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AIMCM-41 was applied for adsorption of methylene blue (MB) and rhodamine B (RB) in single and binary
component systems. In the single component systems, AIMCM-41 represents higher adsorption capacity
for MB than RB with the maximal adsorption capacity of 2.08 x 10~* and 8.74 x 10> mol/g at 25 °C for MB
and RB, respectively. In the binary component system, MB and RB exhibit competitive adsorption onto
the adsorbent. The adsorption is approximately reduced to 94 and 79% of single component adsorption

systems for MB and RB (initial concentration of 8 x 10~ M) at 25°C. In single and binary component
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systems, kinetic and adsorption isotherm studies demonstrate that the data are following pseudo-second-
order kinetic model and Langmuir isotherm. Effect of solution pH on the adsorption in single and binary
component systems was studied and the results were described by electrostatic interactions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Many industries use dyes to color their products and also con-
sume substantial volumes of water. The presence of small amounts
of dyes in water is highly visible and undesirable [1]. The removal
of dyes from wastewaters is of a great concern nowadays, because
many dyes and their degradation products are toxic and carcino-
genic, posing a serious hazard to aquatic living organisms [2].
Various treatment processes such as physical separation, chemical
oxidation and biological degradation have been widely investigated
to remove dyes from wastewaters [3,4]. Adsorption techniques
have proved to be an effective and attractive process for removal of
non-biodegradable pollutants (including dyes) from wastewaters
[5-7].

Recently, mesoporous compounds produced by the Mobil Oil
Corporation, called MCM (Mobil Composition of Matter), show very
interesting properties [8]. Due to the high surface area and nanome-
ter sized pore of the mesoporous compounds, especially MCM-41
been believed the promising materials as adsorbents for various
inorganic ions and organic dyes [9-20]. Incorporation of aluminum
into the structure of MCM-41 materials via isomorphous substitu-
tion of aluminum for silicon, generate ion exchange sites in this
mesoporous molecular sieve [21,22]. Therefore, cationic dyes such

* Corresponding author. Tel.: +98 451 5512201; fax: +98 451 5512200.
E-mail address: ahabibi@uma.ac.irE (A. Habibi-Yangjeh).

0304-3894/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j,jhazmat.2010.01.086

as methylene blue (MB) and rhodamine B (RB) can be adsorbed
into AIMCM-41. The calcined AIMCM-41 has a specific surface area
of 940m?/g and pore size of 24.4 A [23]. These values are similar
to the corresponding values for MCM-41 (surface area=1027 m2/g
and pore size =25.3 A). Therefore, incorporation of aluminum does
not alter considerably surface area and pore size of the AIMCM-
41. Then, AIMCM-41 has potential for liquid-phase adsorptions.
Recently, it has been indicated that adsorption of cationic dyes
on AIMCM-41 taken place via ion exchange method [23]. More-
over, AIMCM-41 was applied by Sohrabnezhad (one of authors) as
support for photocatalytic degradation of MB [24].

In the last few years, various adsorbents have been applied for
adsorption of organic dyes from aqueous solutions. In these studies,
mainly, single component systems have been investigated [25-30].
As most industrial wastewaters contain more than one pollutant,
an investigation into the effects of multisolute systems on adsorp-
tion capacity is practically important. Thus, in the present study,
for a first time, we report single and binary component adsorp-
tion kinetic and thermodynamic for adsorption of MB and RB on
AIMCM-41.

2. Materials and methods
2.1. Dyes

The dyes are MB and RB and were obtained from Merck. Chemi-
cal structures of the dyes are presented in Fig. 1. For preparation of
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Fig. 1. Chemical structures for methylene blue (MB) and rhodamine B (RB).

solutions, stock solutions with concentration of 10~3 M were pre-
pared and the solutions for adsorption tests were prepared from
the stock solutions to the desired concentration (1076 to 10-> M).
The pH of solutions was adjusted with HCI or NaOH (from Merck)
solutions.

