioned chitosan
t pH 3 and 4, probably due to the presence of sulfate ion in the ben-
onite suspension, which has a positive effect on chitosan during
oagulation.

Fig. 6 shows that at pH 5 and 6, the removal of bentonite was
round 88.5% and 87.8% for 0.05 mM NaHSO4-conditioned chitosan
nd 78.8% and 75.2% for unconditioned chitosan. The coagulat-
ng efficiency of 0.05 mM NaHSO4 conditioned chitosan was much
igher than unconditioned chitosan at pH 5 and 6 due to signifi-
ant protonation of the amine group of chitosan by NaHSO4 during
onditioning. Therefore, during conditioning, NaHSO4 contributed
ignificantly to the coagulation of bentonite suspension through
harge neutralization.

Approximately 83.9% and 72.8% removal of bentonite was found
t pH 7 with 0.05 mM NaHSO4-conditioned and unconditioned
hitosan, respectively. Approximately 10–25% of amine groups of
hitosan should be cationic at pH 7, although this has been reported
o be a function of the degree of deacetylation of chitosan and
onic strength [24]. The higher coagulating efficiency of 0.05 mM
aHSO4-conditioned chitosan than unconditioned chitosan was

ue to the protonation of amine groups of chitosan by NaHSO4
uring conditioning. The coagulating capacity of both uncondi-
ioned and 0.05 mM NaHSO4-conditioned chitosan was low at pH 8.
onditioning of chitosan could not produce any significant change
ecause most of the amine groups of chitosan were unprotonated at
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H 8. Removal percentage at pH 8 was slightly higher with NaHSO4
onditioned chitosan (60.4 %) than with unconditioned chitosan
58.6 %). The effect of pH change on bentonite removal by chitosan
as also carried out after adjusting pH with H2SO4 and the results

re similar to the results obtained with HCl (data not shown). The
oagulation of bentonite using both unconditioned and NaHSO4-
onditioned chitosan is not dependent on the type of acid (HCl or
2SO4) used for pH adjustment in bentonite suspension. However,
2SO4 conditioned chitosan showed better coagulating efficiency

han unconditioned chitosan due to protonation of chitosan during
onditioning with H2SO4.

The effects of pH variation on removal percentage of bentonite
sing different dosages of unconditioned chitosan and NaHSO4
.05 mM-conditioned chitosan are shown in Fig. 7A for some
elected pHs. The maximum bentonite removal was observed at
ultiple chitosan concentrations and within this concentration

ange no change in the removal percentage was found. Therefore,
he optimal dosage of chitosan was determined to be the lowest
oncentration of chitosan when the multiple chitosan concentra-
ions were found for the highest removal percentage of bentonite.
or example, the maximum bentonite removal at pH 3 was found
t a concentration of 2 mg/l for both unconditioned and 0.05 mM

aHSO4 conditioned chitosan and no further increase in bentonite

emoval was found with increase in chitosan concentration up to
mg/l. Overall, maximum bentonite removal at all pH tested in this

tudy occurred at chitosan concentration of 5–8 mg/l. The optimum
osage was found to vary with pH of the suspension. The relation-

ig. 7. Effects of pH variation on the removal of bentonite using different dosages of
nconditioned chitosan and NaHSO4 0.05 mM-conditioned chitosan (A), and opti-
al chitosan concentration at the various pH conditions (B).
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ig. 8. Effects of bentonite concentration on the removal of bentonite (%) at pH 6
sing unconditioned, and NaHSO4 conditioned, chitosan at 5 mg/l.

hip between the optimal chitosan concentration and pH value is
llustrated in Fig. 7B, and shows that optimum chitosan dosage was
maller in acidic pH. This suggests that the increase in number of
rotonated amine groups on chitosan at lower pH resulted in a
ecrease in optimum dosage. The optimum dosage of conditioned
hitosan was lower than unconditioned chitosan at pH 7 and 8. This
henomenon can be attributed to the higher number of protonated
mine groups of conditioned chitosan.

.6. Effect of bentonite dosage

Fig. 8 shows that the percentage removal of bentonite was
ncreased with an increase in bentonite concentration, using 5 mg/l
nconditioned and NaHSO4 0.05 mM-conditioned chitosan. It was
oted that bentonite concentration beyond 5 g/l produced a sharp

ncrease in percentage removal. In other words, in some sam-
les, clearer solution was obtained after 30 min settling with
ore bentonite dosage. The remaining suspended solids were

.31, 0.97 and 1.1 g/l for 1, 10 and 20 g/l of the initial bentonite
osage using NaHSO4-conditioned chitosan, respectively. There-
ore, increase in bentonite dosage may produce some acceleration
n self-coagulation and this would result in a higher percentage of
entonite removal [25].

.7. Coagulation performance evaluation

Different research groups reported coagulation of particles and
olloids using chitosan over the years. Divakaran and Pillai [8]
eported flocculation of silt in river water using chitosan in the pH
ange 4–9. The silt flocculation was maximum at pH 7.5 and the
aximum 90% removal of turbidity was achieved at this pH using

hitosan at a concentration of 1 mg/l and with initial turbidity value
t 40 NTU. Roussy et al. [19] showed that more than 95% of residual
urbidity was removed from 5 g/l bentonite suspension using less
han 0.1 mg/l chitosan in either tap water (TW) or demineralized
ater (DW) at pH 5 or in TW at pH 7. Coagulation was better in
W than DW and lower dosages of chitosan were required at pH 5
han pH 7. The improved performance of chitosan in TW was due
o presence of sulfate and other counter-ions in TW. Chen et al.
26] observed better flocculation of bentonite with higher molecu-

ar weight (MW) chitosan and the required dosage also decreased

ith increasing degree of deacetylation (DD). In recent years, sev-
ral modification methods of chitosan as a coagulant were proposed
o improve coagulation of colloidal particles [10,16]. Huang et al.
10] have studied the effect of the type of acid to prepare chitosan
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olution and observed more efficient coagulation of clay particles
ith acetic acid. Pan et al. [16] examined the mixture of chitosan

nd PACl at various ratios, but did not observe any enhancement of
oagulating efficiency. This is the first approach to use NaHSO4 as
conditioning agent for chitosan to increase its bentonite coag-

lation efficiency. In this study, chitosan conditioned with only
small amount (0.05 mM) of NaHSO4 produced better bentonite

oagulation than unconditioned chitosan at all pH. For example,
sing 5 mg/l of NaHSO4 (0.05 mM) conditioned chitosan at pH 6,
he concentration of suspended solid was decreased approximately
times, from 1.23 g/l (76% removal) to 0.62 g/l (88% removal), com-
ared to unconditioned chitosan.

. Conclusion

Chitosan was effectively used for the coagulation of a bentonite
uspension. Maximum coagulation of bentonite was achieved at
mg/l chitosan concentration and the removal percentage was
round 76% at pH 6 after 30 min. Among the five additives used
or conditioning, at all concentrations NaHSO4 was found to be the

ost effective for enhancing the coagulating efficiency of chitosan.
ercentage removal of bentonite increased from 76% to 88% after
onditioning chitosan with 0.05 mM NaHSO4. Coagulation of ben-
onite by chitosan was very sensitive to pH and less chitosan dosage
as required in acidic pH. The increase in percentage removal of
entonite with decrease in pH explains the strong contribution of
he charge neutralization effects because of electrostatic interac-
ions at an acidic pH. NaHSO4-conditioned chitosan showed better
oagulating efficiency than unconditioned chitosan at all pH values
ested in this study. NaHSO4-conditioning of chitosan is a simple
nd cost-effective method and can be easily applied to wastewater
reatment facilities.
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