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ABSTRACT 

The direct and indirect methods in solvent media and grinding method in a solvent-free media were used to prepare the MCM-

41/ZnO and MCM-48/ZnO photocatalysts. The X-ray diffraction (XRD) patterns showed that zinc oxide nanoparticles were 

put into MCM-41 and MCM-48 substrates and there were ZnO crystallites as secondary phase in the extra framework of 

mesoporous materials. The decrease of surface areas, pore volume and average pore size of mesoporous materials with 

incorporation of ZnO nanoparticles were confirmed by N2 adsorption and desorption isotherms. The FT-IR spectra showed an 

absorption peak at 490 cm
-1

 that was related to formation of ZnO in the substrate of MCMs. The photocatalytic activity of 

MCM-41/ZnO and MCM-48/ZnO were studied in photodegradation reaction of Congo red as a dye pollutant. The 

photocatalysts of MCM-41/ZnO and MCM-48/ZnO which were prepared by grinding method showed the highest 

photocataltyic activity with pseudo first-order kinetic rate constants of 34.6 and 27.810
-3

 min
-1

, respectively. The obtained 

results indicated complete incorporation of zinc ions in mesoporous material of MCMs in a solvent-free media. The elimination 

of solvent and facility of proposed method were the advantages of grinding method in preparation of MCM/ZnO photocatalyst. 
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1. Introduction 

Mesoporous silica have been utilized in many fields of 
science and engineering including catalysis, 
adsorption, and separation, because they have uniform 
pore size, high surface area, and large pore volume 
[1-3]. It has been reported that mesoporoussilicas 
formed by different templating agent exhibit different 
pore size, pore structure, and amount of surface 
hydroxyl group [3]. MCM-41, the hexagonal member 
of the M41S family of mesoporous molecular sieves 
has a regular honeycomb array of uniform cylindrical 
pores, which can be tailored to pores size ranging from 
15-100 nm [4]. Besides their potential for catalytic 
conversion or adsorptive separation of bulky 
molecules, these mesoporous molecular sieves can 
also be used as host materials for specific molecules 
like porphyrins or other transition metal complexes 
[4,5]. A main drawback of these materials is their 
inactive chemical composition. Therefore, 
functionalization of surface is necessary to convert 
MCM-41 materials to those holding desirable 
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properties. The confinement of transition metal 
complexes within the constrained environment of 
ordered mesoporous oxides is an area of investigation 
that has developed since the discovery of M41S family 
[6]. 

MCM-48 is a member of the M41S mesoporous silica 
family. It consists of a cubic array with a three-
dimensional pore network and has a high surface area 
and hydrothermal stability [7]. MCM-48 has already 
been used in many applications, including adsorption, 
ion exchange, catalysis, and so on [8]. In catalysis, the 
surface modification of M41S has been studied 
extensively. The incorporation of transition metals, 
such as, Ti, Cr, Fe or others, into M41S materials has 
been reported by a number of researchers [9,10]. The 
use of a solvent in incorporation process is seen in the 
most of researches. The aim of this research is study of 
preparation conditions of metal/M41S composite in the 
photocatalytic activity. It is expected that the 
preparation conditions is effective in the amount of 
metal incorporated in the channels of M41S 
mesoporous. 
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As a well-known photocatalyst, ZnO has been paid 
much attention in the degradation and complete 
mineralization of environmental pollutants [11]. Since 
ZnO has approximately same band gap energy (3.2 eV) 
as TiO2, its photocatalytic capacity is anticipated to be 
similar to that of TiO2. Further studies have confirmed 
that ZnO exhibits more efficiency than TiO2 in visible 
light photocatalytic degradation of some dyes, even in 
aqueous solution. Zinc oxide is an n-type 
semiconductor with many attractive features [12]. The 
synthesized ZnO was also shown to absorbed more UV 
light than any other powders. This means that the high 
UV absorption efficiency leads to the generation of 
more electrons and holes. These electrons and holes are 
considered the main species involved in the 
photodegradation process [13,14]. 

In this study, the impregnation synthesis of zinc-doped 
MCM-41 and MCM-48 is studied by using direct and 
indirect solvothermal and grinding (without solvent) 
methods. A comparative study in structural properties 
of MCM-41/ZnO and MCM-48/ZnO materials is 
evaluated by XRD, FT-IR and BET methods. The 
photocatalytic activity of samples toward the 
photocatalytic degradation of Congo red (CR) in 
aqueous solution is studied. 

