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a b s t r a c t

In this paper, different starches were modified by diethylenetriamine. The native starch reacted with
diethylenetriamine giving CAS, whereas the enzymatic hydrolysis starch was modified by diethylenetri-
amine producing CAES. Adsorption capacities of CAES for four acid dyes, namely, Acid orange 7 (AO7),
Acid orange 10 (AO10), Acid green 25 (AG25) and Acid red 18 (AR18) have been determined to be

−1
eywords:
iethylenetriamine
nzymatic hydrolysis
odified starch

cid dyes
orption mechanism

2.521, 1.242, 1.798 and 1.570 mmol g , respectively. In all cases, CAES has exhibited higher sorption
ability than CAS, and the increment for these dyes took the sequence of AO7 (0.944 mmol g−1) > AO10
(0.592 mmol g−1) > AR18 (0.411 mmol g−1) > AG25 (0.047 mmol g−1). Sorption kinetics and isotherms
analysis showed that these sorption processes were better fitted to pseudo-second-order equation and
Langmuir equation. Chemical sorption mechanisms were confirmed by studying the effects of pH, ionic
strength and hydrogen bonding. Thermodynamic parameters of these dyes onto CAES and CAS were also
observed and it indicated that these sorption processes were exothermic and spontaneous in nature.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Each year over 7 × 105 ton of dyestuffs is produced, and it is esti-
ated that around 10–15% of the dyes are lost in the effluent during

he dyeing processes [1,2] to cause serious environmental prob-
ems. Besides that, many of the dyestuffs have been reported to
e toxic, carcinogenic or mutagenic to human beings [3,4]. Acid
yes are widely used in various fields due to their excellent sta-
ility during washing and their simple dyeing procedures. Most of
hem have a complex aromatic molecular structure such as ben-
ene, naphthalene, anthracene, toluene, xylene, and so on. These
table aromatic structures of the dyes make them difficult to be
iodegraded [5,6].

So far, various techniques such as coagulation [7], oxidation [8],
hoto degradation [9], and adsorption [10] have been applied to
reat dye-containing effluents. Among these methods, adsorption
echnique has been recognized as an effective, efficient and eco-
omic method for its simple operation and better results [10–12]. A
umber of non-conventional, low-cost adsorbents have been tried
or removal of dyes from wastewater, including agricultural solid
astes [13,14], clays [15], siliceous materials [16,17] and zeolites

18]. Recently, natural polymers are gaining interest for applica-
ion as adsorbents due to their biodegradable and non-toxic nature

∗ Corresponding author. Tel.: +86 021 65983695; fax: +86 021 65983695.
E-mail address: bxiangbo@tongji.edu.cn (B. Xiang).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.07.015
[19]. As an abundant, inexpensive and renewable natural raw mate-
rial, starch has attracted much attention for dye removal [20–22].
Cationic starches are found to be effective adsorbents for anionic
dye waters. It was found that cationic starch with a higher DS
had higher adsorption capacity [23]. Some researches have also
mentioned that the presence of amino groups on the starch and
the structure of the dyes could influence the adsorption capac-
ity [24] without further detailed investigation. In order to get the
adsorption mechanism and relationship between dye structure and
adsorption capacity, our research group has done some relative
research.

In the previous work of our group, a series of polyamine-
modified starches containing amine groups has been synthesized.
We have also proved that those starch derivants containing amine
groups could effectively remove heavy metals and dyes from aque-
ous solutions [25,26]. In this study, native starch and enzymatic
hydrolysis starch were reacted with diethylenetriamine to pro-
duce cross-linked amined starch (CAS) and cross-linked amined
enzyme-hydrolyzed starch (CAES), respectively. To the best of our
knowledge, there have been few literatures about the adsorption
of CAES for dyes removal, and the sorption mechanism of CAES
toward acid dyes has not been reported up to now. Therefore, the

aim of this study is to investigate the behaviors of dyes onto CAES by
studying their adsorption procedures and obtain new insights into
the intermolecular interaction between dyes and amino-starches
by a sorption comparison. Four acid dyes in common usage were
employed in this work: AO7, AO10, AG25 and AR18, which were

dx.doi.org/10.1016/j.jhazmat.2010.07.015
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:bxiangbo@tongji.edu.cn
dx.doi.org/10.1016/j.jhazmat.2010.07.015
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Fig. 1. Chemical structure

egarded as typical reactive dye contaminants in the discharged
ffluent, and accordingly were widely studied [27,28].

