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ABSTRACT

The adsorption behaviors of Hg(Il) on adsorbents, chitosan functionalized by generation 1.0-3.0 of
amino-terminated hyperbranched polyamidoamine polymers (denoted as CTS-1.0, CTS-2.0 and CTS-3.0,
respectively), were studied. The optimum pH corresponding to the maximum adsorption capacities was
found to be 5.0 for the three adsorbents. The experimental equilibrium data of Hg(Il) on the three adsor-
bents were fitted to the Freundlich and the Langmuir models, and it is found that the Langmuir isotherm
was the best fitting model to describe the equilibrium adsorption. The kinetics data indicated that the
adsorption process of Hg(Il) ions on CTS-1.0, CTS-2.0 and CTS-3.0 were governed by the film diffusion
and followed pseudo-second-order rate model. Thermodynamic analysis and FTIR analysis revealed that
the adsorption behaviors of Hg(Il) ions on the three adsorbents could be considered as spontaneous,
endothermic and chemical sorption process, resulting in their higher adsorption capacities at higher
temperature.
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Kinetic

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Mercury, known as a kind of remarkably toxic and non-
biodegradable metal, can be generated by several sources, resulting
in contamination of atmospheric and aquatic systems [1]. It is mobi-
lized through a combination of natural processes such as volcanic
action and erosion of mercury-containing sediments as well as
through a range of anthropogenic activities such as metal plating
facilities, mining operations and tanneries [2]. Exposure to mercury
leads to different toxic effects in the body, including neurological
and renal disturbances, inhibition of enzyme activity and cell dam-
age [3,4]. Consequently, removal of mercury from effluents is very
important.

The conventional treatments for mercury-contained effluents
consist of chemical precipitation, coagulation, lime softening,
reverse osmosis, ion-exchange. However, these methods some-
times suffer from problems such as high costs and production of
highly toxic sludge. As an alternative to these treatment meth-
ods, adsorption is considered to be an effective and economical
method for removal of Hg(II) from waste water [5-8]. The adsorp-
tion capacity of several low-cost adsorbents, such as biopolymers
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which can be obtained from renewable sources, has been investi-
gated [2,9].

Among these biopolymers, chitosan has proved to be an
extremely promising material. Chitosan (CTS), an alkaline deacety-
lated product of chitin, was used extensively due to its high
hydrophilicity, nontoxicity, abundance in nature, biocompatibility,
and biodegradability. A large number of hydroxyl and amino groups
with high activity presented on chitosan can act as adsorption sites.
However, its characteristics, including low porosity, soft in its nat-
ural form and having a tendency to agglomerate and form gels,
pose a problem in wastewater treatment processes when chitosan
was used for the removal of metal ions. Recently, great attention
have been paid to the chemical modification of the surface of chi-
tosan with certain functional groups, as it can evidently improve
the physical and chemical properties of chitosan [10-12].

In recent years, hyperbranched polymers represented by
‘dendrimers’ have received considerable attention because of
their multifunctional properties and high potentials in medical
applications, host-guest chemistry, and dendritic catalysts [13].
Introduction of hyperbranched polymers into CTS will result in
many kinds of novel functional materials [14-16].

In our previous work [17], a series of ester- and amino-
terminated chitosan functionalized with dendrimer-like PAMAM
polymers were synthesized via a divergent method. Their adsorp-
tion capacities for Au3*, Pd2*, Pt**, Ag*, Cu?*, Zn2*, Hg?*, Ni2* and
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Cd2* were investigated. As a further investigation, the present paper
aimed to give detailed results of the adsorption properties for Hg(II)
on amino-terminated chitosan functionalized with dendrimer-like
polyamidoamine polymers. The effect of acidity on adsorption,
the corresponding adsorption kinetics and thermodynamics were
investigated.
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Fig. 1. The synthesis of CTS-1.0, CTS-2.0 and CTS-3.0.
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3.0) was prepared according to our previous work [17], as shown
in Fig. 1. Stock solutions of Hg(II) (0.1 molL-1) were prepared by
dissolving Hg(NO3),-H,0 in 3% HNOs3 to avoid hydrolysis. Nitric
acid solution and acetic acid/sodium acetate buffer solution were
used for pH adjustment. All the reagents were analytical grade and
distilled water was used to prepare all the solutions.

