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a b s t r a c t

The adsorption capacity of chitosan hydrogel beads generated by alkali (CB) and sodium dodecyl sulphate
(CSB) gelation was investigated after polyethyleneimine (PEI) grafting for adsorption of Reactive Black
5 (RB5) from aqueous solutions. The adsorption capacities of PEI-grafted CB (PEI-CB) and CSB (PEI-CSB)
were varied with the amount of PEI used during grafting. The maximum adsorption capacity values of PEI-
eywords:
hitosan bead
olyethyleneimine
eactive Black 5
rafting

CB (709.27 mg/g) and PEI-CSB (413.23 mg/g) obtained from the Langmuir isotherm model were higher
than those of CB (201.90 mg/g) and CSB (168.07 mg/g), indicating that the adsorption performance of CB
and CSB could be highly enhanced by PEI grafting. All of the adsorption systems showed better fits to the
Langmuir isotherm model than the Freundlich isotherm model, except PEI-CSB. The kinetic data of the
adsorption systems showed better fits to a pseudo-first-order rate model than a pseudo-second-order
dsorption
odium dodecyl sulphate

model.

. Introduction

The large quantities of colored effluent discharged from tex-
ile, paper, plastic, leather, cosmetics, food and mineral processing
ndustries has become a significant environmental problem [1].
hese industries utilize more than 1000 dyes and pigments for
oloring their products, and it is estimated that around 15% of
he dyes is lost during dyeing and finishing processes [2]. Dye-
ontaining water is one of the most important indicators of water
ollution, and discharge of dyeing effluent into a watercourse is
lso aesthetically undesirable [3]. Among the many varieties of syn-
hetic dyes, reactive dyes are the most toxic and mutagenic, and
ven carcinogenic, in nature [4,5]. Conventionally, physical, chem-
cal and biological methods are adopted for the removal of dyes
rom colored effluents, but biological treatments are not found to
e very successful due to the nonbiodegradable nature of most
yes [3]. Dye removal by adsorption is a simple physical method
or dye removal from water, and various low cost adsorbents are
ound to be very effective because of their simplicity and high
fficiency [6,7].

Nowadays, chitosan (CS)-based adsorbents have been intensely

tudied for the removal of dye molecules because of their low-cost,
bundant availability, non-toxicity and potential for ion exchange
8]. CS is a naturally occurring linear biopolymer composed mostly
f glucosamine and a small amount of N-acetyl glucosamine. It
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can be obtained on an industrial scale from chitin, because a large
amount of crustacean’s exoskeleton is available as a by-product
of food processing industries. CS shows high adsorption capacity
towards many classes of dyes because of multiple functional groups
[9]. A recent review on environmental applications of CS for dye
removal from aqueous solutions stated that CS-based adsorbents in
the form of hydrogel beads exhibit the highest adsorption capacity
for numerous dyes [8]. However, serious impediments to the prac-
tical applications of CS hydrogel beads are their low mechanical
strength, solubility under acidic conditions and deformation after
drying [8]. CS hydrogel beads formed by sodium dodecyl sulphate
(SDS) gelation (CSB) exhibit better mechanical and acid stability
than CS beads formed by alkali gelation [10], and CSB formation
involves a simple process of dropwise addition of CS in acetic acid
solution to SDS solution. This gelation method mainly involves mul-
tiple interactions such as electrostatic, ion-dipole and hydrophobic
interactions between CS and SDS molecules [11–13].

The modification of CS-based adsorbents by grafting synthetic
or natural polymers is a promising method for the preparation
of novel CS-based materials and enables one to introduce special
properties and expand the applications of CS-based materials in the
environmental field [14]. CS derivative formed by grafting reac-
tions was made mainly to enhance the density of reactive amine
groups [14–16] or to improve its adsorption selectivity for adsor-

bates [17,18]. In this study, CS hydrogel beads formed by alkali
gelation [19], and by SDS gelation [10], and their polyethyleneimine
(PEI)-grafted derivatives were used for the adsorption of Reac-
tive Black 5 (RB5), a model anionic dye, from aqueous solutions.
RB5 is a black-colored diazo reactive vinylsulphonyl dye, and the

dx.doi.org/10.1016/j.cej.2010.10.047
http://www.sciencedirect.com/science/journal/13858947
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dsorption of this dye has been widely studied using materials like
ctivated carbon [20], agricultural waste products [21] and CS [22].

. Experimental

.1. Materials

CS (>85% deacetylation) obtained from crab shells, PEI,
,N,dimethyl acetamide (DMA), epichlorohydrin (ECH), SDS and
B5 were purchased from Sigma Chemical Co., USA. The molec-
lar weight range reported for CS obtained from crab shells is
90–375 kDa and it comprises of medium high molecular weight
S [23]. PEI [(–CH2–CH2–NH–)n] contains around 25% of primary
mines, 50% and 25% of secondary and tertiary amines, respectively.
ll other chemicals of analytical grade were purchased from Sigma
hemical Co., USA.

.2. Alkali and surfactant gelation

CS hydrogel bead formation by alkali gelation (CB) involved the
ropwise addition of CS (1 wt%) in acetic acid solution (2 vol%) to
lkali solution [19]. The development of CS hydrogel beads by SDS
elation (CSB) involved the dropwise (drop volume ∼ 20 �l) addi-
ion of CS–acetic acid solution to 5 g/l of SDS solution [10]. To obtain
he same SDS amount in CSB, a maximum of 20 beads were formed
n 10 ml of SDS solution, and beads were collected from the same
DS solution after 3 h. Prepared beads were extensively washed
ith deionized water and preserved in an aqueous environment

or future use.

