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ABSTRACT

This study used a factorial design to examine how temperature and acid treatment duration affect the
properties of Na-X zeolite. Statistical analysis showed that the difference of temperature influenced the
silicon-to-aluminum ratio significantly, as measured by X-ray fluorescence. On the other hand, longer
treatment, significantly affected the textural and crystallographic properties as evidenced by surface area
analysis and X-Ray Diffraction (XRD). Kinetic analysis revealed selective aluminum dissolution and
sodium replacement with hydrogen, resulting in irreversible structural modifications. Changes in the
silica-to-alumina ratio and sodium content were analyzed using a first-order Langmuir kinetic model at
different temperatures, whereas enthalpy, entropy, activation energy, and frequency factor of adsorption
were determined using the Van't Hoff and Arrhenius equations, with the first two having activation
energies of 43,661.8 and 35,774.3 J/mol, respectively. The surface area and pore volume increased to 446.56
m3/g and 446.56 cm?/g, respectively, after 3 h at 75°C. XRD revealed minor distortions at the highest
temperature and during extended treatment, resulting in slight alterations to particle size and crystallinity,
highlighting the importance of optimizing acid treatment parameters to enhance zeolite properties while
preserving structural integrity.
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I.  INTRODUCTION

remediation [1]. Zeolites are widely used in chemical reactions,

All standard zeolites are aluminosilicate minerals with a
three-dimensional, microporous crystalline structure. They
feature a unique combination of physical and chemical
properties that make them wuseful in various industrial
applications, agriculture, medicine, and environmental

such as petroleum catalytic cracking, oligomerization, and fine
chemistry, because of their activity and shape selectivity [2].
Zeolite activity is usually determined by the positions of
Brgnsted acid sites and metal phases that precipitate onto their
structure [3]. The Brgnsted acid sites are formed around
aluminum atoms (Al) in H*- form zeolites, which are
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recognized as the source of zeolite catalytic activity [4]. A
zeolite's catalytic and acidic properties are significantly
influenced by its silica (Si) content and the Si/Al ratio.
Additionally, improving the active sites within zeolite
frameworks and modifying the acidity of siliceous or
aluminous members of the substitutional series is possible
through dealumination (for aluminous members) or desilication
(for siliceous members) [5]. Efficient industrial applications
require optimizing the Si/Al ratio because the amount of
aluminum (Al) in the zeolite framework influences its
properties, such as hydrophobicity and acidity. These
properties affect catalytic behavior and hydrothermal
endurance [6, 7]. Additionally, zeolites with low Si/Al ratios
are susceptible to degradation through the elimination of Al
species from the framework [8]. However, their application
may not always be conducive to high Si/Al ratios, as in the
selective catalytic reduction of NOx with NHs. While a higher
Si/Al ratio generally improves hydrothermal stability, it
decreases the number of ion-exchange sites, including paired
Al atoms that serve as sites for exchanging divalent cations,
such as Cu?* or Fe?" [9]. Na-X zeolites, which are synthetic
zeolites, have been investigated and employed in industrial
chemical processes as ion exchangers, sorbents, and catalysts
[10, 11]. Zeolites are widely used due to their ion
exchangeability, shape selectivity, solid acid sites, and sizable
void volume, comprising approximately 50% of the framework
structure [12]. Na-X zeolites have a Faujasite (FAU)
framework  structure  composed of a cage of
Nasgs[AlO286SiO106]. In (FAU)-type zeolites, 12-membered ring
pore openings and the three-dimensional channel system arise
from SiOs and AlOs tetrahedra that are linked by bridging
oxygen atoms. These form supercages that host extra-
framework cations and water molecules [13]. Acid treatment of
Na-X zeolite, by removing aluminum (Al) atoms from its
crystal structure (dealumination), can improve its catalytic
properties and stability [14]. Various methods can be used,
including treatment with citric acid (CsHsO-) and ammonium
fluoride (NH4F) [15], steam treatment [16], and silicon removal
followed by dealumination [17]. These methods are widely
utilized to increase the Si/Al ratio in different zeolites. Acid
treatment is one of the most common methods, because it
improves the Si/Al ratio, increases porosity, and enhances
thermal and chemical stability, enhancing catalytic and
selective properties in reactions such as catalytic cracking.
However, excessive treatment may result in dissolution of
structural alumina or the formation of amorphous silicon,
which can affect the zeolite's overall performance [5, 18]. The
acid treatment of zeolite involves three main steps: First,
zeolite with a high Na* content is exposed to an acidic solution
in an ion exchange process. During this step, H* ions replaced
the Na* ions in a cation exchange reaction. This transformation
to H-zeolite enhances reactivity toward acid attack [19].
Second, Al was leached in an acidic environment, dissolving
the tetrahedrally coordinated aluminum (Al3") ions from the
zeolite framework and breaking the AI-O-Si bonds. Finally,
extra-framework Al species are formed. A number of the
leached A3 ions do not fully dissolve in the solution, but
instead precipitate within the zeolite structure, either in the
pores or on the surface, acting as Lewis’s acid sources,
contributing to the zeolite's overall acidity and -catalytic

