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1. Introduction

In this study, a sustainable catalytic route for converting ethanol into value-added acetaldehyde
was developed using alkali- and alkaline earth-modified zeolite A synthesized from sugarcane bagasse
ash (SCBA). Zeolite A was first prepared via alkaline fusion followed by hydrothermal crystallization
and subsequently doped with 1 wt% K* or Ca?" using incipient wetness impregnation. Comprehensive
physicochemical characterization (X-ray fluorescence (XRF), X-ray diffraction (XRD), scanning electron
microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX), Fourier transform infrared
spectroscopy (FTIR), nitrogen physisorption (N2 physisorption), ammonia temperature-programmed
desorption (NH3-TPD), and carbon dioxide temperature-programmed desorption (CO2-TPD)) confirmed
the formation of a highly crystalline LTA framework with tunable acid-base properties upon cation
incorporation. Catalytic evaluation demonstrated that ethanol dehydrogenation strongly depends on the
balance of surface acid-base sites. The parent and Ca-modified zeolite A exhibited moderate acetaldehyde
selectivity (11.2% and 21.2%, respectively), likely due to competing dehydration reactions. In contrast,
K-modified zeolite A achieved higher acetaldehyde selectivity (51.8%) at 35.2% ethanol conversion,
attributed to enhanced surface basicity and suppressed acidity. Mechanistic analysis suggests that K*
and Ca?" promote ethanol dehydrogenation by facilitating ethoxide formation and B-hydrogen elimination
on basic lattice oxygen sites. These findings demonstrate a cost-effective, noble-metal-free catalytic
strategy and highlight the potential of SCBA-derived zeolite A as a sustainable platform for green
ethanol upgrading.

and abundant chemical precursor. Its catalytic transformation enables
the generation of numerous industrial intermediates, including acetic

The sustainable production of chemicals has gained significant
momentum as global industries seek to transition toward low-carbon
and environmentally responsible processes. Central to this shift is the
development of biomass-derived platform chemicals that can reduce
reliance on fossil carbon inputs [ 1]. Among these renewable feedstocks,
ethanol produced from agricultural wastes stands out as a versatile
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acid, ethylene, ethyl acetate, diethyl ether and acetaldehyde [2]. Among
these products, acetaldehyde holds particular importance as it serves
as a key building block in the manufacture of ethyl acetate, acetic acid,
acetic anhydride, pyridines, and isobutanol [3].

Acetaldehyde is generally produced via the Wacker oxidation of
petrochemical ethylene using PdClz and CuCl: catalysts [4-7]. The
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heavy dependence on noble metals as well as non-renewable ethylene
underscores the need for greener and more sustainable alternatives.
An attractive route involves the dehydrogenation of ethanol, a renewable
and widely available resource obtained through biomass fermentation
[8]. Ethanol can be converted into acetaldehyde through two primary
catalytic pathways: selective oxidation and non-oxidative dehydrogenation
[9-12]. The latter route requires no external oxidant and simultaneously
generates hydrogen as a valuable co-product, positioning ethanol
dehydrogenation as a promising technology within integrated biorefinery
and hydrogen-economy frameworks.

Zeolites have emerged as appealing catalysts for ethanol de-
hydrogenation due to their high surface areas, shape selectivity, excellent
cation-exchange properties, and tunable acid-base characteristics
[13,14]. Among them, zeolite A (Nai2[AlO2Si02]12-27H20) is one of
the most structurally versatile materials. Its cubic LTA framework
with a 1:1 Si/Al ratio provides a high density of framework aluminum
atoms and charge-balancing sodium ions, resulting in exceptional
ion-exchange capacity [15-17]. These characteristics make zeolite A
a robust platform for catalytic modification aimed at controlling acidity
and basicity-key factors determining ethanol conversion pathways.

A wide range of transition-metal catalysts, including copper [18-21],
magnesium [22,23], nickel [24-26], zinc [19,27,28], and gold [25,29-32],
has been explored for ethanol dehydrogenation. Generally, such catalysts
fall into two categories: (i) metals such as Cu, Ag, Pd, and Au, and
(ii) metal oxides including CuO, ZnO, MgO, and Cr203 [33]. While
effective, these systems face limitations arising from high cost, metal
scarcity, and environmental burdens associated with mining and disposal.
As a result, there is increasing interest in cost-effective, noble-metal-
free catalytic systems derived from more abundant and sustainable
elements [34].Alkali and alkaline-earth cations have gained attention
as alternatives, yet their potential to selectively promote ethanol
dehydrogenation-especially when supported on zeolite A synthesized
from sugarcane bagasse ash, remains insufficiently explored [35,36].

Sugarcane bagasse ash is an agricultural waste rich in reactive
amorphous silica, offering a sustainable and low-cost precursor for
zeolite synthesis [37-40]. Converting SCBA into zeolite A aligns well
with circular-economy principles Importantly, recent studies suggest
that ash-derived synthesis can promote the formation of hierarchical
porosity, which enhances the accessibility of bulky molecules to the
active sites. However, no systematic study has elucidated how simple
non-redox alkali (K*) and alkaline-earth (Ca®") cations incorporated
into SCBA-derived zeolite A influence acid-base properties and catalytic
performance in ethanol dehydrogenation [22,41]. Most reported systems
rely on transition metals, leaving the role of these inexpensive cations
in controlling acetaldehyde selectivity largely unexplored.