.3. Polyaminated CS beads formation by PEI grafting

For the synthesis of PEI-grafted CB (PEI-CB) and PEI-grafted CSB
PEI-CSB), 5 g of wet beads were added to 5 g of PEI dissolved in
00 ml of DMA solution in to exchange water with DMA and to favor
he diffusion of PEI in the beads. The mixture was reacted while
tirring (180 rpm) at 30 ◦C. After 24 h, the beads were rinsed with
0 ml of DMA and reacted with 0.5 ml of ECH (density 1.1812 g/ml)
issolved in 50 ml of DMA for 6 h at 60 ◦C. The PEI-grafted beads
ere then washed several times with deionized water to remove

ny unreacted material and stored in deionized water for further
se. The polyamination of CB and CSB was also investigated using
ther PEI concentrations (1, 2.5, 10 and 15 g PEI in 100 ml of DMA
olution).

.4. Batch adsorption study

Several adsorption experiments using CB, PEI-CB, CSB and PEI-
SB were carried out under different experimental conditions for
he adsorption of RB5 from aqueous solutions. All experiments
ere performed in 20-ml glass vials placed in a thermostat shaker

perating at 150 rpm. In typical adsorption experiments, 0.2 g of
et beads were added to 10 ml of 500 mg/l of RB5 solution at

0 ◦C. All of the adsorption experiments were conducted in trip-
icate. The effect of PEI concentration variation (1, 2.5, 5, 10 and
5 g PEI/100 ml of DMA solution used for grafting 5 g of wet CB and
SB) on the adsorption capacity of the beads was studied. The effect
f pH was studied after adjusting the initial pH of the dye solutions
etween 4 and 10 using dilute HCl and NaOH solutions. Kinetic
dsorption experiments were carried out up to 1440 min to deter-
ine the equilibrium time for adsorption. Equilibrium adsorption
xperiments were carried out at different initial concentrations of
B5 (10–1000 mg/l) for CB and CSB and (10–3000 mg/l) for their
EI-grafted derivatives with an adsorption period of 24 h at 30 ◦C
nd pH 6. The PEI grafted CS beads (PEI-CB and PEI-CSB) formed by
g PEI/100 ml of DMA were used for all adsorption experiments.
ing Journal 166 (2011) 168–175 169

Aliquots were carefully withdrawn from the solutions at predeter-
mined time intervals up to 24 h, and the RB5 concentration (C) in
the experimental solution (mg/l) was determined from the cali-
bration curve prepared by measuring the absorbance of different
predetermined concentrations of RB5 solutions at �max 597 nm
using a DR5000 spectrophotometer (HACH, USA). The amount of
adsorbed dye on the adsorbents (mg/g) was calculated according
to the following mass balance equation:

q = (C0 − Ceq) × V

W
(1)

where q is the amount of dye adsorbed by the adsorbent (mg/g); C0
and Ceq are the initial and equilibrium liquid phase concentrations
of RB5 (mg/l); V is the volume of dye solution (l); and W is the dry
weight of the beads (g).

2.5. Adsorption isotherm models

The adsorption capacities of CB, PEI-CB, CSB and PEI-CSB for
RB5 were evaluated by fitting the equilibrium isotherm data to the
Langmuir and Freundlich isotherm models, and these models were
statistically analyzed by the non-linear coefficients of determina-
tion (R2) and a non-linear Chi-square test (�2).

The Langmuir model is represented as:

qe = qmKLCe

1 + KLCe
(2)

where Ce is the equilibrium concentration of RB5 (mg/l) in the
solution, qe is the equilibrium RB5 concentration (mg/g) on the
adsorbent and qm (mg/g) and KL (l/mg) are Langmuir constants
related to the maximum adsorption capacity of the adsorbents and
the affinity between the adsorbate and adsorbents, respectively.
The value qm indicates the complete monolayer coverage of the
adsorbent.

The essential features of the Langmuir isotherm can be
expressed in terms of a dimensionless constant term (RL):

RL = 1
1 + KLC0

(3)

RL values within the range 0 < RL < 1 indicate favorable adsorp-
tion.

The expression of the Freundlich model is:

qe = KF C(1/n)
e (4)

KF [(mg/g)/(mg/l)1/n] is the Freundlich constant related to the
adsorption capacity of CSB, and n is an empirical parameter rep-
resenting the affinity of adsorbent and adsorbate molecules.

3. Results and discussion

3.1. General properties of PEI-grafted CB (PEI-CB) and PEI-grafted
CSB (PEI-CSB)

Fig. 1 represents the schematic diagram of the grafting of PEI
onto CS beads using ECH as a cross-linker. As shown in the diagram,
CS-PEI cross-linking sites on the beads were generated though ECH
cross-linker and ECH was selected as a cross-linker here because
ECH binds much more preferentially with O–H groups of CS than
its amine groups (–NH2) [19]. Thereby, –NH2 groups of CS are not
blocked significantly and also, the adsorption capacity of CS beads
for dye (RB5) would not be reduced by the cross-linking step using

ECH during grafting of PEI.

