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Abstract

Natural micromaterials including micro and mesoporous minerals are essential components of sophisticated
material cycles and are well known for their biocompatibility and renewability. Meanwhile, feldspar is a rock-
forming aluminosilicate mineral that contains alkali metals and is very abundant in nature. The MCM-48
mesoporous material with its 3D pore structure has been widely used in various applications, especially as
adsorbents. However, its less hydrothermal nature limits optimal use, consequently, a method such as the
combination with micropore feldspar into the mesopore framework is needed to overcome this limitation.
Therefore, this study aims to synthesize feldspar mineral composites with MCM-48 by growing the layer on a
crystal core using the hydrothermal method for 24 hours at 110°C and calcination for 5 hours at 550°C. The feldspar
minerals and aluminosilicate composites formed were characterized by XRD, FTIR, SEM, and BET. The pore size
distribution using the DFT method showed a wide mesoporous distribution centered on 23-27A (from MCM-48)
and the presence of low peaks between 6-9A, thereby indicating a pore distribution identical to the microporous
pores of feldspar. The results showed that the MCM-48 modified feldspar composite has been integrated into a
single functional unit with new improved physical and chemical properties. Therefore, this composite has the
potential to be developed into new materials for multilevel adsorption systems to increase the effectiveness of
adsorbents in wastewater containing multi-metals.
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1. Introduction

The metal coating, paint, mining, and oil
industries have negative impacts such as releasing
residual liquid wastes contaminated with heavy
metals [1-3]. The presence of heavy metals such as
mercury, copper, lead, cadmium, zinc, chromium,
nickel, and cobalt in waters potentially causes serious
problems for living things, due to the accumulation in
the food chain and the entire ecosystems [4-6]. This
has prompted the development of smart materials,
especially from natural silicate minerals such as feldspar
[7], bentonite[8-10], and zeolite [11-13] which
have a function as an adsorbent to remove heavy metal
waste from the water environment. Natural minerals,

especially those from the alumina silicate group, are a
common alternative adsorbent since they are abundant
in nature and easy to obtain. It is also one of the most
abundant mineral groups in the Earth’s crust,
representing 60% of both the crust and the oceans [14-
16]. Meanwhile, feldspar is a crystalline
aluminosilicate with the general formula of
M¥*M?2*(AISi)40s, commonly written as MT4Os,
where T stands for the element in tetrahedral
coordination with oxygen, while M and M?*
represent the alkali or alkaline earth metals, acting as
cation exchangers. The crystal lattice of feldspars has
a three-dimensional skeletal structure with cavities
made of tetrahedral silica and alumina bonded through
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naturally occurring oxygen atoms. The composition of
pure K-feldspar (KAISizOs) is 18 wt% Al,Oz and 16.9
wt% K3O0[17]. This structure enables optimal
modification to suit different applications.
Furthermore, the modification of alumina silicate
minerals with MCM-48 mesoporous silica, which has
a cubic structure with three-dimensional pore channels
allows easier adsorbate diffusion and pore blocking by
smaller adsorbates, indicating that it has a lot of
potential for a variety of applications, particularly in
the adsorption field [18].

The incorporation of mesoporous materials with
a core-shell structure is interesting because it allows
several components to be integrated into a single
functional unit [19-24] with improved physical and new
chemical properties [25]. The novelty of this research
is that we use the natural mineral Feldspar which is
rarely explored from Mesawa District, Indonesia,
functionalized with MCM-48 mesoporous material
which is expected to produce an advanced material
with a core-shell structure that can be applied as a
heterogeneous catalyst or selective adsorption of
waste. Moreover, the combination of two-pore
systems namely alumina silicate and MCM-48 with a
micro-mesopore structure can be developed into
multiple adsorption systems capable of increasing the
effectiveness of adsorbents in wastewater containing
several metals. Some of the results previously obtained
on the separation of metal ions through the adsorption
method are used as a reference in this study [26-29].
This study was conducted to utilize natural resources
that are abundantly available for the development of
applicative materials. Furthermore, the natural
alumina silicate mineral used is applicable as an
adsorbent for heavy metal ions in wastewater.
Therefore, this study aims to synthesize and
characterize natural mineral core-shell composites
from MCM-48 for further use in the adsorption field.
The characterization of the samples are by X-Ray
Diffraction (XRD), Fourier Transform Infrared
(FTIR), Scanning Electron Micrographs (SEM), and
N2 adsorption. The XRD spectra use for the
identification and phase analysis of materials. The
FTIR spectra identify the bonding characteristics,
the SEM image to measure pore diameter, and the
sample’s surface and N2 adsorption to determine
the specific surface area using the Brunauer-
Emmett-Teller (BET) method and pore size
distribution analysis with the DFT method.
2. Experimental
2.1 Material and Reagents

