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A series of novel granular chitosan-g-poly(acrylic acid)/attapulgite/sodium humate (CTS-g-PAA/APT/SH)
composite hydrogels were successfully prepared by one-step free radical graft polymerization and applied as
adsorbents for the removal of Pb(II) from aqueous solution. The effects of adsorbent composition (including the
contents of APT, SH and CTS) on adsorption capacity and adsorption rate were investigated in detail. Results from
kinetic experiments showed that the rate of Pb(II) adsorption on the composite hydrogels was quite fast, that more
than 90% of the equilibrium adsorption capacity occurs within two minutes and that the adsorption equilibrium could
be achieved within 10 minutes. The adsorption kinetics fit well with the pseudo-second order equation. The
introduced SH is helpful for both adsorption capacity and adsorption rate. The -COOH and —COO~ of PAA, -NH,
of CTS, Ph-O™ and —COO™ of SH, as well as cation exchange and Si—OH of APT, participate in adsorption of Pb(II).
The synergistic effect of these groups is responsible for the high adsorption capacity and rate.

Keywords: composite hydrogels; adsorption; Pb(Il); attapulgite; sodium humate

1. Introduction

Several treatment processes (including adsorption [1],
coagulation and precipitation [2], ion exchange
treatment [3] and coprecipitation/adsorption [4], etc.)
have been developed over the years to remove heavy
metal ions from industrial wastewaters. The adsorption
method is the most frequently used because of its
flexibility in design and operation as well as easy regen-
eration of the adsorbent.

It has been gradually recognized that using low-cost
and environmentally friendly adsorbents to remove
pollutants is an effective and economical method of
water decontamination. Many materials have been used
as adsorbents including chitosan (CTS) [5], clay [6,7],
zeolite [8], sawdust [9], bark [10], lignin [11] and others
[12]. However, low adsorption capacity and rate for
heavy metal ions are frequently met problems for these
low-cost adsorbents [13], which seriously restrict their
practical applications. It has been reported that approx-
imately 3 h is needed to reach adsorption equilibrium (33
mg/g) using acid-activated attapulgite for the removal of
Cu(Il) from aqueous solution [14]. The adsorption of
Au(Ill), Pt(IV) and Pd(II) onto glycine-modified CTS
resin could reach equilibrium (169.98, 122.47 and
120.39 mg/g, respectively) within 100 min [15].

Recently, the application of hydrogels with three-
dimensional crosslinked polymeric network as adsor-
bents for the removal of heavy metal ions [16,17] and
ammonium nitrogen [18] has been paid special atten-
tion [19-21]. The flexible polymer chains and func-
tional groups of a hydrogel make it swell partly once
immersed in aqueous solution, which is convenient
for the penetration of solute molecules with water into
the network. The solute molecules then bind with the
functional groups [22]. Given the limitations of pure
polymeric hydrogels such as low gel strength and
stability, some inorganic clay minerals including atta-
pulgite (APT), montmorillonite, vermiculite and sepi-
olite have been incorporated into pristine hydrogel for
the preparation of organic/inorganic composite hydro-
gels [23-26].

In our previous study, we prepared a series of
composite hydrogels, chitosan-g-poly(acrylic acid)/
attapulgite (CTS-g-PAA/APT) [25] and found that such
composite hydrogels are excellent adsorbents for Cd(II)
ions with high adsorption capacity and fast adsorption
rate [6]. Sodium humate (SH) is composed of multi-
functional aliphatic components and aromatic constitu-
ents, and contains many functional groups such as
carboxylates and phenolic hydroxyls [27]. It has also
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been observed that the introduction of SH is of benefit
for the improvement of adsorption capacity [16].

In order to acquire a novel hydrogel adsorbent with
high performance and low-cost, chitosan-g-poly(acrylic
acid)/attapulgite/sodium humate (CTS-g-PAA/APT/
SH) composite hydrogels were prepared in the present
study by one-step free radical graft polymerization and
applied as adsorbents for the removal of Pb(Il) from
aqueous solution. The effects of adsorbent composition
(including APT, SH and CTS content) on adsorption
capacity and adsorption rate were investigated in detail.
The adsorption kinetics of the composite for Pb(Il) were
also studied. In addition, Fourier transform infrared
(FTIR) spectra of the samples were taken in order to
interpret the adsorption mechanism.

