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ARTICLE INFO ABSTRACT

Keywords: Zeolite has become a promising material that can potentially play a pivotal role in resolving
Zeolite environmental crises. Among zeolite families, MCM-22 zeolite shows outstanding intrinsic
MCM-22

properties associated with the topology and porous structure, offering ion-exchange advantages
for catalytic activity processes. The synthesis of MCM-22 zeolite becomes challenging when
concerning the cost and catalytic performance. To overcome this bottleneck, we demonstrate a
sustainable route of a hydrothermal process using natural resources as starting materials. Rice
husk from agricultural waste was used as a silica source while natural clays (kaolin and bentonite)
were applied as alumina sources. The products from natural sources were compared with the use
of commercial starting materials, e.g., NaAlO, (for alumina) and Na,SiO3 and TEOS (for silica), in
points of crystal, compositional, and morphological views. We showed that the high purity of
MCM-22 zeolite can be obtained from rice husk silica (RHS) and aluminosilicate gel (ASG)
extracted from kaolin, while the use of ASG extracted from bentonite tended to be unsuitable to
generate the zeolite formation. We also studied the effects of reaction time and the ratio of RHS/
ASG on the crystallinity and surface area of MCM-22. The architecture and acidity of an optimal
product were explored by Nuclear magnetic resonance spectroscopy and Temperature-
programmed desorption of ammonia, demonstrating the success of achieving well acidity.

Hydrothermal
Rice husk silica
Natural clays

1. Introduction

The critical increase of energy demand and environmental issues have underlined the importance of sustainable materials that can
be potentially used in a wide range of applications regarding technical, industrial, agricultural, and ecological processes. Motivated by
various candidates, zeolite has been highlighted as an outstanding porous material playing a crucial role in many industries. The
beauty of physicochemical properties of zeolite offer a catalytic activity property for biomass conversion [1,2], wastewater treatment
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[3-6], exhaust post-treatment [7], CO4 capture [8-10], thermal energy storage [11], and production of Hy [12,13]. Various types of
zeolites present in nature as well as can be synthesized in laboratory. However, the MCM-22 zeolite (Mobil Composition of Matter
No.22) first synthesized by Mobil researchers in 1990 [14] becomes the most suitable for the aforementioned applications and in-
dustries [15] as it offers the ion-exchange ability [16] owning to the MWW topology (MCM tWenty-tWo) [14,17] with two inde-
pendent pore systems (e.g., a two-dimensional sinusoidal 10- membered ring (10-MR) with apertures 4 A x 5.9 A and a 12-membered
ring (12-MR) large super cages with apertures 7.1 A x 7.1 A x 18.2 A) [18,19]. Hence the main research stream on this material has
been focusing on the sustainable synthetic routes to resolve the trade-off of cost and catalytic performance [20].

MCM-22 zeolite can be synthesized by a hydrothermal process using silica and alumina as starting materials and hexamethyle-
neimine (HMI) as a structure-directing agent providing two-dimensional (2D) structure. In particular, the calcination process can
enhance the three-dimensional structure of MCM-22 zeolite as it aids in HMI removal [10,21,22]. The main issue of this route is the use
of commercial silica and alumina as precursors [23]. Recently, natural source extraction was demonstrated as an alternative pathway
for effectively receiving such starting materials. For instance, Rice Husk Silica (RHS) was extracted from rice husk waste from agri-
culture by acid treatment and calcination process to obtain pure silica [24,25]. Meanwhile, the natural clay including kaolin and
bentonite can be used for the preparation of aluminosilicate gel (ASG) which is used as sustainable starting material for many types of
zeolites such as zeolite A, X/Y, P, and ZSM-5 [26]. Nevertheless, the synthesis of MCM-22 type zeolite from kaolin and bentonite has
yet to be exploited thus far.

Herein, we demonstrate the synthesis of MCM-22 zeolite through a combination of starting materials extracted from natural
sources. Silica was extracted from rice husk by acid treatment and calcination process at various temperatures while alumina (in the
form of ASG) was extracted from the natural clay including kaolin and bentonite. Both naturally extracted silica and alumina materials
were used in the hydrothermal process to obtain MCM-22 zeolite. As for the baselines, the commercial sodium aluminate (NaAlO2) was
selected to combine with the RHS to compare with the use of ASG from natural clay. Also, the commercial sodium silicate (Na3SiO3)
with tetraethyl orthosilicate (TEOS) were selected to combine with the ASG to compare with the use of RHS. The reaction time (3-7
days) and the ratios of RHS/ASG (9:1-3:1) were screened to optimize the final product. The overall experiments are shown in Scheme
1. The synthetic route established in this work can provide a big impact to wider environmental material community as well as be the
design guideline for controlling and preparation of various types of zeolites.

