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A B S T R A C T

Mesoporous molecular sieves (MCM-41) was successfully synthesized using hydrothermal
synthesis and characterized by X-ray diffraction and nitrogen adsorption–desorption. Characteri-
zation results show that synthesized MCM-41 is a good adsorption material of good crystallinity,
large surface area (1,040 m2/g) and uniform diameter (centered at 2.8 nm). Removal of Cr (VI) from
aqueous solution using MCM-41 was carried out by UV-Vis spectrophotometry. The different
parameters affecting the adsorption efficiency were investigated and obtained their optimal
values (pH 4, temperature 35�C, initial Cr (VI) concentration < 10 mg/L, adsorption time 2 h,
adsorbent concentration of 10 mg/L). It is very useful and important to deal with Cr (VI) from aqu-
eous solution. The adsorption isotherm was also investigated. It is found that the adsorption iso-
therm follows the Langmuir model better. What’s more, b of 76.71 mg�1 and q of 904 mg/g were
calculated from Langmuir linear fitting. The adsorption reaction is spontaneous and endothermic
as �G0 < 0 and �H0 > 0. Finally, we studied the adsorption kinetics and find that the adsorption of
Cr (VI) ions onto MCM-41 is more suitable for pseudo-second-order kinetics. qe and k2 were
calculated. The detailed kinetic mechanism is that film diffusion is its mainly controlling step,
but intra-particle diffusion is a considerable contribution to adsorption mechanism, which must
be meaningful to accelerate adsorption rate.

Keywords: MCM-41; Chromium (VI); Adsorption isotherm; Adsorption thermodynamics;
Adsorption kinetics

1. Introduction

With social and economic development, heavy
metal contaminated water has been released directly
into the environment, especially in China, which cause
water and soil pollution [1,2]. One of the most impor-
tant heavy metals is Cr (VI), because Cr (VI) leads to
many diseases and seriously threatens human health
[3]. Almost all the countries in the world have legis-
lated on the standard of discharge of industrial
Cr (VI) wastewater. For example, the US EPA permits
Cr (VI) levels of 0.05 and 0.1 mg/L in drinking water

and inland surface water, respectively. Therefore,
wastewater containing chromium must be treated to
be allowable limits before discharge into the environ-
ment. Currently, the main methods of removing heavy
metal ions from water are activated carbon adsorption
[4], ion exchange [5], ultrafiltration [6], reverse osmosis
[7], electrodialysis [8], etc. These processes are expen-
sive and have high reagent and energy requirements,
suffer from incomplete metal removal, and generate a
large quantity of toxic waste sludge, which necessitates
careful disposal in further steps [9]. Therefore, the
search for economical, easily available and highly effi-
cient adsorbent is of interest. Molecular sieves includ-
ing MCM-41 have received plenty of attentions for�Corresponding author
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use in the ion exchange process [10–12] during water
treatment.

MCM-41 was initially studied and developed to be
a new type of mesoporous material (Beck et al., 1992)
by the American Mobile Company in 1992. Since then,
MCM-41 has subsequently been optimized and used
for the adsorption of several heavy metals [13–16]. For
example, Mahitti and Fuangfa [17] used chemically
modified MCM-41 to adsorb Hg (II) ions. Only few stu-
dies [18,19] on the adsorption of Cr (VI) from aqueous
solution using MCM-41 have been undertaken. Lam’s
[18] and Ghiaci’s [19] researches shown that MCM-41
was an efficient adsorbent for adsorbing Cr (VI) from
aqueous solution. But neither of them systematically
studied influencing factors, thermodynamics and
kinetics of adsorption. Some scientists have used
walnut hull [20], activated carbon [21] and other mate-
rials to adsorb Cr (VI), but these materials adsorption
rates are low. MCM-41 might be a good material for the
adsorption of Cr (VI) because of its uniform pores,
narrow size distribution, high specific surface area and
wall thickness, adjustable aperture, high chemical
stability and thermodynamic stability [22]. In the paper,
we used laboratory-made MCM-41 to adsorb chro-
mium ions from aqueous solution. Influencing factors,
thermodynamics and kinetics of adsorption were
systematically studied. Finally, we determined the
optimal condition, thermodynamics and kinetics of
adsorbing Cr (VI) from aqueous solution, especially
controlling step, which is very important for industrial
use. It is also the goal of this work.