Infrared spectra (FTIR) of samples were obtained in the range
0f 4000-400 cm~! with a resolution of 4 cm~1, by accumulating 32
scans using a Nicolet MAGNA-IR 550 (series II) spectrophotome-
ter. KBr pellets were used for solid samples. The concentration
of Hg(Il) was determined using a 932B-model atomic absorption
spectrometer (AAS, GBC, Australia), equipped with air-acetylene
flame. The operating parameters are as follows: lamp current,
3.0mA; slit width, 0.5nm; wavelength, 253.7 nm; sensitivity,
1.60 pgmL-1.

2.2. Adsorption experiments

Batch adsorption experiments were carried out by shak-
ing 0.05g of adsorbent with 20mL of an aqueous solution of
metal ions at a fixed concentration (250.74, 501.48, 1002.59,
1504.425 or 2005.90mgL-1), desired pH and temperature in
a THZ-C-1 shaking incubator. The agitation rate was 100 rpm.
After adsorption, the adsorbent was filtrated and the concen-
tration of Hg(Il) ions in filtrate was determined using atomic
absorption spectrophotometer (GBC-932). Before all adsorption
experiments, swelling experiments were conducted in order to
increase the adsorption capacities. In these experiments, 0.05 g of
adsorbents was swollen for 3 hin 19 mL of buffer solution at desired
pH.

2.3. Effect of pH on adsorption

The adsorption experiments were performed at pH 1.0-6.0 and
25°C by shaking 0.05 g of adsorbents with 20 ml (1002.95mgL~1)
Hg(Il) ion solution for 24h at 100rpm. The solutions used for
adjusting the pH values of the medium were nitric acid solution
(pH 1.0-2.0) and acetic acid/sodium acetate buffer solutions (pH
3.0-6.0). For comparison, two sets of adsorption experiments were
carried out with swollen adsorbent and non-swollen adsorbent.
The amount of the metal adsorbed (mg) per unit mass of CTS-1.0,
CTS-2.0, CTS-3.0 (g), ge, was obtained using the equation

(G -GV
Qe = —w (1)
where Cp and C, are the initial and equilibrium concentrations of the
metal ions (mg mL-1), respectively, V is the volume of the solution
(mL); and W is the weight of adsorbents (g) (CTS-1.0, CTS-2.0, CTS-
3.0).

2.4. Adsorption isotherms

The adsorption isotherms were investigated using
0.05g of adsorbents with various Hg(Il) ion concentrations
(250.74-2005.9 mgL~1) and a contact time of 24 h at pH 5.0, 25 °C.

2.5. Adsorption kinetics

The adsorption kinetics was studied using 0.05g of adsor-
bents at pH 5.0, 5-35°C. The initial Hg(Il) ions concentration was
1002.95mgL-1. At various time intervals, the adsorbent was fil-
trated and the concentrations of Hg(Il) ions in solutions were
determined.
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Fig. 2. Effect of pH on the adsorption of Hg(Il) on swollen adsorbents (CTS-1.0, CTS-
3.0) and non-swollen adsorbents (CTS-1.0, CTS-2.0 and CTS-3.0). Test conditions:
25°C, initial Hg(II) ion concentration of 1002.95mgL-".

3. Results and discussion
3.1. Effect of pH on adsorption

As we know, the pH of a solution is commonly an important
parameter affecting adsorption of metal ions on adsorbents, as it not
only affects metal species in solution but also influences the surface
properties of the adsorbents in terms of dissociation of functional
groups and surface charges. Therefore, the effect of solution pH on
the adsorption capacities of Hg(Il) on the three adsorbents (CTS-1.0,
CTS-2.0 and CTS-3.0) was investigated. At the same time, the effect
of swelling the adsorbents in solution was investigated choosing
CTS-1.0 and CTS-3.0 as representatives. As shown in Fig. 2, the three
non-swollen adsorbents exhibited good adsorption capacities for
Hg(II) at the pH range of 2.0-6.0, while the adsorption capacities of
swollen adsorbents were much higher than those of non-swollen
adsorbents. The reason is that Hg(II) adsorbed on the surface of non-
swollen adsorbents hindered the diffusion of other Hg(II) ions. For
swollen adsorbents, mercury (II) could easily access to the internal
active sites, due to the expansion of pores in adsorbents after the
swelling step. Obviously, swelling experiments were very necessary
for improving the adsorption capacities.