Mesawa crystalline aluminosilicate material
details were obtained from Saludengen Village,
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Mesawa District, Mamasa, West Sulawesi, Indonesia.
The reagents used for synthesis were Cetyltrimethyl
ammonium bromide (CTAB), Ludox HS-40 (35%
wi/w SiO,, 0,4% w/w NazO, and 60.1% w/w H20),
Triton X-100 were purchased from Sigma-Aldrich;
NaOH p.a (as pellets, E-Merck). Another reagent used
in the activation of the raw materials was HCI p.a (E-
Merck). A solution of 4M HCL was prepared from the
analytical grade of corresponding materials.
2.2. Methods
2.2.1 Mesawa Crystalline Aluminosilicate Material
(CM) Preparation

The Mesawa crystalline aluminosilicate
material (CM) was cleaned, dried, crushed using a jaw
crusher, and then sieved with a 200 mesh sieve. It was
further washed with distilled water, stirred for 1 hour
at 70°C, precipitated, and then filtered. Furthermore,
the sample was dried in an oven at 105°C for 1 hour
and activated by adding 4 M HCI with a weight ratio
of CM to HCI of 1:3. The mixture was stirred for 1
hour at 70°C and then precipitated, filtered, washed
with distilled water until the pH of the filtrate is
neutral, and baked for 2 hours at 105°C. It was then
calcined for 5 hours in a furnace at a temperature of
550°C.
2.2.2. Synthesis of Core-Shell Composite CM/MCM-
48

The CM/MCM-48 core-shell composite was
synthesized using the hydrothermal synthesis method
by modifying a published procedure [27]. 7.15 g of
CM material was added to 83.47 g of distilled water,
6.12 g of CTAB, and 1.34 g of Triton. This solution
was heated, stirred until homogeneous, and then
cooled at room temperature (Solution 1). Furthermore,
14.3 g of Ludox was added to a beaker containing
45.25 g of 1M NaOH, the solution was stirred at 80°C
for 2 hours and then cooled (Solution 2). The two
solutions were placed into a polypropylene bottle and
stirred vigorously for 15 minutes until homogeneous,
then the mixture was heated under static conditions at
100°C for 24 hours and shaken occasionally. The
mixture was cooled to room temperature, then a few
drops of acetic acid were added until the pH reached
10. The solution was reheated in the oven at 100°C for
24 hours, then, it was filtered and washed with distilled
water. Moreover, the surfactant was removed by
calcination at 550°C for 5 hours and this composite
was coded CM/MCM-48(X), where X is the
percentage of the silica-alumina crystals from the total
amount of SiO; (5, 10, 15, 20, 25%). The schematic
illustration for the preparation of core-shell composite
CM/MCM-48 is shown in Figure 1.
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Figure 1. Schematic illustration for the preparation synthesis of core-shell composite CM/MCM-48

2.3. Characterization

XRD patterns were collected using a Shimadzu
XRD-700 with Cu Ko radiation. All samples are
scanned under the same conditions (20 = 2-70°), while
the scanning electron micrographs (SEM-EDS) were
recorded using a JED-2300 analysis station to measure
pore diameter and the sample surface. Meanwhile, FT-
IR spectroscopy was carried out using Shimadzu 8300
at a wavelength of 4000-250 cm™. Furthermore, the
adsorption-desorption isotherms of nitrogen were
obtained at 77.35 K on a Quantrachrome instrument.
The liner isotherm was also measured to determine the
specific surface area using the BET method, while
pore size distribution was assessed with the DFT
method.