2.2. Preparation of AIMCM-41

The MCM-41 and AIMCM-41 materials were synthesized
by a room temperature method with some modifications in
the described procedure in literature [31]. We used tetraethy-
lorthosilicate (TEOS from Merck) as a source of silicon and
hexadecyltrimethylammonium bromide (CTABr from BOH) as a
surfactant template for preparation of the mesoporous material.
The molar composition of the reactants is as follows:

SiO: 1.6EA : 0.215CTABTr : 325H,0

where EA stand for ethylamine. The prepared MCM-41 was cal-
cined at 550°C for 5 h to decompose the surfactant and obtain the
white powder. This powder was used as the parent material to pre-
pare AIMCM-41 by ion-exchange method with 0.1 M solution of
Al5(S04)3-18H,0 (from Merck).

2.3. Adsorption test

Adsorption kinetics and isotherm experiments for the samples
were undertaken in a batch reactor with 250 ml capacity provided
with water circulation arrangement to maintain the temperature
at desired value. Adsorption of the dyes was performed by shaking
0.005g of AIMCM-41 in 200ml of solutions with varying con-
centrations (106 to 10~> M) at 25 and 40°C. The samples were
collected by separation of AIMCM-41 from solution using a cen-
trifuge. UV-vis absorption spectra were recorded by a Shimadzu
1600 PC. Concentration of dyes was determined spectrophotomet-
rically by measuring absorbance at 668 and 556 nm for Apax of MB
and RB, respectively (Fig. 2). The data obtained from the adsorption
tests were used to calculate the adsorption capacity, g (mol/g), of
the adsorbent by a mass-balance relationship, which represents
the amount of adsorbed dye per amount of the dry adsorbent:

_(G-G)V
w
where Cp and C; are concentrations of the dyes in solution

(mol/dm?3) at time t=0 and t=t, respectively. V is the volume of
the solution (dm?3) and W is weight of the dry adsorbent (g).

qe (1)

3. Results and discussion
3.1. Adsorption in single component systems

Fig. 3 demonstrates the dynamic adsorption of MB and RB onto
AIMCM-41 at 25 and 40°C. As can be seen, adsorption of MB
and RB on the adsorbent reaches equilibrium approximately at
300 min. This time is very shorter than corresponding time for

natural zeolites [28,32]. Also, one can see that adsorption of MB
and RB is fast at initial times and then approaches equilibrium at
longer times. The time profile for adsorption of the dyes is single,
smooth and continuous curve leading to saturation, suggesting the
possible monolayer coverage of the dyes on surface of the adsor-
bent. Also, AIMCM-41 exhibits higher adsorption for MB than RB
due to its smaller molecular size than RB, which can be seen in
Fig. 1. For the same adsorbent, molecules with larger size will not
easily penetrated into the inner pores of the adsorbent, result-
ing in lower adsorption capacity [26]. Similar results have been
reported for adsorption of MB and RB on various adsorbents [26,28].
The adsorption capacity for MB and RB in initial concentration of
1x 107> M at 25°C is 2.08 x 10* and 8.74 x 10> mol/g, respec-
tively. The corresponding values for adsorption of MB and RB onto
natural zeolite are 5.5 x 10~ and 2.0 x 10> mol/g [28]. Then, it can
be concluded that adsorption capacity of AIMCM-41 toward MB
and RB adsorption is very greater than natural zeolite. Also, adsorp-
tion capacity of MB on MCM-41 is 3.7 x 10~ mol/g which is very
lower than the corresponding value for adsorption onto AIMCM-
41 (2.08 x 10~*mol/g). This can be attributed to the electrostatic
interaction between AIMCM-41 with negative charge and MB with
positive charge [23].

As can be seen from Fig. 3, temperature influences the adsorp-
tion capacity. For the dyes, the adsorption at 25°C is greater
than that of 40°C, suggesting the exothermic characteristic of the
adsorption.

