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Abstract: The presence of water during downstream oil and gas production can cause
corrosion and blockages through reactions with CO, and H.S. Zeolites are effective
desiccants for moisture adsorption due to their microporous aluminosilicate framework.
In this study, zeolite A was synthesized hydrothermally by varying the Si/Al molar ratio
(0.80, 1.14, 1.80)and temperature (70, 100, 130 °C) to identify the optimal conditions for
moisture adsorption. XRD analysis revealed that the zeolite synthesized at a Si/Al ratio
of 1.14 and 130 °C achieved the highest crystallinity (97%), comparable to commercial
molecular sieve A. Surface area analysis (BET) showed that this synthesized zeolite
exhibited @ surface area of 127.48 m*/g and a pore diameter of 53 A. The adsorption
capacity test in a humidity chamber demonstrated a value of 0.188 ppmv for the
synthesized zeolite, compared to 1.101 ppmv for the commercial molecular sieve. The
lower adsorption efficiency was attributed to reduced surface area, incomplete
crystallinity, and diffusion limitations. Nevertheless, the optimized synthesis route
produced zeolite A with desirable structural and textural properties, offering a cost-
effective and environmentally friendly alternative desiccant for gas dehydration
applications in the oil and gas industry.
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INTRODUCTION

A common issue in the production of crude oil and

to be removed by a dehydration process. The
dehydration process is carried out to remove water
vapor from the gas stream at a low temperature, where

natural gas is the presence of water, which can lead to
problems in the transportation process and operations in
the downstream sector [1]. Water in the system can react
with CO; and H,S to form acids [2], causing corrosion [3].
In addition, water can form hydrates or solids that cause
blockages in transportation pipes [4]. Hence, water needs

the water will condense. This temperature is referred to
as the dew point [5]. Suitable adsorbents for adsorbing
water include glycerol and porous solids. Glycerol is
unable to absorb water levels lower than 0.1 ppmv at dew
point conditions of -80 to -100 °C required in the natural
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gas industry. Additionally, glycerol causes corrosion
when its viscosity is high [6].

Over the past four decades, various adsorbents have
been developed and tested for water vapor removal,
including silica gel, molecular sieves (3A, 4A, 5A, 13X),
anhydrous CaSO, (Drierite), and activated alumina.
Among these adsorbents, molecular sieve is the first
choice for adsorbents in the dehydration process because
it can absorb water content < 0.1 ppmv [7]. Molecular
sieves are important compounds that can be used as
desiccant materials in the gas industry. One of the
commonly used desiccant materials is zeolite, which is a
crystalline material with a porous structure in the
nanoscale range and a three-dimensional framework
composed of tetrahedral aluminosilicate, as well as
charge-balancing ions that can be exchanged on its
surface [8]. These characteristics make zeolite able to act
as a water-absorbing molecule because it has a porous
material that allows smaller molecules like water to be
absorbed in the zeolite pores [9].

Zeolites used for natural gas adsorption can be

solvothermal,
methods. <The
solvothermal method uses organic solvents, such as

synthesized  using  solvents in

hydrothermal, and ionothermal
alcohols (methanol, ethanol, amyl alcohol), ethylene
glycol, hydrocarbons, and pyridine. In contrast to the
solvothermal method, the hydrothermal method uses
water as a solvent, while the ionothermal method uses
ionic solutions. Synthesis using the solvothermal method
has many advantages. However, when organic solvents
are used in this method, they have the potential to cause
negative. environmental . impacts. Conversely, the
hydrothermal ‘method is" considered environmentally
friendly because it uses water as a solvent [10].

The performance of zeolites in water vapor
adsorption applications depends on their surface area and
hydrophilic or hydrophobic properties, which are directly
influenced by the Si/Al ratio and the presence of hydroxyl
groups [11]. Zeolites can be obtained from natural
materials or chemically synthesized in the laboratory. The
use of zeolites from natural materials is limited by the fact
that mineral deposits are often of low quality, containing

only around 15-20% zeolite, whereas deposits with high

purity have a zeolite content of 90-95%. The presence of
impurities in natural zeolites can interfere with the
formation of zeolite crystal aggregates; therefore, these
impurities must be removed through a purification
process. However, this process requires relatively high
costs [12]. Therefore, the synthesis-of zeolites in the
laboratory is a more controlled alternative and can be
adjusted to the specifications and structure required as a
molecular sieve [13].

