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The catalytic thermal conversion of carbon dioxide is essential for carbon capture, storage, and utilization,
helping to reduce CO, emissions and potentially stimulating future economic activities. Zeolite Y, ZSM-5, BEA,
and A were synthesized using the hydrothermal technique from Indonesian kaolin to examine the potential use of
zeolite as a catalyst without metal nanoparticles. In the absence of metal, catalytic activity for CO2 methanation
relies solely on textural properties and basicity-acidity. Zeolite Y exhibits the highest CO5 conversion at 36.64 %

and attained 100 % of CHj4 selectivity at 400 °C. The exceptional CO, conversion of zeolite Y relies on a high
basicity level of 1.02 mmol/g, as shown by CO»-TPD analysis, and a relatively low acid site concentration of 1.48
mmol/g, as determined by NH3-TPD analysis. ZSM-5, BEA, and zeolite A, demonstrated CO5 conversion of 29.85
%, 23.86 %, and 12.15 %, respectively. Stability studies revealed ZSM-5 maintains methane (CHy4) selectivity of
94 %, which is only slightly lowered by 6 % for 30 hours, while zeolite Y achieved 90 % selectivity for 26 hours.
The presence of mesopores in zeolite ZSM-5 reduced coke or carbon production, maintaining crystalline

framework.

1. Introduction

Global warming has been substantially contributed by excessive CO5
emissions from various human activities and the extensive use of fossil
fuels [1]. Strategies for capturing, storing, and utilizing CO5 are deemed
essential for resolving uncontrolled CO, emissions [2]. CO, hydroge-
nation by green hydrogen is a promising approach that entails COy
conversion into fuels and chemicals, including methane, methanol,
ethanol, olefins, and syngas. The Sabatier reaction, known as CO,
methanation, is thermodynamically advantageous at low pressure [3].
Although methane (CHy) is less valuable than methanol, ethanol, and

* Corresponding author.
** Corresponding author.

light olefins, its production is a straightforward process for carbon
conversion. CO, methanation is essential in Power-to-Gas technology, as
it generates green methane from CO2 and hydrogen. Ideally, hydrogen
must be generated from renewable energy such as wind and solar, and
the green methane should be utilized circularly instead of a linear pro-
cess. In addition to its potential use as a fuel, CH4 can produce other
valuable compounds such as methanol and formaldehyde, through
methane partial oxidation [4].

CO, methanation is restricted by thermodynamic limitations at
temperatures above 400 °C due to its exothermic and reversible nature
and competing side reactions [5-7]. A highly active catalyst is required
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Fig. 1. Flowchart of zeolite synthesis from Indonesian Kaolin.

Table 1

Zeolite’s molar ratio preparation.
Sample of zeolite The ratio of molar zeolite Aging (h) Hydrothermal Tarying

Si0, Na,O Al,O3 H,0 Template T (°C) t (h) (°C)
Y 10 4 1 180 - 24 100 24 105
ZSM-5 100 10 2 1800 20 TPA 12 80 12 110
3.85 CTABr 150 24

A 1.92 3.165 1 128 - 100 20 105
BEA 27 1.96 1 240 5 TEA,O 150 48 110

to reduce the kinetic energy barrier during the reduction of the oxidized
carbon to CHy4 [8]. A plethora of catalysts have been developed for CO,
methanation using Ru, Fe, Ni, Co, Rh, Pd, and Pt metal nanoparticles on
various support materials [9,10]. A critical issue when using metal for
industrial applications is rapid deactivation because of particle sintering
and carbon deposition [11]. The commercial viability of COy metha-
nation is dampened by the scarcity and high cost of noble metals [12]. In
addition, metal nanoparticles frequently experience a variety of other
drawbacks, such as low selectivity, poor durability, toxicity, fuel cross-
over effects, and adverse environmental impacts. Therefore, it is highly
desirable to design catalysts that are readily accessible and cost-effective
but  demonstrate  catalytic = performance  comparable to
noble-metal-based catalysts [13].