3.1.1. Adsorption isotherm in single component systems

An adsorption isotherm demonstrates that how the adsorbate
molecules partition between the liquid and solid phases when the
adsorption process reaches equilibrium. The adsorption isotherm
is fundamental in describing the interactive behavior between
solutes and adsorbent and is important in the design of adsorp-
tion systems [28]. Several adsorption isotherms are available.
Adsorption of organic dyes on various adsorbents usually obeys
Langmuir isotherm [28,30,33]. The Langmuir adsorption is based
on assumption of monolayer adsorption on a structurally homo-
geneous adsorbent, where all the sorption sites are identical and
energetically equivalent. Where in, the adsorption occurs at specific
homogeneous sites within the adsorbent and once a dye molecule
occupies a site, no further adsorption can take place at that site. The
equation is as follows:

_ KigmaxCe

e = 11K (2)

where ¢ is the equilibrium dye concentration on adsorbent
(mol/g), Ce is the equilibrium concentration of the dye in solution
(mol/l), gmax is the monolayer adsorption capacity of adsorbent
(mol/g). The Langmuir constant (Ki) is a measure of the affinity
between adsorbate and adsorbent and related to the free energy of
adsorption [26]. A linear expression for the Langmuir equation is:

Cc 1 Ce

de  qmaxKL = Qmax

(3)
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Fig. 2. UV-vis absorption spectra for aqueous solutions of (a) MB, (b) RB and (c)
both of the dyes along with AIMCM-41 in various adsorption times at 25 °C.

Plots of C¢/qe versus Ce give a straight line of slope 1/gmax and inter-
cept 1/qmaxKi.

Fig. 4 shows the linearized Langmuir model for adsorption of MB
and RB onto AIMCM-41 at 40 °C. The parameters obtained from the
experimental data using the isotherm and the related correlation
coefficients are presented in Table 1. One can see that regres-
sion coefficients are closer to unity. Then, it can be concluded that
the adsorption of both dyes obeys fairly from Langmuir isotherm.
Based on the Langmuir isotherm, the maximum adsorption of
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Fig. 3. Dynamic adsorption of MB and RB onto AIMCM-41 at 25 and 40 °C for (a) MB
and (b) RB in initial concentration of 8.0 x 1076,

MB and RB are 2.08 x 10~4 and 1.19 x 10~4 mol/g, respectively at
25°C.

Based on the adsorption constant in the Langmuir isotherm (K),
thermodynamic parameters (AG°, AH° and AS®) for adsorption of
MB and RB onto AIMCM-41 were calculated using Egs. (4)-(6) and
the results were tabulated in Table 2. In Eq. (5), K1 and K, are
adsorption constant at Ty and Ts.
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Fig. 4. Langmuir plots for adsorption of MB and RB onto AIMCM-41 at 40°C.
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Table 1
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Isotherm parameters for adsorption of MB and RB onto AIMCM-41 in single and binary component systems.

Dyes Temperature (°C) Single component Binary component
Gmax (mol/g) Ki (1/mol) R? Gmax (mol/g) Ki (1/mol) R?
RB 25 1.19x 104 3.07 x 10° 0.9724 6.07 x 10~° 4.11 x 108 0.9997
40 1.11x 104 2.18 x 10° 0.9979 4.56 x 10> 2.65 x 10° 0.9957
MB 25 2.08 x 1074 9.58 x 106 0.9982 2.06 x 1074 4,83 x 106 0.9986
40 2.08 x 1074 1.06 x 106 0.9854 1.83x 104 1.36 x 106 0.9959
Table 2 3.5E+06
Thermodynamic parameters for adsorption of MB and RB onto AIMCM-41 in single
component systems.
3.0E+06
Dyes Temperature (°C) AG® (kJ/mol) AH° (k]/mol) AS° (J/mol K)
RB 25 -31.30 -17.92 44.89 2 5E+06
40 -31.97
MB 25 —39.82 —102.0 —208.8 2.0E+06+
40 -36.10 RSy
1.5E+06
T,T K
AH® = R ( 2l ) In KLt (5) 1OE-+06
I-T Ky,
m25°C
AHO _ AGO 5.0E+05 1 & 40°C
AST =20 2 (6)
T
) ) 0.0E+00 T " . T
As can be seen, the adsorption process is spontaneous with the 0 100 200 300 400 500
negative value of AG°. The standard enthalpy change (AH®) for time (min)

the adsorption of the dyes on AIMCM-41 is negative, indicating
that the process is exothermic in nature with AH® of —17.92 and
—102.0k]/mol for RB and MB, respectively.