Previous studies have successfully reported the
synthesis and performance of zeolite type 4A (Linde
Type A, LTA) and natural zeolite chabazite (CHA) as
gas-phase moisture adsorbents. That study reported the
optimum Si/Al ratios for LTA and CHA were 1.34 and
3.05, respectively and the adsorption activity test results
showed that LTA samples containing Na* exhibited a
much lower nitrogen adsorption capacity than CHA
containing Ca**. It occurs due to kinetic restrictions on
the diffusion of nitrogen molecules in LTA zeolite [14].
Moura et al. reported the successful synthesis of type 4A
(LTA) and also showed that the Si/Al ratio did not affect
crystallinity. However, the presence of large amounts of
potassium could cause the zeolite structure to become
amorphous. It provides information that the presence of
Na* has the highest water adsorption [9]. Other studies
have reported the synthesis of zeolites for water
adsorption, including the synthesis of zeolite 13X used
for water adsorption by Wynnyk et al. which employed
the hydrothermal method. The results of energy
dispersive X-ray spectroscopy (EDX) measurements
showed that the synthesized zeolite 13X particles had an
average diameter of 21.41 pm with a Si/Al ratio of 1.8
[15]. In addition to synthesizing 13X, Wynnyk et al. [16]
have successfully reported the synthesis of zeolite 4A
carried out by the hydrothermal method. This study
produced crystal micrographs of zeolite samples with a
beveled cube shape in analysis using a scanning electron
microscope (SEM).

From the synthesis perspective, the hydrothermal
method for producing zeolite A with varying Si/Al ratios
has been extensively reported in the literature. The
investigation of the effect of the Si/Al molar ratio on
zeolite

synthesis using natural and waste-based
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precursors, such as nipah leaf silica and used canned
aluminum, has been reported. Their work demonstrated
that the Si/Al ratio significantly influences the crystallinity
and phase purity of the resulting zeolite. However, most
existing studies focus on alternative silica or alumina
sources rather than optimizing hydrothermal conditions
(e.g., temperature and Si/Al ratio) specifically for zeolite
A intended for moisture adsorption applications in
natural gas systems [17]. Another study successfully
synthesized zeolite A from industrial fly ash as a green and
cost-effective adsorbent for the removal of Cd** and Pb**
in wastewater applications. Their results demonstrated
that the Si/Al ratio strongly affects zeolite crystallinity and
adsorption efficiency. However, most previous studies,
including those focused on wastewater treatment or ion
exchange applications, have not systematically optimized
both the Si/Al ratio and hydrothermal temperature for
zeolite A intended as a molecular sieve in gas-phase
moisture adsorption [18].

The investigation of the effects of synthesis
parameters on the formation of zeolite 4A crystals and
evaluated their performance for heavy-metal uptake in
water treatment applications has been reported. Their
findings confirmed that factors such as the Si/Al ratio and
alkalinity significantly influence/the morphology and
crystallinity of zeolite 4A [19]. The synthesis of zeolite as
a molecular sieve component by varying the Si/Al molar
ratio has been carried out for bauxite [20]. Other research
has also reported the use of a Si/Al molar ratio of 1 with
synthesis temperatures of 60, 80 and 100 °C [15], as well
as a Si/Al ratio of 1 at 90 °C, which was not further applied
to a humidity chamber [21]. Whereas the present work
aims to optimize the Si/Al ratio and hydrothermal
temperature to enhance zeolite A performance as a
molecular sieve desiccant for moisture adsorption in
natural gas.

In this study, zeolite synthesis was carried out by
varying the Si/Al molar ratio and hydrothermal
temperature to determine the optimal conditions for
zeolite as a molecular sieve component for water
adsorbent agents in natural gas. The variations in the
Si/Al molar ratio were 1.14, 1.80, and 0.80, and
temperatures of 70, 100, and 130 °C. The best zeolite is

expected to be applied to the water adsorption process
on natural gas samples with a humidity chamber. The
hydrothermal synthesis route employed in this study
offers significant advantages in terms of cost efficiency,
environmental sustainability, and operational simplicity.
The hydrothermal method uses water as a. solvent,
making it a greener and safer approach. This minimizes
chemical waste generation and reduces environmental
impact, aligning the process with the principles of green
chemistry. Additionally; the synthesis is conducted at a
moderate temperature (130 °C)and short crystallization
(4h), which
consumption and ' processing costs compared to

time significantly reduces energy
conventional methods that often require higher

temperatures and longer durations.

md{ EXPERIMENTALSECTION
Materials

The materials used in this study were purchased
from Merck Germany (99% purity), including: sodium
aluminate (NaAlQ,), sodium silicate (Na,SiOs), sodium
hydroxide (NaOH), and boric acid (H;BO3).

Instrumentation

The tools used in this research include glassware
commonly used in chemistry laboratories. The
instruments used include X-ray diffraction (XRD,
Empyrean), SEM (Jeol JSM-IT200), surface area
(SAA, AUTOSORB-6B),

fluorescence (XRF, Axios).

analyzer and X-ray

Procedure

Zeolite synthesis

The initial stage in synthesizing zeolite is the
preparation stage, which involves dissolving NaOH in
water, and then transferring the solution to a propylene
bottle [22]. The first bottle is filled with NaAlO, and
shaken until transparent; the second bottle is filled with
sodium metasilicate and shaken until transparent and
completely dissolved. Both mixtures are made with a
molar ratio of Si/Al of 1.14, 1.80, and 0.80. Next, the
silica solution is poured into the alumina solution
quickly until a thick gel forms. Both solutions are stirred
until homogeneous. The next stage involves crystallizing
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Table 1. Sample code

. Temperature
Ratio
70 °C 100 °C 130 °C
1.14 NaA-1.14-70 NaA-1.14-100 NaA-1.14-130
1.80 NaA-1.8-70 NaA-1.8-100 NaA-1.8-100
0.80 NaA-0.8-70 NaA-0.8-100 NaA-0.8-130

the mixture at various temperatures, namely 70, 100, and
130 °C, for 4 h (Table 1). After crystallization, the reaction
mixture is cooled to a temperature below 30 °C, filtered,
washed with water to reach a pH below 9, and dried at a
constant temperature of 110 °C until dry.