2. Materials and methods
2.1. Materials

AA (distilled under reduced pressure before use),
ammonium persulfate (APS, recrystallized from
distilled water before use), N,N’-methylenebisacryla-
mide (MBA, used as received) and lead acetate
(analytical grade, used as received) were supplied by
Shanghai Reagent Corp. (Shanghai, China). CTS
(degree of deacetylation = (.85, average molecular
weight = 30 x 10*) was supplied by Zhejiang Yuhuan
Ocean Biology Co. (Zhejiang, China). APT (supplied
by Jiuchuan Clay Technology Co., Jiangsu, China) was
milled through a 320-mesh screen before use. The
specific surface area of APT is 235 m%/g. SH (supplied
by Shuanglong Ltd, Xinjiang, China) with an average
molecular weight of 1020 was used as received. Other
agents used were all of analytical grade and all solutions
were prepared with distilled water.

2.2.  Preparation of CTS-g-PAA/APT/SH composite
hydrogels

A series of composite hydrogels from CTS, AA, APT
and SH were synthesized according to the following

procedure. An appropriate amount of CTS was
dissolved in 30 mL acetic acid solution (1%) in a 250
mL four-neck flask equipped with a mechanical stirrer,
a reflux condenser, a funnel and a nitrogen line. After
being purged with nitrogen for 30 min to remove the
oxygen dissolved from the system, the solution was
heated to 60°C and then 0.20 g APS was introduced to
initiate CTS to generate radicals. Ten minutes later, the
mixed solution of 7.20 g of AA, 0.30 g of MBA and the
correct amounts of APT and SH were added. The water
bath was kept at 60°C for 3 h. The resulting granular
product was transferred into sodium hydroxide aqueous
solution (1M) to be neutralized to pH = 7, and then
dehydrated three times with 95% ethanol. After wiping
off excessive ethanol on the surface using filter paper,
the samples were spread on a dish to dry overnight at
room temperature. The product was milled and all
samples used for testing had a particle size in the range
200-320 mesh.

CTS-g-PAA (without APT and SH) was prepared
according to the same procedure to study the effect of
introducing APT and SH on the adsorbing properties of
the composite hydrogels. The samples with various
amount of APT (APTI1#~APT3#), SH (SH1#~SH3#)
and CTS (CTS1#~CTS3#) were prepared to study their
influences on adsorption capacity, kinetics and
mechanism. The detailed feed composition of the CTS-
g-PAA/APT/SH composite hydrogels is shown in
Table 1.

2.3. Adsorption experiments

All batch adsorption experiments were carried out by
mixing 0.1 g of sample with 25 mL aqueous solution of
lead acetate (4000 ppm, pH 5.50) and shaking in a ther-
mostatic shaker bath (THZ-98A, 120 rpm, 30°C) for
predetermined time intervals. The Pb(I) solution was
separated from the adsorbent by centrifugation at
4500 rpm for 10 min. Both the initial and the final
concentrations of Pb(II) were measured by the EDTA
titrimetric method using 0.0025 M EDTA solution as
the standard solution and 0.5% xylenol orange solution

Table 1. Feed composition of CTS-g-PAA and CTS-g-PAA/APT/SH composite hydrogels.

