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ABSTRACT

Mesoporous silica MCM-41 was synthesized and functionalized with a silane coupling
agent (3-aminopropyltrimethoxysilane, APTMS) for the removal of Acid Blue 25 (AB25,
anionic dye) and Methylene Blue (MB, cationic dye) from aqueous solutions as adsorbents.
The synthesized (MCM-41) and functionalized (f-MCM-41) materials were characterized
using field emission scanning electron microscopy, energy-dispersive X-ray spectrometry,
transmission electron microscopy, particle size analysis, nitrogen gas adsorption-desorption
analysis, X-ray diffraction spectrometry, and Fourier transform infrared spectrometry. The
results indicate that the surface modification of MCM-41 with APTMS was successfully car-
ried out. Batch experiments were performed to examine AB25 and MB removal by MCM-41
and f-MCM-41 under various experimental conditions. The results show that f-MCM-41
was a good adsorbent for anionic AB25, but not for cationic MB. This could be attributed to
the presence of amine groups on the surfaces of f-MCM-41 from the APTMS modification.
Conversely, MCM-41 was good for MB removal, but not for AB25 removal. AB25 removal
in f-MCM-41 was sensitive to solution pH, with decreasing adsorption capacity as pH
increased from 4.1 to 9.4. MB removal in MCM-41 was sensitive to solution pH in the oppo-
site manner, with increasing adsorption capacity as pH increased from 4.1 to 10.3. Thermo-
dynamic analysis showed that the adsorption of AB25 to f-MCM-41 and of MB to MCM-41
decreased with increasing temperature from 15 to 45˚C, indicating the exothermic nature of
the sorption process. This study demonstrated that surface functionalization with silane
coupling agents can help to make MCM-41 useful for the removal of various types of dyes.
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1. Introduction

Pollution of water bodies by effluents from the tex-
tile industry is a serious environmental problem. Dyes
released from textile effluents impart a significant
color to water, making consumption unfeasible. In
addition, dyes reduce the transmission of sunlight
through water, affecting the photosynthesis of aquatic
plants. Furthermore, dyes pose a great threat to aqua-
tic life and human beings due to their mutagenic and
carcinogenic properties [1]. Therefore, the removal of
dyes from textile effluents is a contentious topic in
environmental research.

Various treatment techniques have been used for
the removal of dyes from water, including adsorption,
sedimentation, flotation, flocculation, coagulation,
foam fractionation, ionizing radiation, incineration, fil-
tration, neutralization, reduction, oxidation, electroly-
sis, ion exchange, advanced oxidation processes,
stabilization ponds, aerated lagoons, trickling filters,
and activated sludge [1]. Among these processes,
adsorption is the most widely applied, mainly because
of cost-effectiveness and simplicity of operation. Sev-
eral adsorbents have been tested for dye removal,
including activated carbon, alumina, silica gel, and
zeolite [2–4].

Mesoporous silica is a form of silica with large
pore diameters, ranging from 2 to 50 nm. Mesoporous
silica has a large surface area with high chemical and
thermal stability. The most common types of mesopor-
ous silica materials are Mobil Crystalline of Materials
41 (MCM-41) and Santa Barbara Amorphous 15 (SBA-
15). Mesoporous silica and surface-modified mesopor-
ous silica have been used as adsorbents for dye
removal from aqueous solutions [5–7]. A silane cou-
pling agent is a bifunctional compound composed of
two functionally active end groups (hydrolyzable and
organofunctional). The hydrolyzable group reacts
chemically with the silanol groups on the surfaces of
silica to form stable siloxane bonds, whereas the or-
ganofunctional group provides desired surface charac-
teristics or reactive groups [8,9]. Recently, silane
coupling agents have been used by several researchers
[10–13] to accommodate functional groups (amine, car-
boxylic, decyl, phenyl, and sulfonic acid) on the sur-
faces of mesoporous silica through surface
modification for the removal of various types of dyes.
For example, Anbia and Salehi [14] used ethylenedia-
mine-, aminopropyl-, and pentaethylenehexamine-
functionalized SBA-3 mesoporous silica for the
adsorption of acid dyes. Fu et al. [15] functionalized
superparamagnetic mesoporous silica microspheres
with 3-mercaptopropyltriethoxysilane to graft carbox-
ylic groups for the removal of Methylene Blue (MB)

and acridine orange. Cestari et al. [16] modified the
surfaces of mesoporous silica gel using 3-(trimethoxy-
silyl)propylamine to provide amine groups for the
removal of yellow and red dyes.

