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The adsorption ability of activated carbon, chitosan, and chitosan/activated carbon
composite for cadmium separation from aqueous solution was analyzed via
statistical physical modeling. The equilibrium data were analyzed by the Langmuir,
Hill, double layer model, and multi-layer model with saturation isotherm models. The
results showed that the multi-layer model with saturation could well describe the
data. The number of adsorbate ions per site, the receiver site density, the number of
formed layers, and the energies of adsorption relative to the different layers were
estimated by numerical simulation. The results showed that the chitosan/activated
carbon had a higher receiver site density and a higher amount of adsorbed ions than
the other two adsorbents. The results showed that the cadmium adsorption onto the
activated carbon/chitosan composite was a monolayer and exothermic process.
With increasing temperature, the amount of cadmium adsorption decreased due to
the fact that the number of receiver adsorption sites decreased. Also, the statistical
physics modeling indicated that the geometry of the cadmium ions adsorbed onto

the adsorbent surface was parallel.

1. Introduction

The presence of heavy metals in water is an environmental
concern because of their toxic impact on humans, animals
and plants, plus they tend to bioaccumulate. Cadmium is
one of the most ubiquitous heavy metals released into the
environment via a number of industrials activities such as
refineries, printing, production of electric batteries and
pigments etc. [1-5]. The existence of cadmium in aquifers
threatens human health and the aquatic ecosystem.
Cadmium can damage the nervous system, kidneys, and
reproductive system [6]. According to global standards, the
maximum limit for cadmium in drinking water is 0.005 mg/L
[7]. So far, different separation methods have been
investigated for removing heavy metals from water [8-14].
The research results have shown that the adsorption
separation method is a process with high separation
efficiency, low cost, and its simplicity [15,16]. With the
increase in global awareness regarding environmental
pollution, there is a growing demand for novel adsorbents
characterized by high performance and efficiency for
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removing heavy metals from aqueous systems. Among the
various adsorbents reported in the literature, active carbon
and chitosan have a high adsorption capacity for the
separation of heavy metals [17-18]. There are several
important questions concerning the adsorption process.
They include the number of adsorbate ions/molecules that
are adsorbed onto one adsorption site of the adsorbent, the
number of the receiver adsorption sites, and the number of
formed adsorption layers. In order to evaluate these
parameters, it is necessary to evaluate the microscopic
characteristics of the adsorption process. Sellaoui et al.
stated that these characteristics can be described using
statistical physics modeling [19]. In this work, the
microscopic behavior of cadmium adsorption onto
activated carbon, chitosan, and chitosan/activated carbon
composite was evaluated by means of statistical physics
modeling. For this purpose, the adsorption equilibrium data
were analyzed via the Langmuir, Hill, Double layer and
Multilayer with saturation models.
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2. Material and methods
2.1. Materials

In this research work, chitosan flakes were purchased from
the Fluka Company. The commercial activated carbon was
supplied by the Hashemi Nejad gas refinery (Khorasan,
Iran). The chitosan/activated carbon composite was
synthesized according to a procedure described in our
previous paper [6]. The cadmium nitrate was purchased
from the Merck Company. The hydrochloric acid and
sodium hydroxide solutions were applied to adjust the
initial pH of the metal solutions.

2.2. Equilibrium adsorption tests

The dried adsorbent was placed into glass Erlenmeyer flasks
which contained the cadmium solution with the initial
concentration between 10 - 100 mg/L. The initial pH of the
metal solutions was 6. After shaking it for 24 h, filtration was
done; the concentration of cadmium ions in the filtrate was
detected by using Inductively Coupled Plasma (ICP) and
used for analyzing the equilibrium data. These equilibrium
tests were conducted at room temperature [6].