3. Results and Discussion
3.1. Characterization of
Aluminosilicate Material (CM)

The characterization results using XRD
showed diffraction patterns of K-feldspar in the form
of orthoclase, sanidine, and chabazite phases (Figure
2a). Qualitative analysis was also carried out by
comparing the diffraction pattern of the silicate
crystals with a standard diffractogram for the
orthoclase phase (JCPDS file 86-0439). The result
showed the highest peak at d=3.3189 where the value
of d is identical for various types of feldspar minerals.
When there is a change in the elemental composition,
then a shift in the d-value of the mineral is expected.
The difference in the XRD pattern of the feldspar
mineral group is also due to the composition of the
balancing cations namely Na, K, and Ca which are
different in each phase. Meanwhile, supporting data
analysis of elemental composition in CM material
samples using XRF is shown in Table 1.

The results were further supported by the
spectral pattern (Figure 2b), where the CM sample
exhibits a similar FT-IR spectrum to that of feldspar
minerals, as previously reported in [16, 30, 31]. The
spectrum shows a peak in the area below 1200 cm™,
due to the intense absorption of Si-O and bending of
the OH band, while the peaks around 1091 cm

Mesawa Crystalline
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indicate asymmetric stretching vibrations of Si-O-Si.
Furthermore, the peaks in the area around 578 and 455
cm™ are caused by bending vibrations of Al-O-Si and
Si-O-Si, respectively. The result is parallel to the
previous report [32]. The vibrational band that shows
the characteristics of the K-feldspar was found in the
wavenumber around 600 cm™ which is unique for
crystal materials [33]
3.2. Composite CM/MCM-48

The XRD patterns of the CM/MCM-48
composite with the percentage addition of CM
material weight to the total amount of different SiO,
namely 5, 10, 15, 20, and 25% by weight with a
hydrothermal time of 24 hours is shown in Figure 3.
The characteristics of the mesopore mineral are
demonstrated in the XRD pattern for the low-angle
area (Figure 3A). There are 3 different diffraction
planes at angles of 26 = 2.5° (211), 3.2° (320), and 4.5°
(420) indicating a good structural arrangement in the
la3d cubic crystallographic space group appropriate to
the pattern reported for the pure MCM-48 mesopore
silica material. The addition of 5% (3A-a) and 10%
32A-b) did not appropriately show the peak
characteristic of the cubic phase as the broad peak in
the 20 = 4,5° region was not clearly shown.
Meanwhile, the addition of 20 and 25% CM material
(figure 3A d, e) showed a well resolved characteristic
peak according to the silica phase of MCM-48 with a
sharp peak at 20 = 2.5° 3.2° and 4.5° especially at
25% increments. However, the peak intensity seemed
to decrease with the increase in the mineral, especially
at the addition of 15, 20, and 25%. The decrease is
caused by the grafting of silanol groups in the
mesopore framework, this implies that the percentage
of CM material addition affects the formation of
MCM-48. Nevertheless, it was observed that in the
addition from 5%-25%, all composites appropriately
exhibited the mesopore and mineral structure. The
XRD data comparison shows that the composite with
the addition of 25% produced the best MCM-48
structure and the feldspar minerals compared to the
others.
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Table 1. Elemental composition of Mesawa crystalline aluminosilicate material (CM)

Compound SiO, K20 Fe,O3 CaO Al,O3
wiw (%) 53.01 6.86 2.59 1.53 15.73
20 40 60 80

orthoclase (JCPDS file)

intensity (a.u)

