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Adsorption Characteristics of Chitosan-g-Poly(acrylic acid)/
Attapulgite Hydrogel Composite for Hg(ll) lons from

Aqueous Solution
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! Center of Eco-Material and Green Chemistry, Lanzhou Institute of Chemical Physics, Chinese

Academy of Sciences, Lanzhou, P. R. China

2Graduate University of the Chinese Academy of Sciences, Beijing, P. R. China

Batch adsorption experiments were carried out to remove Hg(II)
from aqueous solutions using chitosan-g-poly(acrylic acid)/
attapulgite hydrogel composites as adsorbents. The factors influen-
cing the adsorption capacity of the composites were investigated. The
results indicate that the adsorption equilibrium of the composites
can be achieved within about ten minutes and the equilibrium
adsorption capacities of the composites with 10, 30, and 50 wt%
of attapulgite content were 785.20, 679.63, and 541.06mgg ),
respectively. The negative values of AG and positive values of AH
indicate that the adsorption processes are all spontaneous and
endothermic.

Keywords attapulgite; chitosan; Hg(II); hydrogel composite;
thermodynamic parameter

INTRODUCTION

Mercury is a carcinogenic heavy metal. It can be
accumulated in the body and may pose a potential threat
to human health even at very low concentrations. It has
been well documented that mercury may cause brain
damage, dysfunction of liver, kidney, gastrointestinal tract
and central nervous system, as well as induce cellular tox-
icity by binding to intracellular sulfhydryl groups (1-4).
As a highly toxic element, the removal of mercury from
wastewater has been receiving attention, especially in
recent years (5-11). The processes commonly used for
removing metal ions from industrial effluents include
chemical precipitation (12), ion exchange (8,13), solvent
extraction (11,14), reverse osmosis (15), adsorption
(6,16,17), etc. Among various treatment methods, adsorp-
tion was found to be very effective, economical, versatile,
and simple (18).
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Activated carbon, as the most widely used adsorbent,
also requires complexing agents to improve its removal
performance for inorganic matters (19). The main disad-
vantages of using activated carbon as adsorbent are the
high costs. In recent years, the research interest has been
switching into the production of alternative adsorbents
which have metal-binding capacities and are able to
remove unwanted heavy metals from contaminated water
at low cost. Natural materials, such as chitosan (20), zeolite
(21), clay (10,22), or certain waste products from industrial
operations such as fly ash (23), coal (24), and oxides (25),
received much attention due to their low costs and local
availability.

Chitosan (CTS), as a natural aminopolysaccharide, has
received considerable interest for heavy metals removal due
to its excellent metal-binding capacities and low cost as
compared to activated carbon (19). However, CTS is a
nonporous polymer. Its solubility in acid aqueous solutions
also restricts its practical industrial application. So, modi-
fications are needed to improve its adsorption performance
and stability in acid aqueous solutions (20).

Attapulgite (APT), a crystalline hydrated magnesium
silicate with a fibrous morphology, has a large specific sur-
face area and moderate cation exchange capacity which is
beneficial for the adsorption of heavy metals from solution.
However, the adsorption capability of natural APT is very
poor (26,27), some special treatments or modification, such
as heat treatment, acid treatment (28), or graft reaction
(29) are needed to enhance its adsorption performance
and selectivity.

Recently, it is well documented that hydrogels with
three-dimensional cross-linked polymeric networks could
be used for the removal of metal ions from aqueous
solutions (30-33), as hydrogels possess ionic functional
groups such as carboxyls, amines, hydroxyls, and sulpho-
nyl groups, which can adsorb and trap metal ions or ionic
dyes from wastewater (30,31). However, most of the hydro-
gels are expensive synthetic polymers and their production
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consumes lots of petroleum resources. Therefore, the
design and synthesis of multi-component hydrogels based
on natural materials have recently drawn considerable
attention because such materials may not only exhibit
improved performance but also show low costs and
environmental friendly characteristics (34). So, in our
current work, a series of chitosan-g-poly(acrylic acid)/
attapulgite (CTS-g-PAA/APT) hydrogel composites were
synthesized and used as adsorbents for the removal of
Hg(Il) from aqueous solutions. The factors influencing
the adsorption capacity of the hydrogel composites for
Hg(II) ions such as APT content (wt%), the initial pH value
(pHyp) of the Hg(II) solutions, contact time (), the initial
concentration of Hg(II) solutions (Cp), and temperature
(T) were studied. The characteristic parameters for the
Langmuir isotherm model, the pseudo-first order and the
pseudo-second order kinetic models have been determined,
and thermodynamic parameters associated with the adsorp-
tion of the composites for Hg(II) were also calculated.

