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Abstract

Crosslinked amphoteric starch with carboxymethyl and quaternary ammonium groups is investigated as an adsorbent for removal of both acid
and basic dyes in solution. Acid Light Yellow 2G, Acid Red G, Methyl Green and Methyl Violet were used to study the adsorption behaviors
under various parameters such as pH, dose of amphoteric starches, initial dye concentration, adsorption time and adsorption temperature. At the
preset pH value, the relationship between adsorption amount and the initial dye concentrations is given. The adsorption isotherm is discussed by
m better. Also,
t
©

K

1

h
r
a
q
A
f
c
i
b
fl

a
r
a
w
a

(

ch
t al.
rtiary
solu-
oups
acity.
ed
tionic
cess.
pho-
nary
etal

olu-
has

ants
cost
cross
ntil

onto
nt

1
d

odeling Langmuir and Freundlich isotherm. The kinetic study shows that the pseudo-second-order model fits the experimental data
he thermodynamic parameters are shown.
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. Introduction

Synthetic dyes in an effluent, even in a small amount, are
ighly visible and have undesired effects not only on the envi-
onment, but also on living creatures. In addition, most dyestuffs
re stable to light and oxidizer, thus making physical adsorption a
uite effective method for the removal of dyes from wastewater.
ctivated carbon, as an adsorbent has been widely investigated

or the adsorption of basic dyes[1,2], but its high cost limits its
ommercial application. In recent years, there has been growing
nterest in finding inexpensive and effective alternatives to car-
on. Such alternatives include clay minerals[3–5], weeds[6],
y ash[7,8] and Indian rosewood sawdust[9].

As a low-cost renewable, biodegradable biomass, starch has
ttracted considerable attention since it can be modified to
emove heavy metal ions and dyes[10–13]. Cationic starches
re reported as effective adsorbents for handling the dyes in
astewater. Ju studied the discoloration of cationic starch with
high degree of substitution (DS) for different kinds of nega-

tively charged dye systems[14]. It was found that cationic star
with a higher DS had high adsorption capacity. Delvala e
used crosslinked polysaccharides derivatives containing te
amine groups to recover various textile dyes in aqueous
tions[15]. The result shows that the presence of amino gr
and the nature of the dye could influence the adsorption cap

In the previous work of our group, highly crosslink
amphoteric starches with a high degree of substituted ca
and anionic groups were synthesized by a semi-dry pro
Also it has been indicated by us that crosslinked am
teric starches, which contain carboxymethyl and quater
ammonium groups can effectively remove the heavy m
anion Cr(VI) and the cations Cu(II), Pb(II) in aqueous s
tion [16–18]. These studies showed that amphoteric starch
a wide application perspective. It can quickly remove pollut
containing cationic or anionic groups, and hence lower the
of disposal. Furthermore, amphoteric starch can be used a
a wide pH range due to its peculiar electrical character. U
now there are only limited data on the adsorption of dyes
amphoteric starch[19], so it is important to investigate differe
types of dyes using amphoteric starch as an adsorbent.
∗ Corresponding author. Tel.: +86 991 8582807; fax: +86 991 8582807.
E-mail addresses: xushmei@hotmail.com (S. Xu), awangjd@xju.edu.cn

J. Wang).

In this study, crosslinked amphoteric starch was used for
removing anionic and cationic dyes in a range of systems
(Scheme 1). The effects of various parameters such as pH,
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Scheme 1. The structures of acid and basic dyes used in this study.

adsorption time, the initial dye concentration and dose of adsor-
bents were investigated. The adsorption isotherms, as well as
kinetic parameters were determined.

2. Experimental

2.1. Materials

Corn starch, food grade quality, from Hutubi factory
(Xinjiang), dried at 105◦C before use. 3-Chloro-2-hydroxy-
propyltrimethylammonium chloride (prepared according to the
previous work[20]), epichlorohydrin (Hubei University Chemi-
cal Co.), chloroacetic acid (Dianjin Yongda Chemical Co.), Acid
Red G and Acid Light Yellow 2G (Rosi Chemical Co. Ltd.),
Methyl Green (Model Factory, Shanghai) and Methyl Violet
(Beijing Chemical Co.) were used as received.