The aim of this study was to characterize the
removal of Acid Blue 25 (AB25, anionic dye) and MB
(cationic dye) from aqueous solutions using both mes-
oporous silica MCM-41 and MCM-41 functionalized
with a silane coupling agent (3-aminopropyltrime-
thoxysilane, APTMS) as adsorbents. APTMS contains
amine groups, which are considered as functional
moieties for dye removal [17], and has shorter linker
length than other amine functional silane (e.g. N-(2-
ainoethyl)-3-aminopropyltrimethoxysilane) [18], such
that surface area reduction effect on mesoporous silica
can be much lower when modifying with APTMS
[19]. The properties of the synthesized (MCM-41) and
functionalized (f-MCM-41) materials were analyzed
using various characterization techniques. Batch
experiments were performed to examine AB25 and
MB removal by MCM-41 and f-MCM-41 under vari-
ous experimental conditions, including reaction time,
dye concentration, solution pH and temperature. Sorp-
tion kinetic, equilibrium isotherm, and thermodynamic
models were used for the data analysis.

2. Materials and methods

2.1. Synthesis and functionalization of MCM-41

Mesoporous silica MCM-41 was synthesized
according to procedures reported in the literature [20].
Briefly, 205 mL of ammonia water (25 weight %,
Daejung Chemicals & Metals) was mixed with 270 mL
of deionized water (Direct-Q, Millipore) at room tem-
perature. Then, 2.0 g of cetyltrimethylammonium bro-
mide (CTAB, ≥99%, Sigma-Aldrich) as a template
(surfactant) was dissolved into the solution and stirred
for 1 h to form hexagonal arrayed micelle rods. Next,
10 mL of tetraethylorthosilicate (TEOS, ≥99%, Sigma-
Aldrich) was added as a silica source. After 2 h of
crystallization via stirring, a white precipitate was
obtained, filtered, and washed with 2 L of deionized
water to neutralize the pH. The washed precipitate
was dried under a desiccator overnight, and then cal-
cined at 550˚C in air for 4 h to remove the surfactant.
After cooling, MCM-41 powder was obtained via frag-
mentation with a mortar and pestle.

f-MCM-41 was synthesized using methods modi-
fied from the literature [21]. First, 4.0 g of APTMS
(≥97%, Sigma-Aldrich) as a functional monomer was
mixed with 100 mL of methanol and refluxed for 3 h.
Then, 6.0 g of MCM-41 powder was added to the
mixture, stirred, and refluxed for 24 h. The resulting
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precipitate was filtered and washed with 500 mL etha-
nol to remove the unreacted functional monomer.
Next, the precipitate was washed again with 1 L of
deionized water, filtered, and dried at 105˚C in the air
overnight. After cooling, f-MCM-41 powder was
obtained via fragmentation with a mortar and pestle.

2.2. Characterization of MCM-41 and f-MCM-41

The characteristics of MCM-41 and f-MCM-41 were
determined using field emission scanning electron
microscopy (FESEM), energy-dispersive X-ray spec-
trometry (EDS), transmission electron microscopy
(TEM), particle size analysis, nitrogen gas (N2) adsorp-
tion–desorption analysis, X-ray diffraction (XRD) spec-
trometry, and Fourier transform infrared spectrometry
(FTIR). FESEM and EDS analysis and color mapping
of MCM-41 and f-MCM-41 were performed using a
field emission scanning electron microscope (Supra
55VP, Carl Zeiss, Germany). TEM (JEM-1010, JEOL,
Japan) was used to take images of the mesoporous sil-
ica. Particle size was analyzed using a Zetasizer
(ELSZ-1000, Otsuka Electronics, Japan). N2 adsorption-
desorption analysis was performed using a surface
area analyzer (BELSORP-max, BEL Japan Inc., Japan)
after the sample was pretreated at 120˚C. From the N2

adsorption–desorption isotherms, the specific surface
area, average pore diameter, total pore volume, and
mesopore volume were determined by Brunauer–
Emmett–Teller (BET) and Barrett–Joyner–Halenda
(BJH) analyses. The mineralogical and crystalline
structural properties were examined using low-angle
XRD (D8 Discover, Bruker, Germany) with a CuKα
radiation of 1.5406 Å at an exposure time of 1,800 s.
Infrared spectra were recorded on a Bomem MB-104
(Abb-Bomem Inc., Quebec, Canada) FTIR spectrometer
using KBr pellets.