properties. Thus, selectively removing Al increases the Si/Al
ratio, modifies acidity, and improves thermal stability and
catalytic performance [14]. Compared to intense acid leaching,
treatment with citric acid preserves crystallinity better and
allows for more controlled aluminum removal, modifying
zeolites for use in catalysis, adsorption, and separation
processes [20-22]. The zeolite was successfully modified by
treating it with 0.1 N citric acid at 75 °C for 3 h to increase
surface acidity and pore accessibility [23]. This research
examines the acidic treatment process for Na-X zeolites using
citric acid, analyzing how operating conditions affect chemical,
textural, and crystalline properties. The study aims to
investigate the impact of temperature and acid treatment time
on zeolite-type Na-X properties. The results of the experiments
and statistical analyses revealed the influence of operating
conditions on zeolite properties. These properties include the
Si/Al ratio and sodium content. Their kinetics were examined
to observe how they change under acid treatment conditions.
The treated Na-X zeolite was analyzed for textural properties,
such as surface area and pore volume, and for characteristics
such as crystal size and crystallinity.

II. EXPERIMENTAL METHOD

A. Experimental Design

Batch experiments based on a 3? fractional factorial design
were conducted to examine the influence of citric acid
treatment on the following properties:

e Chemical properties: Si/Al ratio and Na content

e Textural properties: Brunauer—-Emmett-Teller (BET)

surface area and pore volume
e Crystal properties: crystal size and crystallinity.

Table I shows the nine experiments and the two studied
variables (temperature and time) at three selected levels. After
conducting the optimization batch experiments, a regression
analysis was performed to determine the statistical parameters
of the study with 90% confidence intervals. Regression
analysis was employed to determine the relationship between
the independent variables and the response, in order to identify
the optimal experimental settings.

TABLE L GENERAL FACTORIAL DESIGN FOR 2 FACTORS
WITH 3 LEVELS
Run 1 2 3 4 5 6 7 8 9

Time (h) 1 1 1 2 2 2 3 3 3
Temp. (°C) | 25 | 50 | 75 | 25 | 50 | 75 | 25 | 50 | 75

B. Experimental Procedure

The Na-X zeolite was prepared using the same materials
and procedure without any modifications [23], treating 10 g of
the Na-X zeolite, with a 150 mL solution of 0.2 M citric acid.
The effects of the reaction time of the acid treatment (1 h, 2 h,
and 3 h) and the temperature of the acid treatment (25 °C, 50
°C, and 75 °C) were studied. The temperature of the acid
treatment was measured with an ASTM 15F mercury-filled
glass thermometer (-1 °C-82 °C). The final product was then
extracted by vacuum filtration. It was washed three times with
deionized water to remove the Al complexes formed and dried
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in an electric oven at 85 °C overnight. Then, the solid catalyst
was calcined at 550 °C for 3 h and left to cool in a desiccator
filled with silica gel until it reached ambient temperature.

