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Facile synthesis of hierarchical MCM-41 spheres 

with ultrahigh surface area and its application for 

removal of methylene blue from wastewater 

Qishu Qu,* Zuli Gu 

College of Chemistry and Chemical Engineering, Yangzhou University, Yangzhou 225002, P. R. 

China  
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ABSTRACT  

Hierarchical mesoporous silica (HS) spheres were prepared by a simple sol-gel method and 

used for removing methylene blue from aqueous solutions. The macrostructure of HS can be 

tuned simply by adding different amount of ethanol in the reactant. The prepared HS was 

characterized by scanning electron microscopy, transmission electron microscopy, X-ray 

diffraction, nitrogen adsorption-desorption isotherm, and thermogravimetric analysis. The results 

showed that HS possessed both macropore and mesopore, with an average diameter of 5.6 m, a 

surface area of 2280 m2/g, and a pore volume of 1.15 cm3/g. The influence of pH value, 

temperature, dosage of adsorbent, and initial MB concentration on the adsorption behavior were 

investigated. The experimental results showed that HS exhibited a high adsorption capacity 

(654.5mg/g) and extremely rapid adsorption rate (< 2 min) due to its unique hierarchical 

structure and very high surface area. The kinetic studies showed that experimental data were 

fitted well to the pseudo-first-order kinetic model. The Langmuir adsorption isotherm model was 

found presented an accurate description of these adsorption data. The experimental results 

suggest that HS is potentially useful materials for effectively adsorbing and removing of 

methylene blue in aqueous solution. 
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Introduction 

Nowadays, dyes are widely used in many industrial fields such as textiles, plastics, paper, 

coatings, and rubber. The discharge of dyes into water has aroused people’s concern because of 

these compounds and their degradation products can be toxic and carcinogenic.1 In addition, a 

very small amount of dyes in water is highly visible leading to the visual pollution. Therefore, 

the development of technologies to remove dyes from wastewater is of great importance over the 

past decades. A variety of methods such as coagulation,2,3 chemical oxidation,4 membrane 

filtration,5,6 photocatalytic degradation,7-9 and adsorption10-12 have been developed. Among all 

the approaches proposed, adsorption is generally preferred because of its high efficiency, easy 

handling, and availability of different adsorbents. The most commonly used adsorbent for dye 

removal was activated carbon due to its high surface area and relative high adsorption 

capacity.13-15 However, commercially available activated carbons are very expensive. In addition, 

activated carbon suffers from slow kinetics because of the microporous structure of activated 

carbon. Thus, the wide application of them were restricted.16 Therefore, many researchers have 

focused their efforts on developing novel adsorbents with high adsorption capacity, fast 

adsorption rate, and low cost. 

Silica based mesoporous materials such as SBA-3,17 SBA-15,18-20 MCM-41,21-24 and zeolite25 

have received much attention owing to their high surface area, large pore volume, and ordered 

pore structure. Both functionalized26-28 and unfunctionalized29 mesoporous silica can be used for 

dyes removal. As an efficient adsorbent, it should possess a large adsorption capacity, fast 

adsorption rate and easy to be separated from solution after the adsorption process. Compared to 

the activated carbon, the mesoporous silica provides faster adsorption rate but relatively low 

adsorption capacity. For example, the reported maximum adsorption capacity of activated carbon 

for methylene blue (MB) is 916 mg/g,15 while the maximum adsorption capacity of mesoporous 

 