. Experimental

.1. Materials

Commercial corn starch, of food-grade quality, was used in this
tudy. Four commercially available textile dyestuffs were used in
his research including three azo dyes (AO10, AO7 and AR18) and
ne anthraquinone dye (AG25). The chemical structures of them
re shown in Fig. 1. All dyestuffs were obtained from Sigma and
sed without further purification. Characteristics of adsorbates and
dsorbents are listed in Table 1.

.2. Techniques

UV–vis spectra were measured on Agilent-8453 Spectrome-
er. Fourier transform infrared spectra were recorded on Nicolet
TIR NEXUS spectrometer with KBr pellets in the 4000–500 cm−1

egions. X-ray diffraction (XRD) measurements were carried
ut on a Rigaku D/max 2550 V instrument with Cu K� radi-
tion (� = 1.5406 Å). Elemental content was determined with a
erkinElmer organic element analyzer. Specific surface area was
etermined by TRISTAR3000 BET determinator and obtained by
quation of BET (Brunauer–Emmett–Teller).

.3. Preparation of the enzymatic hydrolysis starch (ES)
30 g corn starch was immersed in the buffer solution (sodium
itrate–disodium hydrogen phosphate, pH ≈ 5.0) with stirring to
orm a starch suspension. Next, 1 g admixture of glucoamylase and
-amylase (5:1, w/w) was added to the suspension. Following that,

he mixture was kept stirring for 4 h at 45 ◦C in a water bath. After

able 1
haracteristics of the adsorbates and adsorbents used in this study.

Adsorbates Adsorbe

Generic name Abbreviation Fw

Acid orange 7 AO7 350.3 CAS
Acid orange 10 AO10 452.4
Acid green 25 AG25 622.6 CAES
Acid red 18 AR18 604.5
d dyes used in this study.

that, 5 mL sodium hydroxide solution (4%) was dropped to stop the
enzymolysis. Then the enzymatic hydrolysis starch was filtrated
from the mixture and washed several times with distilled water,
and dried at 45 ◦C under vacuum for 24 h to give the enzymatic
hydrolysis starch powder (ES).

2.4. Preparation of the adsorbents

The synthesis of CAS and CAES was according to literature [29].
The cross-linked starch (CS) or cross-linked enzymatic hydroly-
sis starch (CES) was synthesized by reacting 100 g corn starch/ES
with 8.0 mL epichlorohydrin (ECH) in 200 mL dilute caustic solu-
tion for 18 h under 25 ◦C, then the pH was adjusted to neutral,
and the CS/CES was separated from solution. The intermediate, 3-
chloro-2-hydroxypropyl cross-linked starch (CHCS) or 3-chloro-2-
hydroxypropyl cross-linked enzymatic hydrolysis starch (CHCES)
was prepared from dried CS/CES with ECH in the presence of HClO4
(the molar ratio was CS/CES:ECH:HClO4 = 1:3:0.04) at 90 ◦C for
16 h. The dried CHS/CHCES was further reacted with diethylene-
triamine to produce diethylenetriamine-modified starch (CAS) or
diethylenetriamine-modified enzymatic hydrolysis starch (CAES)
in basic solution under 60 ◦C for 4 h. This product was adjusted to
neutral using HCl (1%), NaOH (1%), and was washed with deionized
water, acetone successively. Then the acquired CAS/CAES was dried
at 60 ◦C under vacuum for 24 h.