C. Characterization Methods

Various characterization methods were used to analyze the
prepared and modified Na-X zeolite samples. X-ray
fluorescence spectrometry was employed to measure the
composition of the original and treated samples of Na-X
zeolite. BET measurements were performed using a Q-surf
series analyzer (Italy) at the Ministry of Oil's Oil Development
and Research Center to determine the samples' surface area and
pore volume. XRD analysis was conducted using a D2
PHASER/Bruker instrument (Qermany) with CuKa radiation
and a nickel filter (A = 1.5406 A) to examine the crystal pattern
of the prepared and modified Na-X zeolite in the 26 range of 3-
60°. XRD analysis was conducted at the Research Center for
Materials at the Ministry of Science and Technology in Iraq.
Crystal size and crystallinity were calculated for all samples
using the Scherrer equation [24]:

0.951
- B cos(0) (1)
Crystallinity, 0% = Area under the crystalline peaks % 100 (2)

Area under all peaks

where D is the crystallite size in A, k is thfg dimensionless
crystallite shape factor (0.95), 4 is 1.54056 A, and f is the
diffraction line broadening measured at a half maximum
intensity in radians.

II. RESULTS AND DISCUSSION

A. Regression and Statistical Analyses

A full factorial design was constructed and the main and
interactive effects were analyzed. This analysis included the
Si/Al ratio, BET surface area, pore volume, crystal size, and
crystallinity. The design yielded nine experiments with all
possible combinations of the two factors (time and
temperature). The studied factors, along with the reported
responses, were measured three times, and the average values
are presented in Table II.

TABLE IL EXPERIMENTAL DATA AND MEASUREMENT
RESULTS OF ACID TREATMENT
Ru | Time | Temp. |Si/A| Na | BET, | Pore vol. | Crystal | Crystallinity
n| ()| (°C) 1 (%) (m¥g)| (cm¥g) | size (A) (%)
1 1 25 1.75/7.92| 440.09 | 0.2622 5.9441 85.06
2 1 50 [1.91/7.32|441.68 | 0.2634 5.9415 82.72
3 1 75 12.13|6.05]442.75| 0.2641 | 5.9402 81.85
4 2 25 |1.81/7.61|442.85| 0.2627 5.9419 83.6
5| 2 50 2.21]6.53]|443.72 | 0.2645 | 5.9395 81.71
6| 2 75 3.38/4.48|444.07| 0.2673 | 5.9367 78.35
71 3 25 1.97|7.35|444.25| 0.2656 | 5.9355 80.33
8 3 50 3.38/5.79| 445.37 | 0.2732 5.9287 77.21
91 3 75 4.83|3.31|446.56| 0.2773 | 5.9244 75.69
Original Na-X 1 716 53| 43700 | 02616 | 59468 |  88.03
zeolite

A polynomial equation was adopted to describe the studied
response surfaces mathematically, assuming a combination
effect of factors as:

Y =a,+a(t) +ay(T) +as(t X T) + as(t?) + as(T?) (3)

where T is the temperature in °C and ¢ is the treatment time in
hours. Statistical calculations and regression analysis were used
to fit the response function with experimental data. After
neglecting coefficients with P-values greater than 0.1, the
Fitted Mathematical Expressions (FMEs) with the highest
correlation coefficients (R?) and lowest possible Root Mean
Square Error (RMSE) were selected. These values were
incorporated into the final regression equation, which included
all the coefficients shown in Table III. The statistical analysis
showed that temperature was the most influential factor in
altering the chemical properties (Si/Al and Na content) of acid-
treated Na-X zeolite, which is consistent with previous kinetic
and structural studies on zeolite dealumination [25]. In
comparison, time had the most significant effect on changes in
the texture and crystallinity of the treated Na-X zeolite.