3

Page 4 of 25Analytical Methods

A
n

al
yt

ic
al

 M
et

h
o

d
s 

A
cc

ep
te

d
 M

an
u

sc
ri

p
t



silica for MB is only 280 mg/g.19 The possible reason is that activated carbon possesses larger 

surface area and more active sites than that of mesoporous silica. However, the adsorption 

kinetic of mesoporous silica is fast than that of activated carbon due to the larger mean pore size 

of mesoporous silica. Both two kinds of adsorbent are difficult to be separated from the solution, 

since the sizes of these adsorbents were normally less than 1 m. Therefore, in order to obtain an 

adsorbent with high adsorption capacity and fast adsorption rate, the surface area, pore size and 

particle size should as large as it can be.10 

   In this work, micrometer sized hierarchical mesoporous silica particles (HS) with surface 

area up to 2280 m2/g were synthesized and characterized by X-ray diffraction patterns, nitrogen 

adsorption isotherms, thermogravimetric analysis, scanning electron microscopy, and 

transmission electron microscopy. A typical basic dye MB was used for testing the adsorption 

behavior of HS. Kinetic and equilibrium isotherm models were used to establish the rate of 

adsorption, adsorption capacity, and the mechanism for MB adsorption.  

Experimental 

Synthesis of HS 

Hierarchical mesoporous silica was prepared similar as a previously reported method30 except 

ethanol was used to control the particles morphology. Schematic illustration of preparation 

process of the HS was shown in Fig. 1. In a typical synthesis batch, 1.0 g of 

cetyltrimethylammonium chloride (CTAC) was dissolved in 20 mL of distilled water. Then 1 mL 

of ethanol, 1.48 g of sodium metasilicate (Na2SiO3·9H2O) and 4.8 mL of formamide (HCONH2) 

were added at 35 oC with magnetic stirring, giving a clear solution. The resulting solution was 

stirred for 5 min at 35 oC and aged in a water bath for 3 h in a quiescent state. The solid product 

was recovered by filtration, washed with water and dried at 60 oC. The surfactant was removed 
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by calcination in air at 550 oC for 5 h. For comparison, mesoporous silica (MS) particles were 

prepared using the same conditions except no ethanol was added into the mixture. 

 

Fig. 1 Schematic illustration of preparation process of the HS. 

 

Characterization 

The morphologies of HS particles were characterized by field emission scanning electron 

microscopy (FESEM, Hitachi S-4800 II, 15 kV) and high-resolution TEM (HRTEM, Tecnai G2 

F30 S-TWIN, 300 kV). Powder X-ray diffraction (XRD) patterns were taken on a BRUKER D8 

Advance X-ray dffractometer equipped with Cu Kα radiation source. Thermogravimetric 

analysis (TGA) was carried out on a Pyris 1 TGA thermoanalyzer (PerkinElmer) with nitrogen 

as the carrier gas at a heating rate of 10 oC min-1. The surface area, pore volume and pore size of 

the HSM particles were determined by nitrogen adsorption-desorption measurements using a 

Micromeritics ASAP 2010 instrument. The Brunauer-Emmett-Teller (BET) surface area was 

obtained by applying the BET equation to the adsorption data. The pore size distribution was 

C16TAC 

+ 

Sodium silica (I-) 

EtOH growth
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calculated from the adsorption branch of the sorption isotherms using the Barret-Joyner-Halenda 

(BJH) method. 

Adsorption studies 

Adsorption studies to evaluate the removal of MB from solutions were carried out in triplicate 

using a batch adsorption procedure. In a typical study, 12.5 mg of HS microspheres were added 

to 50 mL of MB solution with predetermined concentration. After the adsorption processes, the 

samples were filtered through a 0.45 μm membrane, and the filtrates were immediately 

determined by a UV spectrometer (Shimadzu UV-2550) at 663 nm. The equilibrium adsorption 

capacity of MB, qe (mg/g) was evaluated by using the mass balance equation: 

m

VCC
q e

e




)( 0

 

where C0, Ce, V, and m are the initial and equilibrium concentrations of MB (mg/L), volume of 

solution (L), and mass of adsorbent (g), respectively. 

The removal efficiency of adsorbents was calculated using following equation: 

100(%) efficiency removal
0

0 



C

CC e

 

The influence of pH on the MB removal was determined by carrying out the adsorption 

experiments at different initial pH of the solution at 25 oC. The pH of the solution was adjusted 

with 0.1 M HCl or 0.1 M NaOH solutions.  
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The influence of temperature on the amount of MB adsorbed onto the HS was investigated 

under isothermal conditions in the temperature range of 25 - 65 oC in the thermostatic shaker 

bath.  