Metal-free catalysts have recently gained attention for CO5 reduction

reactions. Examples of such systems include zeolite Beta [14], 2D co-
valent triazine framework/g-CsN4 [15], carbon-based-nonprecious
metal catalysts (NPMCs) [16], and Fluorographdiyne [17]. The cova-
lent triazine framework in g-C3N4 enhanced the photocatalytic conver-
sion of COy to CO to give 151.1 pmol/(g.h) yield after 30 hours [15].
Zeolite is predominantly empolyed as support for CO, methanation.
Synthesis of zeolite using various natural materials such as clay [20],
bentonite [21], fly ash [22,23], and rice husk [23,24] as the source of
alumina and silica affected the physicochemical properties and textural
properties. The basicity, surface area and porosity of zeolite significantly
affect the stability during CO, methanation [10,18,19]. However, the
investigations of zeolite are limited to its effect as support without fully
comprehending the inherent characteristics of zeolite on CO5 reduction.
Hussain et al. [14] synthesized metal-free fibrous zeolite
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Fig. 2. FTIR analysis of zeolites.
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Fig. 3. XRD analysis of the zeolites.

(FS@SiO2-BEA) with high basicity, oxygen vacancy, and large surface
area for CO, methanation. The catalysts demonstrated 65 % CO con-
version and 61 % CHy4 selectivity, resulting in a space-time yield of 3.30
g/8cat/h. Hence, we examined zeolite activity without any metal
co-catalyst on CO, methanation. Four different zeolite frameworks

(zeolite BEA, Y, ZSM-5, and A) were synthesized from Indonesian kaolin
as silica and alumina sources. The correlation between basicity, acidity,
the pore type (micropore-mesopore), and textural features were
analyzed to understand their impact on the hydrogenation CO5 to CHy4
and its stability over time (h).

2. Materials and methods
2.1. Materials

The silica colloidal (LUDOX®HS-40), hexadecyltrimethylammonium
bromide (CTABr, C19H42BrN, >98 %), tetraethyl ammonium hydroxide
(TEAOH, C4H;3NO, 40 % in H30) were purchased from Sigma-Aldrich
Company, pellets Natrium Hydroxide (NaOH, >99 %), and tetra pro-
pyl ammonium hydroxide (TPAOH, C;2H29NO, 40 %) were purchased
from Merck Company. Distilled water (H20) was used throughout the
synthesis. Natural kaolin (57 wt% SiO9 and 22 wt% Al,03) from Bangka
Belitung Island, Indonesia, was used as alternative alumina and silica
sources.

2.2. Synthesis of zeolites

All zeolites were synthesized using the hydrothermal method, as
shown in Fig. 1. Prior to synthesis, kaolin was calcined at 720 °C for 4
hours to form amorphous metakaolin [25]. The molar ratio of synthe-
sized zeolites is shown in Table 1. The initial gel was produced by mixing
all solutions outlined in Table 1 and referred to as solution 1. Distilled
water was used to dissolve NaOH, which was then added to colloidal
silica and homogenized using a magnetic stirrer until complete disso-
lution was achieved. Metakaolin was dissolved in distilled water, added
to solution 1, and agitated for 30 minutes. The gel was aged before being
transferred to the Teflon-line autoclave. Hydrothermal synthesis was
conducted at a specific temperature and duration, as given in Table 1.
The solid product was filtered, washed with H50, and dried overnight.
The organic template was removed from ZSM-5 through calcination for
6 hours at 550 °C. For BEA, calcination was conducted at 550 °C for 1
hour under N continuous flow, followed by 6 hours at 550 °C under air.
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Fig. 4. The adsorption-desorption of N, and pore diameter size by NLDFT of zeolites a) Y, b) ZSM-5, c) BEA, and d) A.