The white color of CB as well as CSB turned into yellowish after
PEI grafting using ECH as cross-linker. The size of CB was found
3.50 mm and after PEI grafting, the size of PEI-CB was increased to
3.90 mm. The size of CSB (2.70 mm) was found less than that of CB,
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the increase in dry weight of beads during the formation of PEI-CB1
from CB, and from PEI-CB1 to PEI-CB2, was due to the incorpora-
tion of PEI and ECH, respectively. Depending on the PEI grafting
conditions, the dry weight of PEI-CB increased with increase in PEI

Table 1
PEI amount and cross-linking ratio of ECH in PEI-CB or PEI-CSB.

Type PEI graftinga Sampleb BW

(mg)
PEIW

(mg)
ECHW

(mg)
CLR

PEI-CB

1
CB 45.5 – – –
PEI-CB1 52.3 6.8 – –
PEI-CB2 66.7 6.8 14.4 0.65

2.5
CB 45.5 – – –
PEI-CB1 60.9 15.4 – –
PEI-CB2 81.6 15.4 20.7 0.91

5
CB 45.5 – – –
PEI-CB1 65.2 19.7 – –
PEI-CB2 87.1 19.7 21.9 0.97

10
CB 45.5 – – –
PEI-CB1 73.9 28.4 – –
PEI-CB2 97.1 28.4 23.2 1.08

15
CB 45.5 – – –
PEI-CB1 75.8 30.3 – –
PEI-CB2 99.5 30.3 23.7 1.08

PEI-CSB

1
CSB 49.7 – –
PEI-CSB1 53.8 4.1 –
PEI-CSB2 62.2 4.1 8.4 0.79

2.5
CSB 49.7 – –
PEI-CSB1 58.1 8.4 –
PEI-CSB2 69.6 8.4 11.5 1.06

5
CSB 49.7 – –
PEI-CSB1 60.2 10.5 –
PEI-CSB2 72.0 10.5 11.8 1.06

10
CSB 49.7 – –
PEI-CSB1 60.4 10.7 –
PEI-CSB2 71.9 10.7 11.5 1.00

15
CSB 49.7 – –
PEI-CSB1 60.3 10.6 –
PEI-CSB2 72.1 10.6 11.8 1.06
Fig. 1. A schematic diagram of PEI graft

nd after PEI grafting, the size of CSB-PEI (2.80 nm) was also found
uch less than that of CB-PEI. Thereby, PEI grafting increased the

ize of the beads. The values of dry weight (g)/wet weight (g) of
B and PEI-CB were 0.033 and 0.070, respectively, indicating more
han 2 times of dry weight (g)/wet weight (g) increase of beads
fter PEI grafting, and the water content PEI-CB (93.0%) was less
han that of CB (96.5%), suggesting that PEI grafting made beads

ore denser than CB. The values of dry weight (g)/wet weight (g)
f CSB and PEI-CSB were 0.037 and 0.051, indicating that the dry
eight (g)/wet weight (g) increase of CSB after PEI grafting was <1.5

imes and the water contents of those beads were 96.3%, and 94.9%,
espectively. Thereby, these values indicated that the material con-
ent of CB could be increased in much higher amount than that of
SB by PEI grafting.

The porosity (ε) of the beads could be determined by the equa-
ion using the amount of water within the pores of the beads [19].

= (WW − WD)/�W

WD/�Mat + (WW − WD)/�W
× 100% (5)

here WW (g) is the weight of the wet beads before drying; WD (g)
s the weight of the beads after drying; �w is the density of water,
.0 g/cm3; and �Mat (g/cm3) is the material density of dry bead. The
ean wet weight and dry weight of 3 sets of 10 beads gave the
W (g) and WD (g) of a single bead. The value of �Mat (g/cm3) was

etermined from the ratio of the dry weight of bead/volume of the
ry materials of the beads. The values of �Mat for CB, and PEI-CB
ere 0.193 and 0.477 g/cm3, respectively, indicating that material
ensity of dry beads was higher for PEI-CB than that of CB. The value
f ε for PEI-CB (86.27%) was higher than that of CB (85.04%). PEI-CSB
0.344 g/cm3) showed higher value of �Mat than CSB (0.196 g/cm3)
nd ε of PEI-CSB (86.48%) calculated from the equation was higher
han that of CSB (83.64%). Thereby, the porosity of CB as well as CSB
as increased after PEI grafting.

.2. Determination of PEI and cross-linking ratio of ECH in
olyaminated CS beads

Table 1 exhibits the main characteristics of CB and CSB
btained during PEI grafting. The impregnation of 5 g of CB with
g PEI/100 ml of DMA solution led to an increase in the dry weight
f CB by 19.7 mg (for 100 beads), from 45.5 mg (100 CB) to 65.2 mg
100 PEI-CB1) and the increase in dry weight of the beads after
his treatment indicated incorporation of PEI in the beads. After
ross-linking with ECH, the dry weight increased by 21.9 mg, from
5.2 mg (100 PEI-CB1) to 87.1 mg (100 PEI-CB2) and this indicated
urther dry weight increase of beads due to ECH incorporation.
hereby, the wt% of PEI in PEI-CB2 was determined from the ratio

f dry weight increase due to PEI incorporation in the PEI-CB1 to
ry weight of PEI-CB2 and it was found to be 22.62%. The molar
alue of NH2 of the CS/g dry weight of CB was determined 0.0053
ecause CB was considered of comprising only CS molecules with
5% deacetylation and the molecular weight of glucosamine units is
to CS beads using ECH as a cross-linker.

