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INTRODUCTION 

Industrial effluents that contaminate water 
sources have been recognized as one of the most 
pressing global environmental issues. Among vari-
ous pollutants, Rhodamine B (RhB) dyes have been 
classified as highly toxic due to their carcinogenic 
properties and strong resistance to natural biodeg-
radation processes (Al-Buriahi et al., 2022; Wang 
et al., 2020). Substantial amounts of RhB have been 
discharged from industries such as textiles, print-
ing, and paper manufacturing units, where conven-
tional methods of treatment, such as coagulation, 
biodegradation, and adsorption, have often failed 
to achieve complete mineralization (Al-Tohamy et 
al., 2022). According to environmental standards 

defined by the European Water Framework Direc-
tive, RhB concentrations above 14 µg/L annual 
average and 140 µg/L allowable are considered 
potentially toxic to aquatic ecosystems (Skjolding 
et al., 2021). Accordingly, there is a strong need for 
affordable and environmentally responsible tech-
nologies to achieve efficient elimination of persis-
tent organic contaminants.

Advanced oxidation processes (AOPs), es-
pecially those based on semiconductor photoca-
talysis, have been widely acknowledged as effec-
tive approaches for degrading organic pollutants 
in wastewater. Photocatalysts can degrade dye 
molecules into non-toxic final products such as 
CO₂ and H₂O when exposed to UV or solar light 
(Goodarzi et al., 2023). Among commonly used 
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semiconductors, zinc oxide (ZnO) stands out 
for its low cost, high oxidation potential, non-
toxicity, and relatively simple preparation routes 
(Aina et al., 2025). Despite these advantages, the 
practical application of ZnO is limited by several 
intrinsic drawbacks. Its wide band gap confines 
photoactivity to the UV region, while the rapid 
recombination of photogenerated electron–hole 
pairs significantly hinders photocatalytic effi-
ciency. Continuous irradiation may also lead to 
particle aggregation and photocorrosion, further 
reducing performance (Singh et al., 2025). To 
mitigate these issues, a range of modification 
strategies has been explored, including hybridiza-
tion with metals (Bilal et al., 2025; Packialakshmi 
et al., 2023), other semiconductor oxides (Wei et 
al., 2025), carbon-based materials (Bekele et al., 
2025; Rajendran et al., 2025), and various porous 
supports (Shamsaei et al., 2022; Soliman et al., 
2022). Among these supports, zeolitic materials 
have gained particular attention. Their high sur-
face areas, ion-exchange properties, and well-
defined microporous channels promote uniform 
ZnO dispersion and improve pollutant adsorp-
tion. In addition, the rigid zeolitic framework can 
stabilize ZnO particles, thereby reducing aggre-
gation and photocorrosion during photocatalytic 
operation. Overall, coupling ZnO with zeolitic 
materials offers an efficient strategy to mitigate 
the intrinsic drawbacks of pure ZnO and signifi-
cantly improve its photocatalytic performance.

Zeolites are crystalline aluminosilicates with 
ordered microporous frameworks, and are widely 
regarded as excellent adsorbents, ion exchangers, 
and solid catalysts (Hübner et al., 2024). Their 
high surface area, adjustable pore morphology 
and size, and thermal and chemical stability cre-
ate highly favorable conditions for immobilizing 
semiconductor particles. The fusion of ZnO semi-
conductor particles with zeolites has been shown 
to improve photocatalytic activity through syner-
gistic adsorption (zeolites) and photocatalytic oxi-
dation (ZnO) (Bilal et al., 2025; Packialakshmi et 
al., 2023). While many zeolites with framework 
types such as sodalite (SOD), cancrinite (CAN), 
or mordenite (MOR) have been investigated and 
analyzed for many of their applications, studies 
on JBW zeolites are untried for semiconductor-
zeolites hybrids. The JBW zeolite derives its name 
from the Linde type J framework and the initials 
of Barrer and White, who originally identified it 
as a nepheline hydrate (Asselman et al., 2022). It 
is a metastable zeolite form mostly isolated under 

mild hydrothermal synthesis and features lath-
like morphology and pseudo-hexagonal cross-
sections. The moderate Si/Al ratio and the open-
framework structure of JBW highlight its promise 
as a support material (Yan et al., 2024).

The synthesis of JBW zeolite from natu-
ral minerals such as feldspar offers a sustainable 
and cost-effective approach to zeolite production. 
Feldspar, a common aluminosilicate mineral, pro-
vides significant amounts of silicon and alumi-
num, which can be liberated by acid treatment and 
subsequently converted into zeolitic phases via 
hydrothermal synthesis (Khaleque et al., 2020). 
Although JBW has been successfully generated 
from kaolinite, earlier research has primarily fo-
cused on phase formation and ion-exchange capa-
bilities. For instance, Lin et al. (2004) successfully 
obtained zeolites with JBW, CAN, Li-ABW, and 
SOD phases from meta-kaolinite, and Hegazy et 
al. (2012) produced phase-pure JBW and assessed 
its heavy-metal adsorption properties. However, 
these studies did not consider feldspar as a precur-
sor, nor did they examine JBW for photocatalytic 
uses. Therefore, a notable research gap remains re-
garding the synthesis of feldspar-derived JBW, its 
potential as a ZnO support, and the performance of 
ZnO–JBW composites in degrading Rhodamine B.

In this context, incorporating ZnO into JBW 
zeolite prepared from feldspar can offer several 
noteworthy advantages. Owing to its intercon-
nected, porous, and crystalline framework, JBW 
can disperse ZnO particles more evenly across 
its surface, thereby increasing the number of ex-
posed active sites and minimising photocorrosion 
during irradiation. Another benefit arises from 
the complementary roles of the two components: 
while the zeolite framework can concentrate RhB 
molecules through adsorption, ZnO subsequently 
drives their oxidative degradation under UV light, 
resulting in a faster overall reaction. The use of 
feldspar as the starting material also provides a 
practical and environmentally considerate route 
for producing ZnO/zeolite composites. Findings 
from recent studies further show that ZnO–zeolite 
materials generally outperform either unmodified 
ZnO or pure zeolite in photocatalytic degradation 
tests (Bekele et al., 2025; Bilal et al., 2025). 

Based on these considerations, this study fo-
cuses on the synthesis of feldspar-derived zeo-
lite materials from Gowa Regency, Indonesia, 
and their application as supports for zinc oxide–
based photocatalysts. The work is designed to in-
vestigate how the integration of ZnO with JBW 
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zeolite and the operational conditions influence 
the structural–textural properties and photocata-
lytic behavior of the resulting composites in dye 
degradation systems.

MATERIALS AND METHODS

Materials

Natural feldspar was collected from Tim-
buseng, Pattalasang District, Gowa Regency, 
South Sulawesi, Indonesia. Zinc oxide (ZnO, 
CAS No. 1314-13-2, EMSURE® grade, ≥ 
99.0% purity, Merck), Rhodamine B (RhB, 
C₂₈H₃₁ClN₂O₃, CAS No. 81-88-9, ≥ 95%, Sigma-
Aldrich), sodium hydroxide (NaOH, CAS No. 
1310-73-2, EMSURE® grade, ≥ 98%, Merck), 
ethanol (C₂H₅OH, CAS No. 64-17-5, EMSURE® 
grade, ≥ 96%, Merck), and hydrochloric acid 
(HCl, CAS No. 7647-01-0, EMSURE® grade, ≥ 
37%, Merck). Deionized water was used through-
out the experiments

Preparation of Feldspar

The feldspar raw material was crushed and 
sieved using a 200-mesh screen, 50 g of the sam-
ple was reacted with 100