2.3. The adsorption isotherms for statistical physical
modelling

Different equilibrium isotherms have been proposed to
investigate the microscopic analysis of the adsorption
process including the Langmuir, Hill, Double layer, and
Multilayer model with saturation. The Langmuir isotherm is
an empirical model and assumes that one adsorption layer
is formed in the adsorption process. The mathematical
description of this isotherm is as follows:
AmaxKLCe
e = T1+KLCy (1)
where ge (mg/g) and C. (mg/L) are the quantity adsorbed
onto the adsorbent surface and the equilibrium
concentration of the adsorbate that remained in the
solution after adsorption, respectively. K; (L/g) is the
Langmuir constant and gmax (Mg/g) is the quantity adsorbed
when the adsorbent surface is saturated. This model does
not describe the other information such as the number of
adsorbed ions/molecules onto 1 adsorption site and the
number of the receiver adsorption sites of the adsorbent.
For this reason, the model was modified and the Hill model
was presented. In this model, it is assumed that an
adsorption layer is formed onto the adsorbent surface, and
the number of molecules or ions adsorbed in each pore is
different. It is possible to determine the number of
adsorbed ions/molecules onto 1 adsorption site by using
this isotherm model. The mathematical relationship of the
Hill model is as follows [19]:
Qo
qe = 14+ (Cli)n (2)
Ce

This model has three parameters that must be adjusted.
These include the amount adsorbed at the monolayer

formed at the adsorbent surface (Qy mg/g), the
concentration of adsorbate at the half-saturation state of
the adsorbent surface (c;z mg/L), and the number of
adsorbed ions/molecules onto one adsorption site (n). In
this model, it is assumed to be a single-layer adsorption
process. So, to investigate the possibility of forming more
than one layer, two other models were also used to analyze
the data: double layer model with two adsorption energies
and Multilayer model with saturation. In the double layer
model, it is assumed that the adsorption process takes place
at two adsorption layers. Also, it is assumed that the
adsorption energies of these two adsorption layers are
different: ¢; for the first layer and e, for the second one. The
energy of the first adsorption layer is higher than that for
the second layer [19].
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In this equation, N, (number per unit surface) is the number
of the receiver adsorption sites onto the adsorbent surface,
and n is the number of adsorbed molecules or ions onto 1
adsorption site. The parameters c¢; and c; represent the
adsorbate concentration at the half-saturation state for the
first and second adsorption layers formed onto the
adsorbent surface, respectively. Equation (4) presents the
multilayer model with saturation
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In the multilayer model with saturation, it is supposed that
the adsorbate molecules orions in the first adsorption layer
are adsorbed onto the adsorbent surface by &; (kJ/mol)
energy, and the molecules or ions in the other layers are
adsorbed by ¢, (kJ/mol) energy. In this isotherm model,
(N+1) presents the number of formed adsorption layers
onto the adsorbent surface. The c¢; and ¢, parameters can
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be used to determine the adsorption energy per mol of
adsorbate (kJ/mol) for each adsorption layer as follows [19-
20]:

c
g = —kgTin <C—z> (5)
- _ &
& = —kgTin <Cs) (6)

The Cs (mg/g) is the solubility of the adsorbed molecules or
ions in the water. The &; (kJ/mol) is the adsorption energy
for the first layer and &, (kJ/mol) is the energy related to the
second layer of adsorption process. The first adsorption
layer is formed through the interaction of the
molecules/ions of the adsorbate with the functional groups
of an adsorbent surface. But the subsequent adsorption
layers are created by the interaction between the
molecules/ions of the adsorbate (Figure2 in [19]). The n
parameter indicates the geometry of the adsorbate
molecules or ions onto the the surface of the adsorbent.
Also, n can be used to estimate the degree of aggregation
of the adsorbate molecules orions [19]. When n <1, the one
molecule or ion of the adsorbate is shared onto two and/or
more adsorption sites. In this case, the geometry of the
adsorbate onto the adsorbent surface is parallel and the
adsorption process is a multi-adsorption site (anchorage)
process. In this case, it can be said that the adsorbate
molecules or ions are adsorbed onto both sides of the walls
of the pore [21]. When n >1, two or more molecules or ions
of adsorbate are adsorbed onto 1 adsorption site, and the
geometry of adsorbate onto the adsorbent surface is
inclined so that the aggregation of adsorbate molecules or
ions occur. In this case, the adsorption process is a multi-
adsorbate molecule process.

2.4. Determination of isotherm parameters

All the parameters of these statistical physics models are
determined via MATLAB 2011 by minimizing Marquardt’s
percent standard deviation (MPSD). This parameter is used
to test the adequacy and accuracy of the fit of these
isotherm models with the experimental data. Based on the
obtained results, the regression coefficient, R?, was
calculated for all the equilibrium models. The MPSD
equation was calculated as [22]:

MPSD =100 x

m np

x \/((2{21 qg,i,exp) - (2?21 qe,i,cal)>2

N
Zi=1 qg,i,exp

(7)

In this relationship, n, and n, are the number of the
experimental points and parameters, respectively. Also, the
subscript ‘exp’ and ‘cal’ show the experimental and
calculated values of g, respectively.