2.2. Synthesis of crosslinked amphoteric starch

The method to prepare crosslinked amphoteric starch by
semi-dry reaction was described in our previous work[14]. Ten
grams of the crosslinked starch was first etherified by reacting
with 7.2 g 65% 3-chloro-2-hydroxypropyltrimethylammonium
chloride in a cylindrically shaped reactor with a mechanical
stirrer. The percentage of water in the whole system was main-
t cte
a eu-
t cid
a usin
a hole
r a-
t mea
s car
b etho

[21] and values calculated using Eqs.(1)–(3):

DScation = 162N%

1400− 152N%
(1)

DSanion = 162A

1000− 58A
(2)

A = V1C1 − V2C2

M
(3)

N% is the nitrogen content,V1 andV2 are the volumes of NaOH
solution and HCl solution (mL), respectively;C1 and C2 are
the concentrations of NaOH solution and HCl solution (mol/L),
respectively, andM is the weight of the sample (g).

2.3. Adsorption procedure

The adsorption experiments were carried out in a series of
Erlenmeyer flasks containing the desired dose of the crosslinked
amphoteric starch and the 50 mL dyes aqueous solution at
the desired concentration and initial pH (adjusted with dilute
hydrochloric acid or 0.1 N NaOH, measured by LP115-pH
meter) in a constant temperature bath. After shaking for a fixed
time, the flasks were removed and the concentration of dyes after
the adsorption was analyzed by spectrophotometer (Model 722,
Shang Hai).

e fol-
l

Q

w
a ely;
V f
c

ained at 25% and mixed evenly. The mixture was then rea
t 80◦C for 2.5 h. The resulting product was rinsed and n

ralized with 80% ethanol solution containing hydrochloric a
nd then dried. The dried product was carboxymethylated
fixed dose of chloroacetic acid with 30% water in the w

eaction system at 45◦C. Nitrogen content and the DS of qu
ernary ammonium groups in the amphoteric starch were
ured using the Kjeldahl method; the amounts and DS of
oxymethyl group were measured using the acid-wash m
d

g

-
-
d

The amount of adsorbed dyes was calculated using th
owing equation:

= (C0 − C1) × V

m
(4)

hereQ is the amount of absorbed dyes (mg/g);C0 and C1
re the initial and residual concentration (mg/L), respectiv
is the volume of dyes aqueous solution (L);m is the dose o

rosslinked amphoteric starch (g).
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Scheme 2. The proposed reaction process for crosslinked amphoteric starch.

3. Results and discussion

The proposed reaction process is shown inScheme 2, where
C6H7(OH)3 is anhydro glucose unit (AGU) in starch matrix;x
is DS of cationic groups;y is DS of carboxymethyl groups;z
is the amount of the crosslinker per AGU. The DS of cationic
group in amphoteric starch is 0.3, and carboxymethyl group is
0.20 (denoted as CAS).

3.1. Effect of initial pH

Fig. 1 shows the effect of pH value on the adsorption of
acid dyes by CAS. It is observed that the effective adsorp-
tion for two acid dyes took place under acidic condition. The
adsorption process happens mainly because of static attractions
between the sulfonate groups in the dye and ammonium groups
in the adsorbents. Under acidic conditions, the carboxymethyl
group exists mainly in the form of COOH, which screens static
repulsion. Upon further increasing the pH value, the amount of
adsorption can be maintained at relatively stable level over a
wide range of pH due to coexistence of COOH and COO−.
However, it is noticed that the residual concentration of the
Acid Red G decreases abruptly when the pH value is above

F arch.
(
C

10. In a strongly basic condition, the negatively charged pheno-
lic hydroxyl groups become potentially active sites and could be
attracted by the ammonium groups in the absorbents. According
to the investigation above, the following experiments for acidic
dyes were carried out at pH 2.16. The adsorption behavior of
basic dyes were investigated at pH 7.

3.2. Effect of the dose of absorbents

The residual concentrations obtained for various doses of
adsorbent from 10 to 50 mg are shown inFig. 2. The results
show that the adsorption amount of four dyes, either acid or
basic, decreased with the increasing dose of absorbents, until a
level degree of adsorption was observed. The increase in dose
appeared to promote more active sites, which facilitates the
adsorption of dyes. However, along with the increase of dose,
more repulsive groups are introduced to the system, which will
interfere with the adsorption process. So the adsorption reaches
equilibrium in a considerable dosage.

F mpho-
t ;
(
C

ig. 1. Effect of initial pH on dye adsorption by crosslinked amphoteric st
�) Acid Light Yellow 2G; (�) Acid Red G (CAcid Light Yellow 2G = 65.2 mg/L;

Acid Red G= 49 mg/L;T = 293 K; t = 2 h;mCAS = 20 mg).
ig. 2. Effect of dose of the absorbent on dye adsorption by crosslinked a
eric starch. (�) Acid Light Yellow 2G; (�) Acid Red G; ( ) Methyl Green
×) Methyl Violet (CAcid Light Yellow 2G = 65.2 mg/L; CAcid Red G= 49 mg/L;

Methyl Green= CMethyl Violet = 50 mg/L;T = 293 K; t = 2 h).