Therefore, this study aims to synthesize zeolite A from sugarcane
bagasse ash and modify it with K* and Ca?" cations to evaluate their
influence on surface acidity-basicity, structural properties, and catalytic
behavior in ethanol dehydrogenation. Through comprehensive physico-
chemical characterization and vapor-phase catalytic testing, we elucidate
how non-redox cations modulate the LTA framework to enhance
acetaldehyde formation.

The novelty of this work lies in introducing a completely noble-
metal-free catalytic concept in which non-redox alkali K* and alkaline-
earth Ca?" cations function as the active species. By modulating the
surface basicity and framework environment, these inexpensive cations

J. Met. Mater. Miner. 36(3). 2026

provide an alternative pathway to traditional redox-active metals.
By integrating waste-valorized zeolite A with simple, inexpensive
cation modification, this study provides a new sustainable, low-cost
strategy for selective ethanol dehydrogenation. The findings offer
valuable insights into acid-base tuning in zeolites and establish a new
pathway for green acetaldehyde production. This approach effectively
shifts the paradigm from energy-intensive, metal-based catalysis toward
simpler, earth-abundant cation systems for ethanol upgrading.

2. Experimental
2.1 Materials

Analytical grade reagents used in this work were NaAlOz (anhydrous,
Al (AO3): 50% to 56%, Na (Na20): 37% to 45%, Sigma-Aldrich, USA),
NaOH (> 97.0%, Carlo Erba Reagents, France), KOH (> 85.0%, Merck,
Germany), CaClz (> 96.0%, Sigma-Aldrich, USA) and Ethanol (>99.5%,
Supelco).

2.2 Synthesis of zeolite A

Sugarcane bagasse ash (10 g) was first homogenized with NaOH
pellets (12 g), corresponding to a NaOH-to-ash weight ratio of 1.2, to
provide a strong alkaline environment for effective dissolution of
silica and alumina species during zeolite formation. The mixture
was mechanically ground for 10 min to ensure uniformity and then
transferred to a crucible for alkaline fusion. The fusion process was
heated at 550°C for 90 min using a muffle furnace and allowed to cool
at room temperature. To achieve a target SiO2/A1203 molar ratio of
approximately 1, an appropriate amount of NaAlO> was added to the
fused material. The resulting mixture was further ground for 15 min
and transferred to a polypropylene container. Deionized water was
then added for obtaining a liquid-to-solid ratio of 4.5. Hydrothermal
crystallization was conducted by heating the slurry at 90 °C for 16 h
in an oven. Samples were collected, thoroughly washed with deionized
water and filtered. Finally, the material was dried at 90°C for 16 h.
The synthesized sample was denoted as zeolite A [42].

2.3 Preparation of catalysts

Potassium and calcium-modified zeolite A catalysts were prepared
via the incipient wetness impregnation method with a nominal metal
loading of 1.0 wt%. Prior to impregnation, the pore volume of the
support was determined experimentally and found to be 3.10 mL for
2 g of zeolite A. The required amounts of potassium hydroxide (KOH)
or calcium chloride (CaClz) were calculated to achieve a metal loading
of 1.0 wt% and dissolved in 3.10 mL of deionized water. The resulting
solution was added dropwise onto 2 g of the zeolite support under
continuous stirring to ensure uniform distribution. After impregnation,
the samples were aged at room temperature for 12 h, followed by drying
at 110°C for 24 h to remove residual moisture. The dried samples were
then calcined at 400°C for 4 h under air atmosphere, with a heating rate
of 5°C-min! [43]. The prepared catalysts were denoted as K-zeolite A
and Ca-zeolite A. KOH and CaClz were selected due to their high
solubility and widespread use in zeolite modification. Although different
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anions (OH™ and CI") were employed, all samples were subjected to
identical calcination conditions, which are expected to effectively
remove or decompose residual anionic species. Therefore, their influence
on the final catalyst properties is considered negligible. Although
calcination at 400°C is expected to remove residual chloride species,
we acknowledge that trace CI” may still influence surface properties.
However, no characteristic Cl-related phases were detected in XRD,
and the acid-base trends observed from NH3-TPD and CO2-TPD are
consistent with cation effects rather than precursor anions.