2. Experimental

2.1 Synthesis and characterization

Mesoporous MCM-41 was successfully prepared
using different synthetic procedures and conditions
[23]. For this study, the preparation of MCM-41
powder used hydrothermal synthesis with cetyltri-
methylammonium bromide (CTAB, 99%), tetraethy-
lorthosilicate (TEOS), ammonia (98%) and deionized
water in a mass ratio of 1 CTAB: 4.5TEOS: 25H2O:
12NH3�H2O. After crystallization at room temperature
(25�C) for 48 h, the MCM-41 powder was then filtered,
washed, and dried before it was calcined in a furnace at
550�C for 5 h to remove the organic template. X-ray dif-
fraction (XRD) patterns (Rigaku) was used to charac-
terize MCM-41 at 35 kV, 20 mA and Cu-Ka radiation.
Nitrogen adsorption–desorption isotherms were mea-
sured using a Micromeritics ASAP 2020M, and pore
size distributions were calculated using the Barrett-
Joyner-Halenda (BJH) method from the desorption
branch. Specific total surface areas were calculated

using the Brunauer-Emmet-Teller (BET) equation.
The ultraviolet-visible (UV–Vis) spectrophotometer
made in Beijing Rayleigh Analytical Instruments Inc
was to analyze the residual Cr (VI) in the solution.

2.2. Adsorption experiments

The chromium ion concentrations range from 2.5 to
50 mg/L were obtained after dissolving potassium
dichromate (AR) in deionized water. Then solution
pH was adjusted by industrial sulfuric acid (H2SO4

98%, ammonia 98%) at certain Cr (VI) concentration
and solution volume. Thirdly, the solution added some
MCM-41 was stirred (150 rpm) at certain time and tem-
perature. Fourthly, the MCM-41 powder was filtered
and the residual Cr (VI) in the solution was analyzed
using UV-Vis spectrophotometry [18–20]. Single factor
experiments were then carried out when required.
For example, to examine the effects of pH on chromium
ion adsorption, pH is adjusted by industrial sulfuric
acid (H2SO4 98%) and ammonia (98%) range from
1 to 8 at an adsorbent dosage of 10 mg/L, initial
Cr (VI) concentration of 10 mg/L and 25�C for 3 h.
After adsorption, the MCM-41 powder was filtered
and the residual Cr (VI) in the solution was analyzed
using UV–Vis spectrophotometry. The optimal pH for
the removal of chromium (VI) was determined and the
other experimental conditions were determined using
a single factor experiment.

2.3. Adsorption efficiency and capacity

Some basic functions can be formulated as follows:

Adsorption efficiency ¼ C0 � Ct

C0
� 100% ð1Þ

Adsorption capacity qt : qt ¼
ðC0 � CtÞ

m
� V ð2Þ

where qt is the adsorption capacity of per unit mass of
chromium ion of adsorbent (mg/g) at time t; C0 (mg/L)
and Ct (mg/L) of chromium ion are the concentrations
at time 0 and t, respectively; V is the solution volume
(L); m is the mass of the mesoporous molecular sieves (g).

3. Results and discussion

3.1. Characterization of MCM-41 materials

Fig. 1 shows XRD patterns of synthesized MCM-41
sample. It is easy to observe that MCM-41 sample
shows three resolved peaks including (100), (110)
and (200). The (100) peak is characteristic peak of
MCM-41 in XRD spectrum at 2y ¼ 2.138� [24,25]. The
d(100)-spacing of 4.132 nm and unit cell parameter a0
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of 4.771 nm were calculated from XRD spectrum in
Table 1. Additionally, the (110) and (200) peaks are also
strong diffraction peak. MCM-41 dose not have large
crystals because of no diffraction peak in the region
of higher angles (7–30�), which indicates synthesized
MCM-41 is a good long-range order and crystallinity.