EXPERIMENTAL
Materials

Acrylic acid (AA, distilled under reduced pressure before
use), ammonium persulfate (APS, recrystallized from dis-
tilled water before use), and N, N'-methylenebisacrylamide
(MBA, used as received) were supplied by Shanghai Reagent
Corp. (Shanghai, China). Chitosan (CTS, degree of deacety-
lation is 0.85, the average molecular weight is 3 x 10°) was
supplied by Zhejiang Yuhuan Ocean Biology Co. (Zhejiang,
China). Natural Attapulgite (APT, supplied by Jiangsu
Autobang International Co., Ltd., Jiangsu, China) was
milled and sieved through a 320-mesh screen, and the cation
exchange capacity (CEC) of the sample is 30.0meq/100 g.
Mercuric acetate (analytical grade reagent, (CH;COO),Hg,
318.7) was supplied by Shanghai Reagent Corp. (Shanghai,
China). Other reagents used were all of analytical grade
reagents and all solutions were prepared with distilled water.

Preparation of CTS-g-PAA/APT Hydrogel Composites

CTS-g-PAA polymer and CTS-g-PAA/APT hydrogel
composites were prepared according to our previous
reports (35). The digital photo of CTS-g-PAA/APT com-
posites was shown in Fig. 1. The products were milled
and sieved through a 80-mesh screen.

Adsorption Experiments

In this study, all samples used for adsorption experi-
ments have the same particle size. Each adsorption experi-
ment was conducted in batch mode using 100 mL glass
conical flasks equipped with glass stopples. 0.1000 g sample
was mixed with 25 mL of mercuric acetate solution with the
desired concentration and appropriate pHy. The mixture
was shaken in a thermostatic shaker bath (THZ-98A) with

FIG. 1. The digital photo of CTS-g-PAA/APT composites.

120 rpm at the desired temperature for a given time. For
the study of the effect of pH, of Hg(II) solution on adsorp-
tion, the pH, of Hg(II) solution was adjusted to different
pH values (2.00, 3.00, 3.50, 4.00, 4.50, and 5.00) with acetic
acid or sodium hydroxide solutions by using a Mettler
Toledo 320 pH meter. Batch kinetic experiments were
carried out at 303 K for predetermined time intervals (3,
5, 7,9, 12, 15, 30, and 60 min) and the concentration of
3669mgL ! was selected as the initial concentration of
Hg(II) solution. For temperature study, 0.1000 g sample
was added into 25mL Hg(II) solution (Cy 3625mgL ™",
pHy 5.00), and then the mixture was shaken at the tempera-
ture predetermined (293, 303, 313, 323, and 333 K) for
60min to ensure the equilibrium to be established. For
equilibrium adsorption experiments, 25mL of various
initial concentration of Hg(II) solution (pHy 5.00) was
mixed with 0.1000 g sample, and then the mixture was sha-
ken at different temperature (293, 303, 313, 323, and 333 K)
for 60 min to ensure the equilibrium to be established.