2.3. Dye removal experiments

Batch experiments were performed in solution
containing AB25 (Sigma-Aldrich, 210,684) or MB
(Sigma-Aldrich, M44907). The characteristics of AB25
and MB are summarized in Table 1. The desired dye
solution was prepared by diluting the stock solution
(1,000 mg L−1). Batch experiments were performed at
30˚C unless stated otherwise. All of the experiments
were performed in triplicate.

The first experiments were conducted to observe
the effect of reaction time on dye removal, and 0.05 g
of adsorbent (MCM-41 or f-MCM-41) was added to
50 mL of dye solution (initial concentration = 100 mg
L−1). The solutions were shaken in a shaking incubator
at 150 rpm and 25˚C. The samples were collected at
regular time intervals and filtered through a 0.45 μm
membrane filter. The dye concentration was measured
by a UV–visible spectrometer (Aquamate, Thermo).
The characteristic wavelengths of 600 nm for AB25
and 665 nm for MB were selected for the analysis.
Both signals displayed good linear relationships
between intensity and concentration. Additional
experiments (adsorbent dose = 0.05 g L−1; initial con-
centration = 100 mg L−1) were performed at 15 and
45˚C for thermodynamic analysis.

The second experiments were performed to exam-
ine the effect of initial dye concentration, and 0.05 g of
adsorbent was added to 50 mL dye solution (initial
concentration = 10–500 mg L−1). The samples were col-
lected 2 h after the reaction. The third experiments
were performed to examine dye removal as a function
of solution pH (adsorbent dose = 0.05 g L−1; initial con-
centration = 100 mg L−1). In these experiments, solution
pH was adjusted with 0.1 M HCl and 0.1 M NaOH.
The pH was measured with a pH probe (9107BN,
Orion, USA).

Table 1
Characteristics of the dyes used in the experiments

General name Abbreviation Molecular formula Structure λmax (nm)

Methylene Blue MB C16H18ClN3S 291,665

Acid Blue 25 AB25 C20H13N2NaO5S 257,600
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2.4. Data analysis

All of the parameters of the models were estimated
using MS Excel 2010 with the solver add-in function
incorporated into the program. The model parameter
values were determined by nonlinear regression. The
determination coefficient (R2), chi-square coefficient
(χ2), and sum of square error (SSE) were used to ana-
lyze the data and confirm the fit to the model. The
expressions of R2, χ2, and SSE are given below:

R2 ¼
Pm

i¼1ðyc � �yeÞ2iPm
i¼1ðyc � �yeÞ2i þ

Pm
i¼1ðyc � yeÞ2i

(1)

v2 ¼
Xm
i¼1

ðye � ycÞ2
yc

" #
i

(2)

SSE ¼
Xm
i¼1

ðye � ycÞ2i (3)

3. Results and discussion

3.1. Characteristics of MCM-41 and f-MCM-41

FESEM images of MCM-41 and f-MCM-41 are pre-
sented in Fig. 1, demonstrating that MCM-41 had a
sphere or rod-like morphology, and that f-MCM-41
had a similar shape. TEM images (Fig. 2) show that
MCM-41 had a hexagonal shape with a regular
arrangement of pores, and that the surface of f-MCM-
41 was covered with APTMS. The physical characteris-
tics of MCM-41 and f-MCM-41 are presented in
Table 2. The particle size analysis indicates that
f-MCM-41 had a size of 585.7 ± 105.6 nm, which was
larger than MCM-41 (527.9 ± 100.1 nm).

N2 adsorption–desorption isotherms for MCM-41
and f-MCM-41 are illustrated in Fig. 3(a). The BET sur-
face area of MCM-41 was determined to be
1239.5 m2g−1 with a total pore volume of 0.917 cm3g−1,
average pore diameter of 2.97 nm, and mesopore vol-
ume of 0.848 cm3g−1. For f-MCM-41, the BET surface
area was 509.9 m2g−1 with a total pore volume of
0.342 cm3g−1, average pore diameter of 2.69 nm, and

Fig. 1. FESEM images of mesoporous silica: (a) MCM-41
(bar = 200 nm) and (b) f-MCM-41 (bar = 200 nm).

