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a b s t r a c t

A modified chitosan transparent thin membrane (MCTTM) was prepared and used as the adsorbent to
investigate the adsorption kinetics due to excellent capacity of removing copper ions in water solution.
The structure and morphology of MCTTM were characterized by SEM analysis and FTIR analysis. External
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mass transfer, intra particle diffusion, and pseudo-first and pseudo-second order models were used to
describe the adsorption process. The results obtained from the study illustrated that the adsorption
process could be described by the pseudo-second order model, which indicated adsorption process was
a chemical adsorption behavior of chelation ion exchange proved by the FTIR and adsorption free energy
analysis. External mass transfer and intra particle diffusion processes were the rate-controlling steps.
opper ions
dsorption kinetics

. Introduction

The increasing contamination of urban and industrial wastew-
ter by heavy metal ions is a worrying environmental problem
ecause of its toxic effect to plants, animals and human beings.
nlike the organic wastes, these inorganic pollutants are of consid-
rable concern because they are non-biodegradable, accumulated
n living tissues, highly toxic to cause various diseases and dis-
rders, and have a probable carcinogenic effect [1,2]. Copper is
n essential micronutrient, vital for the body in small quantity,
ut at high amounts (over 1.3 mg L−1) [3], it has been reported
o cause stomach and intestine problems, neurotoxicity, jaun-
ice, and liver toxicity [4]. Moreover, continued inhalation of
opper-containing sprays is linked with an increase in lung cancer
mong exposed workers [5]. This has motivated many stud-
es during the past several years toward the development of
ew processes for the treatment of containing copper ions efflu-
nts. Conventional techniques used for removal of heavy metal
ons from aqueous effluents, such as chemical precipitation, ion
xchange, electrodialysis, solvent extraction, membrane separa-

ion, have been found limited as some are incapable of reducing
he concentration to the required levels and often involve high
apital and operational cost and some may also generate sec-
ndary wastes which present treatment problems, such as the
arge quantity of sludge generated by precipitation processes [6,7].
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Adsorption is a physicochemical treatment process found effec-
tive in removing heavy metal ions from wastewater [2]. Low-cost
adsorbent required little processing, abundant in nature, or from
by-products and waste materials from other industries is available
[8].

Some studies focus on adsorptive membranes to remove heavy
metal ions from aqueous solutions. These membranes have reac-
tive functional groups on the membrane surface, including –COOH,
–SO3H, and –NH2 groups, which could bond with heavy metal ions
by forming surface complexation or ion exchange mechanisms [9].
Heavy metal ions can be removed when the ions are in contact
with the surface of the membrane, even when the pore sizes of
the membrane are much lager than the dimensions of the metal
ions. Adsorptive adsorbents prepared by polymer chitosan (CS)
have attracted obvious attentions in biomedical or biochemical
field for separation and purification, and in the environmental field
for the removal of heavy metal ions, such as the removal of protein
[4,10], the removal of dyestuffs [11,12], and adsorption of heavy
metal ions [3,9,13–16]. Chitosan is a heteropolymer with high con-
tent of amine (–NH2) functional group and remarkable availability.
It is composed of both glucosamine and acetyglucosamine units
and produced by the alkaline deacetylation of chitin presented in
insect cuticles and crustacean shells [4,11,17]. However, there are
few literatures found to prepare chitosan transparent thin adsorp-
tive membrane to remove lower concentrations of copper ions

in the solution. Previous work of this study has reported a novel
modified chitosan transparent thin membrane which presents
capacity to remove copper ions of lower concentrations by adsorp-
tion and performances to test heavy metal ions by color changing
[18].
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Nomenclature

am specific area of the MCTTM (m2 m−3)
c concentration of copper ions at equilibrium

(mg L−1)
c0 concentration of copper ions at initial (mg L−1)
cs solute concentration at the surface of adsorbent

(mg L−1)
C intercept (mg g−1)
Ce equilibrium concentration (mol m−3)
E adsorption free energy (kJ mol−1)
Ea Arhenius activation energy (J mol−1)
k0 frequency factor (g h mg−1)
k1 rate constant of the pseudo-first order model (h−1)
k2 rate constant of the pseudo-second order equation

(g h mg−1)
kf mass transfer coefficient between bulk solution and

solid surface (m h−1)
kV equation rate constant ((mg g−1)2 h−1)
kWM intra particle diffusion rate constant of Weber and