3.1.2. Adsorption kinetics in single component systems

The kinetic study of adsorption processes provides useful data
regarding the efficiency of adsorption and feasibility of scale-up
operations. To evaluate the effectiveness of an adsorbate, studies
on kinetics of adsorption are also needed [32].

The kinetics of adsorption can be described using several mod-
els. A simple kinetic model is the pseudo-first-order equation [30]:

dq:

ar =k1(qe — qt) (7)

where k; is rate constant for pseudo-first-order adsorption. After
definite integration by applying the initial conditions ;=0 at t=0
and q:=q; at t=t, Eq. (7) becomes:

In(ge — qr) = In(qe) — k1t (8)

The above linear equation can usually be used to estimate g, from
intercept and k; from the slope. A pseudo-second-order equation
can be expressed as follows:

d
T = ka(@e - av)? 9

where k; is rate constant for pseudo-second-order adsorption. After
definite integration by applying the initial conditions, we have a

Table 3

Fig. 5. Pseudo-second-order kinetics for adsorption of MB onto AIMCM-41 at 25
and 40°C.

linear form as:
t 1 1

=4+ = 10
qe kzqg Je (10)

The plot of t/qt versus time gives straight lines. The values for g,
and k, can be calculated from the slope and intercept. Fig. 5 rep-
resents plot of pseudo-second-order kinetic model for adsorption
of MB at 25 and 40°C. The kinetic parameters obtained from the
models for adsorption of the dyes are given in Table 3. For pseudo-
second-order kinetics, the correlation coefficients are closer to
unity. This suggests that the adsorption of MB and RB onto AIMCM-
41 can be represented better by the pseudo-second-order model.

3.1.3. Effect of solution pH on single component systems

It is known that adsorption of dyes onto adsorbents is influ-
enced by pH of solution [30]. Fig. 6 demonstrates the dynamic
adsorption of MB and RB onto AIMCM-41 at three different pH and
25°C. As can be seen, amount of MB adsorption initially increases
as the pH increases and then decreases. When pH of solution is
changed from 2 to 7, the adsorption increases from 6.71 x 10~ to
2.08 x 10~4mol/g. In acidic solutions, presence of excess H* com-
peting with the cationic dyes for adsorption sites. For this reason,
the amount of MB and RB adsorption decreases in acidic solutions.
It is clear that the amount of RB adsorption greatly decreases as
the pH is increasing. When pH of solution is changed from 7 to 12,

Kinetic parameters for adsorption of MB and RB onto AIMCM-41 in single component system.

Dyes Temperature (°C) Experimental First-order kinetics Seconds-order kinetics
qe (mol/g) ge (mol/g) ki (h=1) R? e (mol/g) k> (g/mol h) R?
RB 25 8.74 x 10—° 5.79 x 10-5 0.2138 0.8514 8.88 x 10~ 2.43 x 106 0.9995
40 7.17 x 107> 2.57 x 10-5 0.0084 0.9306 7.27 x 107> 8.85x 10% 0.9986
MB 25 2.08 x 1074 2.64x10°° 0.0055 0.6778 2.07 x 10~* 9.29 x 10* 0.9999
40 1.84x 104 3.95x10~° 0.0120 0.7854 1.84x 104 8.07 x 10* 0.9998




S. Eftekhari et al. / Journal of Hazardous Materials 178 (2010) 349-355 353

3.E-04
(a)
" - n | | | |
2.E-04 i ™
~ A A A A
:.u A A A A
—~ 2.E-04
L0 & pH=2.0
g B pH=7.0
= H=12
S 1E-04 &P
ot > . . * *
5.E-05
0.E+00 & T T T T T
0 100 200 300 400 500 600
time (min)
1.E-04
(b)
*pH=20
m pl=7.0
8.E-051 Apli=12
- = [ ] " [}
paum ©®
—~ G6E-05-40
2 .
g
= 'tw * e s . . . .
S 4E-057
>
2.E-05
AA A A A A A A A
0.E+00 T T T T T
0 100 200 300 400 500 600

time (min)