The adsorption of MB on HS was studied by varying the amount of HS in solution (0.15 - 0.35 

g/L) while keeping the initial MB concentration (30 mg/L), temperature (25 oC), and pH value 

(11.0). 

Thermodynamic isotherm model 

 Two isothermal equations were used in this work to analyze the adsorption data. One is the 

Langmuir isotherm equation based on the assumption that adsorption on a homogeneous surface. 

The linear form of Langmuir isotherm equation was represented as: 

maxmax

1

q

C

Kqq

C e

Le

e 
 

where qmax is the monolayer adsorption capacity (mg/g) and KL is the Langmuir constant 

(L/mg). 

The other isotherm equation is Freundich isotherm equation describing a heterogeneous 

system. The linear form of the Freundlich isotherm is as follows: 

eFe C
n

Kq ln
1

lnln 
 

where KF is the Freundlich parameter (mg1-1/nL1/n/g ) and n is the heterogeneity factor, 

indicating the adsorption capacity and the adsorption intensity, respectively. If the values of 1/n 

< 1, it suggests a normal Langmuir isotherm; otherwise, it is indicative of cooperative adsorption. 
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Adsorption kinetics of MB 

 The effect of contact time on the adsorbed amount of MB was investigated at various initial 

concentrations of MB. Adsorption equilibrium curves were obtained at optimized pH value. 

Twelve point five milligrams of HS microspheres was added into a flask containing 50 mL of 

MB solution at 25 oC. The mixture was shaken as a function of time. At various intervals, 

samples were taken and residual amount of MB in the solution was determined after separation. 

The amount of MB adsorbed on HS particles (qt, mg/g) at time t was calculated by the following 

equation: 

m

VCC
q t

t




)( 0

 

where Ct  (mg/L) is the concentration of MB in the solution at time t.  

Kinetic models  

The adsorption dynamics presented by HS were tested with the Lagergren pseudo-first-order 

and the chemisorption pseudo-second-order model. 

  The linear form of the pseudo-first-order equation is expressed as follows: 

t
k

qqq ete 303.2
log)log( 1

 

where k1 is the rate constant of pseudo-first-order adsorption (L/min). 

  The pseudo-second-order kinetic model is represented by: 
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t
qqkq

t

eet

11
2

2


 

where k2 is the rate constant of pseudo-second-order adsorption (g/(mgmin)). 

Results and discussion 

Preparation of HS  

Figure 2 shows the representative SEM and HRTEM images of the mesoporous silica particles 

prepared using this approach. Figure 1a shows that the HS particles are formed with aggregated 

rod-like structures with a mean particle size of 5.6 m. The large particle size is very helpful for 

the separation of these particles from the solution after the adsorption process. The HRTEM 

image (Fig. 2b) confirms that these spheres from the inside out were aggregated with loosely 

connected rods and thus formed a special interwoven macroporous structure. However, when 

ethanol was not used for the synthesis, mesoporous silica particles with only smooth surface 

were obtained (Fig. 2c,d). It suggests that the morphology of the particles is mainly affected by 

the amount of ethanol in the solution. The textural property of HS was further analyzed using 

XRD and N2 adsorption-desorption isotherms. The XRD patterns of both HS and MS exhibited 

one definite peak indexed to (100) along with a broad should around 4-5 (2θ/deg) which was 

attributed to higher-order reflection peaks (110) and (200) (Fig. 3). These patterns are 

characteristic of a mesophase with a pore system lacking long-range order. Nitrogen sorption 

isotherms of HS shown in Fig. 4 exhibit a transitional type between type I and type IV, 

indicating the presence of super microporous structure.31 The N2 desorption isotherms of HS 

showed no hysteresis, suggesting that the architecture of the individual pores is uniform with no 

bottlenecking. The nitrogen sorption isotherms of MS however show a pronounced hysteresis 
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loop indicating a partial disintegration of the pore structure. As listed in Table 1, the specific 

surface area and the specific pore volume of MS show a marked decrease of both characteristics. 

