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Abstract

	 Various nanocomposite materials play a number of important roles in modern science and 
technology including pharmaceutical science. Among these materials, mesoporous materials cover 
a large number of applications in drug delivery system. The quantitative incorporation and high 
dispersion of selenium nanoparticles into MCM-41 have been made possible by the coordination 
between Se(IV) ion and aminopropyltriethoxysilane (APTES)-anchored MCM-41. The samples 
were characterized by X-ray powder diffraction, Fourier-transformed infrared spectroscopy (FTIR), 
scanning electron microscopy (SEM), nitrogen adsorption–desorption via multi-point Brunauer, 
Emmett and Teller (BET) analysis, Raman spectroscopy and UV-Vis diffusion reflection spectroscopy 
(UV-vis/DRS). The increase in cell parameter and the decrease in surface area observed by N2 
adsorption-desorption technique were taken as evidence of selenium introduction inside the MCM-
41 framework. The behaviour of drug release in these nanocomposites is probably due to hydrogen 
bonding interactions between drug and the hydroxyl group on the composite framework.
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Introduction
 

	 Mesostructured silica particles have 
many attractive features such as high pore volume, 
large surface area and narrow pore size and ease 
of functionalization1, 2]. One of the most well 

knownmesoporous molecular sieves, M41S, has 
attracted much attention since it was first developed 
by researchers at Mobil Corporation in the year of 
1990. Due to its excellent properties such as high 
surface area, well defined regular pore shape, 
narrow pore size distribution, large pore volume, 
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tunable pore size and thermal stability, MCM-41 
has been utilized for chemical and environmental 
application as adsorbents, catalyst support systems, 
ion-exchanged materials and nanofilters. MCM-41 
is a member of this group and has unidimensional 
pores with a hexagonal structure and high surface 
area3. These properties together with the thermal 
and mechanical stabilities make it an ideal host for 
the incorporation of active molecules and some 
work has already been devoted on this field4-6. Many 
studies have been carried out on the incorporation 
of various transition metals (Al, Co, Zn, Mn, Ce, Ti, 
Fe, V, Ga etc.) into the framework of MCM-41 in 
order to improve the catalytic properties of MCM-
417-14. However inorganic materials (clay, zeolite and 
MCM-41) have important advantages such as high 
chemical and mechanical stability and low toxicity and 
porous structure that can be tailored to control the 
diffusion rate of an adsorbed or encapsulated drug; 
but these materials have some problems when using 
them in aqueous solutions and are less studied as 
carriers of drugs compared to organic materials such 
as polymers15-16. Although, controlled drug delivery 
technologies using polymers as carriers, including 
natural or synthetic polymers, represent one of the 
most rapidly advancing areas of science17.

	 Nanometer-sized semiconductor particles 
have great importance because of their electrical 
and optical properties. Among the semiconductor 
particles, selenium (Se) is well known for its unique 
mechanical, optical, electrical, biological and 
chemical properties18. In addition, selenium is one 
of the essential trace elements for human health 
because it exerts anti-oxidative and pro-oxidative 

effects19. Selenium can improve the activity of 
the seleno-enzyme, glutathione peroxidase and 
prevent free radicals from damaging cells and 
tissues in vivo20. Selenium occurs in four known 
modifications: amorphous, hexagonal, monoclinic-a 
and monoclinic-b . The Se atoms in the solid state 
are arranged in a ring or chain formation. Rings of 
eight atoms (Se8) are characteristic for monoclinic 
selenium, and rings with a larger number of atoms 
(Se6-1000) for amorphous selenium; hexagonal 
selenium is formed by long chains. Amorphous and 
monoclinic selenium are typical insulators, while 
hexagonal selenium is a typical semiconductor21.

	 Herein, in this study, we repor t the 
synthesis of a new selenium-functionalized MCM-
41 mesoporous hybrid material in which nano-
selenium was covalently bonded to the framework 
of MCM-41 by 3-(Triethoxysilyl)-propylamine 
(APTES). Full characterization and detailed studies 
of all these synthesized materials were investigated. 
Uniform hexagonal selenium nanoparticles were 
synthesized via chemical reduction. The materials 
were characterized by XRD, FTIR, BET, UV-Vis/DRS, 
SEM and Raman spectroscopy. The morphological 
features of the mesostructure and the selenium ions 
incorporated in the Se-MCM-41 were subsequently 
investigated.