Fig. 6. Dynamic adsorption for MB and RB onto AIMCM-41 in various pH at 25°C
for (a) MB and (b) RB.

the adsorption will decrease from 7.43 x 10~ to 1.62 x 10> mol/g.
There is a carboxylic group in structure of RB which can be dis-
sociated with increasing pH of solution. Then, in higher pH, RB
has zwitterionic character. For this reason, there are not enough
electrostatic interactions between negatively charged adsorbent
and zwitterionic RB. As a result, amount of the adsorption greatly
decreases with pH of solution.

3.2. Adsorption in binary component system

3.2.1. Adsorption isotherm in binary component system

Fig. 7 demonstrates a comparison of MB and RB adsorption onto
AIMCM-41 in single and binary component systems at 25 and 40 °C
for initial concentration of 8 x 106 M. It is clear that the adsorp-
tion is reduced in binary component system, which suggests a
competitive adsorption. During the process, adsorption reaches an
equilibrium adsorption of 1.96 x 10~4 and 5.87 x 10~> mol/g at ini-
tial concentration of 8 x 10-6 M for MB and RB at 25°C. In binary
component system at 25°C, adsorption of MB and RB is approx-
imately reduced by 94 and 79% of single component adsorption
systems, respectively.

The parameters obtained from the experimental data using the
linearized Langmuir isotherm for adsorption of MB and RB onto
the adsorbent at 25 and 40°C in binary component system are
presented in Table 4. It is clear that similar to single component
systems, the competitive adsorption data are fairly fitting in the
Langmuir model. By comparing the results in Tables 1 and 4, one
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Fig. 7. Comparison of MB and RB adsorption in single and binary component sys-
tems at (a) 25°C and (b) 40°C.

can see that the Langmuir constant (K ) for adsorption of MB and
RB in binary component system is lower than single component
systems.

In binary adsorption system at 40°C, it is clear from Fig. 7b
that RB adsorption becomes lower after 100 min. Similar results for
adsorption on MCM-41 and MCM-48 has been reported [12]. These
results were described by reversible adsorption on these adsor-
bents. Fig. 1 demonstrates that size of RB is larger than MB. Because
of smaller size, MB molecules in adsorption process mainly closely
packed inside pores of AIMCM-41. For this reason, in single compo-
nent adsorption system, adsorption capacity of AIMCM-41 toward
MB is about 2.4 times greater than RB at 25 °C. However, in binary
adsorption system, RB with larger size mainly will adsorb at sur-
face of the adsorbent leading to lower adsorption capacity. Surface
adsorbed RB molecules are exposed to hydrolysis in aqueous solu-
tions and thus the attack by water molecules can result releasing
of RB from the surface of AIMCM-41 [12]. However, the releasing

Table 4
Thermodynamic parameters for adsorption of MB and RB onto AIMCM-41 in binary
component system.

Dyes Temperature (°C) AG® (kJ/mol) AH° (k]/mol) AS° (J/mol K)
RB 25 -37.73 -141.8 —349.2

40 -32.49
MB 25 -38.13 —65.52 -91.91

40 —36.75
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Table 5

Kinetic parameters for adsorption of MB and RB onto AIMCM-41 in binary component system.