2. Experimental
2.1. Extraction of silica from rice husk

The rice husk obtained from Nonthaburi, Thailand was washed by deionized (DI) water to remove impurities and dried at 100 °C for
12 h. After that, it was stirred in 3 M HCl solution at 100 °C for 2 h. Then, the product was filtered, washed, and neutralized by DI water
and subsequently dried at 100 °C overnight. Finally, the treated rice husk was calcined at 700-1000 °C in muffle furnace for 12 h to
obtain white RHS.
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Scheme 1. | Schematic chart showing overall experiments for generating MCM-22 zeolites. RHS, ASG, and TEOS stand for Rice Husk Silica,
Aluminosilicate Gel, and TetraEthyl OrthoSilicate, respectively.
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2.2. Preparation of aluminosilicate gel (ASG) from natural clay

The elemental composition of natural clays including kaolin from Lampang province and bentonite from Lop Buri province in
Thailand was analyzed by the EDX technique which elemental data was shown in Table S1. Clays were milled and a size that was lower
than 90 pm was collected by mesh sieving to obtain the finest particle which was as fine as possible. Then, the hydrothermal process
was performed at 200 °C for 8 h with 8 M of NaOH solution for the structure destruction. The reactor was quenched in ice after the
process ended. When the system was cooled down, the solid phase was filtered, washed, and neutralized by DI water, and dried at
100 °C for 12 h and the basic liquid from the hydrothermal process was kept. Afterward, the solid powder was stirred in a 3 M HCl
solution. Then, it was filtered, and the acid-liquid phase was collected. The acid liquid phase was adjusted to the pH of 7 b y a mother
liquor from the hydrothermal process. The white aluminosilicate gel (ASG) was formed and dried in the oven. The EDX data
demonstrate that the atomic ratio of Si/Al in ASG from kaolin and ASG from bentonite is 1.75 and 1.65, respectively.

2.3. Synthesis of MCM-22 zeolites

An alumina precursor was dissolved in NaOH solution (Carlo Erba) by stirring. Then, silica precursor was filled into the system
followed by a structure-directing agent; hexamethylene imine (HMI) (Sigma-Aldrich) which was gradually dropped into the system for
30 min. The hydrothermal process was performed using a Teflon liner that was loaded into an autoclave reactor with a temperature
controller, heating jacket, and stirring hotplate at 150 °C under a stirring state. Finally, the MCM-22(P) was filtered and washed with
DI water, dried, and calcined at 540 °C for 20 h to obtain MCM-22 zeolites. The preliminary experiment is to explore the effect of
starting materials, all commercial precursors were purchased from Sigma-Aldrich. An effect of alumina source was chosen as the first
condition for this study. The commercial NaAlO, was selected to compare with the ASG from kaolin by the reaction condition based on
Giiray et al. [23] by default mol ratios were set as Si/Al = 30, Na/Si = 0.2, HMI/Si = 0.35, and H,0/Si = 20, respectively. However, in
the condition of using ASG from bentonite, the bentonite ASG was consumed into the reaction at the same amount as using ASG from
kaolin in terms of weight to compare because both were the same achieved from natural clays. One ASG from different natural clays
that shows a higher potential than another will be selected for the next experiment. The second condition is to study the effect of
different Si sources by commercial Na;SiO3 and tetraethyl orthosilicate (TEOS) were selected for the comparison. All silica content
from different sources in this condition was calculated to equal by mol. Finally, the best condition obtained from natural sources was
taken to study in the next conditions consisting of an effect of reaction time (3-7 days) and an effect of weight ratio of RHS/ASG
(9:1-3:1).

2.4. Characterization

The purity of RHS was confirmed by a Raman spectrometer (DXR SmartRaman, Thermo Scientific). The crystallography of ma-
terials was analyzed by X-ray diffraction (XRD) technique (SmartLab, Rigaku). The surface area and porosity of materials were studied
by N3 adsorption-desorption analysis technique (autosorb iQ, Quantachrome instruments) where the samples were degassed at 300 °C
for 6 h with a heating rate of 10 °C min~! before measurement. The structure and functional groups of materials were carried out by
Fourier-transform infrared (FT-IR) spectroscopy (Spectrum Two, PerkinElmer). The thermal stability of materials was evaluated by
Thermogravimetric analyzer (TG 209 F> Tarsus, NETZSCH) under the N, atmosphere. The morphology and composition of materials
were observed by scanning electron microscopy (SEM) with the energy dispersive X-ray (EDX) spectroscopy (EVO MA10, Zeiss). The
chemical identity of the samples was investigated by solid-state Nuclear magnetic resonance (NMR) spectroscopy (JNM-ECZ-400 R/S1,
JEOL) at 400 MHz. The acidity was studied by NH3-TPD analysis (Belcat B, BEL JAPAN, Inc.) where the process for ammonium
desorption analysis was carried out according to the literature [27].
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Fig. 1. | Extraction of Silica from Rice Husk. (a) X-ray diffractograms and (b) Raman spectra of Rice Husk Silica at the various calcination
temperatures.
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3. Result and discussion
3.1. Extraction of silica from rice husk