Morris (h−1/2)
m mass of the MCTTM added during adsorption pro-

cess (g)
q adsorption amount per mass MCTTM (mg g−1)
qi estimated from the kinetic for corresponding Qi

(mg g−1)
Q adsorption capacity at equilibrium (mol kg−1)
Qi observation from the experiments (mg g−1)
Qmax maximum amount per unit mass of the MCTTM

(mol kg−1)
R universal gas constant 8.314 × 10−3 kJ mol−1 K−1

t adsorption time (h)
T temperature (K)
T1 temperature 298 K
V volume of solution (L)
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Table 1
The physical and chemical characters of the MCTTM.

Characters of the MCTTM Characterization

Thickness About 10 �m SEM analysis
Structure Homogeneous porous

structure
SEM analysis

pHpzc 7.8 pHpzc analysis
ˇ activity coefficient (mol2 kJ−2)

The objectives of this study are to characterize the modified
hitosan transparent thin membrane (MCTTM) by SEM, FTIR and
Hpzc analysis; to investigate the effect of the MCTTM thickness,
he kinetics characteristics and the Arhenius activation energy of
he adsorption process; to discuss the adsorption mechanism of
dsorption copper ions from the aqueous solution with lower con-
entrations by the MCTTM finally.

. Experimental

.1. Reagents and instrumentations

Chitosan (CS) with 92.9% deacetylation degree was provided by
ingdao Yunzhou Biochemistry Co., Ltd. (China). Copper nitrate

rihydrate, supplied by Kermel, Tianjin, was used to prepare cop-
er ions solution in the adsorption experiments. Sodium hydroxide
upplied by Shenyang (China), acetic acid, sodium nitrate and nitric
cid were purchased from Dalian (China). All the reagents were of
nalytical grade.

A flame atomic absorption spectrophotometer (SOLAN969
odel, USA) was employed for determination of copper ions. An
cidimeter (PHS-2 Model, Hang Zhou, China) was used to measure
H of solutions. The structure and morphology of the prepared
embrane were examined by SEM (JEOL JMS-5600LV) and FTIR

Bruker TENSOR 27 FTIR) analysis.
WSR (water swelling ratio) 126% WSR analysis [18]
Chemical groups –OH and –NH2 group FTIR analysis

2.2. Synthesis and characterization

The modified chitosan transparent thin membrane (MCTTM)
was prepared by solution casting method [18]. Chitosan acetic
acid solution was obtained by dissolving 1.5 g chitosan powder
in 100 mL 2% acetic acid solution stirred by a magnetic stirrer. 1 g
polyvinylalcohol was dissolved in 30 mL deionized water by heat-
ing to make a cross-linking solution. Then, the above two solutions
were mixed together by mechanical stirring in definite proportions
to prepare homogeneous membrane casting dope solution. There-
after, the resultant solution was left in the beaker without stirring
for 48 h at 50 ◦C to sufficiently free the air bubbles and cross-link.
Afterwards, the solution was cast on a rimmed glass plate and
dried at room temperature. The dried membrane was immersed
in diluted sodium hydroxide solution to free the membrane and
neutralize the excess acid, and then the membrane was washed
exhaustively with deionized water until all alkali was removed.
Lastly, the membrane was dried at room temperature and stored.
The MCTTM was characterized by SEM and FTIR analysis.

Batch equilibration technique was applied to determine pH at
the point of zero charge (pHpzc) [19]. NaNO3 was used as the
electrolyte and the ionic strength was kept constant in all exper-
iments. 0.1 g of MCTTM was introduced into 50 mL of 0.5 mol L−1

and 0.01 mol L−1 NaNO3 solution respectively. Initial pH values of
NaNO3 solutions were adjusted from about 2 to 12 by diluted HNO3
or NaOH. The mixtures were allowed to equilibrate for 24 h in a
shaker thermostated at 20 ◦C. Then the mixtures were separated
and the final pH values (pHfinal) were measured again. The pHpzc of
the MCTTM was determined from the plots �pH (pHfinal–pHinitial)
versus pHinitial.

The physical and chemical characters of the MCTTM were shown
in Table 1.