Dyes Temperature (°C) Experimental First-order kinetics Second-order kinetics
ge (mol/g) ge (mol/g) ki (1/h) R? ge (mol/g) ka (g/mol h) R?
RB 25 5.89 x 105 3.96 x 105 0.1272 0.9346 5.98 x 105 1.04 x 106 0.9992
40 325x10°5 74 x 10! —0.0309 0.8377 6.33 x10°5 4.96 x 108 0.9996
MB 25 1.99x 104 428x10°° 0.0315 0.9588 2.01x104 1.86 x 10° 0.9999
40 1.65x 104 1.19x 1075 0.0109 0.7926 1.65x 104 226 x 105 0.9999
rate for MB molecules mainly adsorbed inside the pores will be 2.5E-04
slower [12]. Increasing of temperature from 25 to 40 °C will help for (@)
releasing process. Therefore, in binary adsorption system at 40 °C,
RB adsorption decreases after 100 min. 2.0B:044 o s = "
Using Egs. (4)-(6), thermodynamic parameters (AG°, AH° and o _ﬁ' LR
AS°)foradsorption of MB and RB in binary component system were . 4 i
calculated (Table 5). As can be seen, similar to single component M . At L, A a
systems, the adsorption is exothermic. g . ol
Z op04 4 $ L
3.2.2. Adsorption kinetics in binary component system . ® ph=7
Plot of pseudo-second-order kinetic model for adsorption of MB e
at 25 and 40 °Cin binary component system has been demonstrated 5.0E-05 4
in Fig. 8. Results for the competitive adsorption are compared in e e s e e . e .
Table 5. It is clear that pseudo-second-order kinetic model show r
much better correlation coefficients, close to ideal value in all cases. 0.0E+00 . ‘ : ‘ .
Thus, similar to single component systems, adsorption of the basic 0 100 200 390 . o0 200 o00
dyes on the adsorbent follows the pseudo-second-order kinetics. As Mute= )
discussed in Section 3.2.1, RB molecules mainly adsorb on surface of 6.E-05
the adsorbent. However, adsorption of MB mainly occurs on pores (b)
of the adsorbent. For these reasons, it is clear that pseudo-second- —_— *pH=2
order rate constant for adsorption of RB will be greater than that of - - m mpH=7
MB [12]. - .
& 4E05 -
3.2.3. Effect of solution pH on binary component system TE’ "
Fig. 9 shows the dynamic adsorption of MB and RB with ini- T 3E-05® - .
tial concentration of 8 x 10~> M onto AIMCM-41 at three different a
pH and 25°C in binary component system. It is clear that, simi- o
lar to single component system, the amount of adsorption capacity '
of MB and RB increases as the pH increases and then decreases.
When pH of solution is changed from 2 to 7, the adsorption will L.E-05 1
change from 3.33 x 1075 to 1.96 x 10~% mol/g and from 1.40 x 10-6 NN %
t0 3.0 x 10> mol/g for MB and RB, respectively. Also, for RB, there is 0E+00 i 2 ¢ s+ .
not significantadsorption at pH 12. Moreover, it is clear that adsorp- 0 100 200 300 400 500 600

tion of RB on AIMCM-41 initially increases and then decreases after
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Fig. 8. Pseudo-second-order kinetics for adsorption of MB onto AIMCM-41 in binary
component system at 25 and 40 °C.
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Fig. 9. Dynamic adsorption of MB and RB onto AIMCM-41 in binary component
system in various pH at 25°C (a) MB and (b) RB.

maxima. This can be attributed to the surface adsorption of RB
leading to easily releasing by hydrolysis [12]. The decrease of MB
adsorption on the adsorbent is mainly occurs at alkaline solution.
In alkaline solutions, hydrolysis of some adsorbed MB molecules on
surface of the adsorbent by OH~ attach will release MB molecules
from the adsorbent. It is clear that, in neutral solutions, hydrolysis
rate by water molecules for releasing MB molecules is negligible.

4. Summary

The AIMCM-41 was applied for single and binary component
adsorption systems of two basic dyes, MB and RB. It was found that
the adsorbent exhibits higher adsorption capacity for MB than RB
due to the difference in molecular size. The maximal adsorption
capacities for MB and RB are 2.08 x 10~ and 8.74 x 10~> mol/g at
25°C, respectively. For single and binary component systems, the
adsorption data were fairly fitted by the Langmuir model. In binary
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component system at 25°C, adsorption of MB and RB is approx-
imately reduced by 94 and 79% of single component adsorption
systems, respectively. Kinetics of the adsorption is better described
by the pseudo-second-order model. In single and binary compo-
nent systems, the adsorption extent of MB and RB onto AIMCM-41
increases with pH of solution and then decreases.
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