Moreover, the adsorption capacities at adsorption equilibrium
increased with the increase of the solution pH values, particularly
in the pH range of 1.0-5.0. It was thought that the lower adsorption
capacities of Hg(II) ions at low solution pH values was due to the
competitive coordination effect of the H* ions with -NH, on the
surface of adsorbents [18].

The maximum adsorption capacities were achieved at pH 5.0
in the range of 1.0-6.0 examined. Consequently, all the following
experiments were performed at pH 5.0 using swollen adsorbent.

3.2. Adsorption isotherms

The adsorption behaviors of Hg(Il) ion on CTS-1.0, CTS-2.0, and
CTS-3.0 at pH 5.0 and 25°C were shown in Fig. 3. In order to well
understand the adsorption behaviors, herein we employed Lang-
muir and Freundlich equations to fit the experimental data. The
Langmuir equation can be expressed as:

C GCe 1

G q ki
where ¢ is the equilibrium concentration of Hg(Il) ion on the
adsorbent (mgg=1), C. is the equilibrium concentration of Hg(II)
ion in solution (mgL-1), q is the maximum capacity of adsorbent
(mgg~1), and K; is the Langmuir adsorption constant (Lmg~1).
The Freundlich equation, which is an empirical equation used to

(2)
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Fig. 3. Adsorption isotherms of Hg(II) on CTS-1.0, CTS-2.0, and CTS-3.0 at 25°C.

Table 1
Parameters of Langmuir and Freundlich isotherm for adsorption of Hg(Il) on the
adsorbents (CTS-1.0, CTS-2.0, CTS-3.0) at 25°C.

Adsorbents Freundlich Langmuir

n Kr(Lmg™') R? gn (mgg™') K (Lmg™') R?
CTS-1.0 29886 65.31 0.6985 526.32 0.04257 0.9933
CTS-2.0 42340 76.81 0.9830 431.03 0.01221 0.9610
CTS-3.0 3.4014 41.50 0.9014 413.22 0.004817 0.9211

describe heterogeneous adsorption systems, can be represented as
follows:

In ge =1In I<F+lnTCe 3)

where ¢, is the equilibrium concentration of Hg(Il) ions on the
adsorbent (mgg~'), Ce is the equilibrium concentration of Hg(II)
ion in solution (mgL~1), Ky is Freundlich constant (Lmg~1!), and n
is the heterogeneity factor.

According to Egs. (2) and (3), the corresponding Langmuir and
Freundlich constants and correlation coefficients (R?) were listed
in Table 1. It can be concluded that the equilibrium data fitted
both Langmuir and Freundlich equations. From the correlation coef-
ficients, it was found that the experiment data fitted Langmuir
equation better than Freundlich equation, revealing the adsorption
of Hg(Il) ions on the adsorbent obeyed the Langmuir adsorption
isotherm (Fig. 4). This suggests that the reaction between the
adsorbent and the sorbate remained the same over the range of
concentrations tested [19]. The above fact shows that the adsorp-
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Fig. 4. Langmuir isotherms of Hg(II) on CTS-1.0, CTS-2.0, and CTS-3.0 at 25°C.

tion of Hg(Il) on the three adsorbents is attributed to monolayer
adsorption.

In addition, it was noteworthy that the equilibrium concentra-
tion of Hg(Il) ion on CTS-1.0 or CTS-2.0 was almost undetectable
when the initial concentration of Hg(Il) ion was less than
500 mg L1, revealing that the adsorbents CTS-1.0 and CTS-2.0 were
quite efficient for the adsorption of Hg(II) ions.

3.3. Adsorption kinetics

Adsorption kinetics studies were carried out to determine the
uptake rates of Hg(II) on the adsorbents and get access to the equi-
librium time. Fig. 5 shows the adsorption kinetics of CTS-1.0, CTS-2.0
and CTS-3.0 for Hg(II) at 5-35°C.

