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Article Info Abstract

Article history: MCM- 41 and Zn-MCM- 41 were successfully synthesized using hydrothermal and
impregnation methods. The synthesized silica mesoporous was confirmed by
characterizing the material using XRD, SEM-EDS, and BET-BJH analyses. XRD
results showed three main peaks at angles of 26 = 2.40° (100), 3.87° (200), and
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online: 30th September 2022 4.4,9° (210), which are characteristics of mesoporous materials with hexagonal
Keywords: structures. SEM analysis showed that the surface morphology of Zn-modified
Synthesis; MCM-41; Silica MCM- /41 formed aggregates of smaller particles. The EDS results showed that the
Mesoporous; Modified; amount of Zn in MCM- 41 was 1.25%. Modification with Zn metal also affected the
Impregnation; Zn metal surface area and porosity of MCM-41, where the surface area, pore volume, and

pore diameter decreased. Based on the adsorption-desorption analysis of N2 gas,
both materials exhibit a type IV isotherm typical for mesoporous materials with
an Hi1 hysteresis loop.

1. Introduction Although MCM-41 has a large surface area, pore
volume, and designable chemical composition, MCM-41
does not have photocatalytic activity. The Si and O atoms
of MCM-41 are not sensitive to UV-Vis light [1]. As for the
adsorption application, the silanol group, which is the
active group in MCM-41, is estimated to be a weak group
for adsorption [6]. Therefore, MCM-41 must be modified
to improve the material’s properties to become a

Porous materials are characterized by their porosity. potential material, especially as a catalyst and adsorbent.
Based on the pore size, porous materials are classified
into three types: micropores less than 2 nm, mesopores
with a size of 2—50 nm, and macropores more than 50 nm
[2]. Among the three ranges of porous materials,
mesoporous materials are of considerable interest
because they have a regular arrangement of uniform pore
openings, large surface area (~100 m2? g!), and pore
volume (~1cm3g™).

Researchers have become interested in porous
materials due to their wide application. Suitable porous
materials open new perspectives in applying catalysts for
environmental pollutants and adsorption fields. Porous
materials contain pores or cavities. The part of the
material framework is often called the matrix or frame [1].

Modification of MCM-41 will affect the acidity, pore
size, hydrophobicity, and stability of the material [7].
Modification of mesoporous silica can be done in various
ways. Several studies related to modifications include
functionalization by organosilanes [8, 9], polymer
impregnation [10, 11] and metal incorporation or
impregnation [12, 13, 14].

The large surface area, porosity, and amorphous
structure of MCM-41 allow the impregnation of
transition metals into the MCM- 41 framework [15]. Based
on that reason, in this study, the modification of MCM - 41
was executed by impregnation of Zn metal. Zn is an
essential heavy metal that tends to be harmless. The
added Zn is expected to fit into the MCM - 41 framework
without changing the mesoporous hexagonal structure of
the material. This study aimed to determine the
characteristics of MCM-41 and Zn-MCM- 41.

In the early 1990s, scientists synthesized a
mesoporous silica material called the M41S group. The
term M41S is used to classify various types of MCM (Mobil
Composition of Matter). Types from this group include
MCM-41, MCM-48, and MCM-50 [3]. MCM-41 (Mobil
Composition of Matter No.41) is the type most studied
because it has a regular hexagonal structure, large
specific surface area, good thermal stability, and is easy
to obtain compared to other types of M41S [4, 5].
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2. Methodology

This research was performed in the following steps:
synthesis, modification, and characterization of MCM - 41
and Zn-MCM-41. The following are research materials,
tools, and procedures.

2.1. Materials and Equipment

The materials were Ludox HS40 (39.5 wt % SiO., 0.4
wt % Na.O and 60.1 wt % H,0, Du Pont) as silica source,
cetyltrimethylammonium chloride (CTAC, Sigma
Aldrich) as a surfactant, zinc nitrate (Zn(NOs)..6H,0)
(Merck) as the source of Zn, sodium hydroxide (NaOH)
(Merck), acetic acid (CH;COOH) (Merck), sodium chloride
(NaCl) (Merck), ammonia (NH;) (Merck), hydrochloric
acid (HCl) (Merck), distilled water and Whatman filter
paper no. 42.

The equipment used in this study consisted of an
analytical balance (Ohaus and Toledo), water bath
(Advantec, TBS271SA), hot plate stirrer (Ceramag-Midi),
oven (Vacucell), furnace (Nabertherm L3/11/B4), funnel
Buchner, vacuum pump, XRD (Shimadzu 7000), SEM-
EDS (Jeol JCM-6000plus), surface area and pore analyzer
(Micromeritics TriStar IT 3020).

