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The pore structure, which is known to be affected by calcination, is one of the desired features for
materials especially when considered to be catalysts. The improvement in the structure occurs after
removing all template ions during the calcination process. This study attempts to evaluate the impact of
the  calcination  process  on  properties  of  mesoporous  MCM-41  (Mobile  Composition  of  Matter  41)
obtained via sol-gel method. Characterization of calcined and untreated samples was performed by N2

adsorption-desorption, scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy
(FT-IR) analysis. The results showed that the calcination process displayed a significant impact on the
MCM-41 materials. After calcination, the MCM-41 sample possessed higher surface area and smaller
pore  diameter,  compared  to  the  untreated  one.  Finally,  the  calcination  acted  as  an  effective  pore
modulating procedure, thus giving a significant impact on the morphology of the studies of MCM-41.
Therefore, the calcination step in MCM-41 material preparation is explained in detail ensuring valuable
characterization information to the literature.
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INTRODUCTION

Since  porous  materials  are  popular  due  to  the
ability to network with atoms, ions, and molecules,
ordered mesoporous materials have gained great
attention in science since 1992 (1). Among these
materials, MCM-41 (Mobile Composition of Matter
41) which has a hexagonal array of uniformly sized
one-dimensional pore geometry (2). Owing to their
advantages  like  large  specific  surface  areas  and
well-defined pore  structures,  these  materials  are
ideal  for  many  areas  such  as  adsorption,
separation,  energy,  and  drug  delivery  systems.
Among the applications, the most popular use of
porous materials is the one that can be defined as
a catalytic material. Therefore, the entrance of the
heteroatoms inside these materials to make them
catalytically active could result to a diminution in

the quality  of  the  pore  structure  that  could  add
onto the synthesis and calcination parameters (3).

Crystalline  products  with  varied  compositions,
structures, and morphologies could be attained by
altering  the  calcination  conditions  such  as
temperature,  duration,  and  heating  rate  (4).  As
calcination is known as an endothermic reaction,
temperature in the calcination zone of the particle
declines and a heat transfer which is significantly
affected  by  particle  size  arises  from the  particle
surroundings to the relevant zone (5).

Although many studies deal with MCM-41 synthesis
in  terms  of  factors  such  as  different  synthesis
methods (6–8),  calcination temperature  (9),  and
calcination  atmosphere  (10,11).  Martínez-Edo  et
al.  published  a  comprehensive  paper  related  to
synthesis and applications of MCM-41 in catalysis.

27

mailto:zerrin.yarbay@bilecik.edu.tr
https://dergipark.org.tr/jotcsb
http://www.turchemsoc.org/
mailto:zerrin.yarbay@bilecik.edu.tr
https://orcid.org/0000-0002-4926-044X