2. Experimental 

2.1. Synthesis of MCM-41 and MCM-48 

Sodium silicate, cetyltrimethylammonium bromide 
(CTAB), tetramethylammonium hydroxide, tetraethyl 
orthosilicate (TEOS) and sodium hydroxide (all from 
Merck and Aldrich) were purchased from highest 
purity. The double distilled water was used to prepare 
the solutions. 

MCM-41 was synthesized by dispersion of sodium 
silicate (2.5 g) in deionized water (18.24 ml) [5]. 
After stirring the components, the surfactant 
cetyltrimethylammonium bromide (CTAB) was added. 
The mixture of the reactants was stirred for 45 min at 
room temperature. During the vigorous stirring, an 
adequate amount of a 25% solution of 
tetramethylammonium hydroxide was added and the 
pH was adjusted at 10.5-11.0. The mixture was stirred 
at room temperature for 24 h, and then put into a 
teflon-lined autoclave and kept in it at 100˚C for 3 
days. The powder was recovered by filtration, and 
subsequently washed with acidic water-ethanol 
solution. It was dried in a vacuum oven and the 
obtained solid is calcind at 500˚C for 4 h [15]. 

For synthesis of MCM-48, CTAB was dissolved in 
deionized water. Then sodium hydroxide and tetraethyl 
orthosilicate (TEOS) were added [7]. The molar 
composition of the gel was 1 M TEOS:0.25 M 
Na2O:0.65 M CTAB:0.62 M H2O. The solution was 

stirred for about 1 h and then transferred into a 
polypropylene bottle and heated up to 100

o
C for 3 

days. The product was filtered, and washed with water, 
and dried in air at ambient temperature. The dried 
product was finally calcined at 550

o
C for 6 h [7].  

2.2. Synthesis of MCM-41/ZnO and MCM-48/ZnO 

In indirect method, 0.1 g synthesized MCM-41 and/or 
MCM-48 material was added to 6.6 ml of 0.1 mol/L of 
zinc acetate (Zn(CH3COO)22H2O) solution and some 
polyethylene glycol as dispersant agent. The pH of 
obtained mixture was adjusted at 7-8 by addition of AR 
grade ammonium hydroxide and then, the mixture 
heated at 80

o
C for 2 h. After aging for 2 h, the colloid 

was filtered, and washed and then dried in a vacuum 
oven at 100˚C for 2 h. The synthesized sample was 
calcined at 550˚C for 5 h in air stream with a heating 
rate of 10˚C/min. The MCM-41/ZnO and MCM-
48/ZnO with 40% wt. of ZnO was obtained with 
cooling of materials as naturally to the ambient 
temperature [7,8]. 

MCM-41/ZnO and MCM-48/ZnO were prepared using 
a modified Stöber’s synthesis at room temperature in a 
direct method. In a typical synthesis 1.2 g CTAB, 1.8 
ml TEOS and 0.15 g of zinc acetate was taken in a 
polypropylene bottle. The deionized water and ethanol 
was added and stirred well until the dissolution of the 
metal precursor. The pH of mixture was controlled by 
addition of NH3 solution. The obtained precipitate was 
filtered and washed with deionized water extensively. 
The solid was dried at 80˚C for overnight in static air. 
The dried powder was ground finely and calcined in 
static air at 550˚C to remove the surfactant molecules 
for 6 h [8]. 

In grinding procedure, 0.15 g of zinc acetate and 0.10 g 
of synthesized MCM-41 and/or MCM-48 separately, 
was taken in a mortar and grinding drastically at room 
temperature and finally, the obtained solid was 
calcined at 550˚C in air for 3-4 h to remove the 
surfactant molecules [9]. 

The weight percent of ZnO was 40% in the prepared 
MCM-41/ZnO and MCM-48/ZnO samples. 

2.3. Characterization of MCM-41/ZnO and MCM-
48/ZnO 

Nicolet Impact 400D FT-IR Spectrophotometer was 
used to prepare the IR-spectra of prepared 
photocatalysts in range 4000-400 cm

-1
. A 

DiffractometerBruker D8ADVANCE Germany with 
anode of Cu (=1.5406 Å of Cu Kα) and filter of Ni 
was applied to record of X-ray diffraction (XRD) 
patterns of mesoporous MCM-41, MCM-48, MCM-
41/ZnO and MCM-48/ZnO in the 2 ranges of 0.5 to 7

o
 

and 5 to 70
o
. N2 adsorption isotherms of prepared 

photocatalysts were obtained by the B.E.T. method 
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using nitrogen as an adsorption gas at 77 K using a 
Belsorp Mini Π instrument. Samples were out gassed 
at 300

o
C for 4 h prior to surface area measurements.  