161 g/mol. Thereby, the molar value of NH2 of the CS/g dry weight
of PEI-CB2 was determined to be 0.0028. The cross-linking ratio
(CLR) in PEI-CB2 was determined based on mol ECH:mol NH2 of CS
in PEI-CB2 and the cross-linking ratio was found 0.97. Table 1 also
shows that the PEI grafting of CB with 1, 2.5, 10 and 15 g PEI/100 ml
of DMA solution, and the results indicated that the amount of PEI in
the beads increased with the amount of PEI in DMA solution during
the PEI impregnation step up to 15 g PEI/100 ml of DMA. The CLR
was found to increase significantly up to 10.0 g PEI/100 ml of DMA
solution, and after that, no significant change in the CLR value was
found. As shown in Table 1, the dry weight of CS during the forma-
tion of PEI-CB2 was always constant (45.5 mg for 100 beads) and
a PEI amount (g)/100 ml of DMA solution for grafting 5 g wet CB or CSB.
b 100 CB or CSB; PEI-CB1 or PEI-CSB1, before ECH cross-linking; PEI-CB2 or PEI-

CSB2, after ECH cross-linking; BW, dry weight of beads (mg); PEIW, PEI weight (mg)
in beads; ECHW, ECH weight (mg) in beads; CLR, cross-linking ratio (mol ECH:mol
NH2 of CS) in beads.
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Fig. 2. FTIR spectra of CB and CSB before and after PEI grafting.

oncentration in DMA solution. However, the CLR (mol ECH:mol
H2 of CS) value of PEI-CB2 after 10 g PEI/100 ml DMA solution
id not change because the dry weight increase of PEI-CB2 with

ncrease in PEI concentration in DMA solution after 10 g PEI/100 ml
MA could not change the CLR value of PEI-CB2.

The impregnation of 5 g CSB with 5 g PEI/100 ml of DMA solu-
ion led to an increase in the dry weight of CSB by 10.5 mg (for
00 beads), from 49.7 mg (100 CSB) to 60.2 mg (100 PEI-CSB1). After
ross-linking with ECH, the dry weight increased by 11.8 mg, from
0.2 mg (100 PEI-CSB1) to 72.0 mg (100 PEI-CSB2). Thereby, the wt%
f PEI in PEI-CSB2 was 13.80%. The SDS and CS content of CSB was
.553 and 0.447 g/g dry weight of bead, respectively, and the molar
alue of NH2 in the CS/g dry weight of CSB formed by 5 g/l SDS gela-
ion was 0.0024, as reported in an earlier publication [10]. Thereby,
he molar value of NH2 in the CS/g dry weight of PEI-CSB2 formed by
g/l SDS gelation was 0.0017. Based on this value, the cross-linking

atio (mol ECH:mol NH2 of CS) in PEI-CSB2 was 1.06. PEI grafting of
SB with various PEI concentrations indicated that both the amount
f PEI in the beads and the cross-linking ratio increased only up
o 2.5 g PEI/100 ml of DMA solution, and after that, no significant
hange in the values was found. No change in the CLR value of PEI-
SB2 after 2.5 g PEI/100 ml DMA solution could be due to the fact
hat PEI concentration above 2.5 g PEI/100 ml DMA solution could
ot further increase the value of mol ECH:mol NH2 of CS in PEI-CSB2
ven though dry weight of PEI-CSB2 was increased. Moreover, this
arlier saturation of PEI and ECH in CSB compared to CB seems to
e reasonable because CSB has denser gel structure than CB.

.3. Characterization of PEI-grafted CB (PEI-CB) and PEI-grafted
SB (PEI-CSB)

As shown in Fig. 2, the characteristic peaks assignment of CB
re: 3283 cm−1 (wide peak of O–H stretching overlapped with N–H
tretching), 2884 cm−1 (C–H stretching), 1560 cm−1 (amide II band,
–H bending and C O stretching of acetyl groups), 1438 cm−1

O–H bending, C–N stretching, asymmetric C–H bending of CH2
roup), and 1038 cm−1 (bridge C–O–C stretching and C–O stretch-
ng). The characteristic peaks obtained for PEI-CB are: 3337 cm−1

wide peak of O–H stretching overlapped with N–H stretching),
844 cm−1 (C–H stretching), 1653 cm−1 (amide II band, N–H bend-

−1
ng and C O stretching of acetyl groups), 1457 cm (O–H bending,
–N stretching, asymmetric C–H bending of CH2 group), and
033 cm−1 (bridge C–O–C stretching and C–O stretching). The peak
t 3283 cm−1 for CB has shifted to higher wave number (3337 cm−1)
ith more intensity after PEI grafting, indicating that the density
Diffraction angle (2θ

0 20 40 60 80 100

(

Fig. 3. X-ray diffraction (XRD) patterns of CB and CSB before and after PEI grafting.

of N–H groups in CB are enhanced after PEI grafting. The peak at
2884 cm−1 for C–H stretching in CB is shifted to lower wave number
(2844 cm−1) with higher peak intensity in PEI-CB. The other sig-
nificant changes are noted at 1560–1653 cm−1, 1438–1457 cm−1

and 1038–1033 cm−1 after PEI grafting. These spectral changes
indicate that PEI molecules are grafted into CB through ECH cross-
linking and this interaction mainly occurs through interaction with
hydroxyl groups of CS molecules during grafting because ECH more
prefers O–H than N–H of CS molecules during cross-linking.

