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In this work, mesostructured silica nanoparticles (MSNap) with high adsorptivity were prepared by a
modification with 3-aminopropyl triethoxysilane (APTES) as a pore expander. The performance of the
MSNp was tested by the adsorption of MB in a batch system under varying pH (2-11), adsorbent dosage
(0.1-0.5 g L"), and initial MB concentration (5-60 mg L™!). The best conditions were achieved at pH 7
when using 0.1 gL MSNap and 60 mg L 'MB to give a maximum monolayer adsorption capacity of
500.1 mg g~! at 303 K. The equilibrium data were evaluated using the Langmuir, Freundlich, Temkin,
and Harkins-Jura isotherms and fit well to the Freundlich isotherm model. The adsorption kinetics
was best described by the pseudo-second order model. The results indicate the potential for a new use
of mesostructured materials as an effective adsorbent for MB.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The disposal of untreated effluents from many dye industries to
the surrounding environment often leads problems for aquatic life
and humans. Therefore, it is mandatory to treat these dye waste-
waters prior to discharge into the receiving body of water. Among
various physical treatment methods, adsorption using activated
carbon is the most widely used technique in industries for the re-
moval of dyes, but this method has been found to be ineffectual
due to its high cost and reusability [1].

Recently, microporous inorganic adsorbents (e.g., zeolites) and
mesoporous silica (e.g., MCM-41 and SBA-15) with unique surface
and pore properties as well as high surface areas have been exten-
sively investigated as alternatives to carbon adsorbents for the li-
quid adsorption of dissolved pollutants in water [2,3]. They have
also been verified as economical and useful high-capacity adsor-
bents because they can be regenerated after multiple uses [4].
However, these classes of mesostructured materials possess some
shortcomings and need to be extended to wider classes of meso-
structured silica materials. In response to this, mesostructured sil-
ica nanoparticles (MSN) have become increasingly important
because of their high surface area (>1000 m? g~!), thermal and
mechanical stability, highly uniform pore distribution, tunable
pore size, and unique hosting properties [2-7]. These remarkable
features mean that MSN are exploited in a wide range of applica-
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tions, including catalyst supports [5], separation agents [6], carriers
for drug delivery [7], and as effective adsorbents [2,8,9]. However,
to some extent, their applications, particularly in adsorption, are
still limited due to a lack of control in terms of particle and/or pore
size. To this purpose, surface functionalization by organic groups
on mesostructured materials has been employed using two general
methods, namely post-grafting and co-condensation synthesis
[10]. Of these two methods, the latter allows for better control of
the loading and distribution of organic groups [11].

Therefore, herein, we report on a facile preparation method for
MSN using an amine, namely APTES (3-aminopropyl triethoxysi-
lane) as a pore expander, which produced a mesostructured mate-
rial (MSNap) with high specific surface area. The synthesized MSN
was characterized by analytical techniques such as X-ray diffrac-
tion patterns, Fourier transform infrared spectroscopy, nitrogen
physisorption, scanning electron microscopy, and transmission
electron microscopy. The adsorption capability of MSNap was stud-
ied and compared with unmodified mesostructured silica nanopar-
ticles (MSNyy) in the adsorption of methylene blue (MB). The
adsorption equilibrium and kinetics of the adsorption were also
investigated.

2. Materials and methods
2.1. Materials

Cetyltrimethylammonium bromide (CTAB), ethylene glycol
(EG), tetraethyl orthosilicate (TEOS), methylene blue (MB), and
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Nomenclature

Go initial MB concentration (mgL™!)

G MB concentration at time t of reaction (mgL™!)
Ce MB concentration at equilibrium time (mgL™!)

Vv volume of the MB solution (L)
M mass of MSN (g)

c BET constant

P equilibrium pressure

P, saturation pressure

v adsorbed gas quantity

Um monolayer adsorbed gas quantity

Qe adsorption uptake at equilibrium conditions (mg g~!)
q: adsorption uptake at time t (mgg™')

k; pseudo-first order rate constant (min~')

ky pseudo-second order rate constant (mg g~ ' min~')
kiq constant of intraparticle diffusion (mg g~ min~'/?)
C thickness of the boundary layer

K langmuir constant (L mg™!)