The characterization of MCM-41 also used nitrogen
adsorption–desorption isotherms (a) and pore size dis-
tribution curves (b), as shown in Fig. 2. Fig. 2a shows
nitrogen adsorption–desorption isotherms of MCM-41
are typical type-VI isotherms with a sharp infection
at relative pressure P/P0 approximately 0.25 which
indicates capillary condensation of nitrogen within
the uniform mesopore structure. Fig. 2b shows narrow
pore size distribution (centered at 2.8 nm) of MCM-41,
which can also demonstrate its uniformity of the size
distribution. The synthesized MCM-41 with BET surface
area (1040 m2/g) and BJH pore diameter (2.8 nm) is
typical values of surfactant-assembled mesostructures.

3.2. Effect of initial solution pH on Cr (VI) adsorption

Earlier studies have shown that solution pH is an
important parameter that influences the adsorption of
metal ions [20,26]. The adsorption efficiency is affected
by the pH, as shown in Fig. 3. Cr (VI) adsorption on
MCM-41 is strongly pH-dependent. At low pH (<4),
adsorption efficiency increases with solution pH
increasing and reaches the maximum (97.56%) at pH
4. Then it starts to decrease at pH > 5.

Cr (VI) can exist in several stable forms at different
pH in the solution. The predominant molecules or
anions are H2CrO4 at low pH (<1), HCrO4

� at pH
2–3, HCr2O7

� and Cr2O7
2� at pH 4–5 and CrO4

2� at
pH > 6 [27,28]. What’s more, MCM-41 is very easy to
adsorb the molecules and ions that are highly active
and polar. So, we can see H2CrO4 and HCrO4

- with low
activity and polarity are predominantly present at pH

< 3. On the other hand, MCM-41 may not be stable at
high acid solution. The adsorption efficiency is low and
increases with pH increasing. When the pH ranges
from 4 to 5, HCr2O7

� and Cr2O7
2� with higher activity

and polarity are predominantly present in the solution.
Additionally, each of them includes two chromium
ions. So MCM-41 of a certain specific surface area must
have high adsorption efficiency at pH 4–5. The activity
of CrO4

2� anions is low at pH > 6, so its adsorption effi-
ciency begins to decrease, finally reaches equilibrium.
Therefore, in the following experiments, we used an
initial pH of 4.

3.3. Effect of adsorbent concentration on Cr (VI) adsorption

The effect of adsorbent concentration between 2 and
40 mg/L on Cr (VI) adsorption is shown in Fig. 4. Initi-
ally the adsorption efficiency increases greatly with an
increase in adsorbent concentration, for example, the
adsorption efficiency of 45.33% at 2 mg/L adsorbent
concentration increases to 95.16% at 10 mg/L adsor-
bent concentration. But the adsorption efficiency only
increases slowly when the adsorbent concentration is
added more than 10 mg/L. This implies that the
adsorption efficiency of per unit mass of adsorbent
decreases. Similar results have previously been reported
[29,30]. Lower adsorbent concentration will not remove
Cr (VI) ions from solution completely, but higher
adsorbent concentration will make the adsorbent
wasteful. So an optimal adsorbent concentration of
10 mg/L by batch experiments is recommended.

3.4. Effect of initial chromium (VI) concentration on Cr (VI)
adsorption

The initial chromium (VI) concentration is an
important driving force to overcome the mass transfer
resistance of metal ions between the aqueous and solid
phase [31]. The effect of initial chromium (VI) concen-
tration between 2.5 and 50 mg/L on the Cr (VI) adsorp-
tion is shown in Fig. 5. The adsorption efficiency
decreases with the increase in the Cr (VI) concentra-
tion. For example, the adsorption efficiency of 99.86%
at 2.5 mg/L Cr (VI) concentration decreases to 94.21%
at 10 mg/L Cr (VI) concentration. But the adsorption
efficiency starts to decrease greatly when Cr (VI)
concentration is over 10 mg/L [32,33]. This may be due
to an increase in the number of chromium (VI) ions
competing for available binding sites on the surface
of the adsorbent. The chromium (VI) ions once
adsorbed onto MCM-41 will hinder latter ions adsorp-
tion and maybe exist repulsion between themselves.
On the other hand, saturated adsorption capacity q of
904 mg/g calculated by Langmuir-linear fitting can
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Fig. 1. XRD patterns of MCM-41.
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prove the truth that Cr (VI) concentration should be
lower than 10 mg/L at 10 mg/L adsorbent concentra-
tion. So we think adsorption capacity of MCM-41
reaches the saturated state at 10 mg/L Cr (VI) concen-
tration, which can make full use of the adsorption of
mesoporous MCM-41. Cr (VI) concentration of 10
mg/L was used further on.