TABLE IIL. FMES' REGRESSION RESULTS FOR THE
STUDIED CHEMICAL, TEXTURAL, AND CRYSTAL
PROPERTIES
Na Pore -
Parameter | Si/Al | content (EllE/T vol. C‘rysfill Cryst;llmlty
(%) g) (cm3/g) size (A) (%)
a, 2.010 | 7.2970 [437.532]| 0.2710| 5.9368 90.5580
a; -0.5080| 0.2783 | 1.9430 |-0.0117| 0.0119 -2.7330
as -0.0175] 0.0514 | 0.0413 |-0.0001| 9x10° -0.0873
as 0.0248 | -0.0217 - - 7.2x10° -
ay - - - 0.0028 | 0.0036 -
as - -0.0007 - 10° - -
Most
contributing | Temp. | Temp. Time | Time Time Time
factor

B. Integrated Interpretation and FMEs Validation

Table IV presents the statistical evaluation of the FMEs
describing chemical, physical, and textural properties and
showing a high degree of consistency between the

experimental data and the proposed mathematical
representations.

TABLEIV. FMES STATISTICAL ANALYSIS

FMES R?> | RMSE | Overall p-value | Max Cook’s distance
Si/Al 0.9799( 0.1879 1.16x10* 0.366
Na content (%) [0.9983| 0.0904 8.79x10°° 2.247
BET (m%g)  [0.9773] 0.3351 1.16x10° 0.744
Pore vol. (cm*/g) [0.9820] 0.0010 9.58x10* 2.243
Crystal size (A) [0.9909/0.00088 2.48x10* 1.973
Crystallinity (%) 10.9564| 0.7470 8.30x10* 0.290

The FME with a Si/Al ratio exhibited strong overall
significance (p = 1.16x10™*) and had excellent explanatory
power (R? = 0.9799), with a low prediction error (RMSE =
0.1879). The maximum Cook's distance value of 0.366
indicates stable coefficient estimates and no influential
observations, which supports the reliability of its interaction-
driven structure. The Na content FME showed the highest
goodness-of-fit (R?2 = 0.9983, RMSE = 0.0904) and
significance (p = 8.79x107°) among all responses; however, its
Cook’s distance (2.247) suggests sensitivity to at least one data
point. This is consistent with the inclusion of a quadratic
temperature term that amplifies curvature effects and increases
leverage. The BET surface area FME maintained a robust fit
(R? = 0.9773, RMSE = 0.3351) and a statistically significant
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overall model (p = 1.16x107%). Its Cook’s distance (0.744) is
within acceptable limits, confirming the statistical stability of
the linear dependence on time and temperature. The pore
volume FME displayed strong significance (p = 9.58x10™*) and
high explanatory power (R? = 0.9820), though its elevated
Cook's distance (2.243) reflects nonlinear term influence, as
expected given the pore-structure metric sensitivity to
experimental perturbations. Similarly, the crystal size FME
revealed a high-fidelity fit (R2 = 0.9909, RMSE = 0.00088, p =
2.48x107*). However, Cook's distance (1.973) suggests that
certain observations significantly impact the quadratic-
interaction structure, which is a common occurrence in size-
related crystallographic responses. Finally, the crystallinity
FME demonstrated strong overall significance (p = 8.30x107),
satisfactory agreement with the data (R? = 0.9564, RMSE =
0.7470), and a low Cook’s distance (0.290). This confirms the
absence of influential points and supports the adequacy of the
linear formulation for this response. Taken together, the high R?
values, low RMSE magnitudes, and strong, model-wide
significance across all six FMEs demonstrate their suitability
for describing the underlying chemical and structural
transformations. At the same time, the observed Cook's
distances indicate which models are most sensitive to data
leverage, and thus require cautious interpretation of nonlinear
terms.