Yarbay Şahin RZ. JOTCSB. 2021; 4(2): 27-34. RESEARCH ARTICLE

They reviewed some catalytic systems using mono
and di-functionalized MCM-41 as basic and acidic
catalysts  based on metallic  complexes supported
by  MCM-41,  metallic  nanoparticles  embed  onto
functionalized  MCM-41  and  magnetic  MCM-41.
They  underlined  that  although  the  supports  like
SBA-15, MCM-41 are cheap, synthetically versatile,
and  can  be  reused,  an  advantage  over  other
systems  is  that  MCM-41  have  been  extensively
studied  due  to  their  applications  in  biological
applications. Furthermore, the chemical versatility
of MCM-41 relies not only on the easy preparation
of  the  molecular  sieves,  but  also  on  the
straightforward  regioselective  functionalization,
both within the inner walls of the pores and the
outside  surface  of  the  particle  (12).  Wu  et  al.
studied graded synthesis of highly ordered MCM-41
and carbon/zeolite composite from coal gasification
fine residue for crystal violet removal. They found
that  MCM-41  with  large  BET  of  1013  m2/g
exhibited  five  characteristics  diffraction  peaks.
They stated that the common silicon sources like
ethyl  orthosilicate (TEOS) or sodium metasilicate
are of high cost. Therefore, cheap solid waste as
an  alternative  raw  material  has  a  significant
advantage and also environmental protection. They
used  filtrate  from  the  lower  layer  in  alkaline
condition  from coal  gasification  fine  residue  was
used as silicon sources to further synthesize MCM-
41.  They found that  the  remove ratio  of  crystal
violet  in  water  by  the  synthesized  MCM-41  is
higher than 99% with a concentration in the range
of  50-400  mg/L  (13).  Manaa  et  al.  investigated
MCM-41  grafted  with  citric  acid.  MCM-41  was
synthesized via a sol-gel method and then grafted
by  adding  the  appropriate  amount  of  citric  acid
(CA). The pore sizes and volume of the CA/MCM-
41 samples were found to vary markedly within CA
contents. The catalytic performance of the samples
was  tested  by  the  synthesis  of  14-Phenyl-14H-
dibenzo  [a,  j]  xanthene  (xanthene).  In  this
reaction, the sample with 50 wt.% of CA displayed
the  highest  acidity  and  catalytic  activity  (14).
Gedikli  et  al.  synthesized  MCM-41  via
hydrothermal  and  sonochemical  synthesis
methods.  Their  results  showed  that  MCM-41
synthesized  by  the  sonochemical  method  had
higher specific surface area and pore volume than
those  synthesized  by  the  hydrothermal  method.
Also, they investigated the effects of silica sources
on the distribution of products. They found that the
sodium silicate was found to be more suitable for
the  synthesis  of  MCM-41.  Based  on  their
determined optimum conditions, they also studied
synthesis  and  characterization  of  MCM-41
supported Al, Co, and Fe having different ratios of
metal  (Metal/Si:  ratio  0.05,  0.1,  and  0.2).  As  a
result,  they  offered  to  explore  the  catalytic
properties  of  these  catalysts  (15). Laghei  et  al.
investigated  the  effect  of  various  types  of  post-
synthetic  modifications  on  the  structure  and

properties  of  MCM-41  mesoporous  silica.  They
synthesized  MCM-41  mesoporous  silicas  by
hydrothermal method were subsequently modified
by  3-aminopropyltrimetoxysilane  (APTMS)  and
trimethylchlorosilane  (TMCS)  via  two  different
grafting methods, i.e. attaching functional groups
with or without solvent. The results confirmed that
the spherical  MCM-41 particles  were  successfully
functionalized by APTMS and TMCS. Moreover, the
surface  area  and average pore  diameters  of  the
particles were affected by the inherent properties
of  organosilanes  such  as  their  side  chains  and
catalytic  behaviors.  The  grafting  methods  had  a
tremendous  impact  on  the  obtained  treated
particles (16).

Among  many  studies,  only  a  few  studies  (8)
explored  the  differences  between  untreated  and
calcined  MCM-41  samples.  Therefore,  this  study
will  contribute  to  the  literature  with  the  help  of
providing more details about the calcination effect
on MCM-41. In this study, MCM-41 materials were
obtained  via  adapted  sol-gel  method  and
characterized by N2 adsorption-desorption, Fourier
transformed  infrared  spectroscopy  (FT-IR)  and
scanning electron microscopy (SEM). The influence
of  the  calcination  process  on  the  properties  are
discussed in detail in the discussion section.