The treated rice husk was calcined at the temperature of 700-1000 °C for 12 h to obtain RHS. As shown in XRD patterns in Fig. 1a,
the amorphous silica is the major component of RHS calcined at 700-800 °C while the crystalline silica appears at the calcination
temperature above 900 °C. Such silica crystals become more pronounced at the calcination temperature of 1000 °C. We further
investigated the purity of each sample using Raman spectroscopy as presented in Fig. 1b. With the low calcination temperature of
700 °C, the RHS samples were contaminated by the carbon in the structure as the peak of C—C vibration appears at 1378 cm ™! [28]. The
C-C vibration peak is decreased with the increase of calcination temperature and is completely diminished at the temperature above
800 °C. The silica peak at the 483 cm ™ is identified as Si-O-Si bending modes of the 4-membered rings (D;). At 900 °C, the peak of
3-membered rings (D») from the condensation of -SiOH groups appears at 588 cm ™' due to the increasing of D; intensity, and the
symmetric stretching of Si—-O-Si and Si—OH are located at 795 cm’l, and 985 cm’l, respectively [29]. The intensity of D; is increased
following the increase of calcination temperature while the D, (associated with -SiOH) and the Si-O-H stretching are decreased and
finally disappeared at 1000 °C indicating that the OH bond is completely eliminated.

3.2. Crystallization of MCM-22 zeolites

All MCM-22 zeolites were synthesized by hydrothermal process at 150 °C in which the XRD pattern of each sample is presented in
Fig. 2. Various alumina sources including commercial NaAlOy, ASG from kaolin, and ASG from bentonite influence the crystalline
structure of MCM-22 zeolites (Fig. 2a). Although the MCM-22 zeolites generated from all alumina sources shows similar crystal lattice
(i.e., similar XRD patterns) [30], the commercial NaAlO, is suggested to be the most effective source for this process following by ASG
from kaolin. Meanwhile, the ASG from bentonite shows the lowest ability to crystalize MCM-22 as broadened XRD pattern is observed.
This can be confirmed by the crystallinity of 57% for the MCM-22 from commercial NaAlO, which is higher than those of 39% and 16%
for MCM-22 from kaolin ASG and bentonite ASG, respectively. This phenomenon is supported by the EDX results in Table S2. MCM-22
using NaAlO; as an Al source has the lowest Si/Al ratio compared to MCM-22 using of ASG from kaolin and ASG from bentonite. An
outstanding higher ratio of Si/Al on the products using ASG from kaolin was mean a lower amount of aluminum content and affected
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Fig. 2. | Crystallization of MCM-22 Zeolites. X-ray diffractograms of final products with different synthesized conditions by (a) effect of Al
sources, (b) effect of Si sources (where M, C, and S stand for mordenite, carbon, and silica, respectively), (c) effect of reaction time, and (d) effect of
RHS/ASG ratios. Peaks 1-14 correspond to lattice planes of (100), (101), (102), (111), (201), (202), (212), (301), (302), (214), (220), (310), (312),
and (117), respectively.
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the lower crystal formation of zeolite. Using ASG from bentonite as an Al source resulted in the lowest crystalline formation which was
corresponding to the highest Si/Al ratio. That might be because of the adulterating of impurities ions in bentonite clay (see Table S1)
that were leached in the step of Si and Al extraction by acid. It affects the lower total content of Al and Si in ASG from bentonite,
although the ratio was similar to Si/Al ratios in the kaolin ASG. This means that in the same amount, the ASG from bentonite had a
significantly lower potential for use as starting material of MCM-22 than ASG from kaolin. So, the ASG from kaolin was selected to use
as an Al source for study in further conditions.