Fig. 2 shows that the characteristic peaks assigned for CSB
are: 3425 cm−1 (wide peak of O–H stretching overlapped with
N–H stretching), 2923 and 2853 cm−1 (C–H stretching), 1630 and
1527 cm−1 (amide II band, N–H bending and C O stretching of
acetyl groups), 1466 cm−1 (asymmetric C–H bending of CH2 group),
1377 cm−1 (O–H bending and C–N stretching) and 1057 cm−1

(bridge C–O–C stretching and C–O stretching). The appearance of
spectral peaks at 2923 and 2853 cm−1, and in the region between
1650 and 1500 cm−1 indicates binding of SDS molecules with N–H
group of CS molecules during gelation. The characteristic peaks
obtained for PEI-CSB are: 3307 cm−1 (wide peak of O–H stretch-
ing overlapped with N–H stretching), 2845 cm−1 (C–H stretching),
1647 cm−1 (amide II band, N–H bending and C O stretching of
acetyl groups), 1375 cm−1 (O–H bending and C–N stretching) and
1031 cm−1 (bridge C–O–C stretching and C–O stretching). The
appearance of wider and higher intensity spectral peaks of PEI-CSB
at 3307 cm−1 than that of CSB at 3425 cm−1 indicates that number
of N–H groups in CSB is enhanced after PEI grafting (PEI-CSB). The
intensity of spectral peak assigned for C–H stretching is decreased
after PEI grafting and two spectral peaks at 2923 and 2853 cm−1 in
CSB reduces to one spectral peak at 2845 cm−1 in PEI-CSB. More-
over, the two peaks assigned for C O stretching of acetyl groups at
1630 and 1527 cm−1 in CSB become one peak at 1647 cm−1 in PEI-
CSB. The other change in spectral peak is noted at 1057–1031 cm−1

after PEI grafting in CSB. Thereby, FTIR results clearly suggest that
PEI is successfully grafted into CSB using ECH as a cross-linker in
this study.

As shown in Fig. 3, the XRD patterns of CB and its PEI grafted
derivative (PEI-CB), as well as CSB and its PEI grafted derivative
(PEI-CSB) show broad peak at 2� of 20◦. Native CS gives two char-
acteristic crystallinity peaks at 2� of 10 and 20◦ (data not shown),
however only one broad peak at 2� = 20◦ implies decrease in the
gests the existence of an amorphous structure in the samples. Also,
the similar XRD pattern of PEI-CB and PEI-CSB, as well as CB and
CSB in this study indicates that PEI grafting does not affect the
crystalline structure of original beads.
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Fig. 4. Effect of PEI grafting on the adsorption capacities of CB and CSB for RB5
adsorption; initial RB5 concentration, 500 mg/l and pH 6.
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Fig. 5. Effect of initial pH of RB5 solution on its adsorption onto CB and CSB and
their polyaminated derivatives PEI-CB and PEI-CSB; RB5 concentration, 500 mg/l.

of the dye solution because pH affects the surface charges of CS
.4. Effect of PEI grafting

As shown in Table 1, PEIw (mg) of 100 PEI-CBs increased from 6.8
o 30.3 mg with increasing 1–15 PEI g/100 ml of DMA for grafting 5 g
et CB, and this was reflected in the adsorption capacity of PEI-CB

or the adsorption of 500 mg/l RB5; the results are shown in Fig. 4.
he adsorption capacity of PEI-CB increased up to 5 g PEI/100 ml
f DMA solution, from 293.34 mg/g to 345.17 mg/g, and after that,
t decreased from 345.17 mg/g to 301.04 mg/g with an increase in
EI amount up to 15 g PEI/100 ml of DMA solution during graft-
ng, indicating that increased PEIw (mg) of PEI-CB gave rise to a
igher number of binding (aminated) sites. The increased adsorp-
ion capacity of PEI-CB for RB5 up to 5 g PEI/100 ml of DMA solution

ight be due to increased number of available binding sites for
B5. After that, the steric hindrance between the binding sites

ncreased because of increased numbers of cross-linking sites of
EI-CB through ECH cross-linking with an increase in PEI amount
uring grafting and that, in turn, reduced the number of available
paces for RB5 molecules.

Table 1 shows that the PEIw (mg) of 100 PEI-CSB increased from
.1 to 10.5 mg with increasing 1–5 PEI g/100 ml of DMA for grafting
g wet CSB. As shown in Fig. 4, the adsorption capacity (qe) of PEI-
SB increased from 183.77 to 236.05 mg with the same amount of
EI grafting, and that could be explained by the increase in available
inding (aminated) sites by increasing PEI amount during grafting.
he PEIw (mg) of 100 PEI-CSB did not increase significantly with fur-
her increase of PEI beyond 5 PEI g/100 ml of DMA during grafting,
nd a similar adsorption capacity (qe) of PEI-CSB was found with
EI concentrations of 5, 10 and 15 PEI g/100 ml of DMA; this indi-
ates that the shell membrane structure of CSB limited the amount
f PEI during grafting.