Sample APT (g) SH (g) CTS (g) AA (g) MBA (g) APS (g)
CTS-g-PAA 0 0 0.72 7.2 0.30 0.20
APT1# 0 0.468 0.72 7.2 0.30 0.20
APT2#, SH2#, CTS1# 0.468 0.468 0.72 7.2 0.30 0.20
APT3# 0.936 0.468 0.72 7.2 0.30 0.20
SHI1# 0.468 0 0.72 7.2 0.30 0.20
SH3# 0.468 0.936 0.72 7.2 0.30 0.20
CTS2# 0.468 0.468 1.44 7.2 0.30 0.20
CTS3# 0.468 0.468 2.40 7.2 0.30 0.20
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as the indicator. The adsorption capacity of the compos-
ites for Pb(II) was calculated according to the following
equation:

g =V GO m

m

where: ¢, is the amount of Pb(II) adsorbed at time ¢ or at
equilibrium (mg/g); C, is the initial concentration of
Pb(Il) solution (mg/L); C is the liquid phase Pb(II)
concentration at time ¢ or at equilibrium (mg/L); m is the
mass of adsorbent used (g); and V' is the volume of
Pb(II) solution used (L).

2.4. Characterization

The micrographs of CTS-g-PAA and CTS-g-PAA/
APT/SH were taken using a scanning electron micro-
scope (SEM) (JSM-5600LV, JEOL Ltd). Before SEM
observation, all samples were fixed on copper stubs and
coated with gold. FTIR spectra of samples were taken
as KBr pellets using a Thermo Nicolet NEXUS TM
spectrophotometer.

3. Results and discussion
3.1. Surface micro-morphology analysis

SEM micrographs of CTS-g-PAA, CTS-g-PAA/APT
and the CTS-g-PAA/APT/SH (APT 2#) composite
hydrogel are shown in Figure 1. These were obtained in
order to examine the influence of introduced APT and
SH on the surface structure of the composite hydrogel,
which may in turn have some influence on the adsorp-
tion capacity and the adsorption rate of Pb(II) onto the
adsorbent. As can be seen, a tight surface with some
post holes is observed for CTS-g-PAA, whereas a
relatively loose and fibrous surface is generated after
the incorporation of SH and APT (Figure 1(b) and (c)).
The change to surface morphology by introducing
APT and SH may facilitate the penetration of Pb(II) into
network of the CTS-g-PAA/APT/SH composite hydro-
gels with water, and then improve their adsorption
capacity and adsorption rate. Thus the effects of APT,
SH and CTS content on adsorption capacity and kinet-
ics of the CTS-g-PAA/APT/SH composite hydrogels
are discussed in detail in the following sections.

3.2. Effect of APT content on adsorption

Figure 2(a) shows the effect of APT content on the
adsorption capacity and kinetics of CTS-g-PAA/APT/
SH for Pb(II). As can be seen, the equilibrium adsorp-
tion capacity for Pb(Il) is in the order CTS-g-PAA =
APT1# > APT2# > APT3#. The equilibrium adsorption

Figure 1. SEM micrographs of: (a) CTS-g-PAA; (b) CTS-
g-PAA/APT; and (c) CTS-g-PAA/APT/SH (APT2#).



07:33 30 May 2011

Downl oaded By: [CAS Consortiunj At:

526 J. Zhang et al.

850 |- @
- s
1
800 | | —
1
! —v
750 + :
&) 1
2 700 b
:—: : —&— CTS-g-PAA
650 | : —e— APTH#
1 h —A— APT2#
1
600 L : : —w— APT3#
[ ‘I Time (min)
550 1 1 1 1 1 1 1
0 10 20 30 40 50 60
Time (min)
850
800 :
|
750 | |
|
2 700 |,
<)
E |
‘g_ 650 | | ' 800 —m— CTS.g-PAA
| :gmo —eo— sHi#
600 |- : 1E600 —A— SH2#
550 | ! :6500 —wy— SHa#
e 20123 45
T Time (min)
500 1 1 1 1 1
0 10 20 30 40 50 60
Time (min)
850
©)
—— — — |
800 | 1
1
1
750 | |
© I
2 700},
~ 1 —
< ' ~ 750
650 |-, ! 3 700 —a— CTs1#
' | £ 650 //’ e CTS2#
600 | ! ! S 600 —A— CTS3#
A 012345
Time (min)
550 1 L 1 L 1 1 1

0 10 20 30 40 50 50
Time (min)

Figure 2. Effects of: (a) APT content; (b) SH content; and
(c) weight ratio of CTS to AA on adsorption capacity and ad-
sorption rate of CTS-g-PAA/APT/SH.

capacity of APT1# is comparable to that of CTS-g-
PAA although 5wt% SH with low adsorption capacity
(296.10 mg/g) for Pb(l1l) is introduced. It is clear that
APT content is an important factor affecting the
adsorption capacity of the composite hydrogels; the
equilibrium adsorption capacity decreases gradually
from 843.27 to 766.72 mg/g with increasing APT
content from O to 10 wt% (for samples
APTI1#~APT3#).