The condition of various Si sources led to astounding results. As shown in Fig. 2b, clear peaks of MCM-22 zeolite only appear in the
case of using RHS as a silica source. The use of TEOS is unable to generate the structure of MCM-22 zeolite as only carbon and SiO5
peaks are dominant. This is probably due to the interaction between TEOS and the HMI in the reaction leading to a solid white gel
formation that interrupts the mixing of starting materials. This leaves lot of TEOS inactive and there is only a separate group of TEOS
and ASG in the system. After the calcination process, TEOS was decomposed into a silicon-coated carbon sphere [31]. Using NaSiO3 as
a Si source generates the Mordenite zeolite (MOR) with 58% of crystallinity while MCM-22 zeolite is completely absent. This is due to
the NaySiOg3 is NapO rich which is appropriate for the formation of MOR-type zeolite [23]. Therefore, further conditions to be studied
hereafter are performed using ASG from kaolin as the alumina source while RHS was used as a source of silica for the synthesis of
MCM-22 zeolite in this article.

An effect of reaction time on the crystal structure of zeolite is shown in Fig. 2c. After 3 days, the structure of MCM-22 zeolite is not
generated as the structure of sample is mainly amorphous silica. The longer reaction time leads to the formation of zeolite, i.e., the
MCM-22 structure is clearly observed with 34% crystallinity after 5 days of reaction. In particular, the reaction time of 7 days even
enhance the crystallinity up to 39%. It is noteworthy that although the clear formation of MCM-22 is observed for the 5 day reaction,
the peak intensities of lattice planes (100) and (310) (associated with the intra-layer of zeolite [32]) are lower than that of the one
using 7 day reaction. This observation was indicated that the intra-structure of MCM-22 is yet to completely formed after 5 days of
reaction.

Fig. 2d exhibits the effect of RHS/ASG ratios on the structure formation of MCM-22 zeolite. At the ratio of 9:1, the relative
crystallinity is estimated as 39%. Such value increases to 66% for the ratio of 6:1 and all peak intensities are increased especially for the
lattice planes of (312) and (117). However, the crystallinity tends to gradually decrease with the relative crystallinity of 63% for the
lower ratio of 3:1. Specifically, a significant change is observed at the lattice planes (100) and (310). The ratio of these planes’ intensity
decreases with the decreasing of RHS/ASG ratio; however, this intensity ratio slightly decreases for the RHS/ASG ratio of 6:1 compared
to the condition of 9:1. The obvious change is observed for the condition of 3:1 RHS/ASG where the intensity of (100) plane is
decreased and lower than an intensity of (310) plane. The phenomenon suggests that a low Si content leads to the decreasing of zeolite
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fragment formation on (100) lattice plane [32].

3.3. Chemical structure of MCM-22 zeolites

To gain more insight in how starting materials control the chemical structure of MCM-22 zeolite, we investigated the IR charac-
teristic of each sample as presented in Fig. 3. The MWW structure of MCM-22 zeolite is confirmed by unique characteristic vibration of
the secondary building block of double 6- membered rings (D6R) at a wavenumber of 567 and 614 cm ™. Symmetric stretching of Si-O-
X (where X = Si or Al) shows at 813 cm L In particular, the internal and external asymmetric vibrations of Si-O-Al locate at 1084 cm !
and 1098 cm ™}, respectively [18,19,33]. The identity of these Si-O-Al vibrations are dependent on the Al sources. As shown in Fig. 3a,
the use of NaAlO; leads to the stronger external vibration peak than the internal one, consistent with the XRD result that the use of
NaAlO; leads to the high crystal structure growth. In the condition of using ASG from kaolin, the external and internal vibration peaks
are clearly separated and broadened, suggesting the lower crystal growth of MCM-22. The use of ASG from bentonite also enhances the
separation of asymmetric Si-O-Al vibrations, yet the peaks are broadened and still merged, indicating the lowest structure formation
ability of MCM-22 zeolite.

For the use of various Si sources, it is clearly observed that the TEOS is unable to generate MCM-22 zeolite formation as the unique
D6R vibration is absent (Fig. 3b) [34]. Meanwhile, the IR spectrum of using Na,SiO3 confirms a structure of MOR-type zeolite as the
band of double 5-membered rings (D5R) presented at a wavenumber of 633 cm ™. In addition, a small peak at a wavenumber of 800
em™! is from the symmetric stretching modes of O-X-O and the main peak at a wavenumber of 1046 cm ™! belongs to asymmetric
stretching of O-Si-O [35].