2.4 Characterization of catalyst

Composition of sugarcane bagasse ash was determined by
wavelength-dispersive X-ray fluorescence spectroscopy (XRF), (ZSX
Primus II, Rigaku, USA). The crystalline phases of the catalysts were
identified by X-ray diffraction (XRD) on a Siemens D5000 diffractometer
equipped with Cu Ka radiation (Ni filter), 26 range of 5° to 80°, step
size of 0.04° and scanning rate of 0.5 s per step. Morphological propriety
was examined by scanning electron microscopy (SEM), (Hitachi S-
3400N). Elemental composition and spatial distribution were determined
by energy-dispersive X-ray spectroscopy (EDX), (Link Isis Series 300).
Functional groups were identified by Fourier-transform infrared
spectroscopy (FTIR), (Nicolet 6700) over wave-number range of
400 cm~' to 4000 cm™'. Textural properties, including surface area
and porosity, were evaluated using a Quantachrome Autosorb 1Q3
analyzer. The BET surface area was derived from nitrogen adsorption-
desorption isotherms measured at —196°C after degassing under
vacuum at 150°C for 4 h. Pore volume and pore size distribution were
calculated using the Barrett-Joyner-Halenda (BJH) method. The
acidity and acid strength were examined via ammonia temperature-
programmed desorption (NH3-TPD) using a Micromeritics Chemisorb
2750 system. In this procedure, 0.1 g of catalyst was loaded on quartz
wool in a U-tube reactor, pretreated in helium at 250°C for 1 h, followed
by NH3 adsorption at 40°C. After removing physisorbed ammonia,
chemisorbed species were desorbed by heating from 40°C to 800°C
with a rate of 10°C*min" and helium flowrate of 25 mL'min'. Desorbed
NH3 was quantified using a thermal conductivity detector (TCD).

Basicity measurements were carried out under similar conditions using
CO2-TPD, replacing ammonia with COz as the probe molecule [43].

2.5 Reaction study

The catalytic performance was evaluated for ethanol dehydrogenation
in a continuous-flow fixed-bed glass microreactor placed inside an
electric furnace. In each experiment, 0.1 g of catalyst was packed in
the central section of the reactor and held in place with 0.015 g of
quartz wool to ensure proper fixation and uniform gas distribution.
Prior to the reaction, the catalyst was pretreated under a nitrogen
atmosphere (60 mL min™") at 200°C for 1 h to remove physically
adsorbed moisture and impurities. Ethanol was fed using a syringe
pump at a flow rate of 0.397 mL-h! and vaporized at 120°C before
entering the reactor. Nitrogen was used as a carrier gas at a constant
flow rate of 60 mL min~!, resulting in a weight hourly space velocity
(WHSV) of 3.11 gethanol/gcatalysth. The reaction was conducted at
atmospheric pressure over a temperature range of 200°C to 400°C
using a stepwise temperature program.

At each reaction temperature, the system was maintained for
30 min prior to product sampling to allow stabilization of the catalytic
performance. Subsequently, three product samples were collected at
each temperature, and the reported values represent the average of
these measurements. Each catalytic experiment was repeated at least
three times to ensure reproducibility, and the corresponding error bars
were added to the catalytic performance plots to represent the experimental
variation.

The reaction products were analyzed using a gas chromatograph
(Shimadzu GC-14B) equipped with a flame ionization detector (FID)
and a DB-5 capillary column maintained at 150°C. Product identification
and quantification were carried out using external calibration with
standard compounds. A schematic representation of the experimental
setup for ethanol dehydrogenation is shown in Scheme 1. Ethanol
conversion, product selectivity, and product yield were calculated
according to Equation (1)-(3), respectively [1,43,44], based on gas-phase
species only. The GC analysis confirmed the presence of unreacted
ethanol and gaseous products, enabling the calculation of ethanol
conversion from the inlet and outlet gas-phase compositions.
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Ethanol conversion : Xgop (%) = Zotuon (v moluon (o0 , 4 gy )
molgoy (in)

Selectivity of product : S; (%) =;ng %100 2)

Yield of product : Y; (%) =225 3)

100

Where molg, oy (in), molg,oy (out) and mol; are moles of ethanol
in feed, moles of unreacted ethanol and moles of each product,
respectively.

3. Results and discussion

3.1 Characterization of catalysts

The chemical composition of sugarcane bagasse ash (SCBA) and
synthesized zeolite A, along with K and Ca modified zeolites, is
presented in Table 1. SCBA mainly consisted of SiO2 (74.4%), with
minor amounts of A2Os3, CaO, Fe20s, SO3, K20, and MgO, indicating
its suitability as a silica-rich precursor for zeolite A synthesis. After
hydrothermal treatment, zeolite A showed a significant increase in
ALOs content (36.2%) and a high Na2O concentration (15.7%), while
K20, Ca0, and MgO decreased, reflecting the structural incorporation
of Al and Na during crystallization. Modification with K or Ca resulted
in increased K20 (2.57%) or CaO (4.17%), respectively, with slight
changes in Na2O, demonstrating effective ion exchange without
disturbing the Si/Al framework. These results highlight the potential
of zeolite A from SCBA as a tunable material for catalytic applications.
The successful synthesis of zeolite A from SCBA was confirmed by
the chemical composition, showing a Si/Al ratio of 1.17, consistent with
the characteristic LTA framework [14]. The incorporation of aluminum
and sodium into the framework indicates proper crystallization,
while subsequent K* or Ca?* modification adjusted the impregnated
cations without altering the Si/Al ratio. These results demonstrate
the formation of well-defined zeolite A with tunable cation sites for
catalytic applications.