2.4. Photocatalytic activity of prepared photocatalysts 

Photocatalytic activity of MCM-41/ZnO and MCM-
48/ZnO samples was studied in photodegradation 
reaction of Congo red (CR) at 25 °C and pH=7-8. The 
degradation was carried out in a Pyrex photoreactor 
contain a high pressure mercury lamp 70 W with 
maximum irradiation at wavelength of 332 nm. The 
degradation was performed at suitable time intervals at 
room temperature while the samples were stirred 
continuously. The photoreactor was filled with 25 mL 
of 50 mg/L of CR and 1.0 g/L of photocatalysts at pH 
of 7 [16]. The degradation efficiency (%D) was 
calculated from initial concentration (Co) and residual 
concentration (Ct) of CR by spectrophotometric 
method at  of 510 nm (%D=[1-(Ct/Co)]100) in 
duration time 120 min with interval of 30 min. The 
adsorption/desorption of CR on the surface of 
photocatalysts solids was equilibrated at time 30 min in 
dark conditions.  

The kinetic rate constant of degradation (kobs) was 
calculated by model of heterogeneous photocatalysis 
accordance to the Langmuir–Hinshelwood kinetic 
expression  (ln (Co/Ct) = kobst) [16,17]. 

3. Results and Discussion 

3.1. Characterization of prepared photocatalysts 

The mesoporous materials of MCM-41 and MCM-48 
and photocatalysts of MCM-41/ZnO and MCM-48-
/ZnO prepared by grinding method were characterized 
by XRD patterns, FT-IR spectra and the N2 adsorption 
and desorption isotherms.  

The XRD patterns of MCM-41 and MCM-41/ZnO at 
small-angle and wide-angle are shown in Fig. 1. The 
hexagonal ordered structured of MCM-41 were 

confirmed by XRD patterns [1,6,7]. An intense 
diffraction peak (100) together with an additional peak 
(110) and a very weak peak (200), were observed in 
the small-angle XRD pattern of the prepared material 
of MCM-41 (Fig. 1a). It looks like that the (200) peak 
is not strong enough and also the diffraction peaks 
move to high angle and the peaks become weaker 
when the ZnO nanoparticles are doped in the MCM-41. 
These phenomena can be explained by the reduction of 
the tunnel size and the increase of ZnO nanoparticles in 
the pores and interaction of nanoparticles with the 
framework of MCM-41. The wide-angle of XRD 
patterns of MCM-41 and MCM-41/ZnO (Fig. 1b) only 
one diffusion peak was observed in the pattern of 
MCM-41, which indicates that the main substance of 
MCM-41 is amorphous silica. But when the ZnO 
nanoparticles were introduced into MCM-41, the peak 
of amorphous silica became weaker and the peaks of 
ZnO were appeared [18].The peaks with 2θ values of 
31, 34, 35.5, 47.5, 56.5, 62.5 and 68.5 show a 
hexagonal structure for ZnO nanoparticles in the 
framework of MCM-41 [19,20]. 

Fig. 2 shows the XRD patterns of MCM-48 and MCM-
48/ZnO samples at small-angle and wide-angle. The 
XRD patterns of MCM-48 at small-angle showed a 
cubic ordered structured with the most intense 
diffraction peak (211) at 2θ=2.8º [10]. This peak was 
an indicative for characterization of MCM-48. It was 
expected that the other low intensive diffraction peaks 
was seen in higher order at 2θ=3-6º [2,3,10]. But, these 
peaks was not obviously seen in the pattern because 
very low intensity. Furthermore, the intensity of 
diffraction peak of MCM-48/ZnO decrease at small-
angle, which was due to the gradual loss of long-range 
ordering when Zn doping. The diffraction peaks of 
ZnO in the wide-angle XRD pattern was appeared 
obviously which shows the content of ZnO in the 
channel (or in the extra framework) of sample with 
hexagonal structure [10]. 

  
Fig. 1. (I) Small-angle and (II) wide-angle XRD patterns of samples (a) MCM-41 and (b) MCM-41/ZnO prepared by grinding 

method. 
  

II I 
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Fig. 2. (I) Small-angle and (II) wide-angle XRD patterns of samples (a) MCM-48 and (b) MCM-48/ZnO prepared by grinding 

method. 