2.5. Adsorption procedure

All batch experiments were performed in the thermostatic

shaker bath with a shaking of 200 rpm. Apart from the investi-
gation for the effect of temperature on the sorption, all the other
batch experiments were agitated for 12 h at 25 ◦C. For kinetic stud-
ies, 800 mg L−1 dye solutions (200 mL, pH 4.0) were agitated with
0.15 g of adsorbents for predetermined intervals of time, respec-

nts

Content of –NH2 (mmol g−1) BET surface area (m2 g−1)

2.24 0.4346

3.86 0.5012
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Fig. 2. FTIR spectra of ES and its derivatives.
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ively. For equilibrium adsorption studies, a fix mass of adsorbent
20 mg) was weighted into flasks and contacted with a known con-
entration (300–1500 mg L−1) of 25 mL dye solutions at pH 4. The
nfluence of pH on acid dyes removal was observed by adjusting dye
olutions (500 mg L−1) to a pH range of 3–12 and agitating 25 mL
f dye solutions with 0.015 g of adsorbent. For the effect of ionic
trength, experiments were carried out by agitating 100 mL of var-
ous dye solutions with known amounts of sodium sulfate (10−5

o 10−1 mol L−1) and fix dye initial concentration of 10−4 mol L−1.
ffect of hydrogen bonding was observed by studying the spec-
ra shift of each dye solutions (10−4 mol L−1) in different solvents
methanol, water and dimethylsulfoxide) and on CAES. The dif-
use reflectance signal of the dyes on CAES was converted to the
bsorbance scale using software provided with the instrument. The
ffect of temperature over a range of 20–45 ◦C on dye removal was
arried out in 25 mL of dye solutions (500 mg L−1, pH 4.0) with
.025 g of adsorbent. After filtration, the concentration of each dye
olution was determined. The amount of adsorbed dyes was calcu-
ated using the following Eq. (1):

e = (C0 − C1) × V

m
(1)

here qe is the amount of absorbed dyes (mg/g); C0 and C1 are the
nitial and residual concentration (mg L−1), respectively; V is the
olume of dyes aqueous solution (L); m is the dose of adsorbent (g).

. Results and discussion

.1. Characteristic of the products

The preparation of CAES was gained by enzymolysis and
iethylenetriamine modification of native starch. Products in each
tep were analyzed by FTIR and XRD. The FTIR spectra (Fig. 2) of CES
nd CHCES are similarly except a little strength at 2929 cm−1 for
HCES. This may attribute to the introduction of methane groups.

t also can be seen that CHCES has a broad vibration of ıH2O at
656 cm−1 while CAES shows the coupling of ıN–H and ıH2O at
648 cm−1. The XRD diagrams of raw and chemically modified
tarch are shown in Fig. 3. The XRD pattern of native starch and ES
ave the same characteristic peaks at 2� of 15◦, 18◦and 23◦. Com-

ared with native starch, the intensity of ES is much lower due to
he effect of enzymolysis. By introduction of more epoxy groups, the
ntensity of CHCES is decreased compared with CES. Peaks of CAES
ave a slightly increase as the introduction of diethylenetriamine
roups.

Fig. 4. Effect of adsorption time on dye a
Fig. 3. X-ray diffraction patterns of native starch and its derivatives.

3.2. Sorption kinetics

Dependencies of the qt values versus the contact time for the
sorption of four acid dyes on CAES are shown in Fig. 4(a). The

adsorption processes were rapid in the initial stage and level off
over a short time scale. Similar trends were obtained shown in
Fig. 4(b) for dyes onto CAS. In order to further analyze the kinetic
mechanism that controls the adsorption process, the Lagergren

dsorption by CAES (a) and CAS (b).
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Fig. 5. Effect of initial concentration on acid dyes adsorption by CAES (a) and CA

seudo-first order model [30] and the pseudo-second-order model
31] are employed to interpret the experimental data shown as Eqs.
2) and (3).

seudo-first-order :
1
qt

= k1

qet
+ 1

qe
(2)

here k1 (min−1) is the pseudo-first-order adsorption rate con-

tant, qt is the amount adsorbed at time t (min), and qe denotes the
mount adsorbed at equilibrium, both in mmol g−1.

seudo-second-order :
t

qt
= 1

k2q2
e

+ 1
qe

t (3)

able 2
inetic parameters for acid dyes adsorption by CAES and CAS.