As shown in Table 1, the amount of PEI grafted in CSB (PEI-CSB)
as less than that in PEI-CB, and in some cases, especially in the

rafting conditions of 5, 10 and 15 PEI g/100 ml of DMA, the amount
f PEI incorporated in PEI-CSB was <46.7%, 62.3%, and 65.0% of that
n PEI-CB, respectively. The shell membrane structure of CSB mainly
imited the incorporation of PEI into the beads and so, the numbers
f binding sites in PEI-CSB were expected to be much less than that
n PEI-CB. Thereby, the more number of available binding sites in
EI-CB than PEI-CSB could be the possible reason for the larger RB5

dsorption on PEI-CB than on PEI-CSB in this study.
3.5. Effect of pH

Fig. 5 shows the effect of the initial pH of the RB5 solution on the
adsorption capacities of CB and CSB formed by 5 g/l SDS gelation
and their polyaminated derivatives PEI-CB and PEI-CSB, respec-
tively. The initial pH range, from 4 to 10, was selected for this study
with an initial RB5 concentration of 500 mg/l. The pH change dur-
ing adsorption was not adjusted by adding acid or alkali externally
and was measured at different time intervals during adsorption.
With an initial pH of 5, the pH change during adsorption was mea-
sured and was only found within the first 1 h. The pH change of
the dye from an initial pH of 5–6 indicated that the protonation of
amine groups on the beads occurs during adsorption, but no sig-
nificant pH change during adsorption was found when the initial
pH of RB5 solution was fixed either at pH 7 or 9. PEI-CB exhibited
almost similar adsorption capacity at all pH levels (pH 4–10) in this
study, and its adsorption capacity decreased slightly from 324.24
to 318.43 mg/g with an increase in the initial pH from 4 to 10. The
adsorption capacities of PEI-CSB were almost similar at all acidic pH
levels: 255.31 mg/g (pH 4), 251.65 mg/g (pH 5) and 248.06 (pH 6).
The pH change to neutral and basic levels significantly decreased
the adsorption capacity of PEI-CSB, and its adsorption capacity at
pH 7 and 10 were 192.18 and 128.84 mg/g, respectively. In fact, the
adsorption capacity of PEI-CB was found to be higher than that of
PEI-CSB at all pH levels tested in this study and the effective pH
range of PEI-CB for adsorption of RB5 was higher than that of PEI-
CSB. The pKa (10.5) of PEI is higher than that of CS (6.5), and the
higher the pKa value of the ligand (PEI) grafted onto the adsorbent,
the wider is the effective pH range for anionic dye adsorption [24].
As shown in Table 1, PEI amount in PEI-CB was much more than
that in PEI-CSB and so, the adsorption capacity of PEI-CB showed
less sensitivity to pH change of dye solution than that of PEI-CSB
because of the higher amount of PEI grafted in PEI-CB than that in
PEI-CSB. Moreover, the low adsorption capacity of PEI-CSB at basic
pH levels was due to enhanced electrostatic repulsion between ion-
ized SDS molecules and anionic dye (RB5) molecules. Both CB and
CSB exhibited maximum adsorption capacity at an initial pH of 4
due to enhanced electrostatic interactions between the positively
charged amine groups of CS and RB5 molecules, and the adsorption
capacities of the beads decreased with an increase in the initial pH
molecules of CS and CSB.
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Table 3
Comparison of maximum adsorption capacities (qmax) of various adsorbents for RB5.

Type of adsorbent qmax (mg/g) Reference

High lime flyash 7.18 [25]
Cetyltrimethylammonium bromide

modified zeolite
12.93 [26]

Powdered activated carbon 58.82 [27]
Bone char 157.00 [28]
Bamboo carbon (2123 m2/g) 447.00 [28]
Bamboo carbon (1400 m2/g) 545.00 [28]
CS (<710 �m) 1000.00 [22]
Preprotonated CS (<710 �m) 750.00 [22]
Magnetic CS resin 773.62 [29]
Glutaraldehyde-crosslinked CS

microparticles
1680.80 [30]

Templated ECH-crosslinked CS
microparticles

2941.00 [31]

Activated sludge biomass 116.00 [32]
0.1 M NaOH treated Aspergillus foetidus

biomass
106.40 [33]

Brown seaweed, Laminaria sp. 101.50 [34]
ig. 6. Plots of qe vs. Ce for the adsorption of RB5 onto CB, PEI-CB (a), CSB and PEI-CSB
b); pH 6 and 30 ◦C.

.6. Equilibrium adsorption isotherm

Fig. 6a and b exhibits the fitting of adsorption isotherm data of
B and its PEI derivative (PEI-CB) and CSB and its PEI derivative (PEI-
SB) to the Langmuir and Freundlich isotherm models, respectively.
he constant terms of these isotherm models and the non-linear
2 and �2 values are given in Table 2. The q values of PEI-CB
max

nd PEI-CSB obtained from the Langmuir model were 709.27 and
13.23 mg/g, respectively. The results for R2 (0.968) and �2 (42.44)
f the Langmuir model and R2 (0.934) and �2 (350.17) of the Fre-
ndlich model for PEI-CB suggested that the Langmuir isotherm

able 2
onstants for equilibrium isotherm models with error analysis values.