Fig. 2. TEM images of mesoporous silica: (a) MCM-41
(bar = 50 nm); (b) MCM-41 (bar = 10 nm); (c) f-MCM-41
(bar = 50 nm); and (d) f-MCM-41 (bar = 10 nm).
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mesopore volume of 0.221 cm3g−1 (Table 2). Compared
with MCM-41, the BET surface area and other values
of f-MCM-41 were reduced due to the surface modifi-
cation. Low-angle XRD patterns of MCM-41 and
f-MCM-41 are shown in Fig. 3(b). The XRD pattern of
MCM-41 indicates two peaks at 2θ = 2.44 and 4.18, and
these peaks were indexed to (100) and (110) reflections,
respectively, a characteristic of hexagonal mesostruc-
tures [22]. The XRD pattern of f-MCM-41 demonstrates
that the main peak signal of MCM-41 existed in
f-MCM-41. The shift of (100) diffraction peak to the
right in f-MCM-41 could be attributed to the decrease
of pore size as a result of amine groups anchoring on
the mesopores of MCM-41 [22]. In the FTIR spectra of
MCM-41 (Fig. 3(c)), a broad band around 3,449 cm−1

along with the peaks at 1,634 add 965 cm−1 corre-
sponded to the vibration bands of silanol groups
(Si–OH), which are involved in the surface modifica-
tion with silane coupling agents [8]. The bands at 1,095
and 800 cm−1 were attributed to the stretching vibra-
tion of Si–O–Si groups. The FTIR data of f-MCM-41
show the major bands found in the FTIR spectra of
MCM-41. Particularly in the FTIR data of f-MCM-41,
the vibration bands of amine groups (−NH2

+) were
found at 1,515 and 1,471 cm−1 (Fig. 3(c)).

EDS patterns of MCM-41 and f-MCM-41 are pre-
sented in Fig. 4. Silicon (Si) was the major element of
MCM-41 with a weight percent of 38.58% (Fig. 4(a)).
In the EDS pattern of f-MCM-41 (Fig. 4(b)), nitrogen
(N) appeared due to the surface modification by
ATPMS. Through EDS analysis, Si was evident at the
peak position of 1.740 keV as the K alpha X-ray signal.
In f-MCM-41, N was evident at the peak position of
0.392 keV as the K alpha X-ray signal. Color mapping
was performed to visualize the spatial distribution of
Si and N on f-MCM-41 (Fig. 5). Si was colored yellow-
green (Fig. 5(b), (d)), whereas N was visualized as
green (Fig. 5(c), (d)). The results indicate that the sur-
face modification of MCM-41 with the silane coupling
agent (APTMS) was successfully carried out.

3.2. Characteristics of AB25 and MB removal

The effect of reaction time on the removal of AB25
and MB by MCM-41 and f-MCM-41 is shown in

Table 2
Physical characteristics of the mesoporous silica synthesized in the laboratory (data from particle size analysis and N2

adsorption–desorption analysis)

Mesoporous
silica

Particle size
(nm)

BET surface area
(m2 g−1)

Total pore volume
(cm3 g−1)

Average pore
diameter (nm)

Mesopore volume
(cm3 g−1)

MCM-41 527.9 ± 100.1 1239.5 0.917 2.96 0.848
f-MCM-41 585.7 ± 105.6 509.9 0.342 2.69 0.221

Fig. 3. N2 adsorption–desorption isotherms (a) low-angle
XRD patterns and (b) FTIR spectra of mesoporous silica
(MCM-41 and f-MCM-41).
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Fig. 6. In the case of MCM-41, the adsorption capacity
of MB was 43.4 mg g−1 at 5 min of reaction time,
increased to 48.5 mg g−1 at 15 min, and then remained
relatively constant thereafter. The adsorption of MB to
MCM-41 reached the equilibrium very fast, mainly
due to high BET surface area along with uniformity of
two-dimensional hexagonal cylindrical pores of MCM-
41 [23]. The adsorption capacity of AB25 was far lower
than that of MB. The adsorption capacity of AB25 was
1.8 mg g−1 at 30 min, which was only 4% of MB
(48.9 mg g−1) at the same reaction time. In the case of
f-MCM-41, the adsorption capacity of AB25 was
18.3 mg g−1 at 5 min and increased to 19.9 mg g−1 at
10 min. The adsorption capacity of MB was far lower

than that of AB25 and was determined to be
3.6 mg g−1 at 30 min only 18% of AB25 (20.1 mg g−1)
at the same reaction time.