3.5. Effect of adsorption time on Cr (VI) adsorption

The adsorption time is an important parameter
because it reflects the adsorption kinetics of the adsorbent

for a given initial concentration of the adsorbate.
The effect of adsorption time between 0.25 and 12 h
on Cr (VI) adsorption is shown in Fig. 6. Initially, the
adsorption efficiency increases rapidly, and then
increases relatively slowly with adsorption time,
finally reaches adsorption equilibrium (adsorption
efficiency > 99%) after 2 h. Because there are both
adsorption and desorption in the system. At the begin-
ning, the adsorption is the predominant process. But
desorption is enhanced and adsorption is weakened
with the time, finally adsorption and desorption reach
dynamic equilibrium. The adsorption efficiency

Table 1
Textural properties of the MCM-41

Sample d(100)/nm Unit cell parameter a0/nm BJH Pore size/nm BET Surface area/(m2/g)

MCM-41 4.132 4.771 2.8 1040

where a0 (nm) is the unit cell parameter (a0¼2d(100)/31/2).
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Fig. 2. Nitrogen adsorption-desorption isotherms (a) and pore size distribution curves (b) of MCM-41.

0 2 4 6 8
50

60

70

80

90

100

A
ds

or
pt

io
n 

ef
fi

ci
en

cy
/%

pH

Fig. 3. Effect of initial pH on the adsorption efficiency of
Cr (VI) onto MCM-41 using adsorbent concentration of
10 mg/L and Cr (VI) concentration of 10 mg/L at 25�C for 3 h.
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was found to be higher than that of other adsorbents [34–
37]. Therefore, an adsorption time of 2 h was found to be
the optimum adsorption time without changing the
other conditions.

3.6. Effect of temperature on Cr (VI) adsorption

The adsorption temperature is one of the most
important parameters. The thermodynamic parameters
can be calculated and are dependent on the tempera-
ture. Fig. 7 clearly indicates that Cr (VI) adsorption was
optimum with an adsorption efficiency of 98.99% at
35�C. The adsorption of Cr (VI) onto the molecular sieve
is endothermic and, therefore, the adsorption efficiency
increases with increasing temperature. The activity of
Cr (VI) ions increases and the chemical bond between

Cr (VI) and the molecular sieve begins to break with
further temperature increase. So the adsorption effi-
ciency decreases at temperature > 35�C and desorption
becomes the main process [38,39]. MCM-41 adsorbs
heavy metal ions at low temperature and desorbs them
at high temperature. This implies that MCM-41 is easy
to recycle at high temperature distillation.

3.7. Adsorption isotherm

For the isothermal adsorption process, the adsorption
isotherm was investigated and predicted at 25�C. Of all
the isothermal adsorption models, the Langmuir [40]
and Freundlich [41] models are two of the most important.

The Langmuir and Freundlich adsorption isotherms
can be expressed in linear form as follows:

Ce

qe
¼ Ce

q
þ 1

bq

� �
ð3Þ

ln qe ¼ ln Kf þ
1

n

� �
� ln Ce ð4Þ

where q is the saturated adsorption capacity per unit
mass of adsorbent (mg/g) and qe is the equilibrium
adsorption capacity per unit mass of adsorbent (mg/g);
b (1/mg) and Kf ((mg/g)/(mg/L)1/n) are equilibrium
constants in Langmuir and Freundlich isotherms,
respectively.

The adsorption isotherms were fitted by linear
Langmuir and Freundlich fitting. The adsorption
isotherms of the chromium ion are shown in Figs. 8 and 9.