3. Results and discussion

3.1. Comparison between activated carbon, chitosan and
chitosan/activated carbon composite

The adsorption equilibrium data for cadmium adsorption
onto the activated carbon, chitosan and chitosan/activated
carbon composite were analyzed using the Langmuir, Hill,
double layer and multilayer with saturation isotherm
models. The parameters and R? values for these statistical
physics models are presented in Table 1. The R? values
indicate that the equilibrium adsorption of cadmium onto
all the adsorbents can be described well with the multilayer
with saturation isotherm model. Figure 1 presents the
experimental data and the calculated data using the
multilayer with saturation model. The data presented in this
figure indicate that the multilayer model with saturation
can describe well the equilibrium manner for cadmium
adsorption onto activated carbon, chitosan and
chitosan/activated carbon composite.

The statistical physics modeling result shows that the
number of adsorbed ions of cadmium onto these
adsorbents (n) is lower than 1; this means that the geometry
of cadmium ions adsorbed onto the adsorbent surface is
parallel and the cadmium ions are adsorbed onto both sides
of the walls of the pore (Figure 2). The result shows that the
adsorption ability of the chitosan/activated carbon
composite toward the cadmium ions is greater than the
other two adsorbents; the number of receiver adsorption
sites onto the adsorbent (N,) is greater for
chitosan/activated carbon composite. Also, the number of
cadmium ions adsorbed onto one adsorption site is higher
for the chitosan/activated carbon composite. In general, n
and N, depend on the physico-chemical properties of the
adsorbate ions and adsorbent surface [23]. The physical-
chemical properties of these adsorbents are reported in our
previous papers [6,15]. The chitosan/activated carbon
composite has different kinds of surface functional groups
(amine and amide groups of chitosan, carboxylic and
carbonyl groups of activated carbon) and therefore, this
adsorbent has a high potential for cadmium adsorption via
chemical interactions. Hence, the number of receiver
adsorption sites for the adsorption of cadmium is high.
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Fig 1. The adsorption isotherms for cadmium adsorption onto Chitosan, Activated carbon, Chitosan/activated carbon chitosan (Points:
Experimental data; Lines: Calculated data from models: a: Multilayer with saturation model; b: Langmuir)
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Fig. 2. Anchorage scheme for the Cadmium (Il) onto adsorbent

surface

Table 1 indicates that the total number of the formed layer
is about 1. This means that the cadmium adsorption process
is a monolayer adsorption process. Cadmium exists as Cd?*
cationic species along the pH <7 and the metal complexes
precipitate at a pH = 7. Therefore, due to repulsion between
cadmium cationic species, the second layer does not form,
and the adsorption process occurs as a monolayer
adsorption process. The adsorption energies per mole of
cadmium ions adsorbed onto the adsorbents are shown in
Table 2. The values of the adsorption energies are negative,
meaning that the adsorption process of cadmium onto
these adsorbents is exothermic. In this exothermic process,
the cadmium ions release energy when adsorbed by the
surface functional groups of the adsorbent and give this
energy to water (solvent) [24].

Table 1. The constant parameters of Langmuir, Hill, Double Layer, and Multilayer with Saturation model

Multilayer with Saturation model

Parameters n Np, ¢ c N R?
Carbon 0.3591 26.99 1.0094 13.3771 0.486 0.999476
Chitosan 0.3341 23.67 1.2594 10.3771 0.5562 0.998304
Chitosan/Activated carbon composite 0.5201 68.6152 0.07 1.06 0.1865 0.999283
Double Layer Model
Parameters n Np, ¢ c R?
Carbon 1.114 7.035 7.066 5.9032 0.988236
Chitosan 1.5204 4.2156 10.5254 8.7229 0.982805
Chitosan/Activated carbon composite 6.1209 3.332 0.9485 2.2622 0.988876
Hill Model
Parameters n q €12 R?
Carbon 0.647 104.622 459.4171 0.972
Chitosan 1.008 1.04E+06 1.53E+06 0.911
Chitosan/Activated carbon composite 0.4998 180.6413 746.2298 0.978
Langmuir Model
Parameters QGmax K, R?
Carbon 10.3 0.24 0.96
Chitosan 10 0.25 0.99
Chitosan/Activated carbon composite 50.5 1.36 0.99
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Table 2. The amount of cadmium adsorbed at saturation state
and the adsorption energy