Pseudo-first-order model

Dyes CAES

k1 (min−1) q1 (mmol g−1) R2

AG25 0.684 1.681 0.962
AR18 1.019 1.506 0.705
AO10 42.74 1.382 0.811
AO7 7.018 2.545 0.980

Pseudo-second-order model

Dyes CAES

k2 (min−1) h (mmol g−1 min−1) q2 (mmol g−1) R2

AG25 6.259 17.71 1.682 1.000
AR18 1.244 2.882 1.522 0.999
AO10 0.105 0.124 1.085 0.997
AO7 2.523 15.60 2.518 0.999
and Langmuir isotherm linear plots for the sorption of acid dyes onto CAES (c).

The initial adsorption rate h (mmol g−1 min−1) can be determined
from k2 and qe values using

h = k2q2
e (4)

where qt and qe are the amount adsorbed at time t and at equi-
librium (mol g−1), respectively; k2 is the pseudo-second order rate
constant for the adsorption process (g mg−1 min−1).
Parameters obtained by linear regression are reported in Table 2.
As can be seen that pseudo-first-order model did not fit the data
well as the low values of R2. Then, kinetics of the four acid dyes
on CAS/CAES was analyzed using pseudo-second-order (Ho and
McKay model). Results show that adsorption systems followed the

CAS

k1 (min−1) q1 (mmol g−1) R2

0.615 1.573 0.868
7.371 0.975 0.949

47.75 0.647 0.943
11.07 1.068 0.973

CAS

k2 (min−1) h (mmol g−1 min−1) q2 (mmol g−1) R2

3.332 8.318 1.580 1.000
0.113 0.110 0.986 1.000
0.0065 0.002 0.602 0.996
0.098 0.001 1.095 0.999
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Fig. 6. Effect of electrostatic interaction on the adsorption of four acid dyes

o and McKay equations for the entire adsorption period, with
2 higher than 0.996. The calculated qe values from this model
re also in good agreement with the experimental data. Kinetics
f dyes sorption on CAS/CAES followed the pseudo-second-order
odel, suggesting that the rate-limiting step may be chemisorp-

ion [31,32]. The results also show that values for h are much higher
nto CAES than that onto CAS. As CAES is characterized by its high
ercentage of amine groups, the higher h values of CAES confirms
hat the adsorption of dye takes place probably via surface exchange
eactions until the surface functional sites are fully occupied; there-
fter dye molecules diffuse into the polymer network for further
nteractions (such as hydrogen bonding, hydrophobic interactions).
urther analysis of the initial sorption rate shows that the sequence
f h is: AG25 > AR18 > AO7 > AO10 for the dyes on CAS. However,
he sequence of h for CAES is AO7 > AG25 > AR18 > AO10. This result
ndicates that chemical structure of AO7 presents more compati-
le size, steric arrangement with CAES comparing other acid dyes.
s all the experiments were made in the same conditions except

or the adsorbent with different surface morphology and grafting
atio, it can be verified that the molecular size and stereostructure
ormed by acid dyes and adsorbents are other main factors affecting
he sorption rate.
.3. Sorption isotherms

Adsorption isotherms can describe how adsorbates interact
ith adsorbents and so are critical in optimizing the use of adsor-

ents. In this study, experimental data of four acid dyes adsorbed

able 3
orption isotherm constants for acid dyes onto CAES and CAS.

Langmuir sorption isotherms constants

Dyes CAES

KL (L mmol−1) qm (mmol g−1) R2

AG25 38.63 1.798 0.997
AR18 39.57 1.570 0.998
AO10 15.01 1.242 0.998
AO7 27.55 2.521 0.999

Freundlich sorption isotherm constants

Dyes CAES

KF (mmol1−1/n L1/n g−1) 1/n R2

AG25 1.759 0.567 0.933
AR18 1.120 0.434 0.934
AO10 1.094 0.124 0.967
AO7 1.108 0.872 0.833
AES: (a) for the effect of pH and (b) for the effect of solution ionic strength.

on CAES and CAS equilibrium isotherms are shown in Fig. 5(a) and
(b), respectively. It can be clearly seen that all the sorption capaci-
ties strongly increase with the initial concentration and level out at
higher adsorbate concentrations due to the saturation of the sorp-
tion sites on the adsorbents. With the aim to know the behaviors of
the sorption, two isotherms (Langmuir and Freundlich isotherms)
are employed to fit the experimental data.