2.3. Catalyst characterization techniques

The crystalline phase of zeolite was verified through X-ray diffrac-
tion (XRD) PHILIPS-binary Xpert MPD (Cu-Ko radiation with 20 =
5-50°) using the diffractometer of 30 mA and 40 kV. The Beckman
Coulter SA 3100 was used to analyze nitrogen adsorption-desorption.
The zeolites were heated for 1 h at 90 °C and continued for a mini-
mum of 4 h at 300 °C under vacuum. The Non-Localized Density
Functional Theory (NLDFT) was used to determine the pore size distri-
bution of zeolite. The adsorbed volume of N, was used to calculate Vot
(the total pore volume) at P/Py of 0.97. The micropore volume (Vi
croporous) Was calculated using the t-plot method, and the mesopore
volume (Viesoporous) Was calculated by subtracting Viicro from Vi,

Temperature-programmed desorption using NHs as a probe molecule
was used to determine the basicity, while CO, as a probe molecule

determined acidity (NH3/CO2-TPD). A quartz tube was inserted with 50
mg of catalysts and reduced under the Hj stream at 500 °C for 2 h. The
reduced catalyst was flushed with N3 and cooled to 50 °C. The catalyst
was exposed to CO flow for 30 min at 50 °C to allow adsorption and
saturation. The excess adsorptive gas was purged with a He flow for 30
min before TPD measurement. After that, the temperature was increased
to 650 °C at 10 °C min~! under He, and the amount of CO5 desorption
was determined using a thermal conductivity detector (TCD). The basic
properties of zeolite were determined using pyrrole as a probed mole-
cule and analyzed using IR spectroscopy (Agilent Cary 640 FTIR spec-
trometer). The 30 mg zeolite shaped into self-supported wafer was
inserted into a stainless steel cell with CaFo window. The zeolite was pre-
treated at 400 °C for 1 hour, cooled to room temperature and exposed to
pyrrole vapour at 4 Torr for 15 minutes. The cell was outgassed to
remove excess pyrrole before FTIR measurement. The spectra were
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Table 2
Physicochemical properties of zeolites.
Sample  Si/ Textural properties Acidity Basicity
Al
Sgrr (m Vimesoporous (cm” Vimicroporous (cm® Vior (em Tdesorp NHz Uptake of NH; (mmol  Taesorp CO2 Uptake of CO, (mmol
g—l)a g—l)b g—l)c g—l)c (oc)d g—l)d (oc)e g—l)e
Y 1.24 415 0.17 0.28 0.45 153 1.48 270 0.04
571 0.11
723 0.87
ZSM-5 8.72 487 0.37 0.11 0.48 125 2.41 623 0.14
500 0.15
BEA 6.03 312 0.11 0.23 0.34 125 1.76 365 0.07
493 0.19 457 0.05
747 0.34 797 0.23
A 1.00 16 0.08 n.d. 0.08 130 1.41 146 0.24
@ Ratio of Si/Al from EDX analysis.
Y BET method for surface area measurement.
¢ t-plot method for pore volume measurement.
4 Acidity from TPD-NHj analysis.
¢ Basicity from TPD-CO, analysis.
Fig. 5. SEM analysis of zeolites: A) zeolite Y, B) ZSM-5, C) BEA, and D) LTA.
obtained at 8 cm™! spectral resolution.
P S, (%) = (Man, ) / (Men, +Meo) x (100%) )

2.4. Catalytic activity test

A fixed-bed quartz reactor with an interior diameter of 8 mm was
used to conduct CO, methanation at a temperature of 200-500 °C under
atmospheric pressure. The catalysts were sieved in the 20-40 pm frac-
tion, weighed at 200 mg, and treated with an air stream at 550 °C for 1
hour, followed by a hydrogen stream for 4 hours. The catalysts were
then cooled to the reaction temperature. Hydrogen and carbon dioxide
at a 4:1 ratio were introduced into the reactor at 50,000 mL g~* h™?
GHSV. The composition of the outlet gases was analyzed using an online
gas chromatograph (7820 N Agilent Gas Chromatograph) with a mois-
ture trap and TCD detector. The gas products were sampled after 1 hour
of steady-state operation at each temperature. The following equations
(1) and (2) were used to determine the selectivity of CH4 and the con-
version of COy:

Xeo, (%) = (Mcy, +Mco) / (Mco, +Mcy, +Mco) x (100%) (@)

where X¢o2 was the conversion of CO2 (%), SCH 4 was the selectivity of
CH4 and M was mol of gas methane (CH4), carbon monoxide (CO), and
carbon dioxide (CO2) passing through the reactor.