As shown in Fig. 5, the adsorption capacities of CTS-1.0, CTS-2.0
and CTS-3.0 for Hg(Il) at 5-35°C increased with the extension of
contact time. From these data, the equilibrium time for the adsorp-
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Fig. 5. Adsorption kinetics of Hg(Il) on CTS-1.0, CTS-2.0, and CTS-3.0 at different
temperatures.



796

F. Ma et al. / Journal of Hazardous Materials 172 (2009) 792-801

Fig. 6. SEM images showing the overall morphologies of (A) CTS, (B) CTS-1.0, (C) CTS-2.0 and (D) CTS-3.0
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Table 2

Linearized forms of the homogeneous diffusion model (HDM) and shrinking
core model (SCM) for ion-exchange/sorption kinetics (X represents the fractional
approach to equilibrium: q(t)/qe).

Model and controlling step F(X), y-axis X-axis
HDM-FD —In(1-X) t
HDM-PD —In(1-X2) t
t

SCM-FD X fo c(t) dt
SCM-PD 3-3(1 — X283 —2X N "ty de
SCM-CR 1-(1-X)13 I "C) de

2

=4

o 35°C
0.0 R — e A
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Fig.8. Linearization of kinetic data using homogeneous diffusion model (HDM) with
film diffusion (FD) of Hg(II) adsorption on CTS-1.0, CTS-2.0, and CTS-3.0.

tion of Hg(II) under the given test conditions can be evaluated to
be 2 h for CTS-1.0 and 3 h for CTS-2.0 and CTS-3.0. For all the three
adsorbents, the adsorption capacities increased with the increase
of temperature. The order of adsorption capacities at a given tem-
perature was: CTS-1.0 > CTS-2.0 > CTS-3.0, indicating the adsorption
capacities decreased with the increase of the generation number of
hyperbranched polyamidoamine polymers.

In general, the adsorption procedure of adsorbents for metal ions
is considered to take place through two mechanisms of film diffu-
sion and particle diffusion [20,21]. Usually, the Boyd et al. [20] and
Reichenberg [21] equations are used to analyze the experimental
data for distinguishing film diffusion from particle diffusion con-
trolled adsorption, but the model is suitable to spherical sorbents.
It was found that in this work the higher the generation number, the
finer the product particles. The fine particles were then treated as
spherical materials, and the Boyd and Reichenberg equations were
ever attempted to analyze the experimental data in this work, but
the results were not ideal (the results were not shown). Morpholo-
gies of the CTS and the products obtained from each synthesis step
were characterized by SEM. As shown in Fig. 6, compared to the
relatively thin and curled flake before functionalization, the prod-
ucts (CTS-1.0, CTS-2.0 and CTS-3.0) became thick and stretched, but
the overall morphology of products was still flake-like. The model
which is suitable for flake-like materials is expected.

The uptake of adsorbate by the sorbent from solutions involves
several steps, including (i) bulk diffusion, (ii) film diffusion, (iii)
intraparticle diffusion, and (iv) sorption and/or ion-exchange pro-
cess. The complete modeling of adsorption is very complex because
it is necessary to take into account various components, includ-
ing not only diffusion steps but also boundary conditions (e.g. the
equilibrium at the solid-liquid surface). It was proposed that the
conventional models were less accurate for chitosan flake mate-
rial, whose shape (tablets rather than spheres) and porosity (weak
porosity) are very different from conventional materials [22]. To
solve the problem, simplified models have been developed. Guibal
[22] reviewed various simple kinetic models, including the homo-
geneous diffusion model (HDM) based on Fick’s law controlled
by film diffusion (FD) or particle diffusion (PD) and the shrinking
core model (SCM) controlled by film diffusion, particle diffusion, or
chemical reaction (CR). As shownin Fig. 7,in HDM, the species in the
solution diffuse across the liquid film surrounding the particle (this
step was defined as (I) in Fig. 7), transfer across the solution/particle
surface, diffuse into the bulk of the particle, and possibly interact
with the ligands fixed on the particle surface (the step (II)). In SCM,
if the rate of ion exchange is governed by the diffusion through
the shell region at quasi-steady-state conditions, e.g., this model
assumes a sharp boundary between the reacted shell of the particle
and the unreacted core (Table 2) [23]. In this paper, the homoge-
neous diffusion model controlled by film diffusion (HDM-FD) was