The XRD patterns of the synthesized zeolite A and its impregnated
forms (K-Zeolite A and Ca-Zeolite A) are presented in Figure 1.
The diffraction peaks of zeolite A exhibit characteristic reflections
at 20 values of 7.2°,10.2°, 12.5°, 16.1°,21.7°,24.0°, 27.2°, 30.0°,

32.6°, and 34.2°. These results are consistent with the standard JCPDS
card No. 39-0222, confirming the successful formation of zeolite A
with a cubic LTA structure [45,46]. After impregnation with potassium
and calcium ions, the primary diffraction peaks of zeolite A remain
unchanged, indicating that the crystal framework was well-preserved.
However, minor additional peaks were observed at 32.9° for K-zeolite
A and 32.2° for Ca-zeolite A, which are assigned to the K20 (JCPDS
No. 26-1327) and CaO (JCPDS No. 37-1497) phases, respectively
[47-50]. The detection of these oxide phases, further supported by
the XRF results showing approximately 1.1 wt% of K20 and CaO,
suggests the successful incorporation of metal species onto the zeolite
surface without compromising its structural integrity.

The SEM analysis of the synthesized zeolite A and its modified
forms is presented in Figure 2. The synthesized zeolite A exhibits
well-defined cubic crystals with smooth surfaces and a uniform
particle size in the range of 2 um to 5 pm, consistent with the LTA-
type zeolite structure [51,52]. After impregnation with potassium and
calcium ions, the cubic morphology is generally retained, indicating
that the modification process does not disrupt the crystalline frame-
work. However, slight surface roughness and the presence of small
agglomerates are observed in the K and Ca-modified samples. These
features are attributed to the presence of surface-associated K and
Ca-containing species introduced during the impregnation process.

A= Zeolite A =K,0 =Ca0
Ca-Zeolite A
ML h A l PO R T .AI
K-Zeolite A
Zeolite A
A N T

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
2-Theta (degree)

Figure 1. X-ray diffraction patterns of zeolite A, K-zeolite A, and Ca-zeolite A
catalysts.

Table 1. Chemical composition (wt%) of sugarcane bagasse ash, zeolite A, and modified zeolite A determined by X-ray fluorescence (XRF).

Component (% by weight) SiO: ALO; CaO Fe:03 SOs Na;O K:O MgO Others
Sugarcane bagasse ash 74.40 3.55 3.57 1.42 1.12 - 7.92 3.08 4.94
Zeolite A 42.50 36.20 2.54 0.48 0.03 15.70 1.10 1.08 0.37
K/Zeolite A 42.12 36.34 1.93 0.50 0.19 15.10 2.57 0.92 0.33
Ca/Zeolite A 40.33 36.13 4.17 0.46 0.10 14.60 1.03 0.85 233
Table 2. Elemental distribution (wt.%) on the external surface of catalysts obtained from EDX.

Sample %Si %Al %0 %Na %K %Ca Si/Al

Zeolite A 26.15 24.63 27.62 12.96 0.8 1.4 1.06
K-zeolite A 23.15 21.68 31.79 13.00 2.02 1.33 1.06
Ca-zeolite A 2432 22.71 29.12 12.27 0.82 2.57 1.07

J. Met. Mater. Miner. 36(3). 2026
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Figure 2. SEM images of zeolite A, K-zeolite A, and Ca-zeolite A catalysts.
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Figure 3. EDX spectra and corresponding elemental mapping images of (a, b) zeolite A, (c, d) K-impregnated zeolite A, and (e, f) Ca-impregnated zeolite A.
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These morphological changes are consistent with the XRD
results, which indicate that the zeolite framework remains intact
after modification. Thus, the modification primarily affects the surface
characteristics while preserving the overall structure of zeolite A.
The EDX spectra (Figure 3(a,c,e) confirm that Si, Al, and O are the
dominant framework elements of zeolite A. The spectrum of
pristine zeolite A (Figure 3(a)), included as a control, shows only trace
amounts of K and Ca species. In contrast, the intensities of K and Ca
signals are noticeably enhanced in the modified samples, verifying
the successful incorporation of potassium and calcium species onto
the zeolite A surface. As summarized in Table 2, the Si/Al ratio remains
nearly constant (1.06 to 1.07) after modification, indicating that
the framework structure of zeolite A is well preserved during the
impregnation process. The corresponding elemental mapping images
(Figure 3(b,d,f) further demonstrate that Si, Al, O, and the introduced
K and Ca species are uniformly distributed across the zeolite particles.
This homogeneous dispersion suggests the absence of significant
metal aggregation and confirms effective interaction between the
impregnated species and the zeolite framework. Such uniform
distribution of K and Ca is particularly important for catalytic
performance, as it ensures the formation of well-dispersed basic sites
and enhances metal-support interactions. These features are expected
to improve the accessibility and uniformity of active sites, thereby
facilitating ethanol dehydrogenation to acetaldehyde while maintaining
the structural integrity of zeolite A under reaction conditions. The
peak observed at around 2.0 keV is attributed to the Si Kfj emission,
appearing as a secondary Si peak adjacent to the main Si Ka peak
(~1.74 keV), consistent with the aluminosilicate framework of zeolite A.