Our results indicate that the adsorption of MB to
MCM-41 was favorable, whereas the adsorption of
AB25 to MCM-41 was not. Conversely, the adsorption
of AB25 to f-MCM-41 was favorable, whereas the
adsorption of MB to f-MCM-41 was not. These phe-
nomena could be attributed to the fact that MB is a
cationic dye, and so, the adsorption of positively
charged MB to negatively charged MCM-41 was
favorable under the experimental conditions (pH 6.0)
due to electrostatic attraction [22,24]. The pHpzc of
MCM-41 was determined to be 4.0, above which the

Fig. 4. EDS patterns of mesoporous silica: (a) MCM-41 and (b) f-MCM-41.
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surface of MCM-41 is negatively charged. Conversely,
the adsorption of negatively charged AB25 to MCM-41
was not favorable under the experimental conditions
(pH 5.6) due to electrostatic repulsion. The hydroxyl
groups (–OH−) on the surfaces of MCM-41 could not
provide strong sorption sites for negatively charged
AB25.

When the surfaces of f-MCM-41 were covered by
amine groups via APTMS modification, the adsorp-
tion of AB25 to f-MCM-41 became favorable because

the number of positively charged sorption sites
increased. The adsorption of negatively charged AB25
to f-MCM-41 was enhanced due to electrostatic attrac-
tion. Conversely, the adsorption of positively charged
MB to f-MCM-41 became unfavorable due to electro-
static repulsion.

Our results conform well to the reports of other
researchers who demonstrated that negatively charged
mesoporous silica was effective in the removal of cat-
ionic MB. Anbia and Hariri [24] reported that meso-
porous silica SBA-3 was effective for the adsorption of
MB through electrostatic attraction. Dong et al. [25]
demonstrated that mesoporous silica SBA-15 was an
excellent adsorbent for MB in aqueous solutions.
Wang and Li [6] also showed the effective adsorption
of MB to MCM-41, MCM-48, and MCM-50, and the
latter demonstrated higher adsorption. Researchers
have also reported that the adsorption capacity of
mesoporous silica for anionic dyes could be improved
via surface functionalization. Ho et al. [10] reported
that amino-containing MCM-41 had a strong affinity
for AB25, whereas carboxylic-containing MCM-41 dis-
played a large sorption capacity for MB. Anbia and
Salehi [14] showed that amino-functionalized SBA-3
effectively removed acid dyes (AB113, Acid Red 114,
Acid Green 28, Acid Yellow 127, and Acid Orange 67),
due to the electrostatic attraction between the posi-
tively charged amine groups on the silica surfaces and
the negatively charged sulfonate groups (–SO3

−) of the
acid dyes.

Fig. 5. Color mapping of mesoporous silica f-MCM-41: (a) FESEM image (bar = 30 μm); (b)Si map; (c) N map; and
(d) overlay of the secondary electron image, Si map and N map.

Fig. 6. Effect of reaction time on the removal of AB25 and
MB by mesoporous silica MCM-41 and f-MCM-41 (initial
dye concentration = 100 mg L−1).
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The effect of AB25 and MB concentration on dye
removal is presented in Fig. 7. MB removal by MCM-41
was highly concentration-dependent. At the lowest con-
centration of 10 mg L−1, the adsorption capacity was
9.0 mg g−1, which increased to 102.9 mg g−1 at the high-
est concentration of 500 mg L−1. At lower concentra-
tions, the dyes available in the solution are fewer in
number than the sorption sites on the adsorbent, and
the available dye increased with increasing dye concen-
trations. However, the adsorption capacity of AB25 in
MCM-41 was very low, increasing from 0.05 to
10.8 mg g−1 with increasing dye concentrations from 10
to 500 mg L−1, respectively. At dye concentrations of
500 mg L−1, the adsorption capacity of AB25 in MCM-
41 was only 10% of the adsorption capacity of MB. In
f-MCM-41, the AB25 removal was also highly depen-
dent on concentration. The adsorption capacity was
2.1 mg g−1 at the lowest concentration of 10 mg L−1, and
increased to 36.8 mg g−1 at the highest concentration of
500 mg L−1. The adsorption capacity of MB was very
low, increasing from 1.23 to 9.1 mg g−1 with increasing
dye concentrations from 10 to 500 mg L−1, respectively.
At dye concentrations of 500 mg L−1, the adsorption
capacity of MB was only 25% of the adsorption capacity
of AB25.