Figure 5 shows the TGA traces of MS and HS. It can be found that the mass loss of surfactant 

from the particles amounts to ca. 40.7% of MS while that of the HS is ca. 45.3%. It indicates that 

the amount of surfactant required to construct the MS is less than that needed to make the HS. 

Therefore, it is not surprise that the surface area and pore volume of HS were larger than those of 

MS. 

  

a b 

  

d c 
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Fig. 2 SEM (a,c) and HRTEM (c,d) images of mesoporous silica particles prepared by adding 1 

(a,b) and 0 mL (c,d) ethanol in the initial solution. 
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Fig. 3 XRD pattern of mesoporous silica particles obtained by adding 0 and 1 mL ethanol in the 

initial solution. 
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Fig. 4 Nitrogen adsorption-desorption isotherms of mesoporous silica particles obtained by 

adding 0 and 1 mL ethanol in the initial solution. 
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Fig. 5 Representative TG and DTG curves for mesoporous silica particles obtained by adding 0 

(MS, green dot line) and 1 mL (HS, blue solid line) ethanol in the initial solution. 

 

Table 1  

Properties of MS and HS 

sample 
SBET 

(m2/g) 

pore volume 

(cm3/g) 
pore diameter (nm) d100 (nm) mass loss (wt %)

MS 1244 0.96 3.1 4.1 40.7 

HS 2280 1.15 2.0 3.5 45.3 

 

Based on the above results, it is proposed that the particles were formed through deposition of 

self-assembled silicate micelles while the deposition process was mainly controlled by the 
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delicate competition between the rate of polymerization of silica micelles and the rate of 

mesostructure formation. Different deposition process leads to the formation of different 

morphologies. When silica source and surfactant were mixed, spherical silica/surfactant 

composites were soon formed through a cooperative templating mechanism32 via an S+I- 

pathway33. When both the concentration of silica source and surfactant are high, the interaction 

between them is strong and consequently, the surfactant/silica composites grow quickly into 

nano-spheres. Driven by the minimum energy principle, these nano-spheres have the tendency to 

aggregate into big spheres in order to minimize the surface area. However, the trend of the 

mesostructure formation is always existent even the spherical structure is the final shape. 

Therefore, the attempt of these nano-spheres to elongate into a rodlike structure would become 

apparent when the polymerization rate decreased slightly.34 When ethanol was added into the 

reactant, the solubility of Na2SiO3·9H2O decreased which makes the interaction between the 

silica source and surfactant decreased. Thus, silica spheres composed with small rodlike 

submicrometer particles were obtained. In addition, the existence of ethanol could disrupt the 

self-assembly of surfactant micelles due to the decrease of the surfactant aggregates for the weak 

solvophobic effect.35 Therefore, the amount of surfactant incorporated in the formation of 

silica/surfactant composites decreased which is in line with the results of thermogravimetry 

analysis (Fig. 5). When the volume of ethanol was further increased to 2 mL, only hexagonal or 

hexagonal-like silica rods were obtained (Supplementary Information, Fig. S1-4). These 

experimental results confirmed our proposal.  

Due to the hierarchical structure of HS, BET surface area as high as 2280 m2/g was obtained. 

The existence of the macropores in HS makes the mass transfer between adsorbate and adsorbent 

becoming easy. Furthermore, the existence of the marcropores helped to expose more inner 

surface area to the adsorbate, which could provide more Si-OH groups used as active adsorption 
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site. Thus, this kind of particle is expected to be a promising adsorbent for removal of dyes or 

metal ions from the wastewater. 