From Figs. 8 and 9, the linear equations for the Lang-
muir and Freundlich fits are as follows: Ce/qe ¼ 0.01442
þ1.10617Ce, r2 ¼ 0.9978; lnqe ¼ �0.07781þ0.02731lnCe,
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tration of 10 mg/L and 25�C for 3 h.
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r2¼ 0.7044, where r2 is the correlation coefficient. There-
fore, the curves follow the Langmuir model better
because the diameter size of MCM-41 is uniform and
monolayer adsorption may occur. The b of 76.71 mg�1

and q of 904 mg/g were calculated by Langmuir-linear
fitting. It is observed that adsorption capacity of MCM-
41 is higher than other adsorbents from Table 2.

3.8. Adsorption thermodynamics

The Gibbs free energy change can be calculated as
follows:

�G0 ¼ � RT ln K0 ¼ �H0 � T�S0 ð5Þ

�H0 ¼ �R
T2T1

T2 � T1

� �
ln

K2

K1

� �
ð6Þ

where K0 is a equilibrium constant at standard state K0

is equal to b at 25�C. K1 and K2 are the equilibrium con-
stants at temperature T1 (K) and T2 (K), respectively.

We calculated Gibbs Free Energy Change at 298
and 308 K from the data shown in Figs. 6 and 7 and
according to Eq. (5).

�G0
298K ¼ �1.0758�104 J mol�1; �G0

308K ¼ �1.2168�
104 J mol�1 and, therefore, �S0 and �H0 can be calcu-

lated from Eqs. (5) and (6). �S0 ¼ 141.08 J mol�1 K�1;

�H0 ¼ 3.1305�104 J mol�1.
The thermodynamic parameters were analyzed as

follows: The negative value of �G0 implies that the
adsorption reaction is a spontaneous process. Further-

more, the decrease in �G0 with an increase in tempera-
ture indicates that the adsorption is more spontaneous

at higher temperature. A positive �H0 means that the

adsorption process is endothermic. The value of �H0

(3.1305 �104 J mol�1) is close to 40 kJ mol�1 (this value

is thought to be the upper limit of �H0 for physical

adsorption in general adsorption), which indicates the
chemical adsorption of Cr (VI) onto MCM-41 may
occur, but it should be studied in the future. A higher
adsorption efficiency results from a higher tempera-
ture, but the adsorption efficiency does not increase
at higher temperatures because desorption is favored
at high temperature over adsorption. The positive

�S0 suggests that the system is more random at the
solid/solution interface during the adsorption of Cr
(VI) onto MCM-41. For the Cr (VI) adsorption process,
the adsorbed solvent molecules that are displaced by
the adsorbate species gain more translational entropy
than that lost by the adsorbate ions, which leads to the
prevalence of a more random system [38].

3.9. Adsorption kinetics

To examine the kinetics of the adsorption processes,
pseudo first order and pseudo second order models
were used to test the experimental data. The pseudo
first order [42] and pseudo second order [43] equations
can be expressed as follows:

lgðqe � qtÞ ¼ lg qe �
k1

2:303
t ð7Þ

t

qt
¼ 1

k2q2
e

þ t

qe
ð8Þ

where k1 (h�1) and k2 (g mg�1 h�1) are the rate con-
stants of the pseudo first and pseudo second order
adsorptions, respectively.

The pseudo first order and pseudo second order
curves are shown in Figs. 10 and 11 using Eqs. (7) and
(8). Experimental data is calculated from Fig. 6.

From Figs. 10 and 11, the pseudo first order and
pseudo second order linear fitting results were deter-
mined to be: lg(qe�qt) ¼ �1.81966þ0.55396t, r2 ¼ 0.3400
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and t/qt ¼ 0.04633þ1.10426t, r2 ¼ 0.9996, respectively.
This curve better follows the pseudo second order
model because of its high correlation coefficient
(r2¼0.9996). The qe and k2 values calculated from these
plots are 905.58 mg g�1 and 2.63�10�5 g mg�1 h�1 from
Fig. 11 and Eq. (8), respectively. The qe is close to the
qe (904 mg/g) calculated from Langmuir isotherm,
which indicates Langmuir model can describe the
adsorption isotherm better.