2.3. Effect of membrane thickness on the adsorption capacity

To examine the effect of thickness of MCTTM on the adsorp-
tion capacity, 0.1 g MCTTM of different thickness were added into
flasks, each of which contained 50 mL copper ions solution with an
initial concentration of 20 mg L−1 at pH of 5–6. The ionic strength
was controlled at 0.1 mol L−1 of NaNO3. The mixture was stirred at
120 rpm at room temperature (20 ◦C) for 24 h.

2.4. Adsorption kinetic studies

Adsorption kinetic studies were carried out at different initial
concentrations ranging from 10 mg L−1 to 25 mg L−1 in view of
the results from previous work [18], viz. the adsorption amount
increased with the increase of initial concentration. The container
with 3 g MCTTM and 1.5 L copper ions solution was stirred at

120 rpm at room temperature (20 ◦C). And 5 mL samples were taken
from the solution in a time intervals to analyze the copper ions
concentration.
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3290–3370 cm−1 which are concerned with –OH and –NH stretch-
ing vibrations decrease after adsorption process. The absorption
peak at 1650 cm−1 (NH–COCH3) and C O stretching peak at about
1030–1070 cm−1 decrease, and the peak at about 1586 cm−1 for
10 Z. Cheng et al. / Journal of Haza

.5. Arhenius activation energy

In order to examine the adsorption Arhenius activation energy of
he adsorption of copper ions onto the MCTTM, a 0.1 g amount of the

CTTM was added into a number of flasks, each of which contained
0 mL of copper solution with an initial concentration of 20 mg L−1,
he initial pH of the solutions was adjusted at 5–6. The mixture was
tirred in a shaker at 120 rpm at different temperatures of 298 K,
08 K and 318 K for 24 h.

Average and standard deviation values from triplicates were cal-
ulated using Microsoft Office XP. The figures and the coefficient
R2) values of the non-linear form of kinetic models were deter-

ined using Matlab 7.0, and the other figures were obtained by
rigin 7.5 and Chemoffice 2002.

.6. Data processing

The amount of copper ions adsorbed on the MCTTM is calculated
y:

= (c0−c)V
m (1)

The root mean square error, RMSE for each is derived from [20]:

MSE =

√√√√ 1
m−2

m∑
i=1

(Qi − qi)

2

(2)

Dubinin–Radushkevich (D–R) isotherm model is used to esti-
ate the adsorption free energy. It is shown in the following

quation [21]:

= Qmax eˇε2
(3)

= RT1 ln
(

1 + 1
Ce

)
(4)

The activity coefficient obtained from D–R isotherm model is
uggested to be related to the adsorption free energy as [21]:

= 1√
−2ˇ

(5)

The Arhenius equation is presented as follow [22]:

n k2 = ln k0 − Ea

RT
(6)

The external mass transfer model describes the solute concen-
ration change in the solution with time, and expresses as [23,24]:

n c0−cs
c−cs

= kfamt (7)

The intra particle diffusion model of Vermeulen [21] investi-
ated in this study is:

= qe

√
1 − exp

(
− �3kVt

36q2
e

)
(8)

The intra particle diffusion model proposed by Weber and Mor-
is is determined by the linear equation [25]:

= C + kWMt1/2 (9)

The pseudo-first order kinetic model viz. Lagergren model is one
f the most popular reaction kinetic models. For the liquid–solid
dsorption system, it is summarized as follows [26]:

= q (1 − e−k1t) (10)
e

The pseudo-second order equation is based on the sorption
apacity on the solid phase. It deserves particular attention in
resent discussion because it predicts the behavior over the whole
ange of studies supporting a pseudo-second equation and bases
Fig. 1. SEM of the MCTTM cross-sectional image.

on the assumption that chemisorption is the rate-controlling step
[27,28].

It is assumed that the sorption capacity is proportional to the
number of active sites occupied on the adsorbent:

q = qe2k2t
1+qek2t (11)

3. Results and discussion

3.1. Characteristics of the MCTTM

Fig. 1 shows the cross-sectional structure of the MCTTM
obtained from the SEM analysis. The MCTTM is about 10 �m thick
with a homogeneous structure. Some voids are visible at the cross
section of the membrane, and there are lots of smaller porous voids
appearing on the membrane surface.

FTIR spectra of the MCTTM were used for structural evaluations.
The presence of a peak at a specific wavenumber indicates a spe-
cific chemical bond. Fig. 2 shows the FTIR spectra of the MCTTM
before and after the adsorption process. The broad peaks at about
Fig. 2. FITR spectra of the MCTTM.
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Fig. 3. The pHpzc of the MCTTM.