Adsorbent Qsat(mg/g)  -e(ki/mol)  -e(ki mol/)
Activated carbon 14.40247 -34.7901 -28.3876
Chitosan 12.30666 -34.2419 -29.0168
Chitosan/activate

d carbon 42.34235 -41.4018 -34.6689
composite

The amount of adsorption energy for the cadmium
adsorption onto the chitosan/activated carbon is greater
than the other two adsorbents, which is due to its high
ability to adsorb cadmium. For all the adsorbents, the
adsorption energy of the first layer is higher than that of the
second adsorption energy. This suggests that the adsorbate
ion-surface functional group interaction is stronger than the
interaction of the adsorbate ion-adsorbate ion. The
magnitude of the adsorption energy is greater than 40
(kJ/mol) for cadmium adsorption onto the composite, which
means the predominance of chemical adsorption [19].The
total amount of cadmium adsorbed at the saturation state
(Qsar mg/g) can be calculated as follows:

Qsat = NNy (1 + N) (8)

The calculated Q.+ for cadmium adsorbed onto carbon,
chitosan, and chitosan/activated carbon composite is
presented in Table 2. This data indicates the high potential
of chitosan/activated carbon toward cadmium ion removal
from aqueous solution.

3.2. The effect of temperature

Figure 3 presents the adsorption isotherms of cadmium
adsorption onto chitosan/activated carbon composite at
various temperatures. The amount of cadmium adsorbed
decreases by increasing temperature, which confirms that
the adsorption process is exothermic. The parameters of
the multilayer with saturation model at different
temperatures are given in Table 3. The data in Table 3
indicate that the number of cadmium ions adsorbed onto 1
adsorption site (n) increases with increasing temperature.
This behavior could be attributed to an increase in the ions
or the molecules colliding with increasing temperature [25].
Results showed that the N, value decreased with increasing
the temperature. It can be said that increasing the solubility
of cadmium nitrate with temperature, decreases the
amount of cadmium adsorption and thus decreases the
number of the receiver adsorption sites. When the solubility

increases, the forces of interaction between the cadmium
ions and solvent become stronger, and the amount of
adsorption is reduce [20]. A comparison of the adsorption
energy for the first adsorption layer at different
temperatures shows that the amount of released energy
decreases by increasing temperature due to a decrease in
the amount of cadmium adsorbed.
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Fig. 3. The adsorption isotherm of cadmium adsorption onto
chitosan/activated carbon composite at various temperatures
(Points: Experimental data; Lines: Calculated data from Multilayer
with saturation model)

4. Conclusions

The results of this research indicate that statistical physics
modeling is a suitable approach to describe the microscopic
characteristics of cadmium adsorption onto chitosan,

activated carbon, and chitosan/activated carbon
composite. In this method, the physical-chemical
parameters included in the adsorption process are

determined. The results show that cadmium adsorption
onto these adsorbents is a multi-adsorption site
(anchorage) process, and the geometry of cadmium ions
adsorbed onto the adsorbent surface is parallel. The values
of the adsorption energies indicate that the cadmium
adsorption is an exothermic process, and the amount of
cadmium adsorbed onto adsorbent surface decreases with
increasing temperature. Also, the results indicate that
cadmium adsorption onto chitosan/activated carbon
composite is a monolayer and chemisorption process.

Table 3. Effect of temperature on the cadmium adsorption onto chitosan/activated carbon composite

Temp. n Nm ¢ c2 N R? Qsat(mg/g) -£1 (kJ/mol) -£5 (kJ/mol)

25 ¢eC 0.455 78.615 0.07 1.06 0.186 0.9992 42.450 -41.579 -34.846

35¢eC 0.500 49.009 1.015 7.053 0.304 0.9993 31.998 -34.953 -30.150

45 2C 0.554 28.910 6.586 18.580 0.533 0.9994 24.561 -30.320 -27.751
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