intensity (a.u)
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Figure 2. XRD diffraction pattern of CM material and Orthoclase phase (a), FTIR spectrum of CM material (b).
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Figure 3. XRD diffraction pattern for composites in low angel (A) and high angel (B) regions, (C) XRD pattern
magnification image at the highest peak 26=27,42°, where (a) for composite CM/MCM-48(5%), (b) composite
CM/MCM-48(10%), (c) CM/MCM-48(15%), (d) CM/MCM-48(20%), and (e) composite CM/MCM-48(25%);
A=Anorthoclase, F= Feldspar, O=Orthoclase;
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In the high angle region, although all composite
samples show a consistent set of phases, a small
difference in relative intensity was observed (Figure.
3B). Changes in the characteristic peak of orthoclase
as the main phase in the CM samples were observed in
all the CM/MCM-48 composites (area 20= 27.29°-
27.51°) which is appropriate with the characteristics of
anorthoclase K-feldspar. The peak intensity obtained
with the 5 and 10% addition was still relatively weak
compared to the 15 and 20% addition. Subsequently,
changes in the structure of orthoclase to anorthoclase
in the composite sample were associated with
variations in the Na or K sites, where the Na ion which
predominated moved towards the Feldspar
framework. Therefore, the material structure changed
from orthoclase (K(AISizOs)) to anorthoclase (Na, K
(AlSi30s)) as shown in Figure 3B (a-d). This implies
that the thermal changes for ion exchange occurred in
the composite to form a new mineral crystalline phase.
The detail of the peak shift in the composite sample is
shown in Figure 3C. Meanwhile, this phenomenon has
previously been described in the JCPDS file which
reported a shift in the highest peak from the orthoclase

(JCPDS file 86-0439) phase in the fraction plane from
d= 3.3189A to anorthoclase (JCPDS file 76-0803)
with the highest peak at d= 3.2410A [34]. The phase
change at the addition of 25% is probably due to the
higher percentage of CM crystals, where the alumina
silicate molar ratio is closer to the ideal feldspar ratio
is between 3:1 to 1:1[35].

The XRD pattern of the CM/MCM-48
composite in the high angle region (Figure. 3B) shows
that the characteristic peak of the CM material
(feldspar) is covered by intense and wide peaks around
20= 23-25°. This broad peak is appropriate with the
amorphous SiO; forming the MCM-48 wall,
indicating that the CM material structure is present in
the composite sample. Moreover, this phenomenon is
attributed to the formation of the desired
mesostructure after the changes in the mineral
structure and further recrystallization under strongly
alkaline conditions. The presence of the CM material
structure and the MCM-48 mesopore material in the
composite is also supported by data from the FT-IR
spectra.
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Figure 4. FTIR spectrum at wavenumber 4000-1500 cm™ (A) and at wavenumber 1400-350 cm™ (B) for (a)
composite CM/MCM-48 (5%), (b) composite CM/MCM-48 (10%), (c) composite CM/MCM-48 (15%), (d)
composite CM/MCM-48 (20%), and (e) composite CM/MCM-48 (25%)

Figure 4 shows the infrared spectrum of
CM/MCM48 composites with various percentages of
CM material. The main peak characteristic of the
vibrational mode was found between 1078-1089 cm'?
while the infrared spectrum shows a wide peak in the
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wavenumber region of 3442-3464 cm? as
demonstrated by the 15, 20, and 25% composite
samples (Figure 4A c-e). Meanwhile, in the 5 and 10%
composite samples, the peak intensity appeared weak
with -OH stretching supported by bending vibrations
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in the absorption band in the region of 1633-1641 cm"
1 for the hydroxyl group (from silanol) and water
which is physically adsorbed by MCM-48 (Figure 4A
a-b). Adsorption at 1230 cm! regions is assigned to the
asymmetric stretching and bonding of =Si-O-Si= of
the MCM-48. The strong absorption band peaks at
1085 cm? (15%), 1085 cm™ (20%), and 1087 cm™
(25%) are asymmetric stretching vibrations associated
with T-O-T (T=Si/Al). In contrast, the weak
absorption band in the 968-972 cm™ wavenumber
region is the Si-O stretching vibration of Si-OH
(Figure 4B c-e). Meanwhile, the symmetrical
stretching vibration of Si-O-Si from the silicate lattice

is shown in the absorption band at 812-781 cm™ and
supported by Si-O-Si bending vibrations at 457 and
464 cm™. Absorption bands in 729 and 623 cm™
regions indicate tetrahedron vibrations, while 578,
592, 574, 580, and 582 cm regions indicate O-Si/Al-
O bending vibrations in CM micropores[30]. Table 2
represents the band assignments of CM/MCM48
composites. This peak appeared along with the
increase in the amount of CM material in the
composite. The absorption band in the area of
600 - 500 cmt is a characteristic of CM and represents
a unique region for crystalline materials. This pattern
indicates that Mesawa alumina silicate crystals are
formed throughout the MCM-48 mesopore matrix.