Characterization of zeolite

Zeolite crystallinity was analyzed using XRD. The
synthesized zeolite was ground and sieved to a size of 200
mesh. The sample was placed in a holder, pressed and
flattened, and measurements were taken at an angle of 20
between 5° and 50° at a voltage of 40 kV and a current of
15 mA. Intensities were generated and plotted on the y-
axis [23]. The resulting pattern was processed using
OriginPro 2024 software (64-bit) to determine the
crystallinity of the zeolite sample. The /degree of
crystallinity was calculated using the Gaussian-Lorentzian
function in Eq. (1) [24]:

A
X, =——C x100% (1)
A_+A

C
C+ a

where, X. = crystallinity (%), Ac = crystalline peak
diffraction area, A, = amorphous peak diffraction area
SEM-EDX analysis was performed to study the
surface morphology and %atomic.€omposition. Zeolite
was cleaned with isopropanol, then dried and stored in a
desiccator. The data obtained were then processed with
the Image] software. Meanwhile, in XRF analysis, 10 g of
the sample was ground into fine particles, and then a
binder mixture was added. The mixture was then
subjected to a hydraulic pressure of 10-40 T. Quantitative
component measurements were performed at a voltage of
40 kV and a current of 45 mA [25]. The SAA instrument
uses N, gas to produce data on surface area, volume, and
pore diameter [26]. The sample tube containing the filler
was closed and weighed empty. Furthermore, 0.2 g of the
sample was placed in a tube and filled with filler, then
degassed at 100 °C for 2 h and at 300 °C for 3 h. After that,

the sample tube was weighed again. The sample tube was
then attached to the analysis port and flowed through a
mixture of helium and nitrogen gas. The analysis results
were obtained in the form of an N, adsorption-
desorption curve, which can be used to determine the
surface area (m?*/g), pore volume (cc/g), and pore
diameter (A).

Zeolite Characterization using XRF follows the
ASTM D7343 method. Zeolite powder was placed in a
special aluminum mold and compressed using a press
until it was compacted. The sample was then placed in
an XRF container and analyzed at 40 kV and 45 mA
using a'quantitative analysis program. The results were
calculated as the percentage of zeolite content.

Zeolite application for moisture adsorption

The application of zeolite as a molecular sieve
component agent was conducted using a compact
humidity chamber at 30 °C and a pressure of 7 kg f/cm?
to determine its adsorption capacity. A total of 1 L of gas
was flowed ‘into the humidity chamber containing
zeolite. The test was carried out by weighing the zeolite
before and after being inserted into the chamber after 1 h
of adsorption. The adsorption capacity was calculated
using Eq. (2);
(w3 —w,)

W2

Q (%)= x100% (2)

where, Q (%) = Adsorption capacity (%), ws = final mass
(g), w2 = initial mass (g)

After calculating the adsorption capacity, the next step is
to determine the ppmv using Eq. (3).

ppmy = ( Adsorption% j( adsorbed gas volume

6
100 Jxlo (3)

total gas volume

m RESULTS AND DISCUSSION
Gel Formation Behavior of Zeolite

In this study, zeolite was made from NaAlO,,
Na,Si0;, NaOH, and H,O [27]. The zeolite synthesis in
this study was carried out with a material composition
based on Mintova's experiment, namely a Si/Al ratio of
1 at a molar composition ratio of Si/Al of 1.14; a molar
ratio of Si/Al of 1.8; and a molar ratio of Si/Al of 0.8. The
synthesis process began by reacting NaAlO,, Na,SiO;,
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and NaOH solution. NaOH plays a crucial role in the
formation of zeolite during the crystallization process, as
Na* cations are utilized to stabilize the zeolite framework
[28]. The resulting mixture was then homogenized at
room temperature to form a white gel mixture. Gel
formation indicates the interaction between aluminate
and silicate in the formation of nuclei and the growth of
zeolite crystals [29]. Based on previous research, this
mixture contains an amorphous phase [30].

Zeolite synthesis is generally carried out in alkaline
conditions because Na,SiO; and NaAlO, are completely
soluble in alkaline conditions (Eq. (4)). In zeolite
synthesis, OH ions produced from alkali salts are known
as demineralizing agents that play a role in increasing the
solubility of silica and alumina compounds, thus
producing aluminate and silicate ions. Additionally, alkali
salts serve as a source of inorganic cations [31]. During
the hydrothermal process, the amorphous gel will change
with the rearrangement of the zeolite structure so that
crystal nuclei and a regular zeolite structure with strong
bonds will be formed [17].