Langmuir adsorption isotherm was first proposed to describe
the adsorption of gas molecules onto metal surfaces in one
molecule thickness [33]. It has also been successfully applied in
many real monolayer sorption processes. In this study, sorption
data was analyzed according to the linear form (Eq. (5)) of Lang-
muir isotherm. The linear plots of specific sorption Ce/qe against
the equilibrium concentration Ce for the four dyes onto CAES are
shown in Fig. 5(c) and relation coefficients are shown in Table 3.

Ce

qe
= 1

KLqm
+ 1

qm
(5)

where qe and Ce are the amount adsorbed (mmol g−1) and the
adsorbate concentration in solution (mmol L−1), both at equilib-
rium. KL (L g−1) is the Langmuir constant and qm (mmol g−1) is the
maximum adsorption capacity for monolayer formation on adsor-
bent. The experimental data were also analyzed using the linear

form (Eq. (6)) of the Freundlich isotherm, which is applicable to het-
erogeneous surface adsorption with a uniform energy distribution
[34]. The relation constants are presented in Table 3.

ln qe = ln KF + 1
n

+ ln Ce (6)

CAS

KL (L mmol−1) qm (mmol g−1) R2

43.86 1.751 0.997
15.98 1.159 0.991

9.452 0.650 0.987
6.409 1.577 0.990

CAS

KF (mmol1−1/n L1/n g−1) 1/n R2

0.903 0.291 0.877
0.398 0.157 0.976
0.266 0.124 0.958
1.315 0.130 0.803
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here qe is the amount adsorbed at equilibrium (mmol g−1), Ce is
he liquid-phase sorbate concentration at equilibrium (mmol L−1),
F is the Freundlich constant (mmol1−1/n L1/n g−1), and 1/n is the
eterogeneity factor.
Fig. 5(c) shows the Langmuir equilibrium isotherms for the
dsorption of acid dyes onto CAES. The plots of Ce/qe versus Ce

n the insets give straight lines, revealing that sorption processes
f the four acid dyes onto CAES obey the Langmuir isotherm.
orption courses onto CAS also take this trend. As illustrated in

Fig. 8. Interaction models of AG25
d dyes ((a) for AG25, (b) for AR18, (c) for AO7 and (d) for AO10, respectively.) in
ctance.

Table 3, the correlation coefficients R2 for the Freundlich isotherms
are relatively lower. Sorption capacities calculated from Langmuir
isotherm follow the sequence: AG25 > AO7 > AR18 > AO10 onto CAS,
but AO7 > AG25 > AR18 > AO10 onto CAES. In addition, the mono-

layer sorption capacities for the acid dyes on CAES are all higher
than that onto CAS, especially for AO10 and AO7. The amount
of the increasing is 0.047, 0.411, 0.592, 0.944 mmol g−1 for AG25,
AR18, AO10 and AO7, respectively. This trend is consistent with the
molecular size since smaller molecular size not only increases the

(a) and AO7 (b) onto CAES.
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Fig. 9. Effect of adsorption temperature on dye adsorpti

oncentration of dye on the surface of the CAES particle but also
nables a deeper penetration of dye molecules into the internal
ore structure of CAES. Besides, steric effect is another impor-
ant factor influencing the sorption capacity. The –NH3group of
AS/CAES is the active site to uptake acid dyes. However, the

ncrease in the grafting ratio does increase the steric hindrance for
he larger dye molecule to diffuse through the adsorbents. Similar
esults were reported by Yilmaz et al. and Chiou and Li for adsorp-
ion of dyes on CDP polymers and chitosan, respectively [35,36].