Table 2. Present band assignments of CM/MCM48 composites

CM/MCM-48 composites Ref.
Assignments 5% 10% 15% 20% 25%
Wavenumber (cm™)
-Si-O-Si 457 460 460 464 [33]
-O-Si(Al)-O 578 574 580 582 [33]
-Si-O-Si 812 796 798 794 [30]
-Si-O- 1083 1085 1085 1085 1087 [36]
=Si-O-Si= - 1240* 1232 1236 1234 [36]
=Si-OH bending 1631* 1633* 1635 1641 1643 [36]
-OH 3452* 3448* 3464 3450 3442 [36]

Note: *= low intensity
The SEM image results show the shape of the CM
material, which is described as crystalline feldspar
(Figure 4a), the shape of the MCM-48 mesoporous
material, which is described as a sponge (Figure 5b),
and the shape of the CM/MCM-48 composite (Figure
5¢, d, e). The presence of CM material attached to the
surface of MCM-48 indicates that the synthesis of the
CM/MCM-48 composite was successful. The CM core

A
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is still visible with the addition of 5% CM material, but
with the addition of 15% and 25% CM material, it is
clear that the CM material has been covered by MCM-
48. The presence of crystals in the CM/MCM-48
composite is strongly supported by the combination of
XRD and SEM-EDX results. Figure 4f shows a
schematic representation of the synthesis process. The
previously added CM material served as seed material,
and MCM-48 overgrew on the CM material’s surfaces.

SEI  20kV  WD10mm S$S30
25 May 2021 LAB.TERPADU UNDIP

25 May 2021

Figure 5. SEM images for (a) CM, (b) MCM-48, (c) composite CM/MCM-48 (5%), (d) composite CM/MCM-48
(15%), (e) composite CM/MCM-48 (25%), and (f) Schematic illustration interaction within CM/MCM-48
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3.3. Pore Structure of Composite

The pore properties of MCM-48, CM, and
CM/MCM-48 composite materials are indicated by
the measurement of N absorption. The N2 desorption-
adsorption isotherm for feldspar materials showed a
typical type | isotherm which is indicative of
micropores, while MCM-48 shows a type 1V isotherm
typical for mesopore materials (Figure 6A). The
absence of hysteresis between the relative pressures of

P/Po 0.1 — 0.2 shows the smallest indication of
reversible adsorption in the mesopores. Meanwhile, a
sharp increase in the relative P/Po pressure of 0.8 — 1
indicates a hysteresis loop associated with the space
between particles called texture porosity. In this study,
the mesostructures formation was observed in all
samples along with an isotherm similar to well-formed
MCM-48 silica (Figure 6B).

CM/MCM-48(5%)

T T T T T T T T T T T
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Relative Pressure (P/Po)

Figure 6. N2 adsorption-desorption isotherms at 77,35 K
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All  composite isotherms displayed a marked

condensation step with a sharp slope in the P/Po = 0.3-
0.4 relative pressure region followed by a wide
hysteresis loop. This indicates a wide distribution of
mesopore sizes. In general, the uptake of Ny at this
relative pressure decreased with the increasing amount
of CM material added. This shows that the proportion
of CM material affects the isotherm shape and N
absorption. Furthermore, the pore size distribution

using the DFT method shows a wide mesoporous
distribution centered on 23-27A (from MCM-48) and
the presence of low peaks between 6-9A, thereby
indicating a pore distribution identical to the
microporous pores of feldspar (Figure 7). Therefore,
the size of the micro peaks was smaller than the meso-
peaks because the amount of MCM-48 used was
higher than CM. This shows that the synthesized
composite has several micropores and mesopores.

250 — | @@ composite CM/MCM-48(25%)
=3 composite CM/MCM-48(15%)
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=
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Figure 7. PSDs calculated by DFT method for CM/MCM-48(5%), CM/MCM-48(15%), and CM/MCM-48(25%)

composite.
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Figure 8. EDS spectra and microchemical point analyses of the composite: a. CM/MCM-48(5%), b. CM/MCM-

48(15%), and c. CM/MCM-48(25%).