Na,$i05  +2NaAlo, _ hydrothermal ,

(4)
[Nax (A102 )Y (8102 )Z "NaOH- H20:|(crystal)

The resulting white gel was then washed and
demineralized to a pH of <9 to remove any remaining
NaOH. The cleaned gel was then dried at 110 °C. The
final product of this zeolite synthesis process was a white
powder.

Measurement of the Degree of Crystallinity of
Zeolites Using XRD

The diffractogram (arrangement of lines with
intensity and position 20)-of zeolite is shown in Fig. 1.
The purpose of this characterization is to determine the
optimum conditions of temperature variations (70, 100,
and 130 °C and the molarratio of Si/Al (1.14, 1.80, and
0.80). The results of the zeolite A identification were
then compared with those of ICDD and molecular sieve
A (Table 2 and Fig. 1). The results show that there are 10
major peaks in 1(a), 1(b), 1(c), 1(e), and 1(f), indicating
zeolite A with a high crystalline phase. However, in Fig.
1 (plots 1(d), 1(g), 1(h), and 1(i)), the diffraction pattern
of zeolite A is'not produced, indicating that the zeolite
in the amorphous phase has not transformed into a
crystalline phase [32]. These results were confirmed
based on previous research, which reported that zeolite
A was formed when a specific peak appeared in the 20

I \ I\ \ NaA-1.8-130 (a)
ﬂ NaA-1.14-130 (b)
jl__Jk A A_J\_,L/\u_/pj\_m,\__,qu\_,m_‘
W ﬂ n A NaA-0.8-130 (c)
MNaA—1 .8-100 (d)
3 NaA-1.14-100 (e)
'2; | . | NaA-0.8-100 (f)
)
£ MA—'] .8-70(g)
A
Mm NaA-1.14-70 (h)
M}\NaA—o.S—m (i)
A
o | A Molecular Sieve A (j)
T T T T T T T T T T T T T T T T T
5 10 15 20 25 30 35 40 45 50
20 (deg)

Fig 1. XRD diffraction of zeolite (temperature and Si/Al molar ratio optimization)
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Table 1. Diffraction angle of synthesized zeolite and molecular sieve A

Sample 20 (°) Crystallinity (%)
NaA-0.8-70 (i) 37.80, 44.00 8
NaA-1.14-70 (h) 21.57,23.96, 26.50 12
NaA-1.8-70 (g) 29.03, 37.79, 44.00 11
NaA-0.8-100 (f) 7.32,10.29, 12.58, 16.23, 21.77, 24.09, 26.20, 27.21, 30.02, 34.26 93
NaA-1.14-100 (e) 7.15,10.12, 12.41, 16.05, 21.59, 23.91, 26.04, 27.03, 29.85, 34.09 96
NaA-1.8-100 (d) 28.60 14
NaA-0.8-130 (¢) 7.24,10.21, 12.51, 16.15, 21.69, 24.01, 26.13, 27.13, 29.95, 34.18 95
NaA-1.14-130 (b) 7.27,10.24,12.52,16.17, 21.72, 24.03, 26.16, 27.16, 29.98, 34.21 97
NaA-1.8-130 (a) 7.35,10.31, 12.58, 16.25, 21.80, 24.13, 26.27, 27.26, 30.23, 34.46 40
Molecular sieve A (j) 7.16, 10.12, 12.41, 16.05, 21.58, 23.90, 26.02, 27.02, 29.83; 34.05 100

diffractogram between 7° and 16°, namely at 7.20°, 10.19°,
12.49°, and 16.14° [33]. In addition, the success of the
synthesis was also seen by comparing the data obtained
with standard data, namely International Center for
Diffraction Data (ICDD). Based on ICDD No. 00-038-
0241, zeolite A, which was successfully synthesized, was
found in samples with temperatures of 100 and 130 °C,
and at Si/Al molar ratios of 0.80; 1.14; and 1.80 (Fig«1(a),
1(b), 1(c), 1(e), and 1(f)). These results are also in
accordance with previous research, which reported the
results of XRD analysis for zeolite A at 20, namely 7.2°,
10.1°, 12.4°, 16.2°, 21.6°, 24.0°, 26.0% 27.0°, 30.0°, 34.0°,
showing an XRD pattern with a‘high crystalline phase
[18].

Fig. 1(i) shows a zeolite synthesized using a Si/Al
molar ratio of 0.8 at a-temperature of 70 °C, exhibiting
peaks at 20 angles of 37.80° and 44.00°, as listed in Table
2. When compared with the reference zeolite molecular
sieve A, the zeolite synthesized 1i is not zeolite A. Fig. 1(f)
is a zeolite synthesized with a Si/Al molar ratio of 0.8,
showing peaks at 20: 7.32°,10.29°, 12.58°, 16.23°, 21.77°,
24.09°,26.20°, 27.21°, 30.02°, 34.26°. The diffraction angle
of sample f gives a diffraction pattern of zeolite molecular
sieve A, so it can be concluded that zeolite 1(f) is zeolite
A.In the same way, the synthesized zeolites listed in Table
2 can be classified as zeolite 1(d), 1(g), 1(h), and 1(i),
which are not zeolite A. It shows that the synthesis of
zeolite A was successfully carried out at temperatures
above 90 °C with all Si/Al molar ratios of 0.80, 1.14, and
1.80. Previous studies confirmed the XRD results of
zeolite A in this study, showing that zeolite synthesized at

temperatures above 90 °C can produce zeolite [34]. The
results of XRD analysis can. also be used to calculate
crystallinity, allowing for the best variation of the
synthesized zeolite to be seen in Table 2.