3. Results and discussion
3.1. Characterization of catalysts

The functional groups and ring vibrations of zeolites were deter-
mined through FTIR analysis, as shown in Fig. 2. All the zeolites
exhibited absorption peaks at 420-500 cm ™! as the vibration of Si-O and
Al-O in tetrahedral TO4 and at 3400-3500 cm™! as the O-H stretching
vibration of adsorbed water [25]. The zeolite Y exhibits TO4 (T = Al or
Si) and double ring vibrations D4R/D6R at 459 and 574 cm™!. The
symmetric vibrations of the OTO bond appeared at 698 and 786 cm ™
[26], while the symmetric stretching vibration of the TOT bond was
observed at 1012 cm™!. The ZSM-5 exhibits asymmetric stretching
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Fig. 6. EDX analysis of zeolites.

vibration of TO4 at approximately 1100 cm ™! [27]. The peaks at 459 and
794 cm™! represented the bending vibration of T-O for the sensitive
internal tetrahedron structure [28]. The zeolite ZSM-5 structure is
characterized by a framework-sensitive band at ~551 cm™!, which
suggests the presence of a typical five-ring unit. The asymmetric external
stretching vibration for the TO4 bond with the external vibration of the
Si-O-Si oxygen bridge is represented by a peak at 1226 cm ™. Further-
more, at 960 cm ™, a shoulder peak indicates terminal silanol groups on
the mesoporous walls. The FTIR spectra of BEA exhibit Si-O bond
bending vibrations, TO4 symmetric stretching vibrations, and TO4
asymmetric stretching vibrations at 479, 791, and 1099 cm_l, respec-
tively. The absorption peak at 1099-1078 cm ™! suggests the presence of
asymmetric stretching vibrations in TO4, where T is Si or Al. The zeolite
BEA formation is characterized by D6R double ring vibration at 568

em™!. The specific absorption peak of zeolite A was observed at 553
em™! indicating the external vibration [25].

X-ray diffraction (XRD) identifies the crystalline phase of zeolites, as
depicted in Fig. 3. The synthesized zeolites exhibited distinctive peaks
aligned with the JCPDS standard data for each zeolite. The characteristic
peaks of kaolin at 20 = 12°, 20°-25°, and 35°-40°, as well as the broad
peak of amorphous metakaolin, were absent, indicating complete con-
version of metakaolin into zeolite. The diffraction pattern of zeolite Y
was observed at 20 = 6.15°; 10.05°; 11.79°; 15.53°; 18.52°; 23.46°;
26.82° and 31.13° [29]. Diffraction peaks in zeolite ZSM-5 were
detected at 20 = 7.8; 8.7; 23.0; 23.8; and 24.0° [30]. The diffraction
peak of zeolite BEA appeared at 20 = 7.7°, 21.4°, and 42.5°, which
correlate to the lattice parameters of (101), (004), (201), (106), and
(311) planes [14]. Zeolite A exhibits peaks at 20 = 7.2, 10.2, 12.5, 16.1,
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21.6, 24, 26.1, 27.1, 29.9, and 34.2° [19].