Adsorption kinetics is generally controlled by dif-
ferent mechanisms and usually consists of three stages
[38,44]. In general, the last stage is considered to be
fast enough. Firstly, heavy metal ions transfer from
the solution through film diffusion to the surface of the
adsorbent. Secondly, ion diffusion occurs from the
material surface to the material bulk. Thirdly, ion
chelation occurs on the reactive surface of the material
bulk. Therefore, film diffusion [45], intra-particle diffu-
sion [46] and actual adsorption step are in the process.
The slowest phase is the control process. Neither the
pseudo first order nor the pseudo second order model
can describe the adsorption. The kinetic results thus
need to be analyzed using three stages and they are:

Intra� particle diffusion : qt ¼ kit
1=2 þ c ð9Þ

where ki (g mg�1 h�1/2) is the intra-particle diffusion
rate constant and c (mg g�1) is a constant. ki, c and
the correlation coefficient were calculated from the
plot of qt versus t1/2. We found that the correlation
coefficient (r2¼0.87483) of the intra-particle diffusion
model is very low as shown in Fig. 12. This indicates
that the adsorption of Cr (VI) onto MCM-41 does not
absolutely follow the intra-particle diffusion kinetics.
Fig. 12 clearly shows that intra-particle diffusion
kinetics includes three regions. Each region is a
straight line, which seems to be three steps of the
adsorption processes. The first step expresses Cr
(VI) transfers from the solution through film diffu-
sion to the outer surface of MCM-41 and this step
is slow, which indicates a boundary layer effect. Sec-
ondly, Cr (VI) diffuses to MCM-41 bulk from the
material surface, namely intra-particle and pore
diffusion. This step is so fast. The third step is close
to equilibrium state, so the slope of qt versus t1/2 is
smooth. Cr (VI) concentration in the solution is extre-
mely low leading to the film and intra-particle diffu-
sion slowing down.

To explore the adsorption mechanism in detail and
determine the actual rate-controlling step in the

Table 2
Comparison of adsorption capacity of various adsorbents

Adsorbent Model q/(mg/g) Reference

NH2-MCM-41 Langmuir model 196.5 [18]
MCM-41 Langmuir model 185.2 [19]
Walnut hull Langmuir model 98.13 [20]
Activated carbon Freundlich model 7.5 [21]
Modified activated carbon Freundlich model 14.5 [18]
Natural zeolite Langmuir model 6.5 [36]
MCM-41 Langmuir model 904 This study
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adsorption process, we used Eq. (10) from film diffusion
dynamics.

F ¼ 1� 6

p2

X1
1

1

n2

� �
eð�n2BtÞ ð10Þ

where F is the fraction of solute adsorbed at differ-
ent time t; n is the Freundlich constant of the
adsorbate; Bt is a mathematical function of F, which
is the degree of ion exchange and can be expressed
as in Eq. (11):

F ¼ qt

qe
ð11Þ

Rearranging the above equation gives:

Bt ¼ �0:4799� lnð1� FÞ ð12Þ

Therefore, the value of Bt can be calculated for each
F using Eq. (12). Fig. 13 shows the Bt value as a function
of t. The linearity of this plot provides useful informa-
tion to distinguish between film diffusion and intra-
particle diffusion. If a plot of Bt vs. t is a straight line
that passes through the origin, the adsorption will be
governed by a particle-diffusion mechanism, otherwise
it will be governed by film diffusion. Fig. 13 obvious
shows that the plot of Bt vs. t is a straight line but
it does not pass through the origin. The linear plot
correlation coefficient (r2¼0.93822) is higher than the
intra-particle correlation coefficient. This implies that
Cr (VI) adsorption onto MCM-41 is mainly controlled
by film diffusion along with a considerable contribution
from the intra-particle diffusion mechanism [47–50].