Langmuir isotherm model
Adsorbent KL (l/mg) qmax (mg/g) RL

a R2 �2

CB 0.287 201.90 0.004 0.933 26.74
PEI-CB 0.565 709.27 0.002 0.968 42.44
CSB 0.135 168.07 0.007 0.937 16.88
PEI-CSB 0.006 413.23 0.143 0.945 2029.44

Freundlich isotherm model
Adsorbent KF [(mg/g)/(mg/l)1/n] n R2 �2

CB 64.45 5.208 0.896 59.82
PEI-CB 178.62 4.878 0.934 350.17
CSB 44.91 4.587 0.909 41.60
PEI-CSB 52.59 3.788 0.973 40.62

a C0 is 1000 mg/l.
Corynebacterium glutamicum biomass 185.2 [35]
PEI-CB 709.27 Present work
PEI-CSB 413.23 Present work

model exhibited a better fit to the isotherm data of PEI-CB than did
the Freundlich isotherm model. The results for the non-linear R2

and �2 values of the Langmuir (0.945 and 2029.44) and Freundlich
(0.973 and 40.62) models for adsorption of RB5 onto PEI-CSB indi-
cated that the adsorption isotherm data of PEI-CSB showed a better
fit to the Freundlich model than to the Langmuir model. The KF and
n values of PEI-CSB obtained from the Freundlich model were 52.59
and 3.788. The Langmuir isotherm model appears to be the best-
fitting model for CB and CSB because it gives the highest correlation
coefficient (R2) and lowest Chi-square (�2) values. The maximum
adsorption capacity (qmax) values of CB and CSB obtained from the
Langmuir isotherm model were 201.90 and 168.07 mg/g, respec-
tively. Thereby, the maximum adsorption capacity of CB and CSB
for RB5 could be highly improved by PEI grafting, and their polyam-
inated derivatives PEI-CB and PEI-CSB exhibited better adsorption
capacity than unpolyaminated CB and CSB.

As shown in Table 3, the comparison of the maximum adsorp-
tion capacities of PEI-CB (709.27 mg/g) and PEI-CSB (413.23 mg/g)
for RB5 with that of other adsorbents such as 7.18 mg/g of
high lime flyash [25], 12.93 mg/g of cetyltrimethylammonium
bromide-modified zeolite [26], 58.82 mg/g of powdered acti-
vated carbon [27], 157.00 mg/g of bone char [28], 447.00 mg/g
of bamboo carbon (2123 m2/g) [28], 545.00 mg/g of bamboo
carbon (1400 m2/g) [28], 1000 mg/g CS (<710 �m) and 750 mg/g
preprotonated CS (<710 �m) [22], 773.62 mg/g of magnetic
CS resin [29], 1680.80 mg/g of glutaraldehyde-crosslinked CS
microparticles [30], 2941.00 mg/g of templated ECH-crosslinked
CS microparticles [31], 116.00 mg/g of activated sludge biomass
[32], 106.40 mg/g of 0.1 M NaOH-treated Aspergillus foetidus
biomass [33], 101.50 mg/g of Brown seaweed, Laminaria sp. [34],
and 185.20 mg/g of Corynebacterium glutamicum biomass [35]
indicated that polyaminated derivatives of CB (PEI-CB) and CSB
(PEI-CSB) are very effective in the adsorption of RB5 from aqueous
solutions; these materials have promising potential as adsorbents
for environmental field applications.

3.7. Volumetric adsorption capacity

Table 4 shows the density and volumetric adsorption capacities

of CB and its PEI derivative (PEI-CB) as well as membrane mate-
rials of CSB (CSM) and its PEI derivative (PEI-CSM). As shown in
Table 4, the density values of CB and PEI-CB were 0.023 and 0.036 g
dry weight/ml bead, and their volumetric adsorption capacities
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Table 4
Volumetric adsorption capacities of different type adsorbent materials.

Type Density of
materials (g/ml)

Maximum
adsorption
capacity (qmax) (mg
RB5/g dry weight)

Volumetric
adsorption capacity
(qmax,v) (mg RB5/ml
material)

CB 0.023 212.77 4.89
PEI-CB 0.036 709.27 25.53
CSMa 0.450 185.19 83.34
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PEI-CSMa 0.514 413.23 212.40

a CSM and PEI-CSM were the membrane materials of CSB and PEI-CSB, respec-
ively.

ere 4.89 and 25.53 mg RB5/ml bead, respectively, indicating that
EI-CB exhibited 5.22 times higher volumetric adsorption capacity
han raw CB. Membrane materials of CSB (CSM) and its PEI deriva-
ive (PEI-CSM) were obtained after squeezing core water from CSB
nd PEI-CSB, and the volumetric adsorption capacity of membrane
aterials (mg RB5/ml membrane material) was obtained by multi-

lying qmax (mg/g) by g dry weight/ml of the membrane materials.
he density and volumetric adsorption capacity values of CSM and
EI-CSM were 0.450 and 0.514 g/ml membrane material and 83.34
nd 212.40 mg RB5/ml membrane material, respectively, indicating
hat membrane materials of PEI derivatives (PEI-CSM) exhibited
.55 times higher volumetric adsorption capacity than their raw
orm (CSM). More interestingly, the volumetric adsorption capacity
f PEI-CSM (212.40 mg RB5/ml membrane material) was 8.32 times
igher than the volumetric adsorption capacity of PEI-CB (25.53 mg
B5/ml bead). Therefore, significant enhancement of the volumet-
ic adsorption capacity of PEI-CSM could enhance the applicability
f polyaminated derivatives of CSB in actual wastewater treatment.