Table 3
Parameters of homogeneous diffusion model (HDM) with film diffusion (FD).
Adsorbents T(°C) Linear equation Correlation Intercept
coefficient, R? error
5 y=0.0152x + 1.6885 0.9876 0.1174
CTS-1.0 15 y=0.0284x+1.7054 0.9878 0.1215
- 25 y=0.0455x +1.7411 0.9831 0.1300
35 y=0.0540x +2.0422 0.9599 0.1983
5 y=0.0372x +1.5872 0.9776 0.2010
ershlo 15 y=0.0294x +1.7490 0.9942 0.0803
e 25 y=0.0260x +1.2600 0.9828 0.1322
35 y=0.0438x+2.0516 0.9128 0.3300
5 y=0.0109x +0.7472 0.9841 0.0755
CTS-3.0 15 y=0.0118x +0.7982 0.9082 0.2900
> 25 y=0.0298x +0.9505 0.9746 0.1365
35 y=0.0186x +1.0742 0.9360 0.2323
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attempted to describe the adsorption kinetics of Hg(II) on CTS-1.0,
CTS-2.0,and CTS-3.0, and the results are shown in Fig. 8. The param-
eters of HDM-FD model were given in Table 3. As can be seen from
Table 3, the HDM-FD model provided good correlation coefficients
R? for all adsorbents almost at the temperature range studied, sug-
gesting the HDM-FD model was suitable to describe the adsorption
kinetics of CTS-1.0, CTS-2.0 and CTS-3.0 for Hg(II).

3.4. Adsorption kinetics models

The kinetics parameters, such as the rate constants and equi-
librium adsorption capacities, which can provide valuable insights
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Fig. 9. Pseudo-second-order kinetic plots of Hg(Il) on CTS-1.0, CTS-2.0, and CTS-3.0
at different temperature.

into the design of water treatment process, are of great impor-
tance for the application of adsorbents. Both pseudo-first-order and
pseudo-second-order models can be used to express the adsorption
process of CTS-1.0, CTS-2.0 and CTS-3.0 for Hg(II).

The pseudo-first-order and pseudo-second-order models can be
expressed by Eqgs. (4) and (5), respectively:

k]
log(qe — q) = log qe — 53030 (4)
t 1 1
t_ L= 5
q kzqg qe )

where q. (mgg~!) is the amount of metal adsorbed at equilibrium
per unit weight of adsorbent, ¢ (mgg~1) is the amount of metal
adsorbed at any time, k; (min~!) and k, (gmmol~! min~!) are
the rate constants of pseudo- first-order and pseudo-second-order
adsorption.

The plots of log (ge — q) versus t and t/q versus t were employed to
test the pseudo-first-order and pseudo-second-order models, the
results of testing the pseudo-second-order models were shown in
Fig. 9. The fitting results were given in Table 4.

As can be seen from Table 4, the pseudo-second-order model
provided better correlation coefficients than the pseudo-first-order
model for all the adsorbents at any temperature studied, suggesting
the pseudo-second-order model was more suitable to describe the
adsorption kinetics of CTS-1.0, CTS-2.0 and CTS-3.0 for Hg(II). At the
same time, the fact of equilibrium adsorption capacities calculated
(qeca) depending on the pseudo-second-order model much closer
to the experimental data ge exp also proved the suitability of pseudo-
second-order model.

3.5. Determination of AG, AH and AS

Data from the kinetics adsorption experiments were used to
determine the values of AH and AS. The partition coefficients (K;)
of each temperature were derived from the following equation:

CAe
Ke=— 6
= (6)
where C, is the equilibrium concentration in solution (mgL-1) and
Cae the solid phase concentration at equilibrium (mgL-1).