164 S. Xu et al. / Chemical Engineering Journal 117 (2006) 161–167

Fig. 3. Effect of initial dye concentration on dye adsorption by crosslinked
amphoteric starch. (�) Acid Light Yellow 2G; (�) Acid Red G; ( )
Methyl Green; (×) Methyl Violet (mAcid Light Yellow 2G = mAcid Red G=
CMethyl Green= CMethyl Violet = 20 mg;T = 293 K; t = 2 h).

3.3. Effect of initial dye concentration

Fig. 3shows the effect of the initial dye concentration on the
adsorption. The Langmuir and Freundlich isotherm models[22]
were used to study the adsorption isotherm.

The Langmuir adsorption isotherm can be expressed as a
simple model(5) in which the attachment of adsorbate to the
surface is represented:

Ce

Q
= 1

Q0b
+ Ce

Q0
(5)

Freundlich adsorption isotherm(6) is also used to fit the exper-
imental data:

ln Q = n ln Ce + ln K (6)

Ce is the equilibrium concentration of dye in the solution
(mol/L), Q is the adsorption capacity (mg/g),Q0 is the maximum
capacity (mg/g) andb is the Langmuir constant (mg/L).K and
n are the Freundlich constants. The Langmuir and Freundlich
parameters are shown inTable 1. It is found that the adsorption
isotherm can be explained using both the Langmuir and Fre-
undlich models for low initial concentrations (Figs. 4 and 5). The
adsorption amount reaches 174.1, 157.0, 131.2 and 198.9 mg/
when the initial dye concentrations of Acid Light Yellow 2G,
Acid Red G, Methyl Green and Methyl Violet are 91.3, 68.6, 80
a acit

T
L

S

A 960
A 91

M 708
M 27

Fig. 4. Langmuir isotherm.

is less than the maximum adsorption capacities. This is proba-
bly due to some unoccupied active adsorption sites left under
the experimental concentration. The results show that the values
of n for all four dyes are between 0.1 and 1, confirming that the
adsorption process is favorable.

3.4. Effect of adsorption time

As shown inFig. 6, the residual concentrations level off
over a short time scale, which implies that there are strong
statistic interactions between sulfonate anion and positively
charged ammonium groups in the amphoteric starch for acid
dyes, or between ammonium cation and negatively charged car-
boxymethyl groups in the amphoteric starch for the basic dyes.
Almost all the adsorptions reached equilibrium within 20 min.

To further analyze the experimental data two different models
were used to investigate kinetic parameters for the adsorption
process. The pseudo-first-order model(7) and pseudo-second-
order model(8) are described as follows[23]:

ln (Qe − Qt) = ln Qe − K1t (7)

t

Qt

= 1

K2Q2
e

+ 1

Qe
t (8)
nd 80 mg/L, respectively. The experimental adsorption cap

able 1
angmuir and Freundlich isotherm parameters for four dyes

ample Langmuir Freundlich

b (L/g) Q0 (mg/g) R1 K n R2

cid Red G 0.43 217.39 0.9951 70.69 0.47 0.9
cid Light
Yellow 2G

0.14 227.27 0.9989 48.47 0.42 0.98

ethyl Green 1.56 133.33 0.9999 96.10 0.10 0.9
ethyl Violet 0.35 333.33 0.9946 91.99 0.56 0.99
g,

y

Fig. 5. Freundlich isotherm.



S. Xu et al. / Chemical Engineering Journal 117 (2006) 161–167 165

Fig. 6. Effect of adsorption time on dye adsorption by crosslinked ampho-
teric starch. (�) Acid Light Yellow 2G; (�) Acid Red G; ( ) Methyl
Green; (×) Methyl Violet (CAcid Light Yellow 2G = 65.2 mg/L; CAcid Red G=
49 mg/L; CMethyl Green= CMethyl Violet = 50 mg/L; mAcid Light Yellow 2G =
mAcid Red G= CMethyl Green= CMethyl Violet = 20 mg;T = 293 K; t = 2 h).

The intraparticle diffusion model[24] can be defined as:

Qt = Kintt
1/2

whereQe andQt (mg g−1) are the adsorbed amounts at equilib-
rium and at timet, respectively;K1 (min−1), K2 (g mg−1 min−1)
andKint (mg g−1 min−1/2) are the equilibrium rate constants for
pseudo-first-order, pseudo-second-order and intraparticle diffu-
sion.