NH2 group disappears while the peak at 1320 cm−1 which is con-
erned with N–Cu–O group appears and the absorption peaks at
bout 1376 cm−1 and 1419 cm−1 decrease.

Fig. 3 shows the �pH (pHfinal–pHinitial) versus pHinitial curves at
ifferent electrolyte concentrations and the pHpzc of the MCTTM is
bout 7.8 as revealed by the point of �pH = 0. There is a reasonable
rediction that positively charged sites are predominant when pH

s lower than 7.8, while negatively charged sites are predominant
hen pH is higher than 7.8.

.2. Effect of membrane thickness

As discussed in our previous investigation, the solution pH obvi-
usly influenced the adsorption capacity of copper ions onto the
CTTM. The maximum removal efficiency of copper ions was about

2.9% at pH of 5–6 [18]. So the optimum pH 5–6 was chosen to
nvestigate the effect of the membrane thickness. The results shown

n Fig. 4 obviously indicate that the adsorption capacity decreases

ith the increase of the thickness of the MCTTM, which is due to
ess adsorption active sites distributed on the surface of the thicker

CTTM.

Fig. 4. The effect of the MCTTM thickness on the adsorption capacity.
Fig. 5. The Dubinin–Radushkevich isotherm model.

3.3. Adsorption free energy

Fig. 5 illustrates the D–R isotherm model by plotting ln Q ver-
sus ε2 according to the experimental data reported in Ref. [18]. The
parameters, R2, RMSE of Langmuir, Freundlich and D–R isotherm
models and adsorption free energy (E) are presented in Table 2. It
could be seen that the adsorption free energy E is 10.54 kJ mol−1,
which is within the energy range of ion exchange reactions,
8–16 kJ mol−1 [29]. A similar result about the ion exchange reaction
process was reported by Oguz [30].

3.4. Adsorption kinetics

The kinetics provides valuable insights of the adsorption reac-
tion mechanisms which involve mass transfer, diffusion and surface
reaction phenomenon during the adsorption process [23,31]. The
following mechanisms are considered to examine the adsorption
kinetics of an adsorption process from which one or its probable
combinations could be the rate-controlling mechanism(s):

(a) External mass transfer (boundary layer or film diffusion)
between the external surface of the MCTTM and the surround-
ing fluid phase.

(b) Reaction on the external surface of the MCTTM.

(c) Intra particle diffusion, which may be limited by pore and solid

diffusion.
(d) The chemical reaction on the activated sites of the intra-

MCTTM.

Table 2
The parameters, R2 and RMSE of Langmuir, Freundlich and D–R isotherm models
and the adsorption free energy (E).

Langmuir qm mg g−1 8.414
kL L mg−1 0.1469
R2 0.9438
RMSE 0.7318

Freundlich kF (mg g−1)(L mg−1) 6.318
n 3.930
R2 0.9620
RMSE 0.6018

Dubinin-
Radushkevich

Qmax mol kg−1 0.1719
ˇ mol2 kJ2 −0.0045
E kJ mol−1 10.54
R2 0.9742
RMSE 0.0071



412 Z. Cheng et al. / Journal of Hazardous Materials 182 (2010) 408–415

F
a

s
l
c
t
fi
L
e
i
t
M
t

3
3
l
p
n
t
e

T
T

ig. 6. External mass transfer model for the adsorption of copper ions on the MCTTM
t four different concentrations of 10 mg L−1, 15 mg L−1, 20 mg L−1, and 25 mg L−1.

Many attempts have been made to formulate a general expres-
ion describing the kinetics of adsorption on solid surfaces for
iquid–solid phase systems [32–37] for which the proposed models
ould be classified in two groups namely the adsorption reac-
ion and the diffusion models. Whilst the former include zero,
rst, second, third, pseudo-first and pseudo-second order, and the
angmuir–Hinshelwood and Elovich models. The latter contain
xternal mass transfer and intra particle diffusion. By consider-
ng above mentioned mechanisms and the physical characters of
he MCTTM showed in Table 1, the adsorptive performances of the

CTTM were delineated with reference to compatibility of results
o the following diffusion and adsorption reaction models.