Zeolite crystallinity is shown in Table 2. The
highest crystallinity is shown by the Si/Al ratio of 1.14
and a temperature of 130 °C, and is close to molecular
sieve ~A. The results show that an increase in
hydrothermal temperature can affect crystallinity. It is
because the growth rate and nucleation rate increase
[35]. The zeolite formed is influenced by the reaction
temperature, so that a low crystallization temperature
results in a percentage of crystallinity [34]. It has been
previously studied and reported that increasing the
synthesis ~temperature parameter will increase
crystallinity. Meanwhile, increasing the reactant ratio

will reduce crystallinity [33-34].

Analysis of The Morphology of Zeolite Using SEM-
EDX

Based on the SEM micrographs in Fig. 2, the
synthesized zeolite exhibits a distinct cube-shaped
morphology, which is a characteristic feature of zeolite
A (LTA-type) crystals. The observation of three different
cube forms confirms that the product belongs to the
zeolite A structural family, as this morphology is
consistent with previously reported standard shapes of
zeolite A crystals [19]. In Fig. 2(d) and 2(g), the zeolite
particles appear as cubes with rounded edges, while in
Fig. 2(e) and 2(h), the crystals show truncated or cut
edges, and in Fig. 2(i), the cubes possess well-defined
sharp edges.
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Fig 2. The surface morphology of synthesized zeolite with Si/Al (a) ratio 0.8 temperature 70 °C, (b) ratio 1.14
temperature 70 °C, (c) ratio 1.8 temperature 70 °C, (d) ratio 0.8 temperature 100 °C, (e) ratio 1.14 temperature 100 °C,
(f) ratio 1.8 temperature 100 °C, (g) ratio 0.8 temperature 130 °C, (h) ratio 1.14 temperature 130 °C, (i) ratio 1.8

temperature 130 °C

These variations in edge sharpness indicate
differences in crystal growth conditions, particularly
related to alkalinity and supersaturation during synthesis.
The formation of rounded-edged crystals (Fig. 2(d) and
2(g)) can be attributed to conditions of high alkalinity and
high supersaturation, which promote rapid nucleation
and hinder the development of well-defined crystal facets
[36]. Under such conditions, the concentration of
aluminum species in the reaction mixture is relatively
high, leading to the formation of numerous nuclei in a
short time. As synthesis progresses, these nuclei continue
to grow while consuming the available aluminum in the
gel. Consequently, the aluminum content becomes
depleted, leading to irregular crystal growth and the

appearance of rounded or distorted edges.

when  the
supersaturation are moderate, the rate of nucleation is

In contrast, alkalinity  and
balanced with the growth rate, allowing crystals to
develop more uniform and faceted shapes. This results
in cubes with truncated or cut edges (Fig. 2(e) and 2(h)).
Under more controlled growth conditions, where
nucleation is less dominant, and crystal growth is
gradual, sharp-edged cubic crystals (Fig. 2(i)) are
obtained. These sharp, well-defined morphologies
indicate a stable growth environment where silicate and
aluminate species are available in optimal proportions
for zeolite A formation.

The SEM morphological observations are
consistent with the XRD analysis, which confirmed that
the samples possess a high degree of crystallinity. The
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presence of well-defined cubic crystals with varying edge
sharpness is shown in Fig. 2(d), 2(e), 2(g), 2(h), and 2(i)
further support that the synthesized material is crystalline
zeolite A. The morphological differences among these
samples reflect the influence of synthesis parameters—
particularly alkalinity, pH, and the Si/Al ratio—on crystal
growth behavior and surface development. On the other
hand, Fig. 2(a), 2(b), 2(c), and 2(f) have irregular shapes,
indicating that the particles are still amorphous. It can be
concluded that zeolite synthesis is influenced by
crystallization temperature; higher temperatures result in
crystals with faster growth rates. The results obtained are
that zeolites with synthesis temperatures above 100 °C can
form zeolites in a synthesis time of 4 h in accordance with
previous studies [25].

Table 3 shows that the synthesized zeolite consists of
the main components, namely Na, Al, Si, and O. At the
same temperature, increasing the initial Si/Al ratio at the
beginning of the synthesis results in an increasing Si/Al
ratio in the final sample. Increasing the Si/Al ratio in the
initial synthesis material makes silica dissolution more
optimal, resulting in an increased silica concentration in
the solution. Silica that continues to increase will cause
the phenomenon where silica is unable to-enter the zeolite
structure, resulting in precipitation as an amorphous
phase, which leads to a decrease in the crystallinity of the
synthesized product [37]. It can be seen in Fig. 2(i) that the
highest Si/Al ratio, namely 1.8; still contains amorphous
material attached to the zeolite cube.