Experimental

Materials 
	 The synthesis of MCM-41 was carried 
out by using Ludox HS-40 (Sigma 40 % w/t) 
with cetyltrimethylammonium bromide (CTAB, 

Fig. 1: XRD patterns of MCM-41 (a), Se nanoparticles (b), Se-MCM-41 (c).
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Aldrich) and hexadecyltrimethylammonium bromide 
(HDTMA, Acros), as the silica source and precursor 
agents, respectively. Selenious acid (H2SeO3), 
sodium hydroxide, ammonium hydroxide, ascorbic 
acid, acetic acid and chloroform were of analytical 
grade and obtained from Merck (Germany). 
(3-Aminopropylaminopropyl)-tr iethoxysilane 
(APTES) was purchased from Aldrich (Germany). 
All materials were of Annular Grade and were used 
as purchased without further purification. All aqueous 
solutions were prepared with de-ionized water (DW) 
which is purified with Millipore Milli-Q Plus water 
purification system.

Synthesis procedures
Preparation of MCM-41 mesoporous material 
	 MCM-41 was prepared us ing the 
hydrothermal method. Accurately weighed 27.8715 
g of Ludox HS-40 (silica source) was dissolved in 
NaOH (4.49 %) in a polypropylene bottle followed by 
stirring for 30 min at 80oC. The template solution was 
prepared by dissolving 11.1308 g CTAB in distilled 
water and appropriate NH4OH (28 %) added later 
and stirred for 1 h at 80oC. At the end of the reaction 
time, both Ludox HS-40 and the CTAB solutions were 
cooled to 40oC and later mixed, followed by aging 
at 97oC for 24 h with its pH adjusted to 10.2 with 
acetic acid. This procedure was repeated three times. 
The precipitated MCM-41 products were filtered 
and washed with DW in order to remove excess 
surfactants that did not participate in the formation 
of the mesostructures. Finally, the remaining CTAB 
surfactant was removed by calcination at 550°C for 
24 h in a furnace.

Preparation of selenium nanoparticles
	 The selenium nanopar t ic les were 
synthesized from 0.25 M H2SeO3 and 0.25 M 

ascorbic acid. The solution was treated by ultra-
sonication for 3 h. Different aging times of 1, 2, 3, 4 
and 7 days were chosen to determine the optimized 
conditions for excellent Se nanoparticles crystal 
growth. The final product was filtered and washed 
with DW and left overnight for drying.

Preparation of Se- MCM-41 mesoporous material 
using APTES
	 Typically 1 g MCM-41 and 0.1 g Se 
nanoparticles were ground and a 0.5 M (100 ml) 
APTES (in chloroform) later added to the mixture 
in the preparation of Se-MCM-41. The mixture was 
later ultrasonicated for 4 h followed by stirring for 
24 h, then filtered and washed three times with 
chloroform.

Characterization
XRD
	 The X-Ray diffraction analysis of MCM-
41, Se nanoparticles and Se-MCM-41 composite 
were performed in the range of 2θ = 5° to 50° 
using a Siemens 5000 diffractometer with a vertical 
goniometer and CuKa radiation (l= 1.542 Å) at 35 
kV and 35 mA (scanning speed: 4°/min). 

FTIR
	 Infrared spectra were recorded with 
a Perkin-Elmer Spectrum One in KBr matrix  
(0.005 g sample with 0.1g KBr) in the range of 
4000–400 cm”1.

N2-Adsorption-desorption
	 Nitrogen gas adsorption-desorption 
isotherms were measured at the liquid N2 temperature 
of 77K using a Quantachrome Autosorb-1 instrument 
(QUANTACHROME, version 1.51). Prior to the 
sorption experiment, the materials were vacuum-

Fig.2: FT-IR spectra of MCM-41 (a) and Se - MCM-41 (b)
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dried at 120oC for 6 h. Surface area, pore size and 
pore volumes of the samples were obtained from 
these isotherms using the conventional BET and 
BJH equations. Specific surface area (SBET) was 
determined by the Brunauer–Emmett– Teller (BET) 
method using adsorption data points in the relative 
pressure P/Po range of 0.02–0.80. The surface 
area of Se-MCM-41 (St) was also determined from 
t-plots which were constructed using the nitrogen 
adsorption data on a nonporous-hydroxylated silica 
standard.