Fig. 4 shows the N3 adsorption-desorption analysis of the zeolite to
establish its textural properties. The results indicate that zeolites exhibit
several adsorption-desorption isotherms, suggesting diverse porosities.
Zeolite Y and BEA exhibit a type I isotherm characterized by significant
nitrogen gas adsorption at a very low relative pressure (P/Po < 0.1). The
horizontal N uptake from a low to high P/P, indicates that the amount
of gas adsorbed achieves a steady state, a typical attribute of the type I
isotherm (microporous solid) according to IUPAC classification. The
ZSM-5 has a type IV isotherm profile, indicative of mesoporous mate-
rials. Despite being classed as a microporous material, zeolite A exhibits
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a type II isotherm in N5 adsorption-desorption studies due to its smaller
pore width than nitrogen molecule size. The zeolite pore size using
NLDFT methods for zeolite BEA, Y, and A ranges from 1 to 1.5 nm,
whereas ZSM-5 ranges from 4 to 5 nm, as shown in Fig. 4c. Based on
Table 2, the surface areas of zeolite ZSM-5, Y, BEA, and A are 487, 415,
312 and 16 mz/g, respectively. Zeolite ZSM-5 has the highest Vo and
SgeT because of the formation of micropores and meso-sized pores in the
structure.

The morphology of zeolites synthesized from kaolin was examined
using scanning electron microscopy as depicted in Fig. 5. The zeolite Y
exhibits a noticeable octahedral morphology. Zeolite A exhibited a
cuboid shape [31]. However, zeolite ZSM-5 lacks a hexagonal structure,
while zeolite BEA lacks an octahedral structure due to particle aggre-
gation [25].

The elemental composition of the zeolite catalyst is determined using
EDX analysis. The results of the constituent element composition are
summarized in Table 2. Fig. 6 illustrates the elemental mapping of Na,
Si, Al and O on the zeolites. The Si/Al ratios of zeolite Y, ZSM-5, BEA,
and A were calculated based on Si and Al composition, which are 1.24,
23.23, 9.71, and 1.00, respectively. The Si/Al corresponds to the clas-
sification of zeolites in which FAU (Y) and LTA (A) zeolites possess a Si/
Al ratio of less than 2. Zeolite Y was reported to have Si/Al ratio of 1.61,
while zeolite A has a Si/Al ratio of 1 [32]. Zeolite BEA and ZSM-5 have
higher Si/Al ratios >5 [33].

The TPD technique characterizes and quantifies acid/base sites in
zeolites. The NH3 and CO;, molecules are employed as probe molecules
for acid and base measurements in TPD. Fig. 7a displays the NH3-TPD of
zeolite, revealing two distinct desorption peaks occurring at tempera-
tures ranging from 50 to 200 °C and 450-500 °C. The desorption of NH3
at low temperatures on all zeolites indicates weak acidic sites due to the
physical adsorption of NH3 on the silanol groups present on the zeolite
surface [34]. Both BEA and ZSM-5 exhibit desorption peaks at high
temperatures (450-500 °C), suggesting chemisorbed NHs. ZSM-5 and
BEA zeolites had the most significant amount of acid sites, with NH3
adsorption values of 2.56 and 2.19 mmol/g, respectively (Table 2). The
high total acidity of ZSM-5 might be due to the accessibility of ammonia
molecules to diffuse into mesopores. The NHj cross-sectional area is
0.141 nm?, which can diffuse to the ZSM-5 zeolite mesoporous and
micropores. Moreover, the elimination of the template during calcina-
tion leads to the emergence of silanol groups on the zeolite surface,
further increasing the acidity. The acidity in zeolite is also directly
related to the Si/Al ratio. According to the SEM-EDX data, BEA and
ZSM-5 have Si/Al ratios of 8 and 6, respectively, which are higher than

B)
A
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2
<
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Fig. 8. Pyrrole adsorption of zeolites at a) 3800-3000 and b) 2500-1300 cm ™.
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Table 3

Catalyst comparison for CO, methanation at 400 °C.
Materials Source SBET (cmz/g) Vpore (cm3/g) XCO3 (%) Stability test (h) References
Nay Kaolin 415 0.45 36.64 20 This study
Na-ZSM-5 Kaolin 487 0.48 29.85 30 This study
Ni/BEA - 516 0.46 40 - [43]
Ni/ZSM-5 - 333 0.15 50 -
Ni-4A - 12 0.02 60 -
Ni-5A - 367 0.19 72 -
Ni-13X - 377 0.20 70 -
Zeolite A Kaolin - - ~0 - [44]
Ni/A Kaolin - - 40 -
Ni—Ce Kaolin 23.83 - 47.8 50 [45]
Ni-Ce Halloysite 41 0.19 40 50 [46]
NiCe-Activated Carbon Cork Waste 535 0.33 73 24 [47]
Ni/CGLTA-5A Coal gangue 167.5 0.118 70 50 [48]

zeolite Y and A. Therefore, high acidity further enhanced the overall
quantity of NHg adsorption.