At the same ratio with different synthesis
temperatures, it ' provides different Si/Al ratio
30
NaA-0.8-100
254
20
£
3 15
()
104
)
0 : . . . . . .
0.2 04 06 0.8 1.0 1.2 1.4 1.6 18 20

Particle size (um)
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information, namely, there is a decrease in the Si/Al ratio
from 70 to 100 °C for all ratios, namely, 0.80; 1.14; and
1.80. However, there is an increase.in the Si/Al ratio
again at 130 °C, but only at the Si/Al ratio of 1.14, which
does not experience a change in the ratio when the
temperature increases to 130 °C. This indicates that
100 °C is the optimum temperature for the synthesis of
zeolite A because this decrease in the Si/Al ratio
indicates that silica or alumina enters the zeolite
structure. It is in line with previous research [38]. The
results show that thelargest Al mass percentage is in the
sample with a Si/Al ratio of 0.8, as indicated by its SEM
morphology, resulting in cubic crystals with rounded
edges. Fig. 3 shows the particle sizedistribution of zeolite
A synthesized using Si/Al ratios of 0.80, 1.14, and 1.80 at
temperatures of 100 and 130 °C The particle size ranges
from 0.5 to 8.0 um. This result is supported by previous
research, reporting the zeolite’s particle size distribution
in the range of 2 to 50 pm [35-36].

Table 3. EDX analysis of zeolite

S 1 Atomic %

ampile

P 0 Na Al Si
NaA—0.8-70 (a) 6480 1241 1144 1135
NaA-1.14-70 (b) 6594 1118 1096 11.92
NaA-1.8-70 (¢c) 64.81 11.07 10.94 13.18
NaA-0.8-100 (d) 6488 1226 1203 10.84
NaA-1.14-100 (e) 6203 1308 1255 1235
NaA-1.8-100 () 7047 1043 889 1020
NaA—-0.8-130 (g) 6077 1275 1362  12.86
NaA-1.14-130 (h)  62.58 12.84 1241 1217
NaA-1.8-130 (i) 6125 1189 1218 1468
354 NaA-1.14-100

30

25

20

154

104

. N

. B O O ) B

0.0 15 3.0 45 6.0 75

Particle size (um)
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Fig 3. Particle size distribution of zeolite A synthesized using Si/Al ratios of 0.80, 1.14, and 1.80 at temperatures of 100

and 130 °C

Table 4. Surface area, pore diameter, and pore volume of synthesized zeolite A

Sample code

Surface area (m*/g)

Pore volume (cc/g) Pore diameter (A)

NaA-0.8-70 48.820
NaA-1.14-70 80.350
NaA-1.8-70 70.930
NaA-0.8-100 8.560
NaA-1.14-100 2.720
NaA-1.8-100 68.830
NaA-0.8-130 4.120
NaA-1.14-130 127.480
NaA-1.8-130 42.200
Molecular sieve A [40] 288.210

0.070 63
0.100 90
0.150 85
0.010 74
0.003 44
0.130 77
0.007 72
0.170 53
0.040 41
0.170 17

Analysis of Surface Area, Pore Diameter, and Pore
Volume of Zeolite

The surface area, pore diameter, and pore volume of
the synthesized zeolites were characterized using a surface
area analyzer (SAA) instrument based on the BET method
(Table 4). The data indicate that at a synthesis
temperature of 70 °C, increasing the Si/Al molar ratio
results in a progressive increase in surface area. This trend

suggests that a higher Si/Al ratio promotes the formation
of a more open zeolite framework, characterized by a
larger number of accessible micropores and active
adsorption sites. The substitution of AI’** with Si*
thereby
decreasing the concentration of charge-balancing

reduces the framework charge density,
cations (Na*) in the pores and increasing pore

accessibility.
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Conversely, synthesis temperature exerts a
significant influence on the resulting surface area. For
instance, at a Si/Al ratio of 0.8, the surface area decreases
markedly from 48.82 m*/g at 70 °C to 8.56 m?/g at 100 °C
and further to 4.12 m*/g at 130 °C. A similar declining
trend is observed for other Si/Al ratios, indicating that
excessive hydrothermal temperatures may cause partial
collapse or sintering of the zeolite framework, thereby
reducing the number of open pores available for
adsorption. This behavior aligns with previous findings
[39], which reported that elevated synthesis temperatures
can accelerate nucleation and crystal growth, but may also
lead to pore coalescence and a reduction in specific
surface area.

Generally, a larger surface area corresponds to a
greater adsorption capacity because more adsorption sites
are available for molecular interaction. Among the
synthesized samples, the zeolite coded NaA-1.14-130
exhibits the highest surface area (127.48 m?/g), suggesting
that under these

crystallinity and structural stability is achieved. This

conditions, a balance between
optimized synthesis condition therefore yields a zeolite
with enhanced textural properties suitable for moisture
adsorption applications.