Scanning electron microscope (SEM) 
	 The morphology of the samples was 
inspected in a Philips equipment model XL 40, 
operating at 25 kV. The samples were supported on 

carbon tapes and then metalized with gold under 
vacuum conditions. 

FT-Raman  
	 The FT-Raman spectrum was recorded 
with Spectrum 2000R NIR FT-Raman system in a 
Perkin-Elmer Spectrum GX model equipped with 
aNd-YAG laser (1064 nm). A laser power of about 
15 mW was used for excitation in the range of 1500 
and 100 cm”1 with 10 scans and spectral resolution 
of about 4 cm”1. 

UV-visible/Diffuse reflectance spectroscopy
	 UV-Vis Diffuse Reflectance (UV-Vis DR) 
of the samples was recorded using a Perkin Elmer 
Lambda 900 UV-VIS-NIR spectrometer in the 
wavelength range of 200–800 nm.

Results and discussionS

Characterization
	 Synthesized products were characterized 
by XRD, FTIR, SEM, FT-Raman and UV-Vis/ DRS. 
Surface area and pore-size distribution of the 
synthesized materials were inspected by nitrogen 
adsorption method. Specific surface areas were 
calculated following the BET procedure. Pore-size 
distribution was obtained by using the BJH pore 
analysis applied to the desorption branch of the 
nitrogen adsorption/desorption isotherms.

XRD
	 Powder X-ray diffraction patterns of MCM-
41, selenium nanoparticles and Se-MCM-41 samples 
are shown in Figs. 1 (a), (b) and (c), respectively. 
XRD analysis was used to characterize the MCM-41, 
the crystallinity of the Se prepared at various aging 
times and Se-MCM-41 mesopore composite. The 
X-ray diffractograms of MCM-41, Se and Se-MCM-41 

Fig. 3: Nitrogen adsorption (·) and desorption 
(%) isotherm curves of MCM-41 

(a) and Se-MCM-41 (b)

Table 1: Structural data of MCM-41 and Se–
MCM-41 samples (SBET, specific surface area; 

Vt, total pore volume; w, pore width; t, wall 
thickness)

Samples	 SBET   	 Vt   	 w (nm)	 t  (nm)
	 (m2 g-1)	 (cm3 g-1)

MCM-41	 203	 0.320	 6.300	 1.324
Se-MCM-41	 36.9	 0.025	 2.713	 2.088
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indicated a sharp d100 reflection line in the 2θ range 
2.187o, 29.80o and 2.181o, respectively.

	 MCM-41 showed a typical mesoporous 
structure with three sharp peaks at low 2q values 
that can be indexed as (1, 0, 0), (1, 1, 0) and (2, 0, 0) 
reflections characteristics of mesoporous materials 
with hexagonal arrangement of their cylindrical 
channels (Fig. 1(a))22, 23. As seen from Fig. 1(b), the 
aging time has a profound effect on the structure 
of selenium. The diffractogram showed a clear 
broad peak with some sharp ones, as depicted in  
Fig. 1 (b) for the aging time of 4 days. Also, the 
broad halo peaks showed that a large fraction of 
the Se nanomaterials was in the amorphous state 
for other aging times. The presence of a hexagonal 
phase was clearly discernible. The peak positions 
and their relative intensities are very consistent with 
the presence of a hexagonal selenium phase with 
random crystallographic orientations. Similar results 
were obtained for the selenium particles. From this 
XRD pattern, all of the peaks could be indexed as 
hexagonal selenium according to the standard card 
(JCPDS 06-0362) with the lattice constants a: 0.4366 
nm, c: 0.4953 nm21, 24-26.