Kr Freundlich adsorbent capacity

Kr Temkin constant (L mg™!)

ng heterogenity factor

Qmax maximum adsorption capacity (mgg™!)

R gas constant (8.314 ] mol ™' K1)

T absolute temperature (K)

Ay Harkins-Jura constant

By Harkins-Jura constant

3-aminopropyl triethoxysilane (APTES) were purchased from
Merck Sdn. Bhd., Malaysia. Ammonium hydroxide solution
(NH40H) was obtained from QRec, Malaysia. All of the chemicals
were used as received without further treatment.

2.2. Synthesis of mesostructured materials

Modified mesostructured silica nanoparticles (MSNap) were
prepared by co-condensation and the sol-gel method. The CTAB
surfactant, EG, and NH4OH solution were dissolved in 700 mL of
water with the following mole composition, respectively:
0.0032:0.2:0.2:0.1. After vigorous stirring for about 30 min with
heating, 1.2 mmol TEOS and 1 mmol APTES were added to the clear
mixture to give a white suspension solution. This solution was then
stirred for another 2 h, and the samples were collected by centrifu-
gation. The synthesized MSN were dried at 333 K and calcined at
823 K for 3 h to remove the surfactant. Untreated MSN (MSNyy)
was prepared by similar procedure but excluding the APTES addi-
tion during the process.

2.3. Characterization of MSN

The crystalline structure of samples was determined by X-ray
diffraction (XRD) recorded on a Bruker AXS D8 X-ray powder dif-
fractometer (Cu Kot radiation, 4= 1.5418 A). Transmission electron
microscopy (TEM) was carried out using a JEOL JEM-2100F micro-
scope. The samples were ultrasonically dispersed in acetone and
deposited on an amorphous, porous carbon grid. Field-emission
scanning electron microscopy (using a JEOL JSM-6701F micro-
scope) was conducted to observe the topology of the samples.
Nitrogen physisorption was measured at 77 K using a Quanta-
chrome Autosorb-1 analyzer. Prior to measurements, the samples
were evacuated for 24 h at 573 K. Specific surface area (Sggr) values
were calculated from the BET isotherm plots [12], while the total
pore volume and pore size distributions were calculated using
the Barrett, Joyner, and Halenda (BJH) method [13] from the
desorption isotherm. FT-IR spectroscopy (using a Perkin Elmer
Spectrum GX FTIR spectrometer) was performed to identify the
chemical functional groups present in the samples. The substance
was finely ground and dispersed into KBr powder-pressed pellets
using a ratio of approximately 1 mg sample/200 mg KBr. IR absor-
bance data were obtained over a range of wavenumbers from
4000-400 cm ™.

2.4. Adsorption study

The activity of the adsorbents was tested for the adsorption of
MB. This was performed in batches consisting of MB solution at

various concentrations (5-60 mg L~"). The solution was stirred at
room temperature and 300 rpm to uniformly disperse the adsor-
bent with a dosage 0.1 gL~!. The desired pH of the dye solution
was achieved via adjustment with 0.1 M HCl or 0.1 M NaOH. Dur-
ing the process, aliquots of 2 ml were withdrawn at pre-deter-
mined time intervals and centrifuged in a Hettich Zentrifugen
Micro 120 before being analyzed by UV-Vis spectrophotometer
(Agilent Technologies) to determine the residual concentration of
MB. Each set of experiments was performed three times. The
adsorption band of MB was taken at a maximum wavelength (Amax)
of 664 nm and the adsorption uptake, g; (mg g~ '), of the adsorbent
was calculated using the following equation:

(Co —C)V
q. = —m (1)
where C, and C; (mg L™') are the concentrations of MB at the initial
time and at time ¢, respectively, V (L) is the volume of the solution
and m (g) is the mass of the adsorbent used.

For the kinetics studies, the adsorbent (at a dosage of 0.1 gL™!)
was placed in contact with the eight different initial concentrations
of MB solution. The agitation speed was kept constant (500 rpm),
and analyses of the solutions were carried out using the same pro-
cedure as in the adsorption study.