.4. Adsorption mechanism of acid dyes onto CAES

.4.1. Electrostatic interaction
As all the dyes used in this study have sulfonic acid groups

Fig. 1), which enhanced their solubility in water, electrostatic
nteractions may be an important factor to be relevant [37]. To
nvestigate the contribution of electrostatic interactions, we ini-
ially studied the effect of initial pH in the range of 3–12. Fig. 6(a)
epicts the effect of pH on the adsorption. It shows that the sorption
apacities diminish slowly from pH 3 to pH 9 and decrease sharply
n the basic solutions from pH 10 to pH 12. This result demonstrates
hat the sorption could occur between sulfonic acid groups (SO3

−)
nd protonated amine (–NH3

+) groups. The large reduction in dye
dsorption at highly basic conditions can be attributed to the elec-
rostatic repulsion between the deprotonated –NH2 of CAES and

egatively charged dye molecules. Moreover, at lower pHs, more
mine groups are protonated, with a high charge density along the
tarch chains, it adopts an extended conformation as the electro-
tatic repulsion effect that are good for sorption. On the contrary,
he dyes cannot deposit well.

able 4
hermodynamic parameters at various temperatures for acid dyes adsorbed onto CAES.

T (K) AG25

�G◦ (kJ mol−1) �H◦ (kJ mol−1) �S◦ (J mol−1 K−1)

293 −7.485 −15.66 −27.90
298 −7.346
308 −7.067
318 −6.788

T (K) AO10

�G◦ (kJ mol−1) �H◦ (kJ mol−1) �S◦ (J mol−1 K−1)

293 −1.291 −6.961 −19.35
298 −1.195
308 −1.001
318 −0.808
CAES (a) and log(Q/Ce) − 1/T for acid dyes onto CAES (b).

To further verify the importance of electrostatic interactions on
the sorption process, effect of ionic strength was also investigated.
As shown in Fig. 6(b), sorption capacities of acid dyes on CAES
decrease upon addition of small quantities of sodium sulfate via
screening the coulombic potential between the dyes and charged
adsorbents, indicating chemisorption mechanisms of the sorption
courses [38]. However, the decrements are different among the
dyes. Sorption capacities descend steeply to small values for AR18
(0.0817 mmol L−1) and AO10 (0.0259 mmol L−1) but present little
change for AG25 (0.867 mmol L−1) and AO7 (0.501 mmol L−1) as the
concentration of sodium sulfate increased from 0.01 to 0.1 mol L−1.
This can deduce that attachment of sulfonic acid groups on the
benzene rings (AG25, AO7) with –NH3

+ of the CAES appeared to
be stronger than those on the naphthalene rings (AO10, AR18) for
the high intensity of negative charge distribution. This is an inter-
esting finding, since many authors have found similar trend that
anionic dyes with sulfonic acid groups on benzene rings are eas-
ily to be adsorbed than those on naphthalene rings [39,40], but
have no explanation for it. It also can be seen that AG25 which
contains two sulfonic acid groups on the benzene rings suffers less
sorption capacity reduction (0.801 mmol L−1) comparing with AO7
(1.206 mmol L−1) with only one sulfonic acid group on its molecule,
indicates that electrostatic interaction is of importance to the sorp-
tion.
3.4.2. Hydrogen bonding and steric hindrance
In order to evaluate the contribution of hydrogen bond-

ing between acid dyes and adsorbent, several types of solvents
(water, methanol, and dimethylsulfoxide) were employed. The
results are shown in Fig. 7. The sorption spectrum of AG25

AR18

�G◦ (kJ mol−1) �H◦ (kJ mol−1) �S◦ (J mol−1 K−1)

−6.451 −11.182 −16.147
−6.370
−6.209
−6.048

AO7

�G◦ (kJ mol−1) �H◦ (kJ mol−1) �S◦ (J mol−1 K−1)