C. Effect of Operating Conditions on the Chemical Properties

The responses of the chemical properties (Si/Al and Na
content) to the variables of the acid treatment process were
studied, and the contour plots are shown in Figures 1 and 2.
Figures 1 and 2 were plotted based on the parameters obtained
from the statistical analysis of the experimental results for
Si/Al and Na content. Changes in the Si/Al ratio of acid-treated
Na-X zeolite are essential for understanding compositional
changes. Figure 1 shows that the Si/Al ratio gradually increases
from its initial value (1.71) for the original Na-X zeolite with
both temperature and acid treatment time, reaching its highest
value (4.83) at the maximum values of the two variables (75 °C
and 3 h). The increase in the Si/Al ratio is due to the selective
dissolution of Al from the zeolite framework. Since acid
attacks Al more than Si in the zeolite structure, acid treatment
reduces Al content and preserves Si. This results in a high Si/Al
ratio in the treated samples [26]. The Si/Al ratio increases with
temperature because thermal energy promotes bond breaking
within the zeolite's crystalline structure, allowing Al to more
easily exit the structure. Additionally, long-term acid treatment
can cause the zeolite to recrystallize, which leads to structural
changes that contribute to further loss of Al and subsequently
increases the Si/Al ratio [9, 27]. Figure 2 portrays the contour
plot of the change in sodium (Na) content in the treated Na-X
zeolite under acid treatment conditions. The Na content
decreases with increasing temperature and time. The highest
sodium content is obtained after a short treatment at a low
temperature and is slightly lower than the pre-treatment content
(8.23%). As the temperature and treatment time increase, the
kinetic energy of the ions increases, enhancing the efficiency of
ion exchange and leading to a gradual decrease in Na content.
The lowest value (3.31%) is reached at the highest temperature
and treatment time. The reduction in Na content in Na-X
zeolite during acid treatment occurs due to the increased

efficiency of replacing alkaline ions, such as sodium,
potassium, and lithium, with hydrogen ions (H'), which
decreases the Na content in the crystal structure [9].
Additionally, zeolites undergo a rearrangement of their crystal
structure during prolonged, high-temperature acid treatment.
This allows Na to leave the active sites, leading to a significant
decrease in its concentration. Furthermore, acid treatment may
partially dissolve some components of Na-X zeolite, resulting
in the gradual removal of sodium trapped within the material's
structure [28].

70
60
o
o
= 50
]
=
40
30
1.0 1.5 2.0 25 3.0
Time, h
Fig. 1. Contour plot of the Si/Al ratio versus acid treatment temperature

and time.

T TN N TN T TN T S T
T

Temp. °C

1.0 1.5 2.0 25 3.0
Time, h
Fig. 2. Contour plot of the Na content versus acid treatment temperature
and time.

Increasing the Si/Al ratio and decreasing the Na content
after acid treatment effectively improves the quality of the
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zeolites, enhancing their chemical and thermal stability and
making them more suitable for various applications. Since both
Al and Na stabilize the zeolites' crystalline framework,
excessive acid treatment that depletes these elements may
cause the crystal structure to collapse. Therefore, it is vital to
monitor crystalline changes and ensure that the zeolite
framework structure remains intact [29].

D. Kinetics of Si/Al Ratio and Na Content Change

The acid-treated zeolites undergo structural and chemical
changes due to the selective dissolution of Al and the
replacement of Na in the crystal lattice with H. This process is
irreversible after dissolving [30]. Similarly, the Na* ions are
replaced by the H* ions supplied by the acid during the
reaction, which increases surface acidity—a difficult-to-reverse
process. Therefore, the reactions that occur during acid
treatment are irreversible because they lead to permanent
changes. Without complex synthetic processes, such as
hydrothermal crystallization or directed alkali addition, the
original zeolite structure cannot be restored. Due to the
abundance of H* and the irreversibility of the reaction, a first-
order Langmuir kinetic model was adopted to describe the
kinetics of increasing the Si/Al ratio and removing Na content
[25, 31]:

Al — Zeolite(surface) + H+(aq) 4 Al3+ + H—

Zeolitesyrrace) “4)
Na — Zeolite sy facey + H (aq) = Na* + H —
Zeolite(surface) (5)
o= _ksCa _ _dCa
Ta = 1+K,C4  dt ©)

where -ra is the reaction rate, Cs is the Si/Al ratio or Na
content, k; is the surface reaction rate coefficient, and K, is the
adsorption equilibrium constant. The K, changes with
temperature according to the Van't Hoff equation [32], and the
ks varies with the temperature according to the Arrhenius
equation [33]:

o= e (42 (5) o

ks =kyexp (;—j) (€]

where 4H,qs and 48,4 are the enthalpy and entropy changes of
the adsorption step in J/mol and J/mol.K, respectively, R is the
gas universal constant (8.314 J/mol.K), k, is the reaction
frequency factor in h'!, E is the reaction's activation energy in
J/mol, and T is the reaction temperature in K. The initial Si/Al
ratio or Na content (Ca,) was known, so combining (6) yields:

Cao
In (%22) + Ko (Cao = C) = kst ©)

where K. and k, were found by the least squares technique
using the experimental measurements of the change in the
Si/Al ratio and Na content in Na-X zeolite with time () for
each temperature (7) by building a program written in Python
[34]. The obtained K, and k, values for the changes in the Si/Al
ratio and Na content are presented in Table V for each acid
treatment temperature. The K. values are similar in magnitude
at each temperature and increase with treatment temperature for

both the Si/Al ratio enhancement and Na content reduction
reactions. These results are consistent with the adsorption
process, specifically chemical adsorption. Increasing the
temperature improves adsorption efficiency by increasing
diffusivity, which allows H* to reach the target sites on the
zeolite surface more easily. As expected, the values of the
reaction constants rise with the reaction temperature due to the
increase in the kinetic energy of the reacting molecules, thus
improving the number of effective collisions necessary to
complete the reaction [34].

TABLEV. Ky AND Ks FOR Si/Al AND Na CONTENT
CHANGE VERSUS THE TEMPERATURE OF ACID
TREATMENT
o Si/Al Na content (%)
Temperature ("C) K. | ks (") | K., I/Nacontent ] ky (h')
25 0.00124 | 0.02632 0.00128 0.03791
50 0.00138 | 0.17420 0.00139 0.11553
75 0.00139 | 0.32202 0.00141 030191

The results obtained for the adsorption equilibrium
constants and reaction coefficients versus temperature were
utilized to estimate the enthalpy and entropy of the adsorption
step using the van't Hoff (7), as well as the reaction activation
energies and frequency factors using the Arrhenius (8). Figure
3 displays the linear form of the Van't Hoff equation, which
was obtained by plotting the log Ke against 1/7. A straight line
is formed with a slope of -4Hqy/R and an intersection point of -
ASuas/R. The estimated values of AHus and AS.s for both
reactions are presented in Table VI. The AH,qs and ASqs values
indicate that dealumination requires more energy input than Na
removal. The higher 4Hq for Si/Al indicates that Al removal
from the zeolite framework is more energy-intensive than Na
removal [25]. The 4S.qs values were relatively close, indicating
a similar degree of disorder introduced into the system during
Si/Al ratio improvement and Na content removal. This agrees
well with previously reported experiments on HY zeolite [35].
Similarly, Figure 4 presents the linear form of the Arrhenius
equation, obtained by plotting In(k,) versus 1/7, with a slope of
-E/R and an intercept of In(k,).

-6.50

-6.55

-6.60

-6.65

In(K,)

-6.70 -

6.75 |

® SiAl

® Na

-6.80 ; ‘ . . .
0.0028 0.0029 0.0030 0.0031 0.0032 0.0033 0.0034

1T, K™

Fig. 3. Van't Hoff plot of the adsorption equilibrium constants of the
Si/Na ratio and Na content change.
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Table VII illustrates the E and k, values for the two
reactions, the improvement in the Si/Na ratio, and the removal
of Na. The E values were 43,661.8 J/mol for the Si/Na ratio
reaction and 35,774.3 J/mol for Na content removal. The k-
value for the Si/Na-ratio-enhancing reaction was higher than
that for Na-content removal (1.40x10° versus 7.07x10* h™).
The higher activation energy of the Si/Al ratio-enhancing
reaction compared to Na content removal indicates that Na
content removal is less sensitive to temperature than the Si/Al
ratio.