3. Results and discussion
3.1. Characteristics of the adsorbent material

Fig. 1 shows the low-angle powder XRD patterns of the synthe-
sized mesostructured silica in the range of 20 = 1.5-10°. Distinct
diffraction peaks were observed at 260 =2.35°, 4.10°, and 4.75°,
which were indexed as (100), (110), and (200) reflections, respec-
tively. This typical mesostructured silica with hexagonal p6mm
structure peaks formed by the 2D hexagonal array of mesostruc-
ture is in agreement with the reported pattern [14]. Furthermore,
the relatively high intensity of the (100) peak in MSNap as com-
pared to MSNyy illustrates that the former was produced with a
more highly ordered arrangement of the channels [15]. The shift
of the two-theta position in the (100) peak of MSNxp indicates
the possible shrinkage of channels and a more ordered arrange-
ment of the structure [15].

The nitrogen adsorption-desorption isotherms are given in
Fig. 2A, exhibiting an H1 hysteresis loop with a type IV isotherm,
which is the typical adsorption profile for mesostructure [16].
Three well-defined stages of the isotherm shape were identified
as follows: (1) a gradual increase in nitrogen uptake at a low rela-
tive pressure, corresponding to monolayer/multilayer adsorption
on pore walls, (2) a step at an intermediate relative pressure, indi-
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Fig. 1. XRD pattern of MSNyy (a) and MSNyp (b).

cating capillary condensation within the mesopores, and (3) a pla-
teau with a slight inclination at high relative pressures associated
with multilayer adsorption on the external surface of the samples
[17]. A steep increase in the isotherms at a relative pressure be-
tween 0.25 and 0.35 explains Nj filling of rather uniform mesop-
ores by capillary condensation [18]. Besides, MSNsp shows a
much steeper climb than MSNyy near the limit of saturated pres-
sure (at intermediate relative pressure), suggesting that capillary
condensation within its mesopore is relatively higher. The differ-
ence might come from the porous structure of MSNap, which is be-
lieved to be much ordered and larger in size [17].

Fig. 2B depicts the pore size distribution of MSNxp by the BJH
analysis of nitrogen adsorption. The presence of a narrow peak in
the mesoporous range shows that mesopore channels are present
in MSNup. Furthermore, the narrow peak demonstrates the occur-

12

A

Volume adsorbed x 102 (cmalg)

0 0.25 0.5 0.75 1
Relative pressure, P/P,

Table 1
Textural properties of MSNs.

Sample Surface area, Sgger Average pore size Pore volume, Vyore
(m*g™") (nm) (em’g ")

MSNun 1242 3.56 1.06

MSNap 1277 3.64 1.16

rence of smaller mesostructures with a uniform distribution [17].
In Fig. 2B, the MSN4p plot (b) shows the presence of a relatively
higher number of pores with larger diameters compared to MSNyy,
which most probably responsible to the efficient adsorption of MB.

The degree of interaction between adsorbent and adsorbate
could be also represented by a c¢ constant calculated from the fol-
lowing BET equation,

1 c—1/P 1
V[(Po/P) = 1] ¥mC (F) T Ume 2)

This constant depends on the fraction of surface uncovered by
adsorbate when sufficient adsorption occurred in monolayer and
it varies from solid to solid. In this study, the c values obtained
from BET analysis for MSNap and MSNyy were 82.99 and 60.48,
respectively, which categorized as relatively high values. The low
c values represent weak gas adsorption due to low surface area
of the solids [17,19,20].

A summary of the corresponding textural properties of MSNyy
and MSNup is provided in Table 1. It can be seen that MSNup
showed a larger BET surface area, pore size, and pore volume as
compared to MSNyy. These differences could be due to the synthe-
sis method of the two MSN samples. APTES is believed to function
as a pore expander [21] and stabilizer of the mesostructure.

The surface structure and morphology of MSNp was investi-
gated using FESEM and TEM. Fig. 3A shows MSN,p as fairly uniform
spherical particles with an average size of 70-150 nm. Its meso-
structure was further confirmed by TEM analysis. The TEM image
(Fig. 3B) clearly shows well-ordered pores and indicates that a 2-
D hexagonal p6mm mesostructure is present [22]. These results
are in accordance with those measured from the low-angle XRD
patterns and N, adsorption-desorption analysis.
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Fig. 2. (A) Nitrogen adsorption-desorption isotherms of MSNyy (a) and MSNup (b). (B) Pore distribution of MSNyy (a) and MSNap (b).
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Fig. 3. (A) FESEM and (B) TEM images of mesostructured silica nanoparticles.