.4.1. The application of diffusion kinetic models

.4.1.1. External mass transfer model. Ho [27] reported that non-

inear method could be a better way to obtain the kinetic
arameters in the adsorption kinetics studies. The results of the
on-linear regression analysis shown in Fig. 6 and Table 3 prove
hat copper ions adsorption on the MCTTM is well described by the
xternal mass transfer model for all four of studied concentrations.

able 3
he parameters, regression coefficients (R2) and RMSE of kinetic models.

C0 (mg L−1) 10

Pseudo-first order model q (mg g−1) 4.54
k1 (h−1) 0.39
R2 0.94
RMSE 0.38

Pseudo-second order model q (mg g−1) 5.26
k2 (g h mg−1) 0.09
R2 0.96
RMSE 0.27

Intra particle diffusion model
of Vermeulen

q (mg g−1) 5.12
kV (mg g−1)2 h−1 0.07
R2 0.98
RMSE 0.18

Intra particle diffusion model
of Weber and Morris

C (mg g−1) 0.72
kWM (h−1/2) 1.25
R2 0.99

External mass transfer model c0 (mg L−1) 8.23
cs (mg L−1) 0.17
kf (m h−1) 0.23
R2 0.97
RMSE 0.47
Fig. 7. Weber and Morris intra diffusion model for the adsorption of copper ions on
the MCTTM at four different concentrations of 10 mg L−1, 15 mg L−1, 20 mg L−1, and
25 mg L−1.

The adsorption process quickly reaches equilibrium at higher initial
copper ions concentration. This could be explained by the increased
driving force in the liquid boundary layer surrounding the mem-
brane. Ho et al. [28] reported that if film diffusion is rate-controlling
step, the constant would vary inversely with the film thickness;
while the constant would be independent of particle diameter and
the flow rate, and would depend on the concentrations and the
temperature if the exchange is chemically rate-controlling step.
In addition, our investigations show that not only the membrane
thickness (Fig. 4), but also the copper ions concentration and the
temperature [18] could affect the rate constant. These results indi-
cate that external mass transfer is a rate-controlling step in the
diffusion process.

3.4.1.2. Intra particle diffusion model. Fig. 7 illustrates the Weber

and Morris model at four different concentrations of copper ions.
As seen from Fig. 7 and Table 3, the intra particle diffusion model
of Vermeulen model, Weber and Morris model well described the
experimental data. Weber and Morris [25] illustrated that if intra
particle diffusion is the rate-controlling factor, adsorbate uptake

15 20 25

9 6.589 7.815 8.587
5 0.6915 1.496 2.295
05 0.9721 0.9713 0.9774
67 0.3775 0.4083 0.3729

3 7.347 8.363 9.041
794 0.1317 0.2749 0.4098
97 0.9890 0.9940 0.9913
58 0.2374 0.1862 0.232

0 7.988 8.709 6.915
953 0.1111 0.1293 0.0849
61 0.9981 0.9962 0.9943
68 0.1045 0.1533 0.1711

14 1.256 2.554 1.973
2 2.237 2.927 4.794
37 0.9948 0.9843 0.9614

3 12.68 15.96 19.73
32 1.498 4.085 7.628
43 0.4788 0.8837 1.267
04 0.9900 0.9934 0.9933
33 0.4004 0.3028 0.2881



Z. Cheng et al. / Journal of Hazardous Materials 182 (2010) 408–415 413

F
a

v
t
g
p

Table 4
The parameters of the copper ions adsorption by the MCTTM.

Adsorbent Temperature (K) K2 of pseudo-second order
model (g h mg−1)

Ea (J mol−1)

F
d

ig. 8. Pseudo-second order model for the adsorption of copper ions on the MCTTM
t four different concentrations of 10 mg L−1, 15 mg L−1, 20 mg L−1, and 25 mg L−1.
aries with the square root of time described by Eq. (8). In Fig. 7,
he relation plot of qt and t1/2 does not go through the whole ori-
in and three separated regions existed which indicates that intra
article diffusion is not the sole rate-controlling step [16] and three

ig. 9. Adsorption model: (a) external mass transfer process of copper ions from solution
iffusion of copper ions within the particle of the MCTTM; (d) chemical reaction on the a
The MCTTM 298 0.3044 679
308 0.3068
318 0.3097

processes have taken place. A similar result was reported by Cheung
et al. [38]. The linear portion describes a rapid adsorption stage on
the external surface of the MCTTM. The plateau is attributed to the
intra particle diffusion taking place after the completion of exter-
nal surface coverage, the nature of the adsorption is concentration
dependent so that chemical sorption is also a rate-controlling step
via chelation ion exchange improved by the FTIR and adsorption
free energy analysis.