	 Characteristic peaks of the hexagonal 
system were also found for the Se-MCM-41 sample. 
No change in the XRD pattern and d-spacing values 

was observed after functionalization, thus indicating 
that the functionalization of MCM-41 did not lead 
to a structural change. The intensity of the three 
peaks for Se–MCM-41 decrease was compared 
with those of MCM- 41. It suggests that the long-
range order of the sample is not as good as that 
of MCM-41 and may be due to the incorporation of 
Se and amino groups into the framework of MCM-
4127- 29.Traditionally, the broadening of peaks in 
XRD patterns of polycrystalline solids is attributed 
to particle size effects. The mean crystallite size of 
a powder sample is estimated from the full-width 
at half-maximum (FWHM) of the diffraction peak 
according to the Scherrer equation:

                    d = kl/b(cos 2θ/2)		   ...(1)	
			 
	 In this equation, d is the average particle 
size (nm), l is the X-ray wavelength (l=0.154nm), 
K is the constant (K=0.90), b is the full width at 
half maximum (FWHM) of the most intense peak, 
and θ is the corresponding diffraction angle. The 
Scherrer formula to estimate particle size is widely 
used, especially in the study of nanoparticulate 
materials30-31.The XRD patterns indicated that the 
samples formed are comparatively of high purity. 
Therefore, the size of the Se nanoparticles and 
MCM-41 calculated according to Eq (1) were 41 nm 
and 215 nm, respectively. 

Fig. 4: SEM images of the synthesized materials: MCM-41 (a), Se (b), and Se-MCM-41 
(c), respectively.
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FTIR
	 The FT-IR spectra of as-synthesized and 
amine modified samples are shown in Fig. 2. For 
MCM-41, the strongest bands relative to those of 
the silica host structure appear between 1000 and 
1250 cm-1 and are due to Si-O asymmetric stretching 
vibrational modes, which is seen in all the figures. 
The band at ca. 799 cm-1 can be attributed to the Si-O 
symmetric vibrational mode and the Si-O-Si bending 
vibration is found at ca. 459 cm-1. The presence of 
water molecules is shown by the presence of a 
strong band at ca. 1637 cm-1 32.   Fig. 2 also shows 
a broad band in the range of 3750–3000 cm-1 due 
to OH stretching vibrations from silanol groups 
and adsorbed water and a band in the range of 
1650–1630 cm-1 which is due to the OH bending from 
adsorbed water molecules. Upon silylation, the FTIR 
spectra of all materials show bands characteristics 
of the grafted organosilanes, typically in the regions 
of 3000–2500 and 1650–1300 cm-1 33.The spectra 
showed a broad band around 3100–3600 cm”1 which 
is due to adsorbed water molecules. The presence of 
N-H bending vibration at 695 cm”1 and NH2 symmetric 
bending vibration at 1559 cm”1, absent in neat MCM-
41, indicates the successful grafting of organic amine 
onto the surface. NH2-Si-MCM-41 shows a band at 
ca. 3444 cm-1 which is characteristics of the NH2 
groups and a band due to asymmetric vibration of 
the CH2 groups of the propyl chain of the silylating 
agent at 2935 cm”1 32,34,35. The spectra from APTES 
display bands at 3600-3050 cm-1 corresponding to 
NH and OH groups while the band at 2935 cm-1 
is due to the stretching vibration of CH2. Bands in 
the 1500-800 cm-1 frequency range characterize 
stretching vibrations mode of C-N bonds (CN) of the 

surface groups and the bands at 1637 cm-1 and 1556 
cm-1 are assigned to the CO amide I and NH amide II 
groups and the one at 1087 cm-1 is assigned to SiO 
vibration|.

	 Compared to the Si-MCM-41, the wave 
number of the antisymmetric Si-O-Si vibration band 
of Se-MCM-41 sample decreases to 1075 cm-1 
(Figs. 2(a) and (b)). Theses shifts must be due to 
the increase of the mean Si-O distance in the walls 
caused by the substitution of the small silicon(radius 
40 pm) by the larger size Se (radius 50 pm). The 
observed shifts, which depend on the change in the 
ionic radii as well, as on the degree of substitution, 
are comparatively small. Therefore, only a low degree 
of substitution is suggested37.