TABLE VL AHADS AND ASADS FOR THE ADSORPTION
OBTAINED BY THE VAN'T HOFF EQUATION

AHags (J/mol) | ASaas, (J/mol. K) R?
Si/Al | 1987.38 48.8 0.8167
Na 1646.09 49.75 0.8583
-0.5 -
-1.0
1.5
] °
20
< ]
= ]
2.5
-3.0
3.5 4 )
1 @ SiAl °
1 @ Na
4.0 : ; ; ———r
0.0028 0.0029 0.0030 0.0031 0.0032 0.0033 0.0034
1T, K"
Fig. 4. Arrhenius plot for the Si/Na ratio and Na content change.
TABLE VII.  ACTIVATION ENERGY AND FREQUENCY
FACTOR FOR THE Si/Al RATIO AND Na CONTENT
CHANGE
E (J/mol) ko, (") R?
Si/Al | 43661.8 1.40x10%¢ 0.9429
Na 35774.3 7.07x10™ 0.9991

E. Effect of Operating Conditions on the Textural Properties

The effect of citric acid treatment process variables on the
textural properties of Na-X zeolite, including its BET surface
area and pore volume, was examined using previously obtained
parameters. Contour plots of the textural responses are shown
in Figures 5 and 6 for surface area and pore volume,
respectively. The BET surface area of Na-X zeolite increases
from its original value of 437.22 m?/g with an increase in both
treatment temperature and time. Similarly, the treatment
temperature and time positively affected the pore volume of the
treated Na-X zeolite. The improvement in BET surface area
and pore volume indicates that operating conditions positively
affect the porous structure of zeolite. At short processing times

and low temperatures, a noticeable change in surface area and
pore volume was observed (440.09 m?/g and 0.2622 cm?g), as
the conditions were insufficient for removing Al and Na from
the Na-X zeolite framework. Increasing the treatment
temperature and time to 75 °C for 3 h led to the significant
removal of Al and Na from the zeolite crystal structure. This
resulted in the opening of additional pores and an increase in
the BET surface area and pore volume, reaching values of
446.56 m?/g and 0.2773 cm?/g, respectively. These surface area
and pore volume results are consistent with known zeolite
structural transformations under moderate acid treatment.
Additionally, prolonged thermal treatment enhances void
formation within the structure, which supports the increase in
surface area and pore volume [36]. However, excessive acid
treatment using high concentrations of acid, high temperatures,
and long treatment times can lead to the partial or complete
collapse of the zeolite crystal structure due to the dissolution of
Al and release of Na, resulting in significant loss of surface
area [23].

Temp. °C

1.0 1.5 2.0 25 3.0
Time, h

Fig. 5. Contour plot of the BET surface area versus acid treatment
temperature and time.

70

60
£
[=%
£ 50
(o}
'_
40
30
1.0 1.5 20 25 3.0
Time, h
Fig. 6. Contour plot of the pore volume versus acid treatment temperature
and time.
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F. Effect of Operating Conditions on the Crystal Properties

XRD was used to evaluate the uniformity of the crystalline
structure and confirm that the diffraction patterns of the treated
Na-X zeolite samples remained intact. XRD examinations were
performed on the original zeolite and the treated zeolite to
confirm that the treatment conditions did not alter the
diffraction pattern. Figure 7 depicts the XRD results for the
original sample and for samples treated at the highest
temperature for different lengths of time. The treated zeolite
samples retained the main diffraction patterns of the original
(untreated) Na-X zeolite, indicating that the treatment process
did not significantly alter the crystalline structure of the
samples under the current conditions. However, slight changes
in peak intensity were observed with increasing temperature
and treatment time. Figure 7 demonstrates a decrease in peak
intensity and a slight increase in dispersion with treatment time
from 1 h to 3 h at 75°C. This indicates a structural modification
of the treated zeolite due to the replacement of components of
the zeolite crystal lattice, specifically aluminum and sodium,
with H". The XRD patterns of the original and treated Na-X
zeolite agreed well with the standard Na-X zeolite (JCPDS card
number 38-0237). These changes may worsen with prolonged
treatment, leading to severe structural distortions in the treated
zeolite, or even collapse of its crystal structure, with a
significant portion transforming into irregular phases. These
results highlight the importance of precise control over
processing conditions, including temperature and time, to
preserve the structural and crystalline properties of treated
zeolite.