4. Conclusions

Characterization results of synthesized MCM-41
show that it is a good adsorption material of good crys-
tallinity, large surface area (1040 m2/g) and uniform
diameter (centered at 2.8 nm). Experiments of adsorb-
ing Cr (VI) from aqueous solution indicate that adsorp-
tion efficiency of MCM-41 is high (maximum > 99%).
The best Cr (VI) adsorption conditions were found at
a pH of 4, a temperature of 35�C, an initial Cr (VI) con-
centration <10 mg/L, an adsorbent concentration of
10 mg/L and an adsorption time of 2 h from single-
factor tests. In addition, removal of Cr (VI) is strongly
pH-dependent, reaching a maximum (97.56%) at pH
4. Chromium ion adsorption isotherms were obtained
at 25�C and then fitted to Langmuir and Freundlich
models. The adsorption isotherms are more suited to
the Langmuir model. From Langmuir linear fitting,
saturated adsorption capacity q of 904 mg/g and
adsorption equilibrium constant b of 76.71 mg�1 were
calculated. The adsorption reaction of Cr (VI) onto
MCM-41 is spontaneous and endothermic with �G0

< 0 and �H0 > 0. The adsorption capacity increases
with increasing temperature. However, over 35�C, the
Cr (VI) that adsorbs on the molecular sieve shows
increased activity and then begins to desorb. The adsorp-
tion kinetics was studied using pseudo first and pseudo
second order kinetic models. It is found that Cr (VI)
adsorption onto MCM-41 better follows pseudo sec-
ond order kinetics and its rate determining step is very
complex, which is mainly controlled by the film diffu-
sion mechanism along with a considerable contribu-
tion from the intra-particle diffusion mechanism.
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metal distribution and chemical speciation in tailings and soils
around a Pb–Zn mine in Spain, J. Environ. Manage., 90 (2009)
1106–1116.

[3] K. Kolomaznik, M. Adamek, I. Andel and M. Uhlirova, Leather
waste—Potential threat to human health and a new technology
of its treatment, J. Hazard. Mater., 160 (2008) 514–520.

[4] H.D. Choi, W.S. Jung, J.M. Cho, B.G. Ryu, J.S. Yang and K. Baek,
Adsorption of Cr (VI) onto cationic surfactant-modified
activated carbon, J. Hazard. Mater., 166 (2009) 642–646.

[5] J.R. uan, S. Hernández, J.M. Andrés and C. Ruiz, Ion exchange
uptake of ammonium in wastewater from a Sewage Treatment
Plant by zeolitic materials from fly ash, J. Hazard. Mater., 161
(2009) 781-786.

[6] J.H. Hong, S.E. Duncan, S.F. Keefe and A.M. Dietrich, Ultrafil-
tration as a tool to study binding of copper to salivary proteins,
Food Chem., 113 (2009) 180–184.

[7] S.J. Li, J.M. Zhuang., T.T. Zhi, H.L Chen and L. Zhang,
Combination of complex extraction with reverse osmosis for the
treatment of fumaric acid industrial wastewater, Desalination,
234 (2008) 362–369.

[8] S.S. Chen, C.W. Li, H.D. Hsu, P.C. Lee, Y.M. Chang and C.H.
Yang, Concentration and purification of chromate from electro-
plating wastewater by two-stage electrodialysis processes, J.
Hazard. Mater., 61 (2009) 1075–1080.

[9] R.S. Bai and T.E. Abraham, Studies on chromium (VI) adsorp-
tione desorption using immobilized fungal biomass, Bioresour.
Technol., 87 (2003) 17–26.

[10] M. Algarra, M.V. Jimenez, E.R. Castellon, A.J. Lopez and J.J.
Jimenez, Heavy metals removal from electroplating waste-
water by aminopropyl-Si MCM-41, Chemosphere, 59 (2005)
779–786.

[11] J. Aguado, J.M. Arsuaga, A.M. Arencibia and V.G. Lindo,
Aqueous heavy metals removal by adsorption on amine-
functionalized mesoporous silica, J. Hazard. Mater., 163 (2009)
213–221.

[12] L. Huang, Q.L. Huang, H.N. Xiao and M. Eić, Effect of cationic
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