Nitrogen adsorption-desorption isotherms
	 N2 adsorption-desorption is a common 
method to characterize mesoporous materials. This 
method provides information about the specific 
surface area, average pore diameter and pore 
volume, etc. BET surface area, SBET, pore size, w, 
pore volume, Vt, and pore wall thickness, t for the 
synthesized materials are presented in Table 1. The 
specific surface area (SBET) was calculated according 
to the standard BET method. The cylinder diameter 
size (w) was calculated by the BJH method and the 
total pore volume (Vt) was obtained from the nitrogen 
amount adsorbed in correspondence of P/P0 equal to 
0.02. The pore wall thickness (t) was then estimated 
using the following equation:

	 t = a0 - kw		  ...(2)

Fig. 5: Raman spectra of Se-MCM-41



617Rahman et al., Orient. J. Chem.,  Vol. 33(2), 611-621 (2017)

	 where k is a constant that of hexagonal 
cylinder and pore wall mass density was obtained 
by using geometrical consideration equal to 0.95 w. 
From the XRD, the average pore diameter, a0, can be 
calculated using d100 space values which is correlated 
with the adjacent pores centre-centre distance. The 
equation is shown below38-41

3/2a 1000 d= 				    ...(3)

	 The results show that the surface properties 
of the modified (Se-MCM-41) are clearly different 
from the unmodified (MCM-41) since MCM-41 has 
larger surface area compared to Se-MCM-41. The 
modification leads to a reduction in surface area, 
pore volume and pore diameter and the pore wall 
thickness, estimated on the basis of the Eq. (2), 
increases. This is probably due to the occupation 
of the functionalized molecules on the surface and 
inside the pores of the composite27, 34.
 
	 As shown in Figs. 3 (a) and (b), MCM-41 
and Se-MCM-41 exhibited a characteristic type 
IV BET isotherm consistent with the presence of 
cylindrical mesoscale pores. It is observed that 
there are three different well-defined stages in the 
isotherm. The initial increase in nitrogen uptake at 
low P/P0 may be due to monolayer adsorption on the 
pore walls, a sharp steep increase at intermediate 
P/P0 may indicate the occurrence of a capillary 
condensation in the mesopores and a plateau 
portion at higher P/P0 is associated with multilayer 
adsorption on the external surface of the materials. 

A hysteresis of H3 type at P/P0> 0.9 was observed 
for the modified sample. MCM-41 sample exhibits 
isotherm with well-developed steps in the relative 
pressure range ≈ 0.3, characteristic of a capillary 
condensation into uniform mesopores35. From the 
two branches of adsorption–desorption isotherms, 
the presence of a sharp adsorption step in the  
P/P0 region from 0.3 to 0.5 and an H1 type hysteresis 
loopat the relative pressure P/P0> 0.35 shows that 
all materials possess a well-defined array of regular 
mesopores. From the figure, one can see that all 
the samples possess good mesoporous structural 
ordering and a narrow pore size distribution22.

SEM
	 The scanning electron microscope (SEM) 
images illustrated in Figs. 4(a), 4(b), and 4(c) reveal 
the general morphology of MCM-41, selenium, and 
Se-MCM-41, respectively. The SEM micrograph of 
MCM-41 (Fig.4 (a)) demonstrated a variety of particle 
shapes and sizes.The SEM images of the samples 
(Fig. 4) confirmed the expected particles morphology. 
The SEM of selenium (Fig.4 (b)) showed straight 
rod shapes as expected for the hexagonal selenium 
nanoparticles. Fig. 4(c) of the SEM revealed that the 
selenium nanoparticles are uniformly bound to the 
MCM-41 surface.