After adsorption, the Hg(II) solution was separated
from the adsorbent by centrifugation at 5000 rpm for
10min. The pH of each suspension was measured by a
pH meter. Both the initial and the final concentrations of
Hg(Il) in the solutions were determined by EDTA titri-
metric method using 0.0035molL~! EDTA solution as
the standard solution and 0.5% xylenol orange solution
as the indicator. The amount of Hg(II) adsorbed at time
t or at equilibrium by the material can be calculated by
using Eq. (1).

q=[V(Co—C)l/m (1)

where ¢ is the amount of Hg(II) adsorbed at time 7 or at
equilibrium (mgg'). C, is the initial concentration of
Hg(Il) solution (mgL~!). C is the liquid-phase Hg(II)
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concentration at time ¢ or at equilibrium (mgL™"). m is the
mass of adsorbent used (g), and V' is the volume of Hg(II)
solution used (L).

Characterization

The BET specific surface area, the total pore volume,
and the average pore size of the samples were measured
using an Accelerated Surface Area and Porosimetry System
(Micromeritics, ASAP 2020) by BET-method at 76 K.
FTIR spectra measurements were done on a Thermo Nico-
let NEXUS TM spectrophotometer using the KBr pellets.
The spectrum was collected 32 times and corrected for
the background noise.

RESULTS AND DISCUSSION
Effect of APT Content (Wt%) on Adsorption Capacity
Under the same experimental conditions (Cy:
3800mgL~"; pHy: 5.00; sample dose: 0.1000 g/25mL;
temperature: 303 K; contact time: 60 min), the equilibrium
adsorption capacities (¢.) of CTS, natural APT, CTS-g-
PAA and the composites for Hg(II) were determined, and
the results were listed in Table 1. The experimental ¢,
values (g...xp) and the values calculated by the equilibrium
adsorption capacities of APT and CTS-g-PAA of the com-
posites (¢, ,,;) Were also shown in Table 1. It can be seen
from Table 1 that CTS is an excellent adsorbent for Hg(II).
However, its solubility in acid aqueous solutions restricts
its practical industrial application. The equilibrium adsorp-
tion capacity of natural APT and CTS-g-PAA were
13.20mgg ! and 837.99mgg ™!, respectively. If APT and
CTS-g-PAA were only compounded physically or mechani-
cally, the equilibrium adsorption capacity of CTS-g-PAA/
10%APT, CTS-g-PAA/30%APT and CTS-g-PAA/
50%APT composite for Hg(II) should be 755.51, 590.55,
and 425.60mg g !, respectively. Obviously, there were dif-
ferences between ¢y, and ¢,.,, and the differences
increased with the increase of wt%. This result indicates
that the introduction of APT into CTS-g-PAA polymeric

TABLE 1
The comparison of the equilibrium adsorption capacities of
the samples for Hg(IT) under the same conditions (Cy:
3800 mg L~ "; pHy: 5.00; sample dose: 0.1000 g/25mL;
temperature: 303 K; contact time: 60 min)

Samples qe,exp (mg gil) q;ﬁm] (mg gil)
CTS 712.62 -

APT 13.20 -
CTS-g-PAA 837.99 -
CTS-g-PAA/10%APT 785.20 755.51
CTS-g-PAA /30%APT 679.63 590.55
CTS-g-PAA/50%APT 541.06 541.06

network can further improve the three-dimensional cross-
linked polymeric networks and then enhance the adsorp-
tion capability of the composite for Hg(II) to some extent.
In practical industrial production, one of the most impor-
tant purposes of the addition of APT into polymers is to
largely reduce the cost of adsorbents. Therefore, consider-
ing the economic advantage and the great adsorption
capacity, CTS-g-PAA/APT composites may be very poten-
tial adsorbents for Hg(II).

Effect of pH, on Adsorption Capacity

Figure 2 showed the effect of pH, of mercuric acetate
solution on the adsorption capacity of CTS-g-PAA and
the composites for Hg(II). It can be seen from Fig. 2 that
the adsorption capacities of CTS-g-PAA and the compo-
sites all increased when the pHj of solution increased from
2.00 to 5.00. However, the slope of each line was very
small. In other words, the adsorption capacities of CTS-
g-PAA and the composites all increased not very sharply
with the increase of pHy of solution, which indicate that
the adsorption of CTS-g-PAA and the composites for
Hg(II) are not pH dependent. Such a phenomena can be
substantiated by IR spectra of the representative CTS-g-
PAA/30%APT composite after Hg(IT) adsorption at pHy
2.00 and 5.00. The spectra from Fig. 3 showed only little
difference between the spectra at pHy 2.00 and that at
pHy 5.00.