The FTIR spectra of zeolite A, K-zeolite A, and Ca-zeolite A are
shows in Figure 4. All zeolites exhibited characteristic absorption bands,
corresponding to the LTA-type zeolite framework. The broad band at
3450 cm™' to 3550 cm! and the band at 1650 cm™! correspond to the
O-H stretching vibration of water molecules adsorbed within zeolite
cavity. The strong bands observed in the range of 950 cm™ to 1000 cm!
are attributed to the asymmetric stretching vibrations of the (Si, Al)-
O-T (T = Si or Al) bonds in the aluminosilicate framework. The bands
at approximately 660 cm™ to 700 cm™! correspond to the double four-
ring (D4R) structural units, which are typical of the LTA framework.
Additionally, the absorption bands around 550 cm™ to 460 cm™!
correspond to the vibrations of the T-O-T linkages [53,54].

The LTA structure of zeolite A was preserved during K* and Ca?*
ion exchange process since the presence of all characteristic peaks.
However, slight shifts in the O-H and (Si, Al)-O bands were observed,
indicating weak interactions of exchanged cations and the zeolite
framework. These results suggest that the incorporation of K* and Ca?*
ions did not alter the crystalline structure of zeolite A.

The N2 adsorption-desorption isotherms and corresponding
textural parameters are presented in Figure 5 and Table 3. All samples

exhibit Type IV isotherms with H3-type hysteresis loops, indicating
the presence of secondary mesoporosity, which is attributed to
interparticle voids formed during the aggregation and crystallization of
ash-derived precursors [55,56]. These mesoporous features reflect
external textural characteristics rather than a transformation of the
intrinsic zeolitic framework.

The parent zeolite A shows a relatively low BET surface area
(10.4 m?-g™"), which is significantly lower than the typical values
reported for conventional zeolite A (400 m* g to 600 m*g™"). However,
it is well recognized that N2 adsorption at 77 K is not suitable for
accurately probing the microporosity of LTA-type zeolites, due to
the restricted diffusion of N2 molecules into the small pore apertures
(0.4 nm). Consequently, the measured BET surface area underestimates
the intrinsic microporous structure. In addition, residual species
originating from sugarcane bagasse ash (SCBA) may further limit
pore accessibility.

To further assess the pore structure, t-plot analysis was performed
(Table 3). The results indicate that K-zeolite A and Ca-zeolite A exhibit
measurable micropore areas of 17.8 m*>g™ and 14.2 m*g™!, respectively,
suggesting partial accessibility of the microporous network after
modification.

The increase in BET surface area following K* and Ca?>" modification
(to ~30 m?-g™") can be attributed to the partial removal of pore-
blocking species and/or rearrangement of surface aggregates during
impregnation and calcination, which improves pore accessibility.
Similar behavior has been reported in modified zeolitic and alumino-
silicate materials, where thermal treatment and metal incorporation
enhance the exposure of accessible surface sites. Meanwhile, the
decrease in average pore size (from 13.5 nm to 4.5 nm to 5.3 nm) may
result from the deposition of cations or oxide clusters near mesopore
walls or pore entrances, effectively narrowing interparticle voids. Such
pore narrowing or partial pore occupation after metal incorporation
has also been widely observed in related systems [57-59].

Ca-Zeolite A

K-Zeolite A

Transmittance (%)

Zeolite A \o,H (H,0)

(Si, A0

(Si, AD-O

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)

Figure 4. FTIR spectra of zeolite A, K-zeolite A, and Ca-zeolite A catalysts.

Table 3. Surface area, pore volume, and hierarchical porosity distribution of the catalysts studied in this work.

Catalysts Sger [m?-g™] S micro [M?+g7"] Vot [em3-g7]
Zeolite A 10.4 N/A* 0.04
K/Zeolite A 29.5 17.8 0.03
Ca/Zeolite A 29.9 14.2 0.04

# Calculated via t-plot method.
*Micropore accessibility in parent zeolite A was restricted at 77 K.

J. Met. Mater. Miner. 36(3). 2026
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Figure 5. N, adsorption-desorption isotherm of the zeolite A, K-zeolite A,
and Ca-zeolite A catalysts.

These results indicate that although micropore accessibility is
partially restricted under N2 adsorption conditions, the material retains
its intrinsic zeolitic framework (as confirmed by XRD and FTIR),
while the presence of secondary mesoporosity enhances mass transfer,
contributing to improved catalytic performance.

Figure 6 presents the NH3-TPD profiles and peak deconvolution
results of the parent and modified catalysts. Based on the NH3 desorption

Medium acid sites
Strong acid sites
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NH, Desorption (a.u.)
=

Weak acid siles
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temperature ranges, the desorption peaks were classified into weak
acid sites (< 200°C), medium acid sites (200°C to 400°C), and strong
acid sites (> 400°C) [43,60]. The parent zeolite A exhibits multiple
desorption features centered at approximately 140°C to 200°C and
400°C, corresponding to weak, medium, and high-temperature NH3
desorption species associated with framework-related acidic sites in
the LTA structure.