By plotting InK. versus 1/T as shown in Fig. 10, the changes
of enthalpy and entropy could be obtained from the slope and
y-intercept using the following Eq. (7):

In 1<C:_(%) (%) +% )
3.0
201
Q
é 1.04

0.0034 0.0036

Inverse Temperature (1/K)

0.0032 0.0033 0.0035

Fig.10. Enthalpy and entropy change determination for Hg (II) adsorption to CTS-1.0,
CTS-2.0 and CTS-3.0.
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Table 4
The adsorption kinetic rate constants for CTS-1.0, CTS-2.0, and CTS-3.0 at different temperature.
Adsorbents T(°C) Qeexp (Mgg") Pseudo-first-order model Pseudo-second-order model
Gecal (MgE™) ki (min~") R? Gecal (Mgg™") kz (gmg " min") R?
5 332.52 59.76 0.013357 0.9178 331.12 0.001550 1
e 15 343.30 42.42 0.019806 0.8997 334.83 0.001690 1
o 25 375.02 44.93 0.030630 0.8971 377.36 0.002080 1
35 397.60 20.15 0.014739 0.6997 398.41 0.003405 1
5 205.84 31.03 0.028097 0.9292 207.04 0.003060 1
CTS-2.0 15 212.54 32.26 0.025333 0.9823 213.68 0.002740 1
- 25 282.62 80.17 0.026024 0.9828 285.71 0.001080 0.9999
35 292.58 17.78 0.014509 0.6991 259.07 0.000720 1
5 146.54 61.77 0.008982 0.9555 149.48 0.000502 0.9993
5 15 163.48 76.91 0.011745 0.8957 165.56 0.000522 0.9990
= 25 232.20 59.88 0.017503 0.8781 234.74 0.000992 0.9999
35 255.54 87.3 0.018654 0.9360 259.07 0.000719 0.9997
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Fig. 11. Proposed structure of Hg?* chelation on CTS-1.0, CTS-2.0 and CTS-3.0.
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where R is the gas constant (8.314] mol-1K-1), and T is the tem-
perature in Kelvin. AG was calculated at each temperature by Eq.
(8):

AG = AH -TAS (8)

The Gibbs free energy change (AG), enthalpy change (AH)
and entropy change (AS) were shown in Table 5. The enthalpy
change for Hg(Il) adsorption on CTS-1.0, CTS-2.0, and CTS-3.0 were
29.250, 23.427 and 27.399 k] mol~1, respectively, indicating that in
all cases Hg(Il) ions adsorption on CTS-1.0, CTS-2.0, and CTS-3.0
were endothermic. This result was consistent with the case that, for
each adsorbent, the adsorption capacities of Hg(Il) ions increased
with the increasing of temperature. Moreover, enthalpy change

Table 5
Isothermal parameters of Hg(Il) adsorption on CTS-1.0, CTS-2.0, and CTS-3.0.
Adsorbents T(°C) AG (kJmol-1) AH (k] mol-1) AS (Jmol—')
5 —3.42 29.25 117.52
15 —4.60
SEg 25 -5.77
35 —6.95
5 0.14 2343 83.76
15 —0.69
CTS-2.0 25 153
35 —2.37
5 1.49 27.40 93.20
15 0.56
s 25 ~037
35 -1.30

value is useful for distinguishing physisorption or chemisorption.
Physisorption is typically associated with heats of adsorption in the
2.1-20.9 k] mol~! range, while chemisorption is typically associated
with much larger AH values (i.e. 20.9-418.4 k] mol~1) [24,25]. The
sorption heat of Hg(Il) are in the range 0f 20.9-418.4 k] mol~!, which
suggests that the adsorption processes of Hg(Il) on CTS-1.0, CTS-2.0,
and CTS-3.0 were taken place via chemisorptions.

It is well known that N ligand possesses affinity to adsorb Hg(II)
which belongs to soft acid. The adsorbents (CTS-1.0, CTS-2.0, CTS-
3.0) possess tertiary amine, secondary amine and primary amine
which can serve as a ligand for Hg complexation under moderate
affinity. The proposed chelation structures of Hg2* by adsorbents
(CTS-1.0, CTS-2.0, CTS-3.0) were shown in Fig. 11(a). The Hg(II) may
chelate with four N atoms (I) or five N atoms (II). Theoretically, the
adsorption capacities of adsorbents for Hg(II) should increase with
the increasing of generation number of dendrimer-like PAMAM
polymers grafted on chitosan. However, the investigation of the fact
proved the contrary (Fig. 2). This phenomenon might be explained
as follows: (I) the steric hindrance and the degree of crosslinking
in the structure of higher generation are higher than those of the
lower generation [17], and (II) the N atoms on the surface of adsor-
bents chelated with Hg(II) (Fig. 11(b)), which makes it harder for
Hg(II) to diffuse into the interior of higher generation polymers.