In order to explain the adsorption mechanism of CTS-g-
PAA and the composites for Hg(II), IR spectra of the
representative CTS-g-PAA and CTS-g-PAA/30%APT
composite before and after Hg(Il) adsorption were
obtained. It can be seen from Fig. 4 that IR spectra of

1000
—a— CTS-g-PAA
900 J—*— CTS-g-PAA/10% APT
- —a—CTS-g-PAA/30% APT
a0 800 —v—CTS-g-PAA/50% AP
£
2 700
&
[=9)
S 600
=
S
2 500+
i
g
< 400 <
300 1 L 1 L 1 1 1

2.0 25 3.0 35 4.0 45 5.0

FIG. 2. Effect of pH, on the adsorption capacity of CTS-g-PAA and the
composites for Hg(IT). Adsorption experiments—Cy: 3693 mg L™"; sample
dose: 0.1000 g/25 mL; pH, range: 2.00 ~ 5.00; temperature: 303 K; adsorp-
tion time: 60 min.



08:39 25 January 2011

Downl oaded At:

ADSORPTION CHARACTERISTICS OF CHITOSAN-g-POLY(ACRYLIC ACID)/ATTAPULGITE HYDROGEL COMPOSITE 2089
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FIG. 3. IR spectra of the representative CTS-g-PAA/30%APT com-
posite after Hg(II) adsorption at pH, 2.00 and 5.00.

the sample after Hg(II) adsorption showed many varia-
tions. The major differences were listed as follows:

(i) the wide absorption band at near 3446cm™', corre-

sponding to the stretching vibration of —NH, groups
and —OH groups, widened and shifted to the lower
wave numbers;

(ii) the strong absorption band at 1715cm ™!, assigned to
the stretching vibration of C=0 of —COOH groups,
disappeared almost completely;

(iii) the absorption band at 1558 cm™ ", assigned to the
stretching vibration of C=0 of —COO™ groups, was
enhanced obviously and shifted to the higher wave
numbers (1563 cm™1);

(iv) the absorption band at 1250cm™', assigned to the
deformation vibration absorption bands of —OH
groups, were enhanced obviously and shifted to the
higher wave numbers (1320cm ™).

1

All of these changes in IR spectra of the representative
CTS-g-PAA and CTS-g-PAA/30%APT composites before
and after Hg(IT) adsorption indicate that the adsorption of
Hg(II) on the composites is a chemisorption, and —COOH,
—NH,, and —~OH groups in the composites are all involved
in the adsorption processes.

CTS-g-PAA

T 0 200 00 1
Wavenunbers (cm™')

FIG. 4. IR spectra of the representative CTS-g-PAA (1) and CTS-g-
PAA/30%APT composite (2) before (b) and after (a) Hg(II) adsorption.

Kinetic Studies

An ideal adsorbent for wastewater pollution control
must not only have a large adsorption capacity but also a
fast rate. In general, the adsorption capacity increases with
contact time and, at some point in time, reaches a constant
value. At this point, the amount of metal ions being
adsorbed on the material is in a state of dynamic equilib-
rium with the amount of metal ions desorbed from the
adsorbent. Figure 5 showed the effect of contact time on
the adsorption capacity of CTS-g-PAA and the composites
for Hg(IT). Obviously, the Hg(II) adsorption rates on the
composites were very fast. The adsorption equilibrium of
the composites can be reached within about 10 minutes.
The sequence of adsorption rate is: CTS-g-PAA /30%APT
>CTS-g-PAA/10%APT ~ CTS-g-PAA /50%APT > CTS-
g-PAA. Such results are just consistent with the results of
the BET specific surface area, the total pore volume, and
average pore size of CTS-g-PAA and the composites
(shown in Table 2). Such a phenomenon suggests that the
BET specific surface area, total pore volume, and average
pore size of the samples are important factors influencing
the adsorption rate. In order to make sure all samples reach
adsorption equilibrium completely, 60 min was selected as
the contact time for the adsorption of Hg(II) on CTS-
g-PAA and the composites under our experimental
conditions.