FT-IR measurements were performed to identify the structural
differences between the MSN samples and to demonstrate the
presence of MB adsorbed on the surface of MSN. Fig. 4 illustrates
the FT-IR spectra of MSNyy and MSN,p before and after the adsorp-
tion of MB. The MSN samples exhibited IR peaks at the bands
attributed to Si—O—Si bending (472 cm™!), defective structures
(601 cm™!), Si—O—Si symmetric stretching (811 cm™!), external
Si—OH groups (978 cm™!), Si—0—Si asymmetric stretching
(1106 cm™!), water molecules retained by siliceous materials
(1652 cm™ '), and —OH stretching (3480 cm !, broad) [23,24]. After
modification with APTES, the MSN still retained its siliceous struc-
ture, which confirmed that no major changes had occurred in the
formation of its framework. After MB adsorption, the relative
intensity of all Si—O vibration modes at 478 cm~!, 976 cm™!, and
1104 cm™' became more intense, suggesting the existence of
stronger Si—0—Si interactions in the presence of foreign molecules
in the synthesis step. The increase in intensity in the range of
1130-1000 cm ™! clearly indicates that most of the Si—O bonds
on the inner surface of MSN were involved in the adsorption
process.

New bands at 1500 cm™!, 1406 cm™!, and 1335 cm™! appeared
after the adsorption process, corresponding to C=C aromatic and
C—N aromatic bonds, respectively. These new bands were associ-
ated with the aqueous solution of MB, demonstrating that MB
was successfully loaded onto the surface of MSN. The increase in
the band 1652 cm~! might be associated with the aqueous solution
of MB, while the appearance of the band 1639 cm~! was attributed
to the overlay of the N—H group from MB [25,26].

Transmittance (%)

472 =

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm-)

Fig. 4. FTIR Spectra of MSNyy (a), MSNap (b), and MSNap-MB (c).

3.2. Adsorption studies

3.2.1. Performance of mesostructured silica and effect of initial
concentration

The performance of the synthesized adsorbents is illustrated in
Fig. 5. It clearly observed that MSN,p (true line) shows significantly
good adsorptivity compared to MSNyy (dotted line) toward
60 mg L' of MB. The adsorption uptake of MB by MSNp increased
rapidly in the first 10 min and then gradually increased until the
equilibrium was achieved at 20 min to give 165 mg g~ ! of equilib-
rium uptake. The equilibrium uptake achieved by the MSNyy was
113 mg g~ . The short contact time required to reach equilibrium
as well as the higher adsorption uptake demonstrates the effective-
ness of the APTES modified adsorbent.

The effect of initial concentration of MB on the adsorption of
MSN,p is also shown in Fig. 5, with eight different concentrations
ranging from 5 to 60 mg L~'. An increase in initial dye concentra-
tion leads to an increase in the adsorption uptake of MB on MSNap.
This is due to an increase in the driving force of the concentration
gradient, as an increase in the initial dye concentration [27].

—x— MSNAP (5 mg/L)

—+—— MSNAP (15 mg/L)
—0— MSNAP (25 mg/L)
—O0— MSNAP (50 mglL)
--m-- MSNUN (60 mg/L)

MSNAP (10 mg/L)
—>x— MSNAP (20 mg/L)
—~A— MSNAP (30 mg/L)
—O— MSNAP (60 mg/L)

Adsorption uptake, g, (mg g

Time (min)

Fig. 5. Performance of MSNyy (solid symbols) and MSNxp (open symbols) toward
adsorption of MB (adsorbent dosage 0.1 g L™}, initial pH 7, 303 K).
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3.2.2. Effect of pH

Fig. 6 shows the effect of pH in the range of 2-11 on the adsorp-
tion of MB onto MSNyp. It could be observed that the adsorption
uptake at equilibrium was increased with increasing pH, and a
maximum adsorption uptake at equilibrium of 66 mgg~! was
achieved at pH 7. This can be explained by the electrostatic inter-
actions between cationic MB and the negatively charged MSNap
surface. At lower pH, the competition between cationic MB and ex-
cess H* ions obstructed the adsorption process, but a decrease in
the proton concentration with increasing pH favored the reaction
[28]. The adsorption uptake at equilibrium slightly decreased at
higher pH, possibly due to the competition between OH™ ions
and negatively charged MSNyp ions in the system [29].