Fig. 7b displays the analysis of base strength conducted using CO»-
TPD. Multiple peaks of CO, desorption were observed at different tem-
peratures: 100-200 °C, 200-500 °C, and 500-600 °C, with variable in-
tensities. The desorption peak observed at a temperature of 150 °C
indicates the presence of weakly basic sites, which can be attributed to
the physical adsorption of CO; on zeolite A. At 450 °C, the peak indicates
the presence of medium basicity in BEA. Peaks above 600 °C in zeolite Y
and ZSM-5 suggest a high basicity [25].

The basicity in the N-H stretching area on zeolite can be determined
by analyzing the FTIR adsorption of pyrrole (C4H4NH), as shown in
Fig. 8. Pyrrole is a molecule that exhibits amphoteric properties,
meaning it may interact with both Lewis acidic cations through aromatic
n-electron interactions and with Lewis basic oxygen in the silicate
framework through hydrogen bonding facilitated by the N-H group. The
zeolites show adsorption peaks in the range of 1700-1500 cm ™!, corre-
sponding to the bending of C—=C bonds, as the pyrrole structure.
Moreover, the peak at 3800 cm ™! in zeolite Y and BEA corresponds to
isolated Si-OH species [35]. Additionally, there is a larger absorption
band at around 3530 cm ™!, which is caused by H-bonded Si-OH inter-
acting with the pyrrole N-H band in the gas phase. In addition, the broad
band, at ~3475-3200 cm ! is assigned to the N-H stretching vibrations
of chemisorbed pyrrole that interact with the basic sites of framework

oxygens in zeolite Y [36]. The pyrrole characteristics, which act as
H-donors, allowed the formation of C4H4NH-O bridges with the basic
oxygen [37]. Therefore, this result corroborates the CO»-TPD findings,
showing that zeolite Y possesses more basic sites than other zeolites.

3.2. Catalytic conversion of CO methanation

The CO; conversion of all metal-free zeolite catalysts increases as the
temperature rises from 200 to 400 °C (Fig. 9). However, the conversion
decreases above 450 °C due to thermodynamic constraints [38]. In the
order of Y > ZSM-5 > BEA > A, zeolite Y exhibits the maximum catalytic
activity among the other catalysts with approximately 36.64 % con-
version at 450 °C and 100 % selectivity to methane (Table 3). The ze-
olites examined in this work exhibit higher CO2 conversion rates than
zeolite A without any metal co-catalyst, as reported by Son et al. [44].
Zeolite Y achieved considerably more CO5 conversion than ZSM-5 at
300 °C, up to 1.5 times higher, presumably due to the high quantity of
base sites in zeolite Y. Surface hydroxyl groups generate weak base sites,
while surface oxygen generates medium and strong base sites [40]. CO2
methanation was reported to occur on medium-strength basic sites [39].
The electron pairs from surface oxygen facilitate the production of
bidentate carbonate, the primary intermediate in CO methanation [25].
However, at temperatures above >450 °C, all zeolites exhibited reduced
methane selectivity due to CO formation from methane steam reforming
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(MSR) or reverse water gas shift reaction (RWGS) (Equations (3) and
(4)):
Methane steam reforming (SMR)

CHy(g) + H20() = COcq) + 3Ha(g) (AH$9g = 205,9 kJ/mol) 3)
Reverse water gas shift reaction (RWGS)
COg(g) + Hg(g) = CO(g) + 2H20(g) (AH398 = 41 kJ/mol) 4