The effect of solution pH on the removal of AB25
and MB is demonstrated in Fig. 8. In the case of
MCM-41, the adsorption capacity of MB was
33.5 mg g−1 at pH 4.1 and increased to 40.5 mg g−1 at
pH 5.7. As the solution pH increased further and
approached 10.3, the adsorption capacity increased to
99.4 mg g−1, indicating that the MB removal by
MCM-41 was very sensitive to solution pH changes.
In acidic pH, the surfaces of MCM-41 are surrounded

by excess H+ ions, which compete with positively
charged MB molecules for the sorption sites on the
adsorbent. In alkaline pH, the surfaces of MCM-41
become more negatively charged, due to the presence
of excess OH- ions, resulting in an increase in MB
adsorption to MCM-41 via the electrostatic attraction.
Our results are similar to the findings of Dong et al.
[25] who investigated the effect of solution pH on
the removal of MB by SBA-15. They reported that
the adsorption of MB to SBA-15 increased slightly
with increasing pH from 2 to 6, and then increased
sharply in the pH range from 8 to 12. Yan et al. [26]
showed that the adsorption capacity of carboxylic-
functionalized mesoporous silica for MB increased
with increasing pH from 7 to 10. They reported that
only part of the carboxylic groups (–COOH) on the
surfaces of mesoporous silica are deprotonated at pH
7, whereas all carboxylic groups are present in the
form of –COO− ions at pH 10, providing more favor-
able (negatively charged) sorption sites for MB.

In our experiments, the adsorption capacity of
AB25 in MCM-41 was below 4.7 mg g−1 throughout
pH 4.1–9.4. In particular, the adsorption capacity was
below 1.0 mg g−1 at pH > 8.1. This result could be
attributed to the fact that the adsorption of negatively
charged AB25 to MCM-41 is not favorable due to elec-
trostatic repulsion. As pH increases to an alkaline con-
dition, the adsorption of AB25 to the surfaces of
MCM-41 becomes more unfavorable due to the pres-
ence of excess OH- ions.

In the case of f-MCM-41, the adsorption capacity
of AB25 at pH 4.1 was 28.7 mg g−1 and decreased to
19.5 mg g−1 at pH 5.6. As the pH increased to 8.1, the
adsorption capacity decreased slightly to 18.4 mg g−1.

Fig. 7. Effect of dye concentration on the removal of AB25
and MB by mesoporous silica MCM-41 and f-MCM-41
(reaction time = 30 min).

Fig. 8. Effect of solution pH on the removal of AB25 and
MB by mesoporous silica MCM-41 and f-MCM-41 (initial
dye concentration = 100 mg L−1; reaction time = 30 min).

J.-K. Kang et al. / Desalination and Water Treatment 57 (2016) 7066–7078 7073



As the pH increased further to 9.4, the adsorption
capacity decreased sharply to 1.1 mg g−1, indicating
that the removal of AB25 by f-MCM-41 was sensitive
to solution pH changes, especially at high pH condi-
tions. In acidic pH, the surfaces of f-MCM-41 are sur-
rounded by excess H+ ions and became more
protonated, resulting in an increase of negatively
charged AB25 adsorption to the adsorbent. In alkaline
pH, the competition between AB25 and OH- ions for
the sorption sites on f-MCM-41 increases due to the
presence of excess OH- ions, resulting in a decrease of
adsorption of AB25 to f-MCM-41. Our results agree
well with the report by Asouhidou et al. [11] who
investigated the effect of solution pH on the removal
of Remazol Red 3BS (anionic) dye by aminopropyl-
modified HMS mesoporous silica. The dye removal
was more favorable in acidic pH (2.0–4.0), due to the
electrostatic attraction between the sulfonate groups of
the dye and the protonated amino groups of the meso-
porous silica. The removal of Remazol Red 3BS
decreased gradually with increasing pH. Anbia and
Salehi [14] also showed that the adsorption of acid
(anionic) dyes to pentaethylenehexamine-functional-
ized SBA-3 mesoporous silica decreased with increas-
ing pH from 3.0 to 10.0. In the adsorption process,
electrostatic interactions occur between the sulfonate
groups of the dyes and the amine groups on the
surfaces of SBA-3. Shi et al. [12] also reported that sul-
fonic acid functionalized hierarchically porous silica
adsorbents could effectively remove the positively
charged organic compounds (dyes, biogenic amines,
pesticides, and amino acids) through electrostatic
interactions.