3.2.3. Effect of adsorbent dosage

The amount of surface available for adsorption certainly de-
pends on the mass of the adsorbent. For this reason, the effect of
MSNup dosage on MB adsorption was studied in the range of 0.1-
0.5gL™', at the optimum pH 7 and initial concentration of
10 mg L' of MB (Fig. 7). It was clearly observed that the adsorp-
tion uptake at equilibrium of MB increased with decreasing adsor-
bent dosage, in which the highest adsorption uptake at equilibrium
of 85 mg g~ ! was attained when the dosage of MSNap was 0.1 g L™,
The achievement of high adsorption uptake with a relatively low
MSNap dosage indicates the high affinity of the adsorbent for MB
adsorption in the system. A lower adsorbent dosage means that a
smaller overall total surface area of MSN,p is exposed, and hence,
more MB anions were adsorbed onto the surface per gram unit of
MSNap, which led to the higher adsorption uptake [30].

3.2.4. Equilibrium isotherms studies

The analysis of the equilibrium adsorption isotherm model is a
prerequisite for predicting the adsorption uptake of the adsorbent,
which is one of the main parameters required for designing an
optimized adsorption system. Four available isotherm models, that
is, the Langmuir [31], Freundlich [32], Temkin [33], and Harkins-
Jura [34] models, are used for this purpose. The linear forms of
these four isotherm models were simplified and represented as
follows:

25

- - N
o [¢)] o
L L L

Adsorption uptake at equilibrium, g, (mg g™
[&)]

0 T T T T T
0 2 4 6 8 10 12

Fig. 6. Effect of pH on adsorption of MB on MSN,p (adsorbent dosage 0.1 gL},
initial MB concentration 10 mg L™, 303 K).
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Fig. 7. Effect of MSNap dosage (initial MB concentration 10 mg L™}, initial pH 7,
303 K).
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Langmuir: —=——+— 3
& qe qmaxKLce Gmax ( )
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I 4. Ay Ay ©

Fig. 8 shows the plotted models including the fitted models; the
extracted isotherm information is summarized in Table 2. Refer-
ring to Fig. 8 as well as to Table 2, it was clear that both Langmuir
and Freundlich models provided a good fit for the experimental
equilibrium adsorption data. The Langmuir model assumes a com-
plete monolayer of adsorption, in which there is no transmigration
of the adsorbate on the surface plane [31]. This system involves a
homogeneous surface with equal energy and equally available sites
for adsorption [35]. The Langmuir qma.x value was 500.1 mgg~!,
and K; constant is 0.0085. The R; value [R; =1/(1 + K;Cp)] for the
system, which demonstrates the favorability of the adsorption,
was calculated to be 0.662, indicating the favorable adsorption of
MB occurred because the value falls between 0 and 1 [36].

However, the higher accuracy (R? = 0.999) revealed that the Fre-
undlich isotherm model better described the adsorption of MB
onto MSNyp. The Freundlich model [32] illustrates the adsorption
of MB by pinpointing heterogeneously distributed adsorption sites
on MSNxp. The value of np, which is known as heterogeneity factor,
was used to identify the adsorption whether it is linear (ng=1),
chemical process (ng< 1), and physical process (ng>1). Hence, in
this study, linear adsorption process is favorable with the ng value
1, while the Ky value, which is an indicator of adsorption capacity,
indicated a high MB adsorptive capacity of MSNap from aqueous
solution studied [37]. Besides, the inconsistent arrangement of
the heterogeneously adsorbed MB has been shown to promote
the development of local multilayers [34]. A similar phenomenon
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Fig. 8. Linear plots of isotherm models for adsorption of MB onto MSNxp (adsorbent
dosage 0.1 g L', initial pH 7, 303 K): (A) Langmuir, (B) Freundlich, (C) Temkin, and

(D) Harkins-Jura.