MATERIAL AND METHOD

Sample Preparation
MCM-41 material was attained by a modified sol-
gel  procedure  given  by  Martin  et  al.  (12).
Analytical  grade  reagents  including
Cetyltrimethylammonium  bromide  (CTAB-Alfa
Aesar,  98%)  by  means  of  structure  directing
agent, tetraethyl orthosilicate (TEOS-Acros, 98%)
by way of silica source were utilized as received. In
addition,  absolute  ethanol  (Tekkim,  >99.5%,
hydrochloric  acid  (VWR,  37%),  and  ammonia
(Carlo Erba, 25%) were the other reagents used.
According  to  the  procedure,  40  mL  of  distilled
water, 6 mL of ammonia, 2 g of CTAB, 60 mL of
ethanol and 4 mL of TEOS were mixed using strong
magnetic stirring at 30 °C for 2 h. Afterwards, a
white  precipitate  was  obtained  by  filtration  and
washed thoroughly with distilled water (12).  The
material obtained was divided into two parts. While
half of the sample was not subjected to calcination
procedure  (labelled  as  untreated  sample),  the
other  half  was  calcined  at  550  °C  for  during  6
hours in air atmosphere in a muffle furnace with 5
°C/min to eliminate the CTAB from the sample. 

Characterization
The  textural  properties  of  the  MCM-41s  were
obtained from N2 adsorption/desorption isotherms
using Micromeritics  ASAP 2020 equipment.  While
specific surface areas were considered with respect
to the Brunauer–Emmett–Teller (BET) method, the
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pore  size  distributions  were  achieved  using  the
Barret–Joyner–Hallenda (BJH) method from the N2

adsorption/desorption  isotherms.  The  structure
was examined by SEM analysis on a Zeiss Supra
VP 40 using SE2 detector at 15 kV. FT-IR spectra
were logged using the Cary 630 FTIR spectrometer
using  the  ATR  technique  (with  a  diamond-
protected  Attenuated  Total  Reflectance  crystal
unit) with a resolution of 4 cm−1 after 100 scans in
the 4000–500 cm−1 wavelength range.

RESULTS AND DISCUSSION

The  effect  of  calcination  process  on  MCM-41
mesoporous  materials  are  investigated  in  this
study.  Therefore,  the  characteristics  of  calcined
and untreated MCM-41 were examined in detail in
this section.

The surface area analysis is given in Table 1. The
surface  area  of  the  untreated  MCM-41  was

measured  as  548.17  m2/g  which  is  very  low  in
proportion  to  the  calcined  one  (1245.24  m2/g).
This situation can be explained as the mesopores
occupied  by  the  surfactant  molecules  thus
dropping the specific surface area. While the total
pore volume of untreated MCM-41 was measured
as 0.18 cm3/g, the total  pore volume of calcined
MCM-41 was 0.48 cm3/g. The pore diameter values
of the both samples were quite similar.

The  surface  area  of  the  untreated  MCM-41  was
quite improved when compare to the other studies
in the literature (15, 18-20). Due to high surface,
calcined  MCM-41  material  can  be  evaluated  as
promising  catalyst  candidate  for  the  various
applications  like  photocatalytic  applications,
adsorption,  pyrolysis  of  the  biomass,  etc.
Therefore, the catalytic properties of the material
are worth to investigate.

Table 1: Surface area analysis of the MCM-41s.

MCM-41 Surface area (m2/g) Pore volume
(cm3/g)

Average pore diameter (Å)

Untreated 548.17 0.18 18.15
Calcined 1245.2 0.48 19.00

The  N2 adsorption/desorption  isotherms  of  the
materials  are  given  in  Figure  1.  Both  MCM-41
samples showed similar tendencies. Depending on
the  IUPAC  classification,  type  IV  classification  is
appropriate  for  the  mesoporous  nature  of  the
materials  and  reliable  with  previous  studies.
Besides, a H1-type hysteresis loop which was the
appearance of mesoporous silicas was observed.

The adsorption/desorption isotherms altered slowly
at  a  lower P/P0 stage,  where  nitrogen molecules
shielded  the  mesoporous  walls  with  monolayer
adsorption.  Besides,  these  isotherms  showed  a
sharp  inflection  at  P/P0 =  0.15–0.35,  which
confirmed  that  capillary  condensation  arose  in
uniform mesopores. This can be related to the N2

molecules  shielded  the  mesoporous  walls  with
monolayer and multilayer adsorption. As a result,

adsorption/desorption  isotherms  results  pointed
out the presence of mesoporous structure (21).