−5.882 −22.15 −55.52
−5.605
−5.045
−4.495
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btained in DMSO, a non-hydrogen-bonding solvent is red shifted
�max = 658 nm) in comparison with methanol (�max = 644 nm) and
ater (�max = 640 nm), stronger hydrogen-bonding medium. Spec-

rum of AG25 absorbed on CAES is very different: the band is largely
roadened toward the short wavelength and no obvious peak posi-
ion can be seen. For the pH and ion strength are insensitive to the
max of dyes, this shift indicates strong hydrogen bonding between
yes and adsorbent [41]. The trend is also apparent for AR18
�max = 517 nm in DMSO, �max = 508 nm in methanol, �max = 506 nm
n water and a broad band for the AR18 adsorbed onto CAES),
mplied strong hydrogen bonding between AR18 and CAES. The
hift of the spectra for AO10 is minished (�max = 483 nm in DMSO,
max = 476 nm in methanol, �max = 476 nm in water). And spectra of
O7 have no remarkable shift in methanol (�max = 486 nm) and a
mall shift in water (�max = 481 nm) comparing with the spectrum
btained in DMSO (�max = 485 nm), and band for AO7 adsorbed
n CAES is much narrower comparing with the variation of AG25
nto CAES. So we can conclude that the tendency to form hydro-
en bonds with CAES is AG25 > AR18 > AO10 > AO7. The forming of
ydrogen bonds on one hand promoted the sorption, as the strong
ombination of hydrophilic functional groups between dyes and
AES; on the other hand, the present of hydrogen bonds will retard
he sorption by steric hindrance. Simulating interactions with CAES
re shown in Fig. 8(a) for AG25 and in Fig. 8 (b) for AO7. It can be
een that hydrogen bonds between AG25 and CAES are formed by
OH–O and –OH–N–, taking up large space which restrict other
olecules to access into the nearby active sites. By contrast, AO7

as the least hydrophilic functional groups. Moreover, the conju-
ated �-orbitals elongated its molecules. Therefore, –N N– of AO7
s relatively far from the–OH of CAES, and more space is left for other

olecules to reach the active sites. This can explain the result that
hen the grafting groups is raised, a large amount of capacity for
O7 whereas small increment for AG25.

.5. Effect of adsorption temperature

Adsorption behaviors of dyes onto CAS and CAES at different
emperatures (varied from 293 to 318 K) were also investigated,
nd results are shown in Fig. 9(a). It can be seen from this figure
hat all the adsorption capacities onto CAES are higher at relatively
ow temperature, indicate that this adsorption process would be
xothermic. To verify the result, curves of log(Q/Ce) versus 1/T for
he adsorption are depicted in Fig. 9(b). As the relation between
og(Q/Ce) and 1/T is linear (R2 > 0.99), the changes of apparent
nthalpy (�H◦), entropy (�S◦) are calculated using the Van’t Hoff
quation:

og(
Q

Ce
) = − �H◦

2.303RT
+ �S◦

2.303R
(7)

G◦ = �H◦ − T�S◦ (8)

Values of �H◦, �S◦, and �G◦ are listed in Table 4. Negative val-
es of �H◦ indicate that these adsorption processes are exothermic.

n addition, negative values of �S◦ and �G◦ demonstrate sponta-
eous adsorption processes.

. Conclusion

Native starch and enzymatic hydrolysis starch modified by
iethylenetriamine with different grafting amounts can be as
vidence influence on the adsorption capacities for the acid

yes (AG25, AR18, AO10 and AO7), the conclusions are as
ollowing:

. With higher amounts of grafting groups, CAES exhibited higher
adsorption capacities for all the dyes studied in this paper. Incre-

[

[
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ments of the sorption capacities for the four acid dyes took the
sequence of AO7 > AO10 > AR18 > AG25.

2. Adsorption processes for the four acid dyes were found to obey
pseudo-second-order model and follow the Langmuir mono-
layer model.

3. Intermolecular interactions were revealed by studying the
effects of pH, ionic strength and the contribution of hydrogen
bonding. The result confirmed chemical interaction between the
dyes and adsorbents. Apart from dye initial concentration, sorp-
tion time, pH and temperature discussed in this paper and most
literatures, this study also showed that molecular size of the acid
dyes and stereostructure formed by acid dyes and adsorbents,
strength that sulfonic acid groups of the dyes combine with
protonation of amino group (–NH3

+) of CAES were all impor-
tant factors affecting the sorption capacity. The negative value
of free energy change, enthalpy change and entropy change of
the adsorption confirmed that all the sorption processes were
spontaneous and endothermic in nature.
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