Meanwhile, the pore size of the synthesized zeolite is
indicated by the smaller pore diameter when the Si/Al
ratio is higher. It is likely due to the greater strength of the
silica bond, resulting in areduced space in the crystal. The
small pore size of the NaA zeolite allows the separation of
small molecules based on their size differences, so that
molecules such as H,O (0.27 nm) are expected to be
separated by the zeolite [41]. It occurs because the kinetics
of N, adsorption. on the NaA zeolite are too slow to reach
equilibrium at the 77 K Isotherm point, so there is no
regular isotherm. It occurs because the kinetic diameter of
the nitrogen molecule (3.64 A) is comparable to the
effective channel diameter of NaA (around 4 A), so that
the nitrogen channel into NaA is closed [42].

The BJH-derived pore diameters reported in Table 4
were obtained from N, adsorption-desorption at 77 K.
For NaA (LTA), N, diffusion into the framework
apertures at 77 K is kinetically hindered because the
kinetic diameter of N, (=3.64 A) is comparable to the LTA

aperture (=4.1 A). Consequently, BJH analysis returns
apparent mesopore/interparticle diameters (40-100 A)
that reflect inter-crystalline voids or external porosity
rather than the intrinsic micropore channels of the LTA
framework. To quantify true microporosity, it is
recommended to use CO, physisorption at 273 K (with
Dubinin-Radushkevich/density
(DR/DFT analysis) for future work.
From the discussion above, the correlation between

functional * theory

the Si/Al ratio, crystallinity, and adsorption performance
of the synthesized zeolite A reveals an interdependent
relationship governed by both framework composition
and microstructural order. As shown in Table 2 and
Table 4, an optimal Si/Al ratio of 1:14 yielded the highest
crystallinity (97.00%) and a significantly larger surface
area(127.48 m*/g) compared to other ratios. This trend
that a  balanced
composition promotes the formation of a well-ordered

suggests silicon-to-aluminum
zeolite framework, enhancing micropore connectivity
and the availability of adsorption sites.

A lower Si/Al ratio (0.8) introduces an excess of
aluminum, which increases the number of framework
negative charges balanced by Na* cations. This
condition favors nucleation but can lead to incomplete
crystallization and the formation of amorphous phases,
as observed in SEM images (characterized by a rounded
cube morphology). The partial amorphicity reduces
effective surface area and pore accessibility, thereby
limiting adsorption performance. Conversely, a higher
Si/Al ratio (1.8) increases the proportion of silica, which
strengthens Si-O-Si bonds and reduces framework
charge density. Although this makes the structure more
hydrophobic and thermally stable, excessive silica leads
to the formation of dense, less-porous regions that
hinder water diffusion into the zeolite pores. The highest
crystallinity and surface area were obtained at Si/Al =
1.14 and 130 °C, confirming that crystallinity enhances
structural regularity and the number of accessible pores
for moisture uptake. Therefore, the synergistic effect of

Si/Al
promotes

a moderate ratio and optimal
both the

functional properties required for efficient water

synthesis

temperature structural and

adsorption in zeolite A.
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The Analysis of Zeolite Mass%

The XRF analysis was conducted to determine the
mass percentage composition at various temperatures
and Si/Al ratios, as shown in Table 5. From the table, the
main composition consists of the elements Na, Al, and Si,
with a small component of Ca. The components in each
sample indicate the presence of elements that contribute
to the formation of the zeolite structure. It demonstrates
that the
characteristics of zeolite A, as established in research [43].

synthesized zeolite conforms to the

Moisture Adsorption Application Using a Humidity
Chamber

Zeolites with optimum conditions based on
different Si/Al ratios and temperatures were used for H,O
vapor adsorption applications. Table 6 shows the
adsorption capacity of zeolite and molecular sieve in
seconds. The adsorption capacity is expressed in parts per
million by volume (ppmv) to determine the water content
absorbed in the chamber. The average adsorption
capacity of zeolite at 5 min was 0.188 ppmv, while that of
molecular sieve was 1.101 ppmv. However, the'adsorption
measurement was only conducted up to 10 min, as the gas
in the humidity chamber was already fully depleted
beyond this point. Therefore, additional time points could
not be recorded, and the available data were insufficient
to construct a reliable kinetic or breakthrough curve. The
synthesized zeolite demonstrates a . lower  moisture
adsorption capacity than the commercial molecular sieve.
The limited diffusion of water molecules through
narrower pores and the reduced number of active
adsorption sites on the surface likely restrict the overall
uptake efficiency:.

The drastic decrease in adsorption capacity
observed at the 10" min can be attributed to competitive
desorption and re-equilibration of water molecules within
the zeolite micropores. During the initial adsorption
phase (first 5 min), the zeolite’s surface and accessible
micropores rapidly adsorb H,O molecules due to the
strong electrostatic interaction between the water dipoles
and the Na' cations located in the zeolite framework.
However, as adsorption sites become saturated, a dynamic
equilibrium begins to form between adsorbed and gas-