The decreasing tendency of the adsorption capacity
with increasing APT content is attributed to the
following facts. APT particles could react with AA
and act as crosslinking points in the network [25].
Consequently the crosslinking density of the CTS-g-
PAA/APT/SH composite hydrogel increases with
increasing APT content, which reduces the elasticity of
the polymer chains, and then the equilibrium adsorp-
tion capacity decreases [19]. In addition, the carboxyl
groups on the network of the CTS-g-PAA/APT/SH
composite hydrogel are the main functional groups
responsible for the adsorption of Pb(II). The amount of
carboxyl groups decreases with increasing APT
content. Thus, a decrease in the adsorption capacity of
the composites for Pb(Il) was observed.

According to our previous studies, introduction of
the correct amount of APT to CTS-g-PAA could chem-
ically bond to the network and improve its swelling
ratio; however, the excess APT was only physically
filled [25]. Since the adsorption capacity of APT (31.06
mg/g) used in this study for Pb(II) is much lower than
that of CTS-g-PAA (843.86 mg/g), the physically filled
APT is also responsible for the reduction in adsorption
capacity. According to Wang et al. [28], a similar result
has also been observed when using chitosan-g-poly
(acrylic acid)/montmorillonite for the removal of
methylene blue.

It also can be seen from Figure 2(a) that the adsorp-
tion rate of the CTS-g-PAA/APT/SH composite hydro-
gel for Pb(Il) is very fast. More than 90% of the
equilibrium adsorption capacity occurs within 2 min
(only 1 min is needed for APT1#) and the adsorption
equilibrium could be achieved within 10 min. As shown
in the insert to Figure 2(a), the absorption rate of APT1#
is evidently higher than that of CTS-g-PAA even
though their equilibrium adsorption capacity is almost
the same. This phenomenon indicates that the intro-
duced SH is beneficial in improving the adsorption rate
as well as the adsorption capacity (as shown above).
The adsorption rate decreases with increasing APT
content from 0 to 10 wt%. This result indicates that the
introduced APT does not benefit the adsorption rate;
this may be attributed to the fact that the hydrophilicity
of APT is lower than that of CTS-g-PAA. Thus, with
increasing APT content, more time is needed for the
penetration of Pb(Il) into the network with the water
molecules and the interaction with the functional
groups. Consequently, a lower adsorption rate is
observed. Although the equilibrium adsorption capacity
of APT2# and APT3# is lower than that of CTS-g-PAA,
their initial adsorption rate is still higher than that of
CTS-g-PAA. This is attributed to the positive effect of
introduced SH on the adsorption rate. Detailed reasons
for the positive effect of SH on adsorption capacity and
adsorption rate are discussed in the next section.
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3.3. Effect of SH content on adsorption

The effect of SH content on adsorption capacity and
adsorption rate is shown in Figure 2(b). As can be seen,
the equilibrium adsorption capacity for Pb(Il) is in the
order of CTS-g-PAA > SHI1# > SH2# > SH3#. The
equilibrium adsorption capacity of SH1# is a bit lower
than that of CTS-g-PAA owing to the introduction of 5
wt% APT. This is different from the comparable
adsorption capacity of CTS-g-PAA and APTI#
(containing 5 wt% SH and 0 wt% APT). The reasons for
the lower adsorption when APT is introduced have
already been revealed above. As the content of APT is
fixed at 5 wt% for samples SH1#~SH3#, the adsorption
capacity decreases gradually from 838.57 mg/g to
783.85 mg/g with increasing SH content from 0 to
10 wt%. The decreasing tendency of adsorption capac-
ity with increasing SH content may be attributed to the
fact that SH contains a large number of functional
groups such as carboxylate, hydroxyl (enolic, phenolic
and alcoholic) and amino groups [27]. Thus, SH could
chemically bond to the polymeric network during the
polymerization process and increase crosslinking
density. In addition, excess SH acts only as filler and the
amount of functional groups (such as —COQ") on the
polymeric backbone decreases with increasing SH
content; this is also responsible for the reduced adsorp-
tion capacity of the composite hydrogels.