Table 2
Fitted isotherm models for MB adsorption onto MSNp.
Isotherm Parameters Values
Langmuir Gmax (Mg g™") 500.1
K, (Lmg™") 0.0085
Ry 0.662
R? 0.994
Freundlich Kr (m/g) (1/mg)'/" 3.33
ng 1.00
R? 0.999
Temkin b 43.6
Kr(Lg™) 0.23
R? 0.943
Harkins-Jura Ay 500
By 2
0.961

Table 3

Coefficient of pseudo-first and -second order adsorption kinetic models.

was observed in the adsorption of cationic dyes onto other meso-
structured silica materials [22].

Table 2 further shows that the experimental adsorption data
also had an adequate correlation with the Temkin isotherm. Like
the Freundlich model, the Temkin model considers interactions
with the adsorbate, assuming that the adsorption heat of all mole-
cules decreases linearly when the layer is covered and that the
adsorption has a maximum energy distribution of uniform bonds
[35]. K7 is Temkin equation parameter adequate with boundary
constant adequate with maximum of boundary energy. The posi-
tive value of the constant By (By=RT/b) indicates an exothermic
process since b is related to the heat of adsorption. Also, the By va-
lue of 57.7 k] mol ! illustrates that the bonds between MB ions and
the MSNup surface are very strong. Besides, as shown in Table 2, the
experimental adsorption data fitting with the Harkins-Jura model
confirms the occurrence of multilayer adsorption due to the heter-
ogeneous pore distribution [35]. Therefore, this model further
demonstrates that MSN,p is mesostructure [38], in agreement with
the TEM results.

3.2.5. Kinetics studies

Adsorption kinetics is essential for understanding the adsorbate
uptake rate and the mechanism of the process. In order to evaluate
the adsorption behavior of MB onto MSNyp, the experimental data
from this study were fitted to three conventional kinetic models,
including the Lagergren pseudo-first order [39], the Ho pseudo-
second order [40], and the Weber-Morris intraparticle diffusion
models [41]. The linear forms of these models are given as:

Pseudo-first order equation : In(q, — q;) = Ingq, — kit (7)

Pseudo-second order equation : t_ 1 + Lt (8)
C 4 kdi e

Weber—Morris equation: g, = kigt'/? +C 9)

The summary of the models used at three different tempera-
tures and the kinetic information obtained from the pseudo-first
and pseudo-second order plots are presented in Table 3. Due to
the closer value of adsorption uptake at equilibrium (q.) calculated
from the pseudo-second order model with the experimental value
compared to the pseudo-first order model, it could be concluded
that the pseudo-second order kinetic model was the best fit for
the experimental data, as shown in Fig. 9. Similar kinetic behavior
was also observed for the adsorption of MB onto SBA-3 [28],
AIMCM-41 [42], and SBA-15 [22]. Additionally, Table 3 reveals that
as the temperature increased, the adsorption uptake decreased,
leading to the conclusion that the adsorption of MB onto MSNxp
is an exothermic process.

To identify the step possibly controlling the adsorption of MB
onto MSN4p under the selected conditions, the experimental data
were then fitted to the Weber-Morris equation, which is the most
commonly tested model. It can be seen in Fig. 10 that the plot of

Initial conc. (mg L)

Qeexp (Mg ")

Pseudo-first order

Pseudo-second order

q.(mgg") ky (min") R? go(mgg ") ko (1072 gmg ™" min ") R?
5 172 3.30 0.053 0.988 222 0.567 0.982
10 26.8 3.12 0.045 0.972 37.0 0.261 0.977
15 43.6 5.47 0.073 0.989 66.7 0.144 0.970
20 60.2 484 0.052 0.952 66.7 0.229 0.991
25 717 102 0.15 0.912 125 0.073 0.901
30 95.8 7.42 0.069 0.995 167 0.051 0.929
50 126 9.73 0.01 0.954 200 0.050 0.944
60 164 6.43 0.045 0.977 370 0.048 0.996
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Fig. 9. Pseudo-second order kinetics model for adsorption of MB onto MSNup
(adsorbent dosage 0.1 g L', initial pH 7, 303 K).

the amount of dye adsorbed (g;) versus the square root of time
(t'2) is not linear over the entire time range, but is instead sepa-
rated into two steps at a lower initial concentration of 5-20 mg L™!
MB and into multiple steps at 30 mg L~! MB and above. These re-
sults show that intraparticle diffusion is not the only rate-control-
ling step in this adsorption because the plot is not linear and does
not pass through the origin [30,43]. The smaller number of MB
molecules in the system at lower initial concentrations may have
led to their rapid intraparticle diffusion and surface adsorption
on the surface or pores of MSN4p. However, collisions among the
MB molecules at higher concentrations (>30mgL~!) may have
caused the adsorption to take place through several consecutive
steps: film diffusion, intraparticle diffusion, and adsorption onto
the surface or pores of MSNup [44,45]. The final step seems to have
achieved equilibrium because the adsorption sites were almost
saturated [30].