The negative AG values indicated the spontaneous nature of
the adsorption process. The increase in AG values with increase
in temperature shows an increased feasibility of adsorption at
higher temperature. The AG values for the Hg(Il) adsorption on
CTS-1.0 were negative at 5-35°C, indicating that the adsorption
process was spontaneous. Different from CTS-1.0, the negative val-
ues of AG for CTS-2.0 and CTS-3.0 appeared at higher temperature
ranges (i.e. 15-35 °C for CTS-2.0 and 25-35 °C for CTS-3.0), meaning
that their spontaneous adsorptions only occurred at higher tem-
perature. It is noteworthy that the values of AG for CTS-2.0 and
CTS-3.0 at lower temperature are positive. A similar phenomenon
was found in the adsorption of Au(III) on chitosan-coated magnetic
nano-adsorbent by Chang and Chen [26], which was attributed by
these authors to the presence of an energy barrier in the adsorp-
tion process and to the activated complex in the transition state in
an excited form. The positive AS values suggest an increase in the
randomness at the solid/solution interface during the adsorption
process.

FTIR analysis is a useful technology in exploring the adsorption
behaviors of metal ions on adsorbents. In order to further con-
firm the adsorption mechanism of CTS-1.0, CTS-2.0, and CTS-3.0 for
Hg(Il), the changes of characteristic absorption peaks in adsorbents
before and after adsorption were investigated by FTIR. CTS-1.0 was

1384.28

4000 3000 2000 1000

Wavenumber (cm-1)

Fig. 12. FT-IR spectra of CTS-1.0 before (a) and after (b) adsorption for Hg(1I).
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chosen as a representative as it has similar functional groups and
structures to CTS-2.0 and CTS-3.0 [17]. Fig. 12 shows a FTIR profile
of CTS-1.0 before and after loading with Hg(Il) ions solution. The
weakening of peaks at 1640 cm~! attributed to the characteristic
peak of -NHCO and -NH, and appearance of new peak at 824 cm™!
assigned to dNHs3* can be considered as the evidence of the coordi-
nation of -NHCO and -NH, with Hg(II). It is also observed that a very
strong new peak at 1384.28 cm~! occurred in the FTIR spectrum of
CTS-1.0 after adsorption in Fig. 12(b). The peak at 1384.28 cm~! isa
characteristic peak for the stretching vibration of NO; in the NO3~
ions [27]. The results of FTIR analysis further demonstrated that the
adsorption of CTS-1.0, CTS-2.0, and CTS-3.0 for Hg(Il) were carried
out through chemisorption mechanism, which is consistent with
the deduction in Section 3.3.

4. Conclusions

The following major conclusions can be drawn based on the
above study:

(1) The optimum pH corresponding to the maximum adsorption
was found to be 5.0 for CTS-1.0, CTS-2.0 and CTS-3.0. The
adsorption capacities of adsorbents for Hg(Il) decreased with
the increase of generation number of dendrimer-like PAMAM
polymers grafted on chitosan.

(2) The isotherm adsorption data of the Hg(Il) on adsorbents
CTS-1.0, CTS-2.0 and CTS-3.0 at 25°C were well fitted by the
Langmuir model.

(3) The adsorption kinetic study indicated that pseudo-second-
order rate model providing an excellent fitting of CTS-1.0,
CTS-2.0 and CTS-3.0 for Hg(Il) over the temperature range of
5-35°C and the film diffusion might be involved in the adsorp-
tion process.

(4) The Hg(Il) adsorptions process of CTS-1.0 was spontaneous over
the temperature range studied, but those of CTS-2.0 and CTS-
3.0 only at higher temperatures. All the adsorption processes
exhibited endothermic, monolayer and chemical adsorption in
nature.
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