Several kinetic models can be used to describe the
adsorption kinetics. In this study, three common equations
were tested to find the best-fitted model for the experi-
mental data obtained, namely, the pseudo-first order and
the pseudo-second order kinetic models and the intraparti-
cle diffusion model. The corresponding linear equations are
given below.

800 _m—m

— " oo . .
0 o0 ./.’.’

£ 600- aaa—hd . ‘
z — v

2 v

S 4004 [

o

=]

= —u—CTS-g-PAA

g 200 —e—CTS-g-PAA/10% APT
Z —a—CTS-g-PAA/30% APT
< o —v—CTS-g-PAA/50% APT

0 10 20 30 40 50 60

Contact time (min)

FIG. 5. Effect of contact time on the adsorption capacity of CTS-g-PAA
and the composites for Hg(IT). Adsorption experiments—Cp: 3669 mgL™';
sample dose: 0.1000 g/25mL; pHy: 5.00; temperature: 303 K.
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TABLE 2
The BET specific surface area, total pore volume and average pore width for CTS-g-PAA and the composites

BET specific Total pore Adsorption average
Sample surface area (m”g ") volume (cm®g 1) pore width (nm)
CTS-g-PAA 1.83 0.0041 8.99
CTS-g-PAA/10%APT 8.38 0.0343 16.35
CTS-g-PAA/30%APT 24.66 0.0995 16.13
CTS-g-PAA /50%APT 9.85 0.0284 11.54

The pseudo-first order kinetic model was suggested by
Lagergren (36) for the adsorption of solid/liquid systems
and its linear form can be formulated as:

log(ge — q1) = log(qe) — k11/2.303 (2)

Ho and McKay’s pseudo-second order kinetic model (37)
can be expressed as:

t/q = 1/(koq) + t/4e (3)

where ¢, and ¢, are the amount of Hg(II) adsorbed at
equilibrium and time ¢ (mgg™!), respectively. k; is the
equilibrium rate constant of the pseudo-first order adsorp-
tion (min~'). k» is the equilibrium rate constant of the
pseudo-second order adsorption (gmg ™' min~"). By testing
the plots of log(g. — ¢,) versus ¢ and ¢/q, versus ¢ (plots not
shown), the rate constants k;, k» and correlation coeffi-
cients can be calculated and the results were listed in
Table 3.

As can be seen from Table 3, the linear correlation
coefficients (R?) of the pseudo-first order kinetic model of
CTS-g-PAA/10%APT composite and CTS-g-PAA/
50%APT composite are very high, and there are large
differences between their experimental g, values (g )
and their calculated ¢, values (g.,..;). Meanwhile, R? of
the pseudo-first order kinetic model of CTS-g-PAA and
CTS-g-PAA/50%APT composite are low, and the differ-
ences between their ¢, .y, values and their g, ., values are

very obvious. All of these indicate that the pseudo-first
order kinetic model was poor fit for the adsorption pro-
cesses of CTS-g-PAA and the composites for Hg(II). It
can also be seen from Table 3 that R? of the pseudo-second
order kinetic model of CTS-g-PAA and the composites are
all over 0.9998. Moreover, their ¢, .., values of the pseudo-
second order kinetic model are all consistent with their
de.exp values. These results suggest that the adsorption pro-
cesses of CTS-g-PAA and the composites for Hg(II) can be
well described by the pseudo-second order kinetic model.