The chemical structure of MCM-22 zeolites is dependent on reaction time as well. Fig. 3¢ shows that the D6R vibrations are absent
and only symmetric stretching peaks of Si—O-X and internal asymmetric vibration peaks of Si—-O-Al are present for the 3-day reaction
conditions, indicating unsuccessful MCM-22 crystal growth. After 5 days of reaction, the D6R peaks are observed with low intensity,
and only the internal asymmetric vibrations of Si-O-Al are presented. For the 7-day reaction time, the MCM-22 zeolite displays the
complete formation of functional groups, with sharp peak intensities. The internal and external vibration peaks of Si-O-Al are clearly

—i 5 pm

Fig. 4. | Morphology of MCM-22 Zeolites. SEM images at 20,000x magnifications of final products with different synthesized conditions by (a)
RHS + NaAlO,, (b) RHS + ASG from Bentonite, (¢) RHS + ASG from Kaolin, (d) TEOS + ASG from Kaolin, (e) Na,SiO3 + ASG from Kaolin, (f) 3
days, (g) 5 days, (h) RHS/ASG = 6:1, and (i) RHS/ASG = 3:1. Scale bars, 5 pm.
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separated, suggesting sufficient reaction time to growth MCM-22.

The effect of the Si/Al ratio is one of the significant factors affecting the functional group of MCM-22 zeolites. As shown in Fig. 3d,
the ratio of RHH/ASG at 9:1 leads to the lowest intensity ratio of Si—-O-Al vibration peaks. Moreover, the peak of external and internal
vibrations was clearly separated with the similar intensity. For the condition of 6:1 and 3:1 RHS/ASG ratio, the internal and external
vibration peaks are merged and broadened. Particularly, the peak intensity of external vibration is more dominant to the internal
vibration peak, indicating that the formation of zeolite’s intra-layer is minor owning to the lowest amount of Si content, in line with the
XRD results.

3.4. Morphology observation of MCM-22

The morphology of all products was monitored using SEM with the magnification of 20,000x as shown in Fig. 4. The use of NaAlO,
results in the fine formation of MCM-22 zeolite (Fig. 4a) which has a straw ball-like shape with a size approximately 2 pm, containing
many petals with a thickness lower than 100 nm in each ball. The residual Si sheets are still presented with the size for about 3-4 pm.
Using ASG from bentonite as an Al precursor shows rather poor results (Fig. 4b). The straw ball-like MCM-22 clusters are rarely
presented and the pieces of zeolite petals grow a little on the surface of Si bulks providing the shape like a sponge. The morphology of
MCM-22 using ASG from kaolin as Al sources shows a similar character to the MCM-22 from NaAlO,, yet the number of residual Si
sheets is higher (Fig. 4c). Meanwhile, using TEOS as a Si source shows the completely absent of MCM-22 zeolite. As shown in Fig. 4d,
the surface morphology of materials shows a large Si sheets and carbon particles which coated by fluffy Si flakes. Fig. 4e demonstrated
that the use of NaySiOs as a Si source resulted in high purity of MOR-type zeolite which shows all over of plate-liked and prismatic
particles [35]. The size of MOR-zeolite particles was founded in the range of about 1-5 pm.

The effect of reaction times leads to various behavior of MCM-22 zeolite formation. On 3 days of reaction time (Fig. 4f), the sample
shows the absences of the MCM-22 straw ball-liked cluster. However, the surface of the Si bulk shows the initial stage of zeolite’s petals
formation. Fig. 4g shows the morphology of MCM-22 zeolite synthesized with 5 days of reaction time, the zeolite petals were formed
and tended to aggregate, separating from the surface of amorphous Si for the formation of MCM-22 straw ball-liked. However, the
petals of zeolite in this condition are rather huge in size and many petals showed the shape of rough flake liked which have a diameter
of about 1-2 pm. Furthermore, the gigantic plates of amorphous Si reside on Si sheets, confirming the low crystallization of zeolite from
the low reaction times.

The morphologies of MCM-22 zeolites which were synthesized using the ratios of RHS/ASG of 6:1 and 3:1 are shown in Fig. 4h and
i. Both conditions provide similar morphological results. The zeolite petals are gathered like a vast field. The petals are tightly and
densely agglomerated which shows excellent zeolite structure formation. The thickness of petals was lower than 100 nm and the
residual amorphous Si sheets were observed in a low amount. The morphology of these two outstanding products at the zoomed out of
magnification at 5,000 can be observed that the field of zeolite petals was clustered as large particles, these large particle shapes
seemed to be like spherical/plates or shuttles with the size of about 45 pm. The SEM image at the magnification of 5,000 x of MCM-22
zeolite synthesized on the ratios of RHS/ASG of 6:1 and 3:1 are shown in Fig. S1a-b, respectively. Compared with the use of 9:1 RHS/
ASG ratio shown in Fig. 4c, the reduction of the RHS/ASG ratio tends to result in a better formation of the MCM-22 structure. All
evolutions and developments of MCM-22 zeolite surface morphology are according to all results from previous characteristic
techniques.