3.3. Comparison of MSN with various mesostructured materials

Table 4 lists a comparison of the maximum adsorption capaci-
ties (qmax) Of mesostructured silica adsorbents for MB. Although
MCM-41 [46], MCM-48 [7], and MCM-50 [7] possess large surface
area (>1000 m? g~1), the adsorption uptake is lower than MSN. The
Al, TiO,, and H3PW;,040,—TiO, modified MCM-41 also shows lower

X5 mg/L =10mg/L  +15 mg/L
x20mg/L  ©25mg/L  A30 mg/L
050 mg/L 060 mg/L
150
=
2 120 A
E
o
)
€ 901 /__A—-ér——é:—é
2
]
c
kel 0%
S 601 >é,_’_x___x__x_)(_x
o
(2]
S +/|————.':—ﬁ>—_“*'——+
<
301 —-—
X% XX X

1 2 3 4 5 6 7 8
ty, (min'/2)

Fig. 10. Intraparticle diffusion plot for adsorption of MB onto MSNxp.

adsorptivity toward MB [42,46]. The MSN had a relatively large
adsorption uptake (500.1 mg g~!), suggesting that it is a competent
material for the adsorption of MB from aqueous solution. Another
family of mesostructured materials, SBA, has also been widely used
for dye removal. SBA-15 [47] and SBA-3 [28] have a higher adsorp-
tion uptake compared to MCM, most probably due to their richer
pore channel structure and larger mean pore size [47]. However,
the MSNup adsorbent prepared in this study has a greater maxi-
mum adsorption uptake than SBA, likely as a result of the larger
pore volume. The relatively large adsorption uptake of MSNap
proves its great adsorption capability.

4. Conclusion

This work illustrates the potential of amino modified MSN
adsorbent to shorten the time of adsorption of MB from aqueous
solution. The best conditions were achieved at pH 7, 0.1gL™",
and 60mgL~!, with a maximum adsorption capacity of
500.1 mg g ! at 303 K. The equilibrium data fit well to the Freund-
lich adsorption isotherm, which reflects the multilayer adsorption
of MB particles onto the synthesized mesostructured materials.
The kinetics adsorption was a pseudo-second order process. The
adsorption process was relatively faster, with equilibrium achieved
within 20 min, compared to other type of mesoporous silicas such

Table 4

Comparison of maximum adsorption capacities of various mesoporous silica adsorbents for MB.
Adsorbent Surface area Pore volume Average pore size Initial concentration, C, Maximum adsorption capacity, qe Refs.

(m*g™) (cm’*g™) (nm) (mgL™") (mgg™)

MSN 1277 1.16 3.64 5-80 500.1 This study
MCM-41 1071 - 2.76 20-1000 54 [46]
AIMCM-41 - - - 0.319-3.19 66.5 [42]
TiO»/MCM-41 590 0.21 - 30 54.4 [46]
TT-MCM-41 450 0.16 - 30 60.8 [46]
MCM -22 490 - - 3.19-31.9 57.6 [3]
MCM-48 1647 1.56 3.8 3.19-31.9 10.6 [7]
MCM-50 1222 1.71 5.6 3.19-31.9 21.6 [7]
SBA-15 659 0.83 5.27 15.9-159 51.04 [22]
SBA-15 420 0.91 10.7 30-110 280 [47]
SBA-3 1423 0.93 - 50-150 285.7 [28]
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as MCM and SBA, which achieved equilibrium time within 4 h
(MCM-41), 60 min (SBA-15), and 70 min (SBA-3) [7,22,28]. Besides,
the maximum adsorption capacity of the MSNxp was relatively
higher than several mesoporous silica adsorbents reported in the
literature. With this remarkable performance, amino modified
MSN suggests its application toward adsorption of various organic
pollutants as well as to large-scale process.
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