The intraparticle diffusion kinetics model can be
formulated as (38):

g =kit'*+C (4)

where k; (mg g~ min~'/?) is the intraparticle diffusion rate
constant and C (mgg ') is a constant. If the process is con-
sidered to be influenced by diffusion in the particles and
convective diffusion in the solution, the mathematical
dependence of ¢, versus 7'/? can be obtained (38). The plots
of g, versus 7'/ were shown in Fig. 6. As seen from Fig. 6,
the plots were not linear over the whole time range, which
lead us to conclude that the intraparticle diffusion kinetic
model was poor fit for the adsorption processes of
CTS-g-PAA and the composites for Hg(II).

Adsorption Isotherms
Figure 7 showed the influence of C; on the adsorption
capacities of CTS-g-PAA and the composites for Hg(II)

TABLE 3
Constants and correlation coefficients of the pseudo-first order and pseudo-second order models for Hg(IT) adsorption
on CTS-g-PAA and the composites

Pseudo-first order model

Pseudo-second order model

qe, exp e, cal k 1 e, cal k2
Samples (mgg™)  (mgg)  (min7)) R? (mgg™)  (gmg ' min") R?
CTS-g-PAA 795.01 687.54 0.3445 0.8838 833.33 0.0036 1
CTS-g-PAA/10%APT 746.09 516.89 0.3929 0.9718 769.23 0.0042 0.9999
CTS-g-PAA/30%APT 633.59 356.20 0.4852 0.9166 625.00 0.0128 1
CTS-g-PAA/50%APT 495.03 327.47 0.2287 0.9559 500.00 0.0021 0.9998
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FIG. 6. The intraparticle diffusion rate model for Hg(Il) adsorption on
CTS-g-PAA and the composites.

at 303 K. It is clear that Cy plays an important role in the
adsorption processes. The adsorption capacities increased
rapidly with the increase of Cy, which may be due to the
fact that the increase in Hg(II) concentration leads to the
increase in the driving force of the concentration gradient,
and then accelerates the diffusion of Hg(Il) ions on the
adsorbent.

Adsorption isotherms describe how adsorbate molecules
interact with adsorbent particles, so, are critical in optimiz-
ing the use of adsorbents. It is possible to depict the equi-
librium adsorption isotherms by plotting the Hg(II)
concentration in the solid phase versus that in the liquid

10504 —*— CTS-g-PAA

—e—CTS-g-PAA/10% APT
—a—CTS-g-PAA/30% APT
9004 —v—CTS-g-PAA/50% APT

Adsorption capacity (mg g-l)

750+

600

450 /
1500 3000 4500 6000 7500

C( (mg L'l)

FIG. 7. Effect of the initial concentration (Cy) of Hg(II) on the adsorp-
tion capacity of CTS-g-PAA and the composites for Hg(II). Adsorption
experiments—sample dose: 0.1000g/25mL; pHy: 5.00; temperature:
303 K; contact time: 60 min.

phase. The distribution of Hg(II) ions between the liquid
phase and the adsorbent is a measurement of the position
of equilibrium in the adsorption process. An accurate
mathematical description of equilibrium adsorption
capacity is indispensable for reliable prediction of adsorp-
tion parameters and quantitative comparison of adsorption
behaviour for different adsorbent systems (or for varied
experimental conditions) within any given system (39). In
the present study, the adsorption data is interpreted by
using the well-known and widely applied isotherm equa-
tion, namely, the Langmuir isotherm model. The Langmuir
model is based on the assumption of a structurally homo-
geneous adsorbent where all sorption sites are identical
and energetically equivalent.
The Langmuir equation is represented as follows (40):

ge=x/m=K;.C,/(1+a.C,) (5)
And its linear form is formulated as:
Ce/qe =1/Kp + (ar/KL)Ce (6)

where x is the amount of Hg(II) adsorbed (mg); m is the
amount of adsorbent used (g); C, (mgL™") and ¢, (mgg™")
are the liquid phase concentration and solid phase con-
centration of adsorbate at equilibrium; K; (Lg™") and a;
(Lmg ') are the Langmuir isotherm constants. Langmuir
isotherm constants, K; and a;, can be evaluated through
the linear form of the Langmuir equation (shown in Eq.
(6)). By plotting C,./q, against C,, it is possible to obtain
the value of K; from the intercept which is 1/K; and the
value of a; from the slope which is a;/K;. The maximum
adsorption capacity of the adsorbent, ¢, .., (equilibrium
monolayer capacity or saturation capacity) is numerically
equal to Ky /ay.