At this localized

temperature increases may occur inside the pores due to

phase water molecules. stage,
the exothermic nature of adsorption. The release of heat
slightly elevates the zeolite’s surface temperature, which
can induce thermal desorption of weakly bound water
molecules from less energetically favorable sites (e.g.,
external surfaces and pore entrances). Moreover,
capillary condensation and subsequent pressure
fluctuations in the humidity chamber may alter the
partial pressure of water vapor, temporarily shifting the
equilibrium toward desorption: Another possible factor
is restricted diffusion within narrow pores (=53 A),
where molecular back-diffusion becomes significant once
the adsorption front stabilizes. This limitation slows the

penetration of new water molecules into the inner pores,

Table 5. Mass percentage of zeolite

Mass (%)
Sample -
Na,O AlLO; SiO, CaO

NaA-0.80-70 32.1900 35.8400 31.7700 0.1610
NaA-1.14-70 32.0300 34.3700 33.3600 0.0227
NaA-1.80-70 31.7400 33.7100 34.2800 0.0171
NaA-0.80-100 65.7100 20.5400 13.4400 0.0339
NaA-1.14-100 35.3600 34.6100 29.8300 0.0148
NaA-1.80-100 31.0400 34.8400 33.8200 0.0187
NaA-0.80-130 66.0300 19.1100 14.4700 0.0381
NaA-1.14-130 54.4700 25.0100 20.2700 0.0274
NaA-1.80-130 34.8100 32.7200 32.2500 0.0181
Molecular sieve ref.  16.2300 40.6500 34.1400 7.7700

Table 6. The application of zeolite as a humidity
absorber in a humidity chamber

5% min
Sample code Al A2 MAl1 MA2
Initial mass (g) 1.050 1.045 1.277 1.277
Final mass (g) 1.063 1.060 1.314 1.315
Adsorption capacity (%) 1.238 1.435 2.897 2.976
ppmv 0.161 0.215 1.072 1.131
10" min
Sample code Al A2 MAl MA2
Initial mass (g) 1.063 1.060 1.314 1.315
Final mass (g) 1.064 1.061 1316 1.316
Adsorption capacity (%) 0.094 0.094 0.152 0.076
ppmv 0.000 0.000 0.000 0.000

Note: Al, A2 = Zeolite sample 1 and 2; MA1, MA2 = molecular
sieve 1 and 2
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while surface-bound water desorbs more readily, causing
a net reduction in measurable adsorption capacity.
Similar desorption-adsorption equilibria have been
reported for zeolite 4A and 13X under cyclic moisture-
loading conditions [14-15].

Although the synthesized zeolite A demonstrated a
lower adsorption capacity (0.188 ppmv) than the
commercial molecular sieve (1.101 ppmv), several factors
can explain this performance gap. First, the specific
surface area of the synthesized zeolite (127.48 m?/g) is less
than half that of the commercial molecular sieve
(288.21 m*/g), indicating fewer available adsorption sites.
This reduced surface area may result from partial
framework collapse or incomplete development of
micropores during the hydrothermal synthesis stage,
particularly at higher temperatures that can promote
sintering. Second, while the synthesized zeolite exhibited
high crystallinity (97%), minor amorphous phases
SEM
crystallization, which can block or narrow pore channels,

observed in images suggest incomplete
restricting gas diffusion. Third, particle size also plays a
crucial role. SEM micrographs revealed particle sizes
ranging from 0.5 to 8.0 um, whereas commercial
molecular sieves typically exhibit smaller, more uniform
crystals that enhance diffusion Kkinetics and surface
accessibility. Larger or irregular particles din the
synthesized sample may hinder the rapid penetration of
H,O molecules into internal pores. Finally, diffusion
limitations associated ~with smaller effective pore
diameters (=53 A for the synthesized zeolite versus
~170 A for the commercial molecular sieve) can further
reduce adsorption efficiency. The narrower pores impede
the transport of water molecules, particularly under high
these

factors—limited surface area, partial amorphicity, larger

humidity or pressure conditions. Together,
particle size, and restricted pore diffusion—contribute to

the observed lower adsorption capacity. Future

optimization of synthesis parameters, such as
hydrothermal duration, pH control, and post-synthesis
activation, could help overcome these limitations and
narrow the performance gap. Future work will focus on
extended adsorption studies, including isotherm and

regeneration analysis, using a continuous flow system.

m CONCLUSION

This
intended for application as a moisture absorber in the

study successfully synthesized zeolite
downstream oil production process. The zeolite was
prepared using the hydrothermal method with a Si/Al
ratio of 1.14 at 130 °C. The results'confirmed that the
synthesized material corresponds to zeolite A (LTA-
type), composed primarily of Na, Al, Si, and O, with a
crystallinity of approximately 97%, as indicated by the
XRD pattern and supported by the XRF elemental
composition. The SAA revealed that the synthesized
zeolite possesses a specific surface area of 127.48 m?/g, a
pore volume of 0.17 cm’/g, and an average pore
diameterof 53 A. When compared with a commercial
molecular sieve, which exhibits a higher surface area of
288.2 m’/g, a similar pore volume, and a larger average
pore diameter of 170 A, it becomes evident that the
synthesized zeolite has a more compact structure with
smaller pores and fewer accessible adsorption sites.
Therefore, further studies are needed to optimize the
hydrothermal duration, pH control, and post-synthesis
activation.
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