3.5. Surface area and porous structure

We further investigated the effect of starting materials on surface area and porous properties of MCM-22 zeolites through Ny
adsorption-desorption isotherm as shown in Fig. 5. The uses of NaAlO; and ASG from kaolin as alumina sources result in MCM-22
showing Type IV with H4 hysteresis loop which indicates the mesopores and micropores [36]. NaAlOy provides the highest
adsorption-desorption behavior of MCM-22 among the Al sources as shown in Fig. 5a. The pore size distribution curves of MCM-22
zeolites derived from all alumina sources in Fig. 5b display the highest pore size centering at 3.8 nm within the distribution range
of 3-31 nm. NaAlO2-MCM-22 shows highest 3.8-nm pore volume among other Al sources. This results in NaAlO,-MCM-22 has the
surface area of 328 m2 g~! which is higher than Nat-MCM-22 from kaolin ASG (219 m? g~!) and bentonite ASG (90 m? g 1). The larger
surface area of NaAlO,-MCM-22 is in line with the observation of highest micropore distribution.

The surface and porous properties of zeolite products are also significantly dependent on sources of Si. The use of RHS as a Si source
generated the structure of MCM-22 containing mesoporous and microporous. Nevertheless, the use of TEOS and NaySiO3 gave a
completely different result. As presented in Fig. 5c, using TEOS results in forming a silicon-coated carbon sphere. N5 adsorption-
desorption isotherm of this product shows the IV types, however, the hysteresis loop is very narrow, and an adsorption-desorption
volume was very low by maximum volume is about 50 cc g™}, STP. The MOR-type zeolite synthesized by using Na,SiOs as a Si
source shows the same hysteresis loop shapes and similar adsorption-desorption volume as the use of TEOS. Fig. 5d shows the pore size
distribution of zeolites that were derived from different Si sources. All products have a similar range of pore size distribution of about 3
nm-30 nm. However, the pore volume of products synthesized from TEOS and Na,SiO3 was way lower than using RHS. The highest
pore size distribution of MCM-22 zeolite is centered at 3.8 nm while the highest pore size distribution of a silicon-coated carbon sphere
and MOR-type zeolite locate at 3.4 and 3.1 nm, respectively. In addition, the surface area and porous properties confirm that the using
of TEOS and Na,SiOs generates only mesoporous with the approximated surface area of 58 and 77 m? g}, respectively.

The effect of reaction time on surface area and porosity of MCM-22 zeolites are further discussed (Fig. 5e). All as-synthesized
zeolites from various reaction times show IV-type isotherms. However, an adsorption-desorption volume is enhanced with the
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increasing reaction time. At the condition of 3 days, the hysteresis loop is narrowest and shows the lowest adsorption-desorption
volume. The hysteresis loop is wider on the condition of 5 days and the highest adsorption-desorption volume is reached for the
condition of 7 days of crystallization. Fig. 5f shows the pore size distribution of zeolite at different reaction times ranging from 3 to 31
nm. The pore volume of zeolite on 3 days of reaction is the lowest. The highest pore size distribution of products synthesized in 3 days is
centered at 3 nm while this value shifts to 3.8 nm when the reactions are extended to 5 and 7 days. Furthermore, reaction with 3-day
time provides the lowest surface area with only mesoporous, while the reaction for 7 days enhances the surface area and mesoporous
structure (see Table 1).

For the influence of RHS/ASG ratio, the adsorption-desorption volume is increased with the decreasing of RHS/ASG ratio as shown
in Fig. 5g. The similar trend goes to the width of hysteresis loops as well. The pore size distribution of all products is in the range of
3-31 nm (Fig. 5h), in line with other condition studies. The pore volume is enhanced by the decreasing of RHS/ASG ratio, and the
highest pore size distribution is centered at 3.8 nm for all MCM-22 zeolites. Data in Table 1 confirms that the area and volume of
micropores are in accordance with the total surface area, but the difference is presented in a term of mesoporous. This phenomenon can
be related to the EDX result. The condition of RHS/ASG as 9:1 provides the low amount of Al content which affects the formation of
zeolite structure. The crystallization of zeolite in this condition is low and mostly generates mesoporous. The lower amount of Si
content in the condition of RHS/ASG as 6:1 shows more advantage, i.e., the role of Al for zeolite structure formation is dominant when
decreasing the RHS/ASG ratio and it enhances the structure formation of zeolite, resulting in the decrease of mesoporous area while
the microporous area is obtained significantly. Remarkably, a reduction of the RHS/ASG ratio to 3:1 in turn enhances mesoporous area.
This is owning to the low Si content affects more creation of mesoporous and removal of zeolite crystallite in the intra-layer [32],
leading to the ever-increasing mesopore and the slight decrease of relative crystallinity, consistent with XRD and FT-IR results.