After metal impregnation, noticeable changes in both the total
acidity and the distribution of acid sites were observed (Table 4).
K-zeolite A exhibited increased weak and medium acid sites, while
the contribution of high-temperature NH3 desorption species decreased
compared with the parent zeolite A, suggesting that potassium modification
altered the distribution and strength of acidic sites through interaction
with framework charge-compensating cations. In contrast, Ca-zeolite A
retained significant contributions from medium and high-temperature
desorption species, resulting in a relatively balanced acid-site distribution
and a high total acidity value (2509.7 pmol NH3/gcatalyst).

The deconvolution analysis further indicates that the incorporation
of K* and Ca?" modified the acid-site distribution of zeolite A, most
likely through partial ion exchange with framework charge-compensating
cations. These changes in acidity distribution are expected to influence
the catalytic performance by altering the accessibility and strength of
the acidic sites.
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Figure 6. NH;-TPD profiles and peak deconvolution of zeolite A (a), K-zeolite A (b), and Ca-zeolite A (c). The desorption peaks were classified into three

categories: weak acid sites, medium acid sites, and strong acid sites.

Table 4. Number of acid sites of all samples obtained from NH;-TPD.

Adsorbents Number of acid sites [pmole NHz/gcatalyst]

Weak acid sites Medium acid sites Strong acid sites Total acid sites
Zeolite A 295.3 548.2 1551.6 2395.1
K-Zeolite A 600.7 974.3 971.0 2546.0
Ca-Zeolite A 370.8 877.7 1261.2 2509.7
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Table 5. Number of basic sites of all samples obtained from CO,-TPD.

Samples Number of base sites [umole COz/gcatalyst]

Weak base sites Medium base sites Strong base sites Total base sites
Zeolite A 10.6 2.7 78.9 92.2
K-Zeolite A 56.9 91.4 68.1 216.4
Ca-Zeolite A 16.9 1.2 54.7 72.8
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Figure 7. CO,-TPD profiles and peak deconvolution of zeolite A (a), K-zeolite A (b), and Ca-zeolite A (c). The desorption peaks were classified into three

categories: weak base sites, medium base sites, and strong base sites.

The CO2-TPD profiles and corresponding deconvolution results
are presented in Figure 7, while the quantitative distribution of base
sites is summarized in Table 5. Based on the COz desorption temperature
ranges, the desorption peaks were classified into weak base sites
(<200°C), medium base sites (200°C to 400°C), and strong base sites
(> 400°C). The low-temperature desorption peaks are attributed to
weak basic sites associated with surface hydroxyl groups and weakly
bound oxygen species, whereas the higher-temperature desorption
peaks are associated with more strongly bound CO: species related
to framework oxygen atoms and cation-associated basic sites in the
zeolite structure [61].

The parent zeolite A exhibits desorption features centered at
approximately 120°C and 420°C, corresponding to weak and strong
basic sites, respectively, with only a minor contribution from medium
base sites. After modification, noticeable changes in both the total
basicity and the distribution of base sites were observed. K-zeolite A
exhibited a substantial increase in total basicity (216.4 umol CO>/
Zeatalyst), together with a significant increase in medium base sites.
This behavior can be attributed to the incorporation of K™ species,
which increase the electron density of neighboring oxygen atoms and
promote the formation of additional accessible basic sites. In contrast,
Ca-zeolite A showed a lower total basicity (72.8 pmol CO2/geatalyst),
with dominant high-temperature desorption features, suggesting the

J. Met. Mater. Miner. 36(3). 2026

presence of fewer but relatively stronger CO2 adsorption sites associated
with interactions between Ca?* ions and framework oxygen atoms.

When compared with the NH3-TPD results, the modification
with K* and Ca?* clearly altered the balance and distribution of acid
and base sites in the zeolite framework. The presence of stronger
and more accessible basic sites is expected to facilitate hydrogen
abstraction from ethanol molecules, while the modification of acidic
sites may help suppress dehydration side reactions, such as ethylene
formation. Therefore, the incorporation of alkali (K*) and alkaline
earth (Ca?") cations effectively tuned the acid-base properties of
zeolite A, resulting in a surface environment more favorable for
selective ethanol dehydrogenation.

3.2 Catalytic activity of ethanol dehydrogenation

3.2.1 Reaction study

The effect of temperature on ethanol conversion over zeolite A,
K-zeolite A, and Ca-zeolite A in the ethanol dehydrogenation reaction
are showed in Figure 8. For all catalysts, ethanol conversion increased
with an increase of temperature due to the endothermic characteristic
of the dehydrogenation process. The zeolite A possessed the highest
ethanol conversion of 68.6% at 400°C. Ca-zeolite A showed slightly
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lower ethanol conversion compared to zeolite A, suggesting that calcium
modification moderately reduced the catalytic activity. In contrast,
K-zeolite A exhibited significantly lower ethanol conversion throughout
the temperature range, achieving only about 35.2% at 400°C. This
decrease in activity is attributed to the reduced surface acidity and
increased basicity of K-zeolite A, as confirmed by NH3-TPD and CO»-
TPD analyses. The results indicate that the catalytic activity in ethanol
dehydrogenation strongly depends on the acid-base characteristics of
the zeolite surface, which can be effectively tuned by metal modification.
No significant deactivation or change in product selectivity was observed
within the experimental time-on-stream under steady-state conditions.