The CM material acts as the core and supports
the crystallization of MCM-48 shown by the SEM
images in Figure 4, while the pore texture parameters
derived from the adsorption isotherm are presented in
Table 3. Furthermore, the specific surface area was
measured using the Brunauer-Emmett-Teller (BET)
method. The adsorption-desorption analysis of N
showed that the pore surface area of the composite is
between the CM and MCM-48 mesoporous material.

Based on the results, the surface area decreased with
the addition of CM material at intervals of 870-620
m2g. This is due to the contribution of mesopores and
micropores, while the MCM-48 pore closure was
caused by the added feldspar material as demonstrated
by the XRD data which shows a decrease in intensity
for composite materials [37].

Table 3. Porous texture parameter was obtained from the N, adsorption isotherms at 77,35 K for CM/MCM-48(5%),

CM/MCM-48(15%), and CM/MCM-48(25%) composite.

Pore volume (cm3g™?)

SBET Micropore Pore radius Dv(r)

(m?gY)  volume (cmig?) (nm)
CM 58 0.02 1.53 0.08
MCM-48 893 0.25 1.69 0.98
CM-MCM-48(5%) 870 0.25 1.70 0.99
CM-MCM-48(15%) 719 0.20 1.71 0.81
CM-MCM-48(25%) 620 0.17 1.69 0.77

It is well known that strong alkaline the presence of organic cations, the dissolved

hydrothermal treatment promotes the removal of
silicon atoms from the feldspar framework, this is
relevant to the EDS data that was carried out after
treatment of each composite (Figure 8). This selective
extraction causes the collapse of adjacent micropores,
resulting in mesopores measuring about 23-27A.
Furthermore, when alkaline treatment is carried out in
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aluminosilicate secondary building units can again
condense around the CTAB micelles, which function
as pore growth drivers. Therefore, the emergence of
new maxima in PSD for composite samples (Figure. 7)
indicates that 24 h treatment will establish
mesoporosity through the process mentioned above.
On the other hand, dissolved silica units can easily

21.00
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settle on the feldspar surface or enter the pores,
causing pore clogging and pore size reduction,
respectively [26, 27]. The surface area decreased
substantially (from 870 to 620 m?g?, see Table 3). A
decrease in the surface area was observed during 12
hours of treatment, silica deposition at the entrance of
the feldspar micropores was manifested by a moderate
decrease in pore size during 24 hours of hydrothermal
treatment.

Y Zeolite/MCM-48 has been successfully
synthesized, according to prior research [18], and this
composite material exhibited the mesoporous and
microporous features of MCM-48 and zeolite Y, with
the primary pore diameter of 3,2 nm. In comparison to
MCM-48, this composite had thicker pore walls and
higher acidity. In addition, the core-shell Y
zeolite/MCM-48 composite had micropore and
mesopore volumes ranging between 0.15-0.30 and
0.30-0.51 cm®g?, respectively [37]. The data
generated from the characteristics of the CM/MCM-48
composite is not considerably different from the
previous literature, so it is expected that the
CM/MCM-48 composite has capabilities comparable
to other composites, based on the literature. As a
result, this substance is predicted to be useful in
reclaiming areas that have been contaminated with
many elements.

4. Conclusion

The core/shell composite CM/MCM-48 with a
micropore-mesopore framework was successfully
synthesized from the MCM-48 mesopore membrane
with the addition of CM material. It has been identified
as a K-Feldspar mineral as a source of silica and
aluminum with an inner micropore framework under
hydrothermal conditions. The composite structure was
appropriately obtained with high thermal stability and
calcination up to 550°C. The surface area decreased
with the addition of feldspar material at intervals of
870-620 m?g™. The pore size distribution using the
DFT method shows a wide mesoporous distribution
centered on 23-27 A and the presence of low peaks
between 6-9 A, thereby indicating a pore distribution
identical to the microporous pores of feldspar.
Therefore, the exposed surface of the composite
provides a better active site, making it a possibility for
increased adsorption/desorption of heavy metals in
water.
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