Adsorption behaviours of the HS 

Effect of pH  

The pH of dye solution plays an important role in the whole adsorption process. It affects the 

degree of ionization of the adsorbent and the adsorbate thereby altering the reaction kinetics and 

equilibrium characteristics of adsorption process. MB is a cationic dye. In aqueous solution it 

exists in form of positively charged ions.36 The pKa of the silica is about 1.5.37 Therefore, the 

silica particles are negatively charged and the cationic groups increased with increasing pH value. 

Meanwhile, with the pH value increased, the competition of H+ with positively charged MB 

cations decreased. As a result, the adsorption capacity increased with increasing pH value from 6 

to 10 as that shown in Fig. 6. When pH value further increased from 10 to 11, silica and MB 

were fully ionized. Thus, the adsorption capacity remained steady.  
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Fig. 6 Effect of initial pH on the removal of methylene blue (C0, 30 mg/L; adsorbent dosage, 

0.25 g/L; temperature, 25 oC; contact time, 15 min). 

Effect of temperature  

The effect of temperature on the adsorption capacity reflects the thermodynamics of MB 

removal on the HS. It can be seen from the Fig. 7 that there is a slight decrease in adsorption 

capacity as temperature increased from 25 to 45 oC, while a more significant decrease was 

obtained over the temperature range 45 to 65 oC. These experimental results suggest that the 

adsorption and desorption rate between HS and MB was very quickly while the former one is 

larger than the latter when the temperature is low. However, with the temperature increases, the 

enhancement of the desorption rate was bigger than that of adsorption rate. So the adsorption 

capacity decreased with decreasing temperature. The fast adsorption rate of HS at low 

temperature is owing to its unique hierarchical structure which makes the mass transfer easily.  
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Fig. 7 Effect of temperature on the removal of methylene blue (C0, 30 mg/L; adsorbent dosage, 

0.25 g/L; temperature, 25 oC; pH 11.0). 
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Effect of Adsorbent Dosage 

The adsorption of MB onto HS was studied by varying the HS concentration (0.15 – 0.35 g/L) 

while keeping the initial MB concentration, temperature, pH value, and contact time constant. As 

that shown in Fig. 8, the adsorption capacity decreased with increasing amount of adsorbent, 

whereas, the removal efficiency increased as the adsorbent concentration increased. The increase 

in MB removal with increasing adsorbent mass can be attributed to the increase in the total 

surface area. However, the decreased adsorption capacity indicates that adding too many 

adsorbent in the solution is wasteful, since the removal efficiency only increased a little (96.1% - 

98.5%) when the adsorbent concentration increased from 0.15 to 0.35 g/L. Considering that in 

the industrial process more adsorbents were used to make sure that all the dyes in the wastewater 

could be removed, in our case, the adsorbent concentration was fixed at 0.25 g/L. 
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Fig. 8 Effect of adsorbent dosage on the adsorption capacity and removal efficiency of MB (C0, 

30 mg/L; temperature, 25 oC; contact time, 15 min; pH 11). 
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Kinetic studies  

In order to investigate the mechanism of adsorption and potential rate controlling steps, kinetic 

studies were carried out for different contact time at different initial MB concentrations. It 

appears from Fig. 8 that, for all concentrations of MB, the adsorption equilibrium could be 

achieved within 2 minutes and no significant change was observed from 2 to ca. 40 min, which 

suggests the rate of uptake of MB is considerably fast.  

Pseudo-first-order model is based on the hypothesis that the rate of occupation of the 

adsorption sites proportional to the number of unoccupied sites, while the pseudo-second-order 

model is assumed that the adsorption rate is controlled by chemical adsorption through sharing 

or exchange of electrons between the adsorbent and adsorbrate.18 Parameters of two kinetic 

models are given in Table 2. As can be seen in Table 2, the correlation coefficients calculated 

from both two kinetic models were very high (> 0.9996) for all MB concentrations, and the 

theoretical (qe,cal) value calculated from the pseudo-first-order model agreed well with the 

experimental (qe,exp) values. Therefore, the adsorption process of MB on the HS is mainly a 

physical process. However, this result is different with the results reported before that pseudo-

second-order model is more suitable for describing the similar adsorption process17,18,20 when 