3.6. Thermal stability analysis

The TG curve of MCM-22 was presented in Fig. 6. All products synthesized using different Al sources show the most weight loss
within the range of 30-150 °C as shown in Fig. 6a which corresponds to the loss of water molecules physisorbed in the pores or cavities.
The use of NaAlO; as an alumina precursor displays the biggest weight loss of about 7% followed by using ASG from kaolin (about 3%)
and ASG from bentonite (about 2%), respectively. This result was in accordance with the surface area and porous property analyses, i.
e., the use of NaAlO, leads to the highest surface area and biggest pore volume — hence the high amount of water adsorbed and
subsequently the most weight loss when running TGA — while the use of ASG from bentonite leads to the lowest surface area, thereby
showing opposite result regarding the weight loss.

The TG curve of final materials synthesized using various Si sources are presented in Fig. 6b. Using RHS affects to the surface
properties of zeolite as well. The huge weight loss at 30-150 °C is due to the desorption of water molecules in cavities. In the condition
of using TEQOS, the curve is very downward in the early stages ranging from 30 to 250 °C which indicates a wasting of water molecules
and a degradation of organic material (carbon) in the structure [37] which reducing the weight of the product by about 5-6%. Af-
terward, a slight weight decreases points to the structural stability of the SiO5 bulk [38]. Using NaySiOs3 as a Si precursor shows the
largest amount of weight loss for approximately 12% ranging from 30 to 350 °C due to the releasing of water adsorbed and the
dehydration of Na*t ions in MOR-type zeolite’s channels [35].

A reaction time insignificantly affects the thermal stability of products. As represented in Fig. 6¢, the amount of weight loss is
enhanced with the increasing of reaction time. This phenomenon corresponds to the surface and porous properties, i.e., the smallest
weight loss is observed in the condition of the shortest reaction time because of the lowest surface area and pore volume. In contrast,
the longest crystallization time generates the highest surface potential which results in the highest weight loss due to a large amount of
water adsorbed. However, the mass losses are not much different which was about 1-3%.

For the effect of RHS/ASG ratios, the most weight loss of all samples was observed in the same range of 30-150 °C as shown in
Fig. 6d where the lowest RHS/ASG ratio affects the largest amount of weight reduction, approximately 8%. Meanwhile, the higher
RHS/ASG ratios of 6:1 and 9:1 result in lower weight losses of 6% and 2%, respectively. The fundamental behind this phenomenon is
according to an increase of surface area by reducing the RHS/ASG ratio which enhances a humidity adsorption.

Table 1

Surface areas and pore properties of Si-Al based materials with different synthesized conditions.
Conditions Surface area (m?/g)  Micropore volume (cc/g) ~ Micropore area (m?/g) ~ Mesopore area (m?/g)  Average pore diameter (nm)
“RHS + ASG Bentonite ~ 90.251 N/A N/A 90.251 5.3
“RHS + ASG Kaolin 218.504 0.002 7.502 211.002 4.72
RHS + NaAlO, 328.468 0.051 117.444 211.024 3.98
TEOS + ASG Kaolin 58.013 0 0 58.013 5.4
Na,SiO3 + ASG Kaolin ~ 77.469 0 0 77.469 4.05
b3 days 55.308 0 0 55.308 5.77
°5 days 183.079 0.024 55.637 127.442 4.4
‘6:1 323.973 0.064 150.498 173.475 3.92
€3:1 399.467 0.079 187.463 212.004 3.96

@ RHS/ASG = 9:1, 7 days.
> RHS/ASG = 9:1.
¢ 7 days.
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Fig. 6. | Thermal Stability of MCM-22 Zeolites. Thermogravimetric Analysis curves of final products with different synthesized conditions by (a)
effect of Al sources, (b) effect of Si sources, (c) effect of reaction time, and (d) effect of RHS/ASG ratios.

3.7. Acidity analysis

MCM-22 zeolite synthesized by using RHS and ASG from kaolin for 7 days with the RHS/ASG ratio of 3:1 was selected to be an
optimized condition, thereby being able to provide insight about chemical architecture and structure. 2Al MAS-NMR spectrum of this
product is shown in Fig. 7a by all states related to the literature [39] with about +7 shifted. A low-frequency sharp signal at ~5 ppm
refers to extra-framework octahedral aluminum in structure [40] and a broad peak at ~55 ppm is identified as aluminum on an
external surface and/or in a large lattice’s cavity [41]. The last peak at 61-63 ppm is identified as tetrahedral aluminum postured in
micropore.