FT-Raman spectra 
	 Raman scattering has been proven to be a 
versatile technique to characterize nanostructured 
materials. This technique provides information on 
the crystalline quality of samples and the Raman 

Fig. 6: DR UV-vis spectra of Se-MCM-41
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frequency is characteristics for material, structure 
and the mechanical forces of the crystals which 
have an effect on the sample42. As shown in Fig. 
5, an intensive peak at 215 cm-1 is observed in the 
Raman spectra of the Se powder, which is attributed 
to the Raman scattering of the A1 mode of hexagonal 
selenium26, 42. The Raman spectrum of as-prepared 
Se nanoparticles shows a spectral feature similar to 
that of Se powder. Moreover, pure siliceous MCM-
41 characteristic bands at about 918, 542 and 126 
cm-1 are also observed. They are assigned to Si-OH, 
six or four-membered ring vibrations and bending 
mode of Si-O-Si vibrations, respectively43. The peak 
frequency (215 cm-1) of Se nanoparticles indicates 
that the as-prepared Se nanoparticles have a high 
degree of crystallinity and the Se nanoparticles are 
present in the framework of MCM-41. Furthermore, 
the absence of any signals of the 256 cm-1 peak 
for monoclinic selenium and of the 264-cm-1 peak 
for amorphous selenium indicates that almost no 
monoclinic selenium or amorphous selenium is 
present in the prepared samples26, 44.
 
UV-visible/ Diffuse reflectance spectroscopy
	 The UV-vis/DRS spectra of the samples 
were essential for a proper understanding of the 
nature of the metal species, especially supporting 
and complementing previous characterization data 
of these materials45. This is known to be a good 
technique for the characterization of transition-
metal-incorporated zeolites43. The UV-vis DRS 
analysis of Se-MCM-41 was carried out between 
200 nm and 800 nm and the representative spectra 
of the Se-MCM-41 are shown in Fig.6. In Fig. 6, 
only Se-MCM-41 is shownbecause pure MCM-41 
does not have any  p and n electrons, hence there 
is no absorption shown in the spectrum of MCM-41 
46-47.Se-MCM-41shows a band at ca. 210 nm which 
is assigned to selenium in MCM-41 composite48-50 
(which is supported by Raman and XRD).  However, 
in the present study, MCM-41 with amino groups 
using APTES was modified. Hence, the UV-vis of 
the sample shows absorption at 210 nm which 
is attributed to the p→p* transitions of C=N with 
selenium46.

CONCLUSION

	 In conclusion, we have reported the 
synthesis of a new composite material. Selenium 

incorporated to amine functionalized MCM-41 was 
successfully prepared by impregnation method. 
The resulting materials were subjected to different 
characterization techniques, such as XRD, FT-IR, N2 
adsorption-desorption, UV-vis/DRS and Raman – the 
defining tools which reveal that the Se nanoparticles 
are firmly attached to the modified MCM-41 support. 
The XRD pattern shows that the mesoporous 
nature of the material remains sound after amine 
and selenium modification. The presence of  
d (1, 0, 0) in the XRD pattern confirmed the retention 
of hexagonal ordering even after functionalization 
and metal complex loading. The effect of selenium 
loading on the physical properties of MCM-41 
(surface area and pore parameters) was explored 
by nitrogen sorption in which the surface area, 
pore diameter and pore volume of MCM-41 have 
decreased with the incorporation of Se into silica 
framework. UV-Visible spectrometer showed the 
evidence for the presence of hexagonal Se skeletal 
structure. The Se–MCM-41 synthesized material may 
be useful for potential applications in separation and 
catalysis. This research works on the fabrication and 
chemistry of mesoporous Se-MCM41 for biomedical 
applications, and the potential advantages of 
mesoporous Se-MCM41 in drug delivery.

	 Many potential applications of mesoporous 
Se-MCM41 have been explored, from catalysis, 
separation, biology, environmental monitoring, 
and pharmaceuticals to clinical toxicology, but a 
gap in real industrial applications still exists. The 
great challenge facing the mesoporous material 
research community now is to transfer laboratory 
studies to industrial applications. Although the 
potential applications of such materials have been 
widely studied in many areas, more efforts are still 
needed for the continuing study of their practical 
applications to commercialize mesoporous materials 
in the future. The forthcoming practical applications 
in fields such as (metronidazole) drug delivery, 
biotechnology, gene & protein therapy, new drug 
delivery system, catalysis, separation, adsorption, 
electronic devices, low dielectric constant materials 
and beyond will stimulate more research interests in 
this area, and more exciting and useful developments 
in mesoporous materials will also be delivered.
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