mesoporous silica was used as adsorbent. This difference can be attributed to the hierarchical 

structure of HS leads to a faster adsorption process rate than other silica based mesoporous 

materials. So the adsorption could be finished at the initial stage of adsorption, being fitted well 

by pseudo-first-order model. The same phenomenon was obtained by using hierarchical 

activated carbon14 or marcoporous silica gel as adsorbents38 for the adsorption of MB.  
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Fig. 9 Effect of initial concentration of MB on the adsorption rate (adsorbent dosage, 0.25 g/L; 

temperature, 25 oC; pH 11, MB concentrations were in the range of 30-240 mg/mL). 

Table 2  

Pseudo-first-order and pseudo-second-order kinetics parameters for the adsorption of MB onto 

HS 

pseudo-first-order model pseudo-second-order model 

C0 

(mg/L) 

qe,exp 

(mg/g) k1 (min-1) 
qe,cal 

(mg/g) 
R2 k2 (g mg-1 min-1)

qe,cal 

(mg/g) 
R2 

30 119.6 23.22 119.6 0.9999 0.0225 120.8 0.9999 

60 237.9 2.233 237.9 0.9999 0.1167 239.2 0.9999 
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120 476.7 36.42 474.5 0.9997 0.0446 480.8 0.9999 

160 619.0 425.8 605.5 0.9996 0.0088 632.9 0.9998 

200 665.9 306.6 652.3 0.9998 0.0083 675.7 0.9998 

 

Adsorption isotherms 

 The adsorption isotherms describe the distribution of adsorbate between the liquid phase and 

solid phase when the system reaches the equilibrium.39 As shown in Fig. 10, HS has a large 

adsorption capacity for MB. The saturation adsorption capacity of HS to MB is 654.5 mg/g, 

which is much larger than those of the same dye onto most conventional silica based mesoporous 

materials as that shown in Table 3. The adsorption equilibrium data were fitted to the Langmuir 

and Freundlich isotherms. The parameters and correlation coefficients calculated from the 

models are listed in Table 4. It can be seen that the least-squares correlation coefficient (R2) 

values of Langmuir model is significantly higher than that of Freundlich model for MB removal, 

indicating that Langmuir model should better describe the MB adsorption onto the HS.  
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Fig. 10 Nonlinear fits of isotherm models of Langmuir and Freundlich (adsorbent dosage, 0.25 

g/L; temperature, 25 oC; pH 11). 

 

Table 3 

Comparison of the maximum monolayer adsorption capacity of MB on various silica based 

adsorbents 

adsorbent 
maximum adsorption 

capacity (mg/g) 
reference 

silsesquioxane functionalized Silica gel  54 40 

silica nano-sheets 11.8 41 

carboxylate functionalized SBA-15  159 27 

SBA-15 49.3 18 
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multicarboxylic hyperbranched polyglycerol 
functionalized SBA-15 

160 20 

amino functionalized MCM-41 54 21 

SBA-15 280 19 

SBA-3 ca. 284 17 

MCM-41 654.5 this work 

 

Table 4  

Parameters of adsorption isotherms of MB onto HS 

isotherms parameters value 

qmax (mg/g) 654.5 

KL (L/mg) 0.7583 Langmuir model 

R2 0.9566 

KF (mg1-1/nL1/n/g) 334.7 

1/n 0.1772 Freundlich model 

R2 0.7501 

 

Conclusions 

Mesoporous silica particles with hierarchical structure were synthesized by using ethanol as 

cosurfactant. The present study shows that thus prepared hierarchical mesoporous silica particles 

are efficient adsorbent for the removal of methylene blue from aqueous solution. The adsorption 

rate is very fast and adsorption equilibrium could be reached in 2 min. The adsorption isotherms 

can be well fitted with Langmuir model, showing a maximum monolayer adsorption capacity of 

654.5 mg/g. The adsorption process follows the pseudo-first-order model, which suggests that 

the process was controlled by physisorption. 
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