In high-temperature heterogeneous catalytic processes, catalysts
often undergo deactivation due to metal sintering and coke deposition
[41]. A stability test was performed on the zeolite Y and zeolite ZSM-5
catalysts for 30 hours at 400 °C. Fig. 10 shows COy conversion and
methane selectivity at 400 °C for 30 hours. The initial conversion was
determined at 36.6 % for zeolite Y, and 34.10 % for zeolite ZSM-5.
Interestingly, the selectivity of all catalysts in producing methane
remained constant for 30 h, with only a slight decrease of 6-10 %. The
CHy4 selectivity remained consistent, staying close to 95 % throughout
the reaction. After 26 hours, the efficiency and durability of zeolite Y as
a microporous material experienced contineous reduction in CO, con-
version to reach 4 % at 26h. ZSM-5 zeolite, with mesoporous properties,
also exhibited reduced conversion to 3 % at 30 hours. During a long
catalytic reaction, a slow decline in catalytic performance may have
resulted from structural alterations, poisoning, overheating, or the
accumulation of foreign substances, such as coke [42]. The coke for-
mation, C(;) is due to the following reaction (Equations (5)—(8)):

Boudouard reaction:

2 CO(g) « C(s) + COx(g) AHaog x = —172,4 kJ/mol (5)
Methane cracking:

CH4(g) < C(s) + 2Hy(g) AHgog k = 74,6 kJ/mol (6)
CO5 reduction:

CO4(g)+2Ha(g)C(s)+2H,0(g) AHgogx = —90,1 kJ/mol ! %)
CO reduction:

CO(g) + Ha(g)<C(s) + HaO(g) AHaggx = —131.3 kJ/mol ! ®

The stability of the catalyst was verified using X-ray diffraction
(XRD) analysis of the spent catalyst, as shown in Fig. 11. Zeolite Y ex-
hibits a decline in peak intensity, indicating the disintegration of the
crystalline into amorphous structures after long CO, methanation.
However, the spent zeolite Y still showed the specific angles: 20 =
~6.15; 10.05; 11.79; 15.53; 18.52; 23.46; 26.82; 31.13° [29]. There is
no significant alteration in the zeolite ZSM-5 framework after 30h re-
action, suggesting that ZSM-5 possesses good thermal stability. The
spent ZSM-5 peaks were observed at 20 = 7.8; 8.7; 23.0; 23.8; and 24.0°
[30]. The good stability of zeolite has also been reported by Bahraminia
et al. [48] that the peaks associated with the LTA phase remain
detectable in the used catalyst, suggesting that the zeolite maintains its
stability under operational conditions.

4. Conclusions

Zeolite Y, BEA, ZSM-5, and A from Indonesian kaolin were synthe-
sized using the hydrothermal method and investigated as catalysts for
CO, methanation. The textural properties, acidity, type of pore, and
basicity of zeolites were determined to understand the effect of CO»
methanation. The surface area of zeolite Y, BEA, ZSM-5, and A are 415,
312, 487, and 16 cmz/g, respectively. The CO, methanation results
exhibited good catalytic performance of zeolite Y, BEA, ZSM-5, and A
without the addition of metal co-catalysts, reaching 36.64 %, 23.86 %,
29.85 %, and 12.15 % conversion, respectively, at 400 °C with 100 %
CHy4 selectivity. The highest CO2 methanation activity of zeolite Y was
due to the presence of moderate basicity at 1.02 mmol/g compared to
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BEA, ZSM-5, and A at 0.35 mmol/g, 0.14 mmol/g, and 0.24 mmol/g,
respectively. COz methanation is predominantly activated by the basic
sites rather than the acid sites. The electron donations from basic oxygen
initiate the formation of bidentate carbonate intermediates. However,
the stability of the catalysts depends on the pore sizes. The mesoporous
structure in ZSM-5 improves the mass transfer and prevents coke
deposition, maintaining the crystallinity up to 30h reaction.
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