3.4.2. The application of the reaction kinetic models
Fig. 8 represents the pseudo-second order model for the adsorp-

tion of copper ions onto the MCTTM at different concentrations. The
parameters, R2 and RMSE of the pseudo-first and pseudo-second

order model are also shown in Table 3. As shown in Fig. 8 and
Table 3, the pseudo-second order kinetic model fits the experimen-
tal data well. Though Table 3 shows the well description of the data
by both pseudo-first and pseudo-second order models, as men-
tioned above, the nature of adsorption is a chemical-controlling

to the MCTTM; (b) reaction on the external surface of the MCTTM; (c) intra particle
ctive sites inside of the MCTTM.
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rocess. This is well compatible with the pseudo-second order
odel.
In order to evaluate the Arhenius activation energy of the

dsorption process, pseudo-second order model was fitted the
xperimental data obtained from different temperatures of 298 K,
08 K and 318 K. Then the parameters k2 of the model was used to
alculate the Arhenius activation energy Ea.

The Ea could be calculated from the plot obtained from the ln k
ersus 1/T. The result is presented in Table 4. The Arhenius activa-
ion energy is 679 J mol−1.

.5. Adsorption mechanism

The MCTTM has a good hydrophilic property with a WSR (water
welling ratio) of 126%. It could be explained by the alcohol groups
n the chitosan which lead to higher degree of swelling because
lcohol groups readily attract water molecules through hydrogen
onding. The good hydrophilic property makes the MCTTM exists
teadily in the aqueous solution. In addition, Ho et al. [28] reported
hat acid groups on the sorbent could provide ion exchange sites
or metal ions and ionic dyes; amine groups could provide a lone
air of electrons for chelating with metal ions; relatively insertion
f sorbent surface may only provide physical sites for diffusional
ontrolled bond formation. Beppu et al. [3] illustrated that the
nteraction between heavy metal ions and the chitosan included
oth chelating and ion exchange mechanism. Steenkamp et al.
39] reported that chitosan had chelation ion exchange properties
hich make use of the advantage of three dimensional structures

f molecules to chelate and remove copper ions. From our inves-
igation, the adsorption of copper ions onto the MCTTM includes
helation ion exchange process due to the existence of –NH2 groups
n the chitosan which is proved by the FTIR analysis and adsorption
ree energy analysis as well.

The optimal pH of solution for copper ions adsorption is 5–6
nd Cu2+ is the only ionic species presented in the solution when
H is lower than 8.22 [40]. According to the study, the pHpzc of the
CTTM is about 7.8 as shown in Fig. 3. When the solution pH is in

he range of 5–6, the surface charge of the MCTTM is positive and
t is unfavorable for electrostatic interaction between the MCTTM
nd copper ions. So it could be deduced that the copper ions are
dsorbed on the MCTTM through an inner-sphere complex via sur-
ace chelation ion exchange rather than electrostatic interaction.
he mechanism of adsorption of copper ions onto the MCTTM is
escribed in Fig. 9.

. Conclusions

A MCTTM is prepared by solution casting method from Chi-
osan. The SEM analysis indicates that the MCTTM is homogeneous
orous structure which provides high specific surface and binding
apacities for adsorption. The thickness of the MCTTM obviously
ffects the adsorption capacity of copper ions from solutions. The
dsorption kinetics of copper ions onto the MCTTM is investigated
n batch adsorption experiments and the results obtained from the
xperiments indicate that:

(i) The pseudo-second order model could describe the adsorption
process, and the adsorption process is a chemical adsorption
behavior of chelation ion exchange which can be proved by
FTIR and adsorption free energy analysis.
(ii) Both external mass transfer and intra particle diffusion are the
rate-controlling processes. At the very beginning of the adsorp-
tion process, the rate-controlling process is the external mass
transfer process and then the intra particle mass diffusion pro-
cess at the later time of process.

[

[

[

Materials 182 (2010) 408–415

(iii) The adsorption free energy and the Arhenius activation energy
of the adsorption process are 10.54 kJ mol−1 and 679 J mol−1,
respectively.
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