Figure 9 illustrates the product distribution obtained from zeolite A,
K-zeolite A, and Ca-zeolite A catalysts in the ethanol dehydrogenation
reaction. All catalysts produced ethylene, acetaldehyde (Acetal), and
diethyl ether (DEE) with different selectivity depending on reaction
temperatures. Although, zeolite A showed the highest ethanol conversion
as mentioned above, the selectivity to acetaldehyde was moderate
due to the concurrent formation of dehydration products such as ethylene
and DEE. Ca-zeolite A also displayed a similar trend as seen for the
zeolite A having slightly lower conversion and selectivity, indicating
that calcium modification partially altered the acid-base balance on
the catalyst surface. In contrast, K-zeolite A demonstrated a distinct
catalytic behavior, exhibiting the highest selectivity toward acetaldehyde.
Although its overall ethanol conversion was somewhat lower than
that of zeolite A, nearly all converted ethanol was selectively transformed
into acetaldehyde. This result indicates that potassium incorporation

effectively promotes the dehydrogenation pathway, while suppressing
the dehydration reaction. The CO2-TPD analysis supports this finding,
revealing enhanced surface basicity after potassium modification.
The increased basic sites facilitate a-hydrogen abstraction from
ethanol molecules and inhibit acid-catalyzed dehydration reactions.
Therefore, the superior performance of K-zeolite A highlights the
crucial role of surface basicity in directing ethanol dehydrogenation
selectively toward acetaldehyde formation.
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Figure 8. Ethanol conversion (A) over zeolite A, K-zeolite A, and Ca-zeolite
A catalysts toward ethanol dehydrogenation. Catalysts: 0.1 g; Pretreated at 200°C
for 1 h; Vaporized: 120°C; Feed rate: 0.397 mL-h™'; Reactions temperature:
200°C, 250°C, 300°C, 350°C, and 400°C.
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Figure 9. Ethanol conversion and selectivity of acetaldehyde on zeolite A, K-zeolite A, and Ca-zeolite A catalysts toward ethanol dehydrogenation.
Catalysts: 0.1 g; Pretreated at 200°C for 1 h; Vaporized: 120°C; Feed rate: 0.397 mL-h™'; Reactions temperature: 200°C, 250°C, 300°C, 350°C, and 400°C.
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Figure 10. Yield of acetaldehyde over zeolite A, K-zeolite A, and Ca-zeolite
A catalysts toward ethanol dehydrogenation. Catalysts: 0.1 g; Pretreated
at 200°C for 1 h; Vaporized: 120°C; Feed rate: 0.397 mL-h™'; Reactions
temperature: 200°C, 250°C, 300°C, 350°C, and 400°C.

The acetaldehyde yield obtained from ethanol dehydrogenation
over zeolite A, K-zeolite A, and Ca-zeolite A catalysts at various
reaction temperatures is represented in Figure 10. For all types of
catalyst, the acetaldehyde yield increased with temperature, reflecting
the endothermic nature of the dehydrogenation reaction. The K-zeolite A
exhibited the highest acetaldehyde yield at 400°C, followed by Ca-
zeolite A and zeolite A. The higher performance of K-zeolite A can be
associated to its moderate surface basicity and well-balanced acid-
base properties, which facilitate ethanol activation and dehydrogenation,
while suppressing side reactions such as dehydration. In contrast,
zeolite A and Ca-zeolite A showed relatively lower yields, likely due to
their stronger acidity that favors dehydration pathways. These results
demonstrate that potassium modification effectively enhances the
selectivity and catalytic performance of zeolite A toward acetaldehyde
formation. The catalytic performance of the synthesized K- and Ca-
modified zeolite A was compared with other reported noble-metal-
free systems to highlight its efficacy. Unlike conventional Al-based
zeolites (e.g., H-ZSM-5), which possess strong Brensted acid sites
that predominantly drive ethanol dehydration toward ethylene, our K-
modified LTA zeolite shifts the selectivity toward acetaldehyde via
a dehydrogenation pathway. Furthermore, compared to bulk Mg-based
catalysts such as MgO, which typically require operating temperatures
above 400°C to achieve significant conversion [22], our K-zeolite A
exhibits competitive activity at lower thermal regimes. This suggests
that the hierarchical structure of SCBA-derived zeolite A provides

Ethanol

Zeolite A

@@@00@

Na*, K*, or Ca?*

a superior environment for the dispersion of alkali/alkaline-earth cations,
leading to more accessible basic sites for the selective abstraction of
hydrogen from ethanol.

3.3 Proposed mechanism of ethanol dehydrogenation on
K and Ca-modified zeolite A

The proposed pathway for ethanol dehydrogenation over K-
and Ca-modified zeolite A is illustrated in Scheme 2. The mechanism
involves coordinated bifunctional pathways between the extra-frame-
work cations (Mn*; K" or Ca?") and the basic framework oxygen atoms.