Fig. 7b presents the 'H MAS-NMR spectrum of this sample by about +1 shifted from the literature. Signals at the low frequency
indicated weak acidic terminal SiOH groups which were generated in crystal defects and on external surfaces of zeolite structures
(likewise the extra-framework AIOH groups). A low peak intensity at ~3 ppm associates with the terminal OH bond of silanol groups
on zeolite’s external surface. The low signal of this peak is due to the low ratio of RHS/ASG. A broad signal at ~4 ppm originates as
hydroxyl groups on aluminum extra-framework, this peak has a higher intensity than the peak of silanol groups because of the low
amount of RHS/ASG ratio enhances the aluminum species creation. The high acidity of this sample is confirmed by the high peak
intensity of acidic OH groups of Si(OH)AI residing at ~6.5 ppm [39,41,42]. Furthermore, the peak shoulder at ~4.5 ppm indicates a
high number of protons of Brgnsted acid sites in this sample. Such Brgnsted acid sites are the results of interaction between aluminum
and silanol groups where the RHS/ASG ratio is low.

295i MAS-NMR analysis can support the aforementioned discussion, revealing the hexagonal structure in the b-axis as shown in
Fig. 7c. Based on the assumption that MWW-type zeolite is a hexagonal structure, each cell will consist of eight T positions that have
nonequivalent crystallography. An AP ion is possible to dominate the center position and generate a balance anion by a cation of
alkaline earth metal or hydrogen ion [43]. Fig. 7d presents 2°Si MAS-NMR deconvoluted spectra of MCM-22 zeolite. Intensities of the
T3.445, Tg, and Ty peaks are higher than that of Ty peak, consistent with the literature [39]. Especially, peaks of the T3, T4, and Ts
positions are fused together into single peak. Moreover, the peak intensities of the T; and Tg positions are lower than those of T3, 4.5
peak as well. Such phenomena are because of the low Si content in the zeolite structure resulting in the minor defects with a low signal
of the Ty site. Furthermore, it is possible that aluminum atoms can play significant role by residing at the 12-MR super cages and 2D
sinusoidal 10-MR to interact with silica species, giving the notable high intensity of T3, 4.5 peak.

An acidity of MCM-22 zeolite synthesized by using RHS and ASG from kaolin at 7 days with the RHS/ASG ratio of 3:1 was further
confirmed by the NH3-TPD analysis technique. A TPD profile presented in Fig. 7e suggests that this zeolite sample contains 2-types of
acidities. The deconvoluted peak indicates a weak acidity desorption curve centered at 220 °C with an acidity of 0.42 mmol NH; g~}
while a desorption curve of medium acidity is centered at 330 °C with an acidity of 0.336 mmol NH3 g~ . In addition, strong acid sites
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Fig. 7. | Acidity analysis. (a) 2’Al and (b) 'H MAS-NMR spectra of MCM-22 zeolite synthesized by using RHS and ASG from kaolin at 7 days with
the RHS/ASG ratio of 3:1. (c), Projection of the MWW-type zeolite unit cell viewed along the b-axis which presents crystallography in a form of a
hexagonal structure. (d), 29Gi MAS-NMR spectra of corresponding MCM-22 zeolite, and (e), NH3-TPD profile of corresponding MCM-22 zeolite.

are absent according to the literature [27] although the total acidity is higher. This investigation clearly verifies that this zeolite sample
contains an appropriate number of acidities which associate with Brgnsted acid sites.

4. Conclusion

We demonstrated the sustainable solution to synthesis crystalline MCM-22 zeolite with high porosity and large surface area from
natural resources including rice husk and natural clay. Kaolin shows more potential for being an Al source than bentonite. Commercial
Si sources including TEOS and NaySiO3 show no potential for synthesis of MCM-22 zeolite compared to rice husk silica. A structure
formation of zeolite can be developed through a longer reaction time. The surface area and porous properties can be enhanced by the
low ratio of RHS/ASG. Moreover, the use of a small RHS/ASG ratio can minimize the defects in zeolite structure with a high amount of
Brgnsted acid sites. This work opens a new avenue for deriving the catalytic porous materials from natural resources as well as provide
fundamental understanding on relationship between synthesis parameters and final product properties which is a key contributing to
the environmental materials development.
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