The  calcination  process  is  known  to  affect  the
morphologies  of  the  materials.  Figure  2  displays
SEM micrographs of the MCM-41s before and after
the  calcination  process.  There  is  no  significant
difference  in  MCM-41  framework  with  spherical
particles  with  similar  particle  diameters.  It  is
noticeable  that  most  particles  were  almost
perfectly  spherical  although  some  agglomerates
were visible after calcination. This tendency could
be associated with the fact that the interaction of
minor  particles  resulted in their  aggregation into
numerous  spherical  particles  with  greater  sizes.
Besides, a huge amount of mesopores formed after
the aggregation of primary units or crystallites (4).
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Figure 1: Nitrogen isotherms of the MCM-41s.

 

 

Figure 2: SEM micrographs of untreated MCM-41 (a) 2000 zoom, (b) 5000 zoom, and calcined MCM-41
(c) 2000 zoom, (d) 5000 zoom.
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The  FT-IR  spectra  are  utilized  to  control  the
frequency  variation  in  the  functionality  on  the
surfaces. FT-IR results of the MCM-41s is shown in
Figure  3.  It  is  believed  that  the  existence  of
absorption bands around 2927 and 2852 cm-1 for
the untreated sample corresponded to asymmetric
and  symmetric  CH2 vibrations  of  the  organic
surfactant molecules (22). The peak at 1650 cm-1

responded  to  the  surface-adsorbed  hydroxyl
groups (4). According to Wang et al., the existence
of  the hydroxyl  groups on the surface  serves to
improve  of  catalytic  activity  in  such  applications
like photocatalytic systems due to their interacting
ability  with  photogenerated  holes  to  result  in
improved  charge  transfer  and  prevent  the
recombination  of  electron-hole  pairs  (4).  The
characteristic  band for  ammonium ions  could  be
realized  at  1405.57-1529.90  cm-1 (23).  FT-IR
spectra  of  the both materials showed the typical
characteristic  peaks of  silica  at  ∼1045-790 cm-1,
agreeing  to  the  vibrations  of  the  Si–O–Si
symmetric bond, Si–OH stretching bond and Si–O–
Si  asymmetric  bond  (23,  24).  The  O–H  out  of
plane bending peak was detected at 564 cm-1 for
only untreated MCM-41 (25).

Any band at 3500 cm-1 related to O–H stretching of
surface hydroxyl groups indicating hydroxyl groups

and water molecules adsorbed was not detected.
Besides,  surface-adsorbed  hydroxyl  groups
decreased  indistinctly  after  calcination.  In  the
calcined MCM-41 spectrum, the absorption peaks
of 2924 cm-1, 2848 cm-1, and 1477 cm-1 existing in
the  untreated  MCM-41  sample  were  vanished,
signifying that CTAB was eliminated (24). 

CONCLUSION

The  objective  of  this  study  was  to  evaluate  the
calcination  process  influence  on  the  structural
properties of MCM-41. Therefore, the study dealt
with  the  characteristic  differences  between
untreated and calcined MCM-41 samples in terms
of  N2 adsorption-desorption,  FT-IR,  and  SEM
techniques.  The  results  demonstrate  that  the
calcination process displays a noticeable impact on
the  structures.  The  surface  area  was  especially
improved  with  the  calcination  process.  It  is
especially significant to highlight that some of the
absorption  peaks  that  existed  in  the  untreated
MCM-41 sample disappeared after calcination, thus
signifying  that  the  surfactants  were  eliminated.
Further studies of the modification of the MCM-41
prepared  according  to  this  study  with  different
metal  species  and  catalytic  applications  of  these
materials are underway.
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Figure 3: FT-IR spectra of the MCM-41s.
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