It also can be seen from the insert of Figure 2(b) that
the adsorption rate of the composite incorporated with
various amounts of SH is also very high. The introduc-
tion of 5 wt% APT into CTS-g-PAA has reduced the
adsorption rate of the sample (SHI1#). However, the
adsorption rate evidently increases with increasing SH
content from 0 to 10 wt% when the APT content is fixed
at 5 wt%, though the equilibrium adsorption capacities
of samples SH2# and SH3# are lower than those of
SH1# and CTS-g-PAA.

This result is in accordance with the observed effect
of introduced SH on the improvement of adsorption rate
as described above. A relatively loose and fibrous
surface is generated after the introduction of SH as
shown in Figure 1(b), which facilitates the penetration
of Pb(Il) into the composite hydrogels; the enhanced
adsorption rate with the introduction of SH was then
observed. In addition, the numerous functional groups
of SH connected to the polymer network are convenient
for the complexing of Pb(Il), which also contributes to
the improved adsorption rate.

The equilibrium adsorption capacities of APT and
SH used in this study and the composite hydrogels with
various amount of APT, SH and CTS contents are
listed in Table 2. The adsorption capacities of APT and
SH are 31.06 and 290.10 mg/g, respectively,
whereas the adsorption capacity is more than 700 mg/g

for CTS-g-PAA and all the composite hydrogels.
Compared with other adsorbents reported previously as
shown in Table 2 [29-32], the equilibrium adsorption
capacities of the composite hydrogels are quite high and
could be called ‘superadsorbents’. It also can be calcu-
lated that the adsorption capacities of the composite
hydrogels are higher than the cases when APT, SH and
CTS-g-PAA are only physically compounded (as
shown in the last row). This result indicates that the
introduction of APT and SH into the polymer could
improve the adsorption capacity of CTS-g-PAA to
some extent despite the decreasing tendency observed
(Figure 2(a) and (b)). This is attributed to the fact that
APT and SH participate in the graft polymerization with
CTS and AA [25,33]. Different from the negative effect
of APT on adsorption rate, SH is also beneficial in
terms of for the improvement in adsorption rate.

3.4. Effect of CTS content on adsorption

The frequent use of CTS as an adsorbent for the
removal of heavy metal ions is attributed to its struc-
ture and functional groups [34,35]. The effect of CTS
content on the adsorption capacity and rate of the
CTS-g-PAA/APT/SH composite hydrogels is shown in
Figure 2(c). As can be seen, both the adsorption capac-
ity and adsorption rate decrease with increasing CTS
content. This can be explained as follows. Important
roles are played by —COOH and —COO" in the adsorp-
tion of heavy metal ions [19]. As the weight ratio of
CTS to AA increases, the concentration of AA mole-
cules around every CTS polymer chains decreases.
Consequently, less AA molecules can be grafted onto
the backbone of CTS, which reduces the -COO™ and —
COOH content of the corresponding composite hydro-
gel, and then the adsorption capacity decreases. The
hydrophilicity of CTS is lower than that of PAA. Less
Na' ions are generated in the polymeric network
owing to the neutralization of the PAA chains of the
composite hydrogel with increasing CTS content.
Consequently, the difference in osmotic pressure
between the polymeric network and the external solu-
tion decreases. Thus, the swelling rate of the compos-
ite hydrogel falls and is responsible for the decreased
adsorption rate.

3.5. Adsorption kinetics

The pseudo-first order kinetic model was suggested by
Lagergren [28] for the adsorption of solid/liquid
systems. Its linear form can be formulated as

2.303

log(q, —q,) =log(q,) - (2)
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Table 2. Comparison of the maximum adsorption capacity for Pb(II).