The adsorption capacity of MB to f-MCM-41 was
below 2.4 mg g−1 at pH 4.1–7.6. This result could be
attributed to the fact that the adsorption of positively
charged MB to the positively charged surfaces of
f-MCM-41 is not favorable at acidic and neutral pH
conditions, due to the electrostatic repulsion. The
adsorption capacity increased to 13.3 mg g−1 at pH 9.0
and to 15.5 mg g−1 at pH 10.3. In alkaline pH, the
adsorption of MB to f-MCM-41 increases because the
number of positively charged sites on the surfaces of
f-MCM-41 decrease, whereas the negatively charged
sites increase [14]. This result is similar with the report
from Fu et al. [15] who investigated the sorption prop-
erties of carboxylic functionalized superparamagnetic
mesoporous silica microsphere for basic dyes. They
reported that carboxylic groups can be easily deproto-
nated with increasing pH to negatively charged moie-
ties, showing good affinity with basic dyes in high
pH. The electrostatic interactions between basic dyes
and carboxylic functionalized microsphere could be
considered as the major sorption mechanism.

3.3. Kinetics, equilibrium isotherms, and thermodynamic
analyses

The reaction time data (MB for MCM-41 and AB25
for f-MCM-41) can be analyzed using the following
nonlinear forms of pseudo-first-order, pseudo-second-
order, and Elovich kinetic models [27]:

qt ¼ qeð1� e�k1tÞ (4)

qt ¼ k2qe2t

1þ k2qet
(5)

qt ¼ 1

b
ln abð Þ þ 1

b
ln t (6)

where qt is the amount of dye removed at time t, qe is
the amount of dye removed per unit mass of adsor-
bent at equilibrium, k1 is the pseudo-first-order rate
constant, k2 is the pseudo-second-order velocity con-
stant, α is the initial adsorption rate, and β is the
adsorption constant.

The kinetic model analyses are presented in Fig. 9,
and the kinetic model parameters are provided in
Table 3. The values of R2, χ2, and SSE indicate that the
kinetic data were described well by both pseudo-first-
and pseudo-second-order models. The values of qe
from the pseudo-first-order model were similar to
those from the pseudo-second-order model. For MB
sorption to MCM-41, the values of qe were 48.0–
48.6 mg g−1, while they were 19.3 mg g−1for AB25
sorption to f-MCM-41. The rate constant k2 was used
to calculate the initial adsorption rate constant (h) at
t → 0 with the following equation [27]:

Fig. 9. Kinetic model analysis. Model parameters are
provided in Table 3.
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h ¼ k2qe
2 (7)

The values of h were 2–3 orders of magnitude lower
than the values of α (initial adsorption rate constant)
from the Elovich model.

The dye concentration data (MB for MCM-41 and
AB25 for f-MCM-41) can be analyzed using the follow-
ing nonlinear forms of Langmuir, Freundlich, and
Redlich–Peterson isotherm models [28]:

qe ¼ QmKLCe

1þ KLCe
(8)

qe ¼ KFCe
1=n (9)

qe ¼ KRCe

1þ aRCe
g (10)

where qe is the amount of dye removed at equilibrium
(mg g−1), Qm is the maximum mass of dye removed
per unit mass of adsorbent (removal capacity), KL is
the Langmuir constant related to the binding energy,
Ce is the concentration of dye in the aqueous solution
at equilibrium, KF is the distribution coefficient, 1/n is
the Freundlich constant, KR is the Redlich–Peterson
constant related to the adsorption capacity, aR is the
Redlich–Peterson constant related to the affinity of the
binding sites, and g is the Redlich–Peterson constant
related to the adsorption intensity.

The equilibrium isotherm model analyses are pre-
sented in Fig. 10. The equilibrium model parameters
are provided in Table 4. From the Langmuir model,
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Fig. 10. Equilibrium isotherm model analysis. Model
parameters are provided in Table 4.
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the maximum adsorption capacity (Qm) for MB in
MCM-41 was 126.1 mg g−1, which was in the range of
the adsorption capacity of mesoporous silica for MB
(51.2–285.7 mg g−1) reported in the literature
[6,22,25,29]. Additionally, the value of Qm for AB25 in
f-MCM-41 was 45.9 mg g−1, which was similar to or
lower than other reported values (55.4 and 145 mg g−1)
of functionalized mesoporous silica for AB [30,31]. In
the Freundlich isotherm, KF and 1/n can be used to
calculate the adsorption capacity qm with the following
equation [32]:

qm ¼ KFC0
1=n (11)

where C0 is the initial concentration of the dye in the
aqueous solution. The values of qm for MB and AB25
were calculated to be 50.3 and 20.2 mg g−1, respec-
tively. The values of R2, χ2, and SSE indicate that both
the Freundlich and Redlich–Peterson isotherms were
suitable for describing the MB equilibrium data,
whereas both the Langmuir and Redlich–Peterson
isotherms were suitable for the AB25 data.