Initially, the ethanol molecule undergoes adsorption where its
oxygen atom coordinates with the cation, acting as a Lewis acid site.
Simultaneously, the hydroxyl hydrogen of ethanol interacts with
a nearby basic framework oxygen through hydrogen bonding. This
synergistic interaction facilitates the deprotonation of the O-H bond,
leading to the formation of a surface-bound ethoxide intermediate
(CH3CH20%*) and a protonated framework oxygen site.

The rate-determining step involves the cleavage of the a-C-H bond
(also referred to as a-H abstraction). A neighboring basic framework
oxygen abstracts the hydrogen from the a-carbon of the ethoxide
species. This step leads to the formation of acetaldehyde, which is
weakly adsorbed and readily desorbs from the K* or Ca?" sites due to
its lower polarity compared to ethanol.

The modification with K™ and Ca?" is crucial here; these non-redox
cations increase the electron density of the framework oxygen atoms,
enhancing their basicity and ability to abstract protons. Specifically,
the divalent Ca?* provides a stronger electrostatic field that polarizes
the ethanol molecule more effectively than monovalent K*. However,
the superior catalytic performance of K*-modified zeolite A observed
in this study (Figure 10) suggests that surface basicity and active site
density play a more dominant role. The lower electronegativity of K*
enhances the electron density of the neighboring framework oxygen
to a greater extent than Ca”*, providing stronger basic sites for the rate-
determining o-H abstraction. Furthermore, the monovalent nature of
K™ allows for a higher numerical density of cation sites within the LTA
framework to balance the framework charge, collectively leading to
the observed higher acetaldehyde yield [61-63]. Finally, the surface
hydrogen species recombine to release Hz gas, regenerating the basic
active sites for the subsequent catalytic cycle [22,62,64], as illustrated

in Scheme 2.

Acetaldehyde

Scheme 2. A conceptual model for the ethanol dehydrogenation over zeolite A, K-zeolite A, and Ca-zeolite A catalysts.
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Figure 12. SEM-EDX analysis of 1%K-zeolite A: (a, b) fresh catalyst and (c, d) spent catalyst after reaction.

Table 6. SEM-EDX elemental composition of 1% K-zeolite A before and after ethanol dehydrogenation.

Element Fresh Catalyst (wt%) Spent Catalyst (wt%)
%C 6.70 8.28

%Si 23.30 24.19

%Al 21.99 22.98

%0 30.52 27.04

%Na 12.79 11.32

%K 2.07 2.40

%Ca 1.26 227
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3.4 Post-reaction characterization

Post-reaction characterization was performed to evaluate carbon
deposition on the catalysts after the ethanol dehydrogenation reaction.
TGA analysis revealed that all fresh catalysts exhibited an initial weight
loss below approximately 200°C, which was attributed to the removal
of physically adsorbed water. Compared with their corresponding fresh
catalysts, the spent catalysts showed additional weight loss in the
temperature range of approximately 250°C to 500°C, which is associated
with the decomposition of carbonaceous deposits formed during the
catalytic reaction.

Among the catalysts studied, the spent K-zeolite A catalyst exhibited

the most pronounced additional mass loss within this temperature
range, suggesting a relatively higher extent of carbon deposition. In
contrast, the difference between the fresh and spent Ca-zeolite A
catalysts was less significant, indicating comparatively lower coke
formation under the reaction conditions. These results suggest that
the acid-base properties of the catalysts may influence the formation
of carbonaceous intermediates during ethanol dehydrogenation.

Post-reaction characterization of 1% K-zeolite A was performed
using SEM-EDX analysis (Figure 12 and Table 6). The carbon content
increased from 6.70 wt% in the fresh catalyst to 8.28 wt% in the spent
catalyst, suggesting the formation of carbonaceous deposits during
the reaction. This observation is consistent with the TGA results, which
showed additional weight loss for the spent catalyst in the temperature
range of approximately 250°C to 500°C, attributed to the decomposition
of carbonaceous species formed during catalytic operation. Although
slight variations in elemental composition were observed after the
reaction, these changes are within the typical uncertainty associated
with localized EDX measurements. The catalyst composition remained
relatively unchanged after catalytic operation.

4. Conclusions

Zeolite A synthesized from sugarcane bagasse ash was successfully
modified with K* and Ca?" ions to develop catalysts for ethanol
dehydrogenation to acetaldehyde. Structural and morphological analyses
confirmed that the LTA framework remained intact after cation
incorporation, while acidity-basicity measurements revealed significant
modifications to the surface properties. Potassium incorporation greatly
enhanced the basicity of zeolite A and effectively reduced acidity, creating
an optimal surface environment for selective ethanol dehydrogenation.
As a result, K-zeolite A exhibited the highest acetaldehyde selectivity
(51.8%) and the greatest acetaldehyde yield among the catalysts tested.
This study demonstrates that simple cation modification of SCBA-
derived zeolite A provides an effective, low-cost, and sustainable
alternative to traditional transition-metal-based catalysts used for
ethanol dehydrogenation. The ability of non-redox alkali and alkaline-
earth cations to tune acid-base characteristics and promote selective
acetaldehyde formation opens new avenues for designing environmentally
benign catalysts. These findings confirmed the potential of agricultural
waste-derived zeolites for green chemical production and contribute
valuable insight into catalyst design strategies for ethanol upgrading.
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