The Langmuir parameters of CTS-g-PAA and the
composites for Hg(I) at different temperatures obtained
from the plots of C,./q. versus C, (plots not shown) were
listed in Table 4. It is obvious that the linearized forms
of the isotherms are found to be linear over the whole
concentration range studied and the correlation coeffi-
cients (R?) were extremely high, which strongly support
the fact that the adsorption data of Hg(Il) on CTS-g-
PAA and the composites closely follow the Langmuir
model of adsorption.

It can also be seen from Table 4 that temperature has a
positive influence on the Hg(II) amount adsorbed. More-
over, at all the tested temperatures, the values of AG are
all negative and decrease with the increase of temperature.
All of these indicate the endothermic and spontaneous
nature of the adsorption of CTS-g-PAA and the compo-
sites for Hg(Il) and the spontaneous nature may be
enhanced at higher temperature.
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TABLE 4
Langmuir isotherm constants, correlation coefficients and Gibbs free energy changes associated with the adsorption of
Hg(IT) on CTS-g-PAA and the composites at different temperatures (7: K; K;: L gfl; G, cals ME gfl; AG: k] molfl)

CTS-g-PAA CTS-g-PAA/10%APT

CTS-g-PAA/30%APT CTS-g-PAA/50%APT

T K. 4gme AG R Ki G AG R’

KL qm, cal A G R2 KL dm,cal A G R2

293  75.643 892.86 —10.54 0.9997 46.232 826.44 —9.34 0.9996 26.192 740.74 —7.96 0.9996 11.069 588.23 —5.86 0.9993
303 74.349 900.90 —10.85 0.9997 45.767 840.34 —9.63 0.9997 27.724 746.27 —8.37 0.9996 11.937 591.72 —6.25 0.9994
313 90.909 909.09 —11.74 0.9998 49.751 854.70 —10.17 0.9998 29.395 751.87 —8.8 0.9996 11.206 598.79 —6.29 0.9993
323 108.225 917.43 —12.58 0.9998 57.143 862.07 —10.86 0.9998 34.941 751.88 —9.54 0.9997 12.467 602.40 —6.78 0.9994
333 116.686 917.43 —13.18 0.9998 66.225 862.07 —11.61 0.9998 37.397 757.58 —10.03 0.9997 15.333 602.42 —7.56 0.9995

Thermodynamic Parameters

Generally speaking, the adsorption of pollutants
increases with temperature because high temperatures pro-
vide a faster rate of diffusion of adsorbate molecules from
the solution to the adsorbent (41). With the increase of
temperature, the solubility of the solute increases. Mean-
while, the increase in temperature may cause the increase
of the chemical potential of the material. The investigation
of the influence of temperature on adsorption can also help
to confirm the thermodynamic parameters. Table 5 showed
the results about the equilibrium adsorption capacities of
CTS-g-PAA and the composites for Hg(I) changed with
the temperature under the same experimental conditions
(Co: 3624.69mgL™~"; pHy: 5.00; sample dose: 0.1000g/
25mL; contact time: 60 min). It can be seen that the equi-
librium adsorption capacities of CTS-g-PAA and the com-
posites for Hg(II) all increased with the increase of
temperature. Such results also indicate that high tempera-
ture is in favor of the adsorption of CTS-g-PAA and the
composites for Hg(IT). In other words, the adsorption pro-
cesses of CTS-g-PAA and the composites for Hg(II) are all
endothermic processes.