I JCPDS card number 38-0237
—— Original Na-X zeolite

—— Treated zeolite after 1 h
—— Treated zeolite after 2 h

1 —— Treated zeolite after 3 h
| o r—

A U.

50 60

20, degree

Fig. 7. XRD of the original and treated Na-X zeolite with 0.2 M CA at
75°C after different treatment times.

Figures 8 and 9 present contour plots of the crystal size and
crystallinity of the treated Na-X zeolite as a function of the acid
treatment temperature and time, respectively. The crystal size
of the treated Na-X zeolite changed slightly from 5.9287 A to
5.9468 A. This indicates that the fundamental crystalline
framework was partially damaged during the acid treatment
process. However, XRD analysis revealed a slight decrease in
crystallinity, from 88.03% for the original Na-X zeolite to

75.69%. Figure 9 shows that the reduction in crystallinity was
more evident at higher temperatures and treatment times. This
indicates that aggressive acid treatment conditions can disturb
the long-range order of the material. This loss of crystallinity
implies partial amorphization or structural rearrangement
within the zeolite framework [37].

Temp. °C

1.0 1.5 20 25 3.0
Time, h
Fig. 8. Contour plot of the crystal size versus acid treatment temperature
and time.
L
%
S
(0}
-
1.0 1.5 20 25 3.0
Time, h
Fig. 9. Contour plot of the crystallinity versus acid treatment temperature
and time.

IV. CONCLUSIONS

This study provided a comprehensive analysis of acid
treatment by examining how operating conditions affect the
chemical, textural, and crystalline properties of treated zeolite.
A standardized analytical methodology was used for this
analysis. The results offered valuable insights that contribute
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significantly to current zeolite research and allow for a more
consistent interpretation than previous studies. A factorial
design approach was effectively applied to study the effects of
alumina removal conditions on the properties of Na-X zeolite.
Using citric acid in the treatment resulted in irreversible
structural and chemical modifications to the zeolite, mainly due
to the selective decomposition of aluminum and the
replacement of sodium with hydrogen. The proposed
conditions (75 °C for 3 h) increased the zeolite's surface area
while maintaining its structural integrity. The data indicate that
removing Al and Na significantly alters the material's chemical
composition and structural properties. However, higher
temperatures or longer treatment times decreased crystallinity,
which could affect the modified Na-X zeolite's catalytic or
adsorption performance. Kinetic analysis revealed that Al and
Na removal were both temperature-dependent processes that
followed a first-order Langmuir kinetic model. The adsorption
equilibrium constants and reaction rate coefficients increased
with temperature. The increase in K, and K, with temperature
confirms that higher temperatures enhance the efficiency of
removing the chemical components. The results showed that
the activation energy for aluminum (Al) removal was higher
than that for sodium (Na) reduction. Specifically, the activation
energy for Al removal was 43,661.8 J/mol, while the activation
energy for Na reduction was 35,774.3 J/mol. Textural and
structural analyses revealed that controlled acid treatment
increased the zeolite's BET surface area and pore volume,
achieving the highest values at 75 °C with 3 h of treatment.
However, prolonged or excessive acid treatment decreased
crystallinity, resulting in partial amorphization and structural
distortions. X-Ray Diffraction (XRD) analysis showed that the
basic framework of the Na-X zeolite remained intact under
mild treatment conditions. However, prolonged exposure
resulted in slight decreases in peak intensity and increased
dispersion. These results highlight the optimal operating
conditions for acid treatment, balancing improvements in
zeolite properties with structural integrity. Proper control of
temperature and curing time is crucial for maximizing the
benefits of acid modification and results in successfully
modified zeolite without compromising its crystal stability.
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