.8. Kinetic study

The experimental kinetic data of CB and its PEI derivative (PEI-
B), as well as CSB and its PEI derivative (PEI-CSB), for adsorption
f RB5 from a 500 mg/l solution are shown in Fig. 7a and b; the
inetic data were analyzed using pseudo-first-order and pseudo-
econd-order rate models and an intra-particle diffusion model.
he coefficient values of Fig. 7a and b are given in Table 5, and
he fitting of experimental kinetic data to rate models has been
valuated by the non-linear coefficients of determination (R2).

The non-linear form of the pseudo-first-order model is:

t = qe(1 − e−k1t) (6)

here qt and qe are the amounts of RB5 adsorbed (mg/g) at time
and equilibrium, respectively, and k1 (1/min) is the equilibrium
ate constant of this equation.

The non-linear form of the pseudo-second-order rate equation
s expressed as:

= q2
e k2t

and h = k q2 (7)
t 1 + qek2t 2 e

here h represents the initial adsorption rate (mg/g min) and k2
g/mg min) is the equilibrium rate constant of the pseudo second-
rder rate model.

able 5
onstants of different rate models for RB5 adsorption with C0 = 500 mg/l.

Adsorbent qe (exp) (mg/g) Pseudo-first-order Pseud

qe (cal) (mg/g) k1 (1/min) qe (cal)

CB 223.95 219.60 5.80 × 10−3 259.97
PEI-CB 332.81 333.70 7.20 × 10−3 385.70
CSB 168.49 159.78 5.60 × 10−3 188.92
PEI-CSB 252.37 250.61 5.60 × 10−3 297.22
Fig. 7. Plots of qt vs. t for RB5 adsorption onto CB, PEI-CB (a), CSB and PEI-CSB (b);
initial RB5 concentration, 500 mg/l, pH 6.

As shown in Fig. 7a, the non-linear correlation coefficient (R2)
values for the pseudo-first-order and pseudo-second-order rate
equations of CB were 0.993 and 0.992, respectively. For PEI-CB,
the non-linear R2 values for the pseudo-first-order and pseudo-
second-order equations were 0.986 and 0.981, respectively. The
non-linear R2 values of both rate models for RB5 adsorption onto
CB and PEI-CB suggested that the kinetic values of each adsorp-
tion system could be better explained by pseudo-first-order rate
model than pseudo-second-order rate model. As shown in Fig. 7b,
the non-linear R2 values of CSB for the pseudo-first-order and
pseudo-second-order equations were 0.977 and 0.993, indicat-
ing that pseudo-second-order rate model could more satisfactorily
explain the kinetic data of CSB than pseudo-first-order rate model.

The non-linear R2 values of PEI-CSB for the pseudo-first-order rate
and pseudo-second-order rate equations were 0.998 and 0.992,
respectively, and based on R2 values of both rate models for PEI-CSB
suggested that kinetic data could be more satisfactorily explained

o-second-order Intra particle diffusion

(mg/g) k2 (g/mg min) h (mg/g min) kp (mg/g min0.5)

2.54 × 10−5 1.715 9.81
2.31 × 10−5 3.431 16.60
3.41 × 10−5 1.217 7.32
2.14 × 10−5 1.891 10.78
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y pseudo-first-order rate model than pseudo-second-order rate
odel. The experimental qe values of CB obtained from the pseudo-

rst-order and pseudo-second-order rate models were 219.60 and
59.97 mg/g, respectively, and those of PEI-CB were 333.70 and
85.70 mg/g, respectively. As shown in Table 5, the experimental
e values of CB (223.95 mg/g) and PEI-CB (332.81 mg/g) showed a
etter fit to the qe values obtained from the pseudo-first-order rate
odel than the pseudo-second-order rate model. The experimental

e value (168.49 mg/g) of CSB was closer to the pseudo-first-order
159.78 mg/g) than the pseudo-second-order (188.92 mg/g) rate

odel. The experimental qe value of PEI-CSB (252.37 mg/g) also
howed a better fit to the qe value obtained from the pseudo-first-
rder rate equation (250.61 mg/g) than the pseudo-second-order
ate equation (297.22 mg/g). Thereby, the values of coefficients and
on-linear R2 values of both rate models for all the adsorption sys-
ems clearly suggested that the kinetic values of each adsorption
ystem could be more satisfactorily explained by pseudo-first-
rder rate model than pseudo-second-order rate model.

The intra-particle diffusion equation is given as:

t = kpt0.5 (8)

here kp is the intra-particle diffusion rate constant (mg/g min0.5).
he plot of qt vs. t0.5 using the kinetic data up to 180 min exhibited
2 values of 0.893, 0.940, 0.909 and 0.909 for CB, PEI-CB, CSB and
EI-CSB, respectively, indicating the role of intra-particle diffusion
t the initial stage of adsorption. The high values of kp of CB and CSB
nd its polyaminated derivatives also suggest that intra-particle
iffusion might play a significant role in all of the adsorption sys-
ems.

. Conclusions

In this study, the adsorption capacities of CB and CSB for RB5
ere investigated after PEI grafting. The adsorption capacities and

rafted amounts of PEI in PEI-CB and PEI-CSB were found to vary
ith the amount of PEI during grafting. PEI-CB exhibited similar

dsorption capacities at all pH levels (4–10) because of the higher
Ka value (10.5) of grafted PEI molecules. The maximum adsorp-
ion capacities of the polyaminated derivative of CB (PEI-CB) and
SB (PEI-CSB) were higher than those of CB and CSB, and the maxi-
um adsorption capacities of PEI-CB and PEI-CSB were 709.27 and

13.23 mg/g, respectively.
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