Maximum adsorption

Physically compounded APT,

Adsorbent capacity for Pb (II) (mg/g) Source SH and CTS-g-PAA?* (mg/g)
Crosslinked CTS 34.13+0.93 [29] -
CTS nanofibres 263.15 [30] -
Palygorskite 104.28 [31] -
Modified cellulose 205.9 [32] -
APT 31.06 This paper -
SH 296.10 This paper -
CTS-g-PAA 843.86 This paper -
APT1# 843.27 This paper 816.47
APT2#, SH2#, CTS1# 809.50 This paper 775.83
APT3# 766.72 This paper 735.19
SH1# 838.57 This paper 803.22
SH3# 783.85 This paper 748.44
CTS2# 723.22 This paper -
CTS3# 702.35 This paper -

Calculated according to the adsorption capacity of APT, SH and CTS-g-PAA. Their weight ratio is maintained in accordance with the

corresponding composite hydrogels.

The pseudo-second order kinetics model can be
expressed as follows according to Ho and McKay [35]:

LA + L (3)

q; kzqez 9.

where: ¢, and ¢, (mg/g) are the adsorption capacities at
equilibrium and at time ¢, respectively; k, (per min) is
the rate constant of the pseudo-first order adsorption;
and k, (g/mg/min) is the rate constant of the pseudo-
second order adsorption.

The adsorption kinetics curves of Pb(Il) on CTS-g-
PAA/APT/SH incorporated with various amounts of
APT fitted to the pseudo-first order model and the
pseudo-second order model are shown in Figure 3. As
can be seen, the experimental data do not fit very well
with the pseudo-first order model and there is a huge

difference between the pseudo-first order curves and the
trend lines. However, the experimental data fit very
well with the pseudo-second order model; indeed the
pseudo-second order curves and the trend lines almost
coincide with each other. Similar results can also be
seen for the samples SH1#~SH3# and CTS1#~CTS3#.
The corresponding parameters for all the samples
obtained from the linear plots of log(g,—¢,) versus ¢ and
t/q, versus t are listed in Table 3.

It can be seen that the linear correlation coefficients
(R?) for the pseudo-first order kinetic model are high.
However, there are considerable differences between
o exp a0 g, o, according to Equation (2), indicating that
the adsorption processes of the composite hydrogels for
Pb(Il) can not be explained by the pseudo-first order
kinetic model. It also can be found from Table 3 that
the R? values for the pseudo-second order kinetic model
are 1; moreover, the g, ., values for the pseudo-second

Table 3. Constants and correlation coefficients of the two kinetic models for Pb(II) adsorption onto CTS-g-PAA/APT/SH.

Pseudo-first order model

Pseudo-second order model

Samples Goexp (M) Gy (Mg/g) K, (/min) R Goca (Mg/g) Kk, (g/mg/min) R
CTS-g-PAA 843.86 24221 0.2870 0.9766 848.21 0.0038 1
APT1# 843.27 99.79 0.4286 0.8816 844.59 0.0149 1
APT2#, SH2#, CTS1# 809.50 138.74 0.2372 0.9817 813.20 0.0076 1
APT3# 766.72 220.80 0.5295 0.9944 769.60 0.0133 1
SH1# 838.57 256.33 0.2483 0.949 842.55 0.0030 1
SH3# 783.85 120.23 0.3190 0.9688 785.64 0.0091 1
CTS2# 723.22 144.41 0.4180 0.9901 725.53 0.0119 1
CTS3# 702.35 204.83 0.5150 0.9875 705.35 0.0160 1
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Figure 3. Adsorption kinetics of Pb(II) onto CTS-g-PAA/
APT/SH incorporated with various amount of APT: (a) pseu-
do-first order model; and (b) pseudo-second order model.

order kinetic model are all consistent with the g,
values. These results indicate that the adsorption
processes of the CTS-g-PAA/APT/SH composite
hydrogels for Pb(II) can be well simulated by the
pseudo-second order kinetic model.