2.2. Experiment

The mesoporous silica MCM-41 synthesis method
used in this research was hydrothermal, based on
research conducted by Taba [2]. Initially, sodium silicate
solution was prepared by mixing 46.9 g of 1 M NaOH with
14.3 g of Ludox HS40 and then heating the mixture at 80°C
while stirring for two hours. The following step involved
mixing 0.29 g of 28% NH; with 20 g of 25% CTAC solution
in a polypropylene vial. The sodium silicate solution was
cooled to room temperature and then added dropwise to
the surfactant mixture in a polypropylene vial while
stirring rapidly for 1 hour. The gel mixture was then
heated at 97°C for 24 hours. The pH of the mixture was
adjusted to 10 by adding acetic acid (30%) while stirring
vigorously at room temperature and adding 2.74 g of NaCl
to increase hydrothermal stability [16]. After adjusting
the pH, the mixture was reheated at 977°C for 24 hours. The
pH adjustment and heating process were repeated twice.
The MCM-41 crystals formed were then filtered,
repeatedly rinsed with distilled water until the pH was
neutral and dried in an oven at 97°C.

Modification of MCM-41 was executed by
impregnation method based on the procedure of
Hachemaoui et al. [14], by weighing 5 g of MCM-41 with
surfactant and mixing it with 100 mL of zinc nitrate
solution (Zn(NO;)..6H,0 for 2 hours at room temperature.
The resulting powder was washed with distilled water
until the pH was neutral and filtered and then dried in an
oven at 97°C. The next step was the removal of surfactants

which was taken by calcining using a furnace at a
temperature of 550°C for 5 hours.

The final powder obtained was characterized by XRD
to determine the structure of the material formed, SEM-
EDS to determine the morphology and elements or
minerals that compose mesoporous silica materials, and
then BET-BJH method to determine the surface area and
porosity of the material.

3. Results and Discussion

In this research, the synthesis method used was
hydrothermal, which during the synthesis used a single-
phase reaction or heterogeneous phase in aqueous media
at a temperature larger than 25°C and pressure of more
than 100 kPa to produce crystals from the solution. One of
the advantages of the hydrothermal method over other
types of crystal growth is its ability to make the phase
unstable at its melting point [1]. The results obtained were
then modified by the wet impregnation method, which is
the simplest method. In this method, the amount of metal
precursor added exceeds the pore volume of MCM - 41. The
final product obtained from the synthesis and
modification process was white powder MCM -41 and Zn-
MCM-41. In order to determine the characteristics of the
synthesized material, characterization was executed
using X-Ray diffraction (XRD) instruments, Scanning
Electron Microscopy-Energy Dispersive Spectrometry
(SEM-EDS), and porosity analysis using the BET-BJH
method.

3.1. XRD Analysis

Characterization using XRD provides information
about a material’s structure with a characteristic
diffraction pattern. The diffractograms of MCM-41 and
Zn-MCM-41 synthesized in this study are presented in
Figure 1. MCM-41 material has a characteristic peak
diffraction pattern at an angle of 26 between 2—5°. The
peaks that appear with reasonably high intensity are at 26
of 2.40°, 3.87°, and 4.49°. The success of the synthesis
was also confirmed by JCPDS data No. 00-049-1712 and
obtained almost the same results [17].

Based on the miller index calculation, the crystal
planes of the synthesized material are (100), (110), and
(200), which are characteristics of mesoporous materials
and have a hexagonal structure arrangement [18, 19]. No
shift was found at angle 26 in the Zn-MCM-41
diffractogram, but the intensity of the characteristic
peaks decreased. Impregnation of Zn metal into MCM-41
will cause a slight distortion of the pore walls resulting in
reduced mesoporous characteristics, but the hexagonal
peak characteristics are maintained. This indicates that
Znislikely to enter the MCM-41 framework and retain the
hexagonal structure of the material [1, 20].
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Figure 1. Diffractograms of MCM-41 and Zn-MCM- 41 at (a) low angle (b) high angle

The XRD pattern at a larger angle of 26 in Figure 1 (b)
also aimed to determine the presence of Zn metal in
MCM-41, which may exist as a finely dispersed oxide
form or as particles amorphous in the MCM-41 skeleton.
In this study, metal oxide characteristics were not found
(36°), indicating that Zn metal ions entered and were
evenly dispersed into the MCM-41 framework [21, 22].