The FT-IR spectra of MCM-41 and MCM-41/ZnO are 
shown in Fig. 3. In the curve of MCM-41, the peaks at 
3430-3440 cm

-1
 were the stretching vibrating 

absorption peaks of O-H band in the surfaced hydroxyl 
and in the planar water. Three peaks, one at 1080 cm

-1
 

and another at 812 and 464 cm
-1

, were related to the 
framework of silicon, and they were the symmetry and 
asymmetry flexural vibrating peaks of Si-O-Si, 
respectively. In FT-IR spectra of MCM-41 and MCM-
41/ZnO, there were some differences of the intensities 
of the peaks, which results from the doping of ZnO. 
An absorption peak at 490 cm

-1
 was observed in the 

spectra of MCM-41/ZnO, and it indicates the 
formation of ZnO in the substrate [10,18]. 

The FT-IR absorption spectra of MCM-48 and MCM-
48/ZnO samples are shown in Fig.4. The vibration 
absorption bands at 1230 and 1080 cm

-1
 were due to 

the asymmetric vibration peaks of Si-O-Si absorption 
of silica framework. The band at 815 cm

-1
 was due to 

the stretching vibration of silica, compared with the 
spectrum of MCM-48. The vibration band at 1630 cm

-

1
 for the MCM-48/ZnO sample can be considered as 

an indication of symmetric stretching vibration of 
carbonyl group of zinc acetate [18-20]. 

Brunauer-Emmett-Teller (BET) surface area analysis  
 

 

Fig. 3. FT-IR spectra of (a) MCM-41 and (b) MCM-41/ZnO 

prepared by grinding method. 

and Barrett-Joyner-Halenda (BJH) pore size and 
volume analysis were used to characterize the prepared 
materials [21]. The BET data and BJH data of 
prepared materials are presented in Table 1. Surface 
areas (S), pore volume (P) and average pore size (D) 
were calculated by the BET and BJH models. The 
obtained results showed the ZnO loading could affect 
the mesoporous structure greatly, which has also been 
demonstrated by physicochemical properties of MCM-
41/ZnO and MCM-48/ZnO [21,22]. The decrease of 
surface areas, pore volume and average pore size of 
mesoporous materials was seen with incorporation of 
ZnO nanoparticles in the framework of MCMs. 

3.2. Photocatalytic degradation of Congo red (CR) 

The photocatalytic activity of prepared photocatalysts 
was studied in Cogo red photodegradation reaction. 
The obtained results include the degradation efficiency 
during 120 min of irradiation process, kinetic rate 
constants and Langmuir-Hinshelwood kinetic 
expression coefficients (R

2
), are collected in Table 2 

and Fig. 5. The data were due to three replicate of 
experiments as well as uncertainty of results. The R

2
 

values > 0.99 show that the pseudo first-order kinetic 
can be used to determination of rate constants of CR 
degradation reaction catalyzed by photocatalysts. 

 

Fig. 4. FT-IR spectra of (a) MCM-48 and (b) MCM-48/ZnO 

prepared by grinding method. 

I 
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Table 1. Textural properties of MCM-41, MCM-48 and MCM-41/ZnO and MCM-48/ZnO prepared by grinding method. 

BJH data BET data 

Sample 

D (nm) P (cm
3
/g) S (m

2
/g) D (nm) P (cm

3
/g) S (m

2
/g) 

2.126 0.765 845.6 2.230 0.850 895.0 MCM-41 

0.854 0.173 480.3 0.903 0.207 511.2 MCM-41/ZnO 

2.146 0.842 834.1 2.246 0.945 865.2 MCM-48 

0.987 0.184 466.1 0.967 0.245 489.3 MCM-48/ZnO 

The primary factor of photocatalytic degradation was 
the adsorption of CR onto the catalyst surface via the 
interaction of surface hydroxyl groups, particularly 
onto high surface area support, i. e. MCM-41 and 
MCM-48. In the other words, the adsorption of CR as 
an anionic dye on oxide surface was favored, leading 
to an increase of the dye concentration on the surface 
and facilitate the photocatalytic degradation of the dye 
investigated [14,19].  

The presence of ZnO nanoparticles as photocatalyst on 
the mesoporous materials like MCM-41 and MCM-48, 
increase the photodegradation of CR dye under 
irradiation radiation [14,15]. Also, the hydroxyl groups 
on the surface of prepared catalysts act as an electron 
donor for photo-generated H

+
, and form active 

hydroxyl radicals (

OH) which attack CR.  

The photocatalysts of MCM-41/ZnO and MCM-
48/ZnO that prepared by grinding method show the 
highest photocatalytic activity (Table 2).  