The thermodynamic analysis was performed using
the following equations [33]:

DG� ¼ DH� � TDS� (12)

DG� ¼ DH� � TDS� (13)

ln Keð Þ ¼ DS�

R
� DH�

RT
; Ke ¼ aqe

Ce
(14)
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Fig. 11. Thermodynamic analysis. Model parameters are
provided in Table 5.
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where ΔG˚ is the change in Gibb’s free energy, ΔS˚ is
the change in entropy, ΔH˚ is the change in enthalpy,
R is the gas constant (=8.314 J mol−1 K−1), Ke is the
equilibrium constant (dimensionless), and a is the
adsorbent dose (g L−1). The values of ΔS˚ and ΔH˚
were determined by plotting ln(Ke) vs. 1/T using
equation (14) and the value of ΔG˚ was calculated
from equation (12).

The thermodynamic analysis for MB adsorption to
MCM-41 and AB25 adsorption to f-MCM-41 is pre-
sented in Fig. 11. The thermodynamic parameters are
provided in Table 5. The negative values of ΔH˚ repre-
sent the exothermic nature of MB adsorption to MCM-
41 and AB25 adsorption to f-MCM-41, indicating that
adsorption capacity decreases with increasing temper-
ature. The negative values of ΔS˚ indicate that energy
is released during the sorption process and random-
ness decreases at the interface between solid and solu-
tion [22]. In addition, the positive values of ΔG˚ were
obtained for MB adsorption to MCM-41 and AB25
adsorption to f-MCM-41 (Table 5). Similar findings
were reported in the literature by Özer et al. [34], who
examined the biosorption of Acid Red 337 (AR337)
and AB325 (AB325) to seaweed, Enteromorpha prolifera,
between 303 and 323 K. They obtained the negative
parameter values of ΔH˚ and ΔS˚ and positive values
of ΔG˚ for biosorption of AR337 and AB325 to the sea-
weed. They stated that the sorption reaction would
always occur until equilibrium is reached regardless
of the sign of ΔG˚. Karadag et al. [35] also obtained
the positive values of ΔG˚ for the sorption of Reactive
Yellow 176 to CTAB and hexadecyltrimethylammoni-
um bromide modified zeolite. According to Karadag
et al. [35], the positive values of ΔG˚ indicate that the
amount of dye adsorbed on a solid phase (adsorbent)
is lower than the amount of dye in an aqueous phase
(solution) at equilibrium. Contrarily, Cestari et al. [16]
reported the negative values of ΔG˚, indicating the
spontaneous sorption process for Reactive Yellow GR
and Reactive Red RB on 3-(trimethoxysilyl)propyl-
amine functionalized mesoporous silica.

4. Conclusions

In this study, MCM-41 and f-MCM-41 were used as
adsorbents for the removal of AB25 and MB dyes from
aqueous solutions. The results show that f-MCM-41
was a good adsorbent for anionic AB25, but not for cat-
ionic MB. This could be attributed to the presence of
amine groups on the surfaces of f-MCM-41 via the
APTMS modification. On the other hand, MCM-41 was
good for MB, removal but not for AB25 removal. AB25
removal in f-MCM-41 was sensitive to solution pH
with decreasing adsorption capacity from 28.7 to
1.1 mg g−1 with increasing pH from 4.1 to 9.4. MB
removal in MCM-41 was sensitive to solution pH in
the opposite manner, showing increasing adsorption
capacity from 33.5 to 99.4 mg g−1 with increasing pH
from 4.1 to 10.3. Thermodynamic analysis showed that
the adsorption of AB25 to f-MCM-41 and of MB to
MCM-41 decreased with increasing temperature from
15 to 45˚C, indicating the exothermic nature of the
sorption process. This study demonstrates that surface
functionalization with silane coupling agents can aid
in the use of mesoporous silica MCM-41 as an adsor-
bent for the removal of various types of dyes.
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