The results show that both models have decent correlation
coefficients (R > 0.9) and might be used to describe the exper-
imental data. However, for the pseudo-first-order model, the
adsorption capacity has an obvious gap between the experimen-
tal values and the calculated ones. Comparing to the pseudo-
first-order model, the gap for the pseudo-second-order one is
smaller. Furthermore, the higher correlation coefficient for the
pseudo-second-order model suggests that the adsorption process
can be better explained by a pseudo-second-order mechanism,
indicating that the rate-limiting step is chemical adsorption[25].
TheK2 values for two acid dyes are higher than the ones for two
basic dyes. This might be attributed to the special rigid struc-
ture caused by triphenylmethane groups in the dye molecules
(Table 2).

3.5. Effect of adsorption temperature

t dif-
f ated

Fig. 7. Effect of adsorption temperature on dye adsorption by crosslinked
amphoteric starch. (�) Acid Light Yellow 2G; (�) Acid Red G; ( ) Methyl
Green; (×) Methyl Violet (CAcid Light Yellow 2G = 65.2 mg/L; CAcid Red G=
49 mg/L; CMethyl Green= CMethyl Violet = 60 mg/L; mAcid Light Yellow 2G =
mAcid Red G= 20 mg;CMethyl Green= CMethyl Violet = 30 mg;t = 2 h).

Fig. 8. Log(Q/Ce)–1/T for Acid Light Yellow 2G and Acid Red G. (�) Acid
Light Yellow 2G; (�) Acid Red G.

(Fig. 7). The results show that the adsorption behaviors of acid
dyes are different to the basic dyes. For acid dyes, the adsorption
capacity at 293 K is higher than that of 323 K, which implies the
adsorption process would be exothermic. To verify the conclu-
sion, the curves of log(Q/Ce) versus 1/T for Acid Red G and
Acid Light Yellow 2G are shown inFig. 8. Since the relation
between log(Q/Ce) and 1/T is linear, the changes of apparent
enthalpy (�Hθ), entropy (�Sθ) are calculated using the Van’t

T
K

S Pseudo-second-order Intraparticle diffusion

(mg mg−1 min−1) Qe (mg/g) R2 Kint Rint

A 55.31 113.64 0.9999 4.53 0.9291
A 19.56 135.14 0.9996 7.62 0.9676
M 5.90 105.26 0.9952 14.96 0.9580
M 1.41 128.21 0.9493 26.54 0.9888
The adsorption behaviors of dyes on the adsorbents a
erent temperatures (varied from 293 to 323 K) are investig

able 2
inetic parameters for four dyes

ample Pseudo-first-order

K1 (min−1) Qe (mg/g) R1 K2

cid Red G 0.14 12.79 0.9327
cid Light Yellow 2G 0.16 25.28 0.9333
ethyl Green 0.10 66.61 0.9409
ethyl Violet 0.11 108.02 0.9886
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Table 3
Thermodynamic values at various temperatures for Acid Red G and Acid Light
Yellow 2G

Sample Temperature
(K)

�Gθ

(kJ/mol)
�Hθ

(kJ/mol)
�Sθ

(J/mol K)

Acid Red G 293 −10.82 −12.59 −6.03
303 −10.76
313 −10.70
323 −10.64

Acid Light Yellow 2G 293 −7.41 −10.34 −9.99
303 −7.31
313 −7.21
323 −7.11

Hoff equation:

log

(
Q

Ce

)
= − �Hθ

2.303RT
+ �Sθ

2.303R
(9)

The changes in free energy (�Gθ) are calculated using the ther-
modynamic equation:

�Gθ = �Hθ − T�Sθ (10)

The values of�Hθ, �Sθ and�Gθ are shown inTable 3. The
results indicate that along with the increase of temperature, th
value ofQ will increase. The adsorption process is exothermic
because of the negative value of�Hθ. In addition, the negative
values of�Sθ and�Gθ demonstrate that the adsorption process
is a spontaneous process.

Unlike the two acid dyes no consistent trend was found for
the two basic dyes, According toFig. 7 the adsorptions for two
basic dyes are exothermic below 303 K, and endothermic abov
303 K. An explanation for this would be that exothermic static
interaction is dominant below 303 K, while the endothermic
hydrophobic interactions become dominant above 303 K. Thre
hundred and three Kelvin is the equilibrium point for these two
interactions[26].
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