3.6. Adsorption mechanism

In order to interpret the adsorption mechanism of the
CTS-g-PAA/APT/SH composite hydrogel for Pb(II),
Figure 4 represents the FTIR spectra of SH and the
representative CTS-g-PAA/APT/SH composite hydro-
gel (APT2#) before and after Pb(Il) adsorption. The
absorption bands at 1707, 1612, 1377 and 1238 cm™ in
the spectrum of SH are attributed to C=0 stretching of
—COOH, C=0 stretching of -COO~, C-O stretching of
—COO™ and stretching of phenolic C-0O, respectively.
After adsorption of Pb(II), the absorption bands at 1612,
1377 and 1238 cm™! shift to 1576, 1363 and 1225 cm™,
respectively. However, no obvious change in the
absorption of C=0 stretching of —-COOH is observed.
This result indicates that —COO™ and phenolic C-O
groups of SH participate in the reaction with Pb(II).
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Figure 4. FT-IR spectra of SH and CTS-g-PAA/APT/SH
composite hydrogel (APT2#) before and after Pb (II)
adsorption.

The absorption bands at 1712, 1631, 1561 and 1408
cm! in the spectrum of APT2# are attributed to C=0O
stretching of -COOH of PAA, -NH, of CTS, C=0 and
C-O0 stretching of -COO™ of PAA, respectively. These
absorption bands have shifted to 1701, 1626, 1521 and
1392 cm™, respectively, after the adsorption of Pb(II).
In addition, the absorption bands at 1701 and 1626 cm™
were obviously weakened. These changes in the FTIR
spectrum of APT2# indicate that -COOH and —COO™
of PAA as well as —-NH, of CTS take part in reactions
with Pb(II). It has been reported that the adsorption of
APT for Cu(ll) is mainly attributed to the cation
exchange of Pb(Il) with metal ions between layers of
APT and Si—OH of APT [14]. The adsorption of Pb(II)
onto APT may be according to the same mechanism.

It can be concluded from Figure 4 that -COOH and
—COO™ of PAA, -NH, of CTS, Ph—-O" and -COO" of
SH, as well as cation exchange and Si—OH of APT,
participate in adsorption of Pb(II). Owing to the co-
existence of these functional groups and the fact that
Pb(Il) is a divalent cation, a Pb(Il) cation may bind to
two different functional groups. This means that the
various functional groups on the network of the CTS-g-
PAA/APT/SH composite hydrogel could interact with
the interpenetrated Pb(II) simultaneously. This may be
the original reason for the observed improved adsorp-
tion properties with the introduction of APT and SH. It
also can be concluded that the synergistic effect of
various functional groups is superior to the single one.
In order to describe the adsorption of Pb(II) onto the
CTS-g-PAA/APT/SH composite hydrogel clearly,
the schematic structure of the composite hydrogel after
the adsorption of Pb(II) is shown in Figure 5.

4. Conclusions

The novel CTS-g-PAA/APT/SH composite hydrogels
were successfully prepared and used as adsorbents
for the removal of Pb(Il) from aqueous solution. The
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(Si-O),Pb or cation exchange
(Ph-0),Pb or (RCOO),Pb

RNH, -+-Pb-+NH,R
(RCOO),Pb

Figure 5. Schematic structure of the CTS-g-PAA/APT/SH
composite hydrogel after the adsorption of Pb(II).

introduction of APT and SH can increase the adsorption
capacity of the composite hydrogel, whereas only SH is
beneficial for the adsorption rate. The composite hydro-
gels show very high adsorption capacity and adsorption
rate owing to the synergistic effect of various functional
groups. The pseudo-second order model can be used to
describe the adsorption process of the composite
hydrogels for Pb(Il) very well. It should be noted that
introduction of APT and SH reduces the production cost
of the adsorbent, which is important for practical
applications. Thus, the CTS-g-PAA/APT/SH composite
hydrogels are very promising adsorbents for Pb(II)
considering their economic advantage, high adsorption
capacity and adsorption rate.
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