Apparently, the incorporation of zinc ions in the pores 
of mesoporous materials of MCMs was completed by 
grinding method versus direct and indirect methods 
[18-20]. Thus, the weight% of ZnO in mesoporous 
materials was increased by using of grinding method 
as a selective method in preparation of MCM/ZnO 
photocatalysts. However, a lot of zinc ions were 
become lost in preparation of MCM/ZnO by direct and 
indirect methods in a solvent medium. The amount of 
ZnO was measured by the digestion of prepared 
samples of ZnO/ MCM using AAS method. The 
amounts of ZnO were obtained 36.4, 25.9 and 21.8% 
in ZnO/MCM-41 and 35.3, 26.4 and 21.5% in 
ZnO/MCM-48 prepared by grinding, indirect and 
direct methods, respectively. Therefore, increasing of 
ZnO as a photocatalyst in MCM/ZnO samples caused 
to increasing in the photocatalytic activity of prepared 
samples. 

The amount of CR degraded on the surface of the 
different photocatalysts showed the order of sequence:  

 

Fig. 5. The plots of ln(Co/Ct) versus time for MCM/ZnO photocatalysts prepared by direct method (DM), indirect method (IM) 

and grinding method (GM). 
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Table 2. The degradation of CR duration 120 min, kobs and R
2
 values of photocatalytic process over ZnO, MCM-41/ZnO and 

MCM-48/ZnO samples. Standard deviations are related to n=3. 

Catalysts %D kobs10
-3

 (min
-1

) R
2
 

Without photocatalyst 22.9±1.2 1.9±0.2 0.9912 

ZnO 43.2±2.1 5.7±0.4 0.9899 

MCM-41/ZnO, direct method 48.6±1.9 6.9±0.2 0.9909 

MCM-48/ZnO, direct method 39.2±2.8 4.2±0.3 0.9923 

MCM-41/ZnO, indirect method 58.9±1.7 8.2±0.4 0.9897 

MCM-48/ZnO, indirect method 53.4±2.5 7.2±0.2 0.9924 

MCM-41/ZnO, grinding method 92.8±2.1 34.6±0.3 0.9901 

MCM-48/ZnO, grinding method 86.4±1.1 27.8±0.3 0.9898 

 

MCM-41/ZnO> MCM-48/ZnO>ZnO which could be 
directly related to the surface area that was available 
for adsorption. The data of Table 1 showed the more 
surface areas of MCM-41/ZnO versus MCM-48/ZnO. 
Therefore, good photodegradation was obtained over 
the MCMs/ZnO photocatalyst. The enhanced 
phtocatalytic activity over the composite MCMs/ZnO 
was reflecting the beneficial adsorption properties of 
MCM-41 and MCM-48 [23,24]. Also, it was clear that 
the presence of zinc oxide in samples plays a key role 
in the photocatalytic reaction and these nanoparticles 
were the active sites in MCM/ZnO.  The 
enhancements of degradation of CR may be due to the 
high dispersion of zinc oxide in the amorphous wall of 
MCM-41 and MCM-48 [25,26]. 
The higher activity of MCM-41/ZnO may be due to 
the hexagonal ordered structured compared to MCM-
48 with cubic ordered structured. The hexagonal 
ordered structured of MCM-41 due to the higher 
dispersion of zinc ions on this sample [27,28]. 
As revealed by various studies on the 
photodegradation of azo dyes such as CR, the 
chromophoreazo group was easily broken to generate 
N2 gas: 

R–N=N–R' + 2
•
OH              N2(g) + ROH + R'OH   (1) 

Also CR was oxidized by oxidative species and 
converted into fatty acids and finally into CO2. Among 
the oxidative species, 

•
OH was the major oxidative 

transient and was known to react with benzene and azo 
moieties with high rate coefficients [12,14,29,30]. 
 
 

4. Conclusions 

MCM-41/ZnO and MCM-48/ZnOmesoporous 
materials can be synthesized successfully under 
ambient temperature by using grinding methods. The 
characterization of prepared samples shows that 
certain zinc cations had been incorporated in to the 
framework of MCM-41 and MCM-48. The MCM-41 
and MCM-48 mesoporous materials indicate 2D 
hexagonal and 3D cubic structure, respectively. The 
doping of ZnO nanoparticles is due to decrease of 
surface area and pore volume of mesoporous 
materials. The MCM-41/ZnO and MCM-48/ZnO show 
the higher photoreactivity in CR degradation versus 
ZnO nanoparticles that is due to the higher surface 
area of photocatalyst. The hexagonal structure of 
MCM-41 with higher surface area and active sites and 
the existence of ZnO crystallities as secondary phase 
in the extra framework of mesoporous are due to 
higher photocatalytic activity of MCM-41/ZnO versus 
MCM-48/ZnO. Finally, the photocatalytic activity of 
photocatalysts is increased with increasing the surface 
area and amount of incorporated semiconductor in a 
mesoporous substrate. 
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