In order to further substantiate our prediction about the
endothermic nature of the adsorption processes of CTS-g-
PAA and the composites for Hg(II), thermodynamic para-
meters such as Gibbs free energy change (AG, J mol™)

(shown in Table 4), enthalpy change (AH, Jmol™ '), and
entropy change (AS, Jmol 'K™') were calculated. And
such thermodynamic parameters were calculated by Gibbs
equation and Van’t Hoff equation (listed as follows)
(42,43).

AG = —RTInK; (7)
InK; = —AH/RT + AS/R (8)

where K, is Langmuir isotherm constant (L g~ ") and the
value of K; can be evaluated through the linear form of
the Langmuir equation (shown in Eq. (6)). T (K) is the
temperature, R (Jmol 'K™') is the gas constant. The
values of AH and AS were determined from the slopes
and intercepts of the plots of InK; versus 1/7 (Plots
not shown).

Thermodynamic parameters associated with the
adsorption of CTS-g-PAA and the composites for Hg(II)
were listed in Table 6. The positive values of AH con-
firmed that the adsorption of CTS-g-PAA and the com-
posites for Hg(II) are all endothermic processes, which
are consistent with the results of the influence of tem-
perature on adsorption. The positive value of AS showed
that the randomness at the solid-liquid interface
increased during the adsorption processes of Hg(II) on
CTS-g-PAA and the composites.

TABLE 5
The relationship between temperature and the equilibrium adsorption capacity of CTS-g-PAA and the
composites for Hg(IT)

Goexp (mgg™")

Samples 293K 303K 313K 323K 333K
CTS-g-PAA 818.20 822.59 826.99 831.39 840.19
CTS-g-PAA/10%APT 765.41 769.81 774.21 783.00 787.40

CTS-g-PAA /30%APT

637.84 651.04 655.44 664.23 668.63

CTS-g-PAA/50%APT 514.67 519.07 527.87 532.27 536.67
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TABLE 6
Thermodynamic parameters associated with the adsorption of CTS-g-PAA and the composites for Hg(IT)
AH AS

Samples Equations R’ (kJmol ™) (kJmol ' K1)
CTS-g-PAA InK; =8.3781-1205.8512 (1/T) 0.9575 10.025 0.070
CTS-g-PAA/10%APT InK; = 6.8595-905.5046 (1/T) 0.9328 7.528 0.057
CTS-g-PAA /30%APT InK; =6.3599-915.5835 (1/T) 0.9727 7.612 0.053
CTS-g-PAA/50%APT InK; =4.6377-664.4018 (1/T) 0.8173 5.524 0.037
CONCLUSIONS REFERENCES

The following conclusions can be obtained on the basis
of the experimental results obtained from the adsorption of
Hg(IT) on the composites:

(1) The adsorption of Hg(II) on the composites is a chemi-
sorption, and —COOH, —NH,, and ~OH groups in the
composites were all involved in the adsorption pro-
cesses. Even at the very low pHg value (pH, 2.00),
the composites can also adsorb large amount of Hg(II).

(2) The Hg(IT) adsorption rate of the composites was fast
and the equilibrium adsorption capacities of the com-
posites with 10, 30, and 50 wt% of APT content were
785.20, 679.63, and 541.06mgg71, respectively. The
adsorption processes of the composites for Hg(IT) were
all better fitted for the pseudo-second order model and
the Langmuir model, respectively.

(3) The values of AG of the adsorption of the composites
for Hg(Il) are all negative, which indicates the spon-
taneous nature of the adsorption processes. The posi-
tive values of AH confirmed that the adsorption of
the composites for Hg(Il) are all endothermic pro-
cesses. The positive value of AS showed that the ran-
domness at the solid-liquid interface increased during
the adsorption processes of Hg(IT) on the composites.

(4) The introduction of APT into CTS-g-PAA polymeric
networks not only improved the adsorption ability
and adsorption rate of the composites, but also
reduced the cost of adsorbents. Meanwhile, the prep-
aration of the composites also improved the stability
of CTS in acid aqueous solutions.

The results above showed that the composites may be
used as a novel type, not pH dependent, fast-responsive,
and high-capacity sorbent material for Hg(II).
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