3.2. SEM-EDS Analysis

SEM characterization aimed to determine the surface
morphology of the synthesized material. SEM images can
show the particle shape of mesoporous silica in the form
of spheric aggregates with a relatively uniform shape
[23]. The results of SEM characterization of the
synthesized material are presented in Figure 2.
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Figure 2. SEM image of MCM-41 and Zn-MCM-41

Figure 2 shows the morphology and surface texture
of MCM-41 and Zn-MCM-41 performed at 5000 times
magnification. MCM-41 particles tend to aggregate as

much as possible with a uniform spherical shape, whereas
Zn-MCM- 41 particles tend to become stacked aggregates
with a smaller size. The same thing was also reported by
Admi et al. [23] that the Zn ion in the MCM - 41 framework
influences the form of weak electrostatic repulsion so that
the particle size tends to be smaller.

EDS analysis can be implemented to determine the
chemical composition and distribution of Zn metal in the
MCM-41 [24]. The results of the EDS analysis are shown
in Figure 3. The inserted element map image shows the
presence and distribution of homogeneous Si, O, and Zn.
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Figure 3. EDS image ofMCM-41 and Zn-MCM-41

In Figure 3, it can be seen that the total mass percent
of Zn in MCM- 41 is 1.25%. The results also showed that
the mass percent and the atomic number of Si MCM-41
decreased in Zn-MCM-41. This indicates that some of the
Si atoms were replaced by Zn in the MCM- 41 framework.
An illustration of the formation of Zn-0 bonds in the
MCM- 41 framework is presented in Figure 4.
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Figure 4. Illustration of the formation of Zn-0 bonds in
MCM-41

3.3. BET-BJH Analysis

Adsorption-desorption N, is a commonly used
method for characterizing mesoporous materials. This
method provides information on the surface area, pore
volume and diameter. The surface area was determined by
calculating relative pressure data using the Brunauer-
Emmett-Teller (BET) method, and the Barrett-Joyner-
Halenda (BJH) method was employed to measure pore
volume and diameter([4, 25]. The surface area of BET,
volume, and pore diameter of the synthesized MCM-41
and Zn-MCM-41 are presented in Table 1, and the N»
adsorption-desorption isotherm model is shown in
Figure 5.

Table 1. Pore structure data with nitrogen adsorption

isotherm
. BET surface area Pore Volume Pore Diameter
Material N
(m?/g) (cm?¥/g) (nm)
MCM-41 920.43 0.80 3.04
Zn-MCM-41 896.04 0.79 2.94

Based on the data in Table 1, it is known that the
surface area, pore volume, and pore diameter of MCM-41
decreased after being modified with Zn metal. This is due
to the pore blockage in the MCM-41 channel and particle
aggregation of the added Zn metal [17].
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Figure 5. Adsorption-Desorption N> of MCM-41 and Zn-
MCM-41

Figure 5 shows the nitrogen adsorption-desorption
isotherms of the synthesized MCM-41 and Zn-MCM-41,
both of which have a type IV isotherm with an Hi
hysteresis loop. A similar result was also reported by
Boukoussa et al [26]. According to the IUPAC
classification, the type of hysteresis loop is reasonably
related to a particular characteristic of porous structure
[4]. Based on Thommes et al. [27] loops in H1 hysteresis
are found in adsorbents with a narrow mesoporous range.
Minimal network effect and steep and narrow loops are
apparent features of pore condensation upon adsorption
of N, gas. There are three stages in determining the type
of adsorption isotherm: the first stage at P/Po < 0.25
monolayer adsorption occurs on nitrogen gas on the
surface material. In the second stage, there was a
significant increase in the adsorption volume at 0.25 <
P/Po< 0.4, indicating the material’s pores filing process.
The third stage occurs at a relative pressure >0.4,
characterized by a gradual increase in volume with P/P,
due to multilayer adsorption on the material’s surface. A
sharp increase at 0.25< P/Po<0.4 is characteristic of
mesoporous materials [28].

4. Conclusion

Based on the research data, it can be concluded that
MCM-41 can be synthesized using the hydrothermal
method, and modifications can be made using the Zn
metal impregnation method. Modification with Zn metal
did not change the hexagonal structure of the MCM-41
mesoporous material. Changes in surface morphology,
surface area, pore volume, and pore diameter are caused
by ion dispersion and the irregular arrangement of Zn
atoms in the MCM-41 framework. The nitrogen gas
adsorption-desorption isotherm showed type IV
isotherm, a characteristic of mesoporous materials based
on the IUPAC classification. Based on the characteristics
of the Zn-MCM- 41 material obtained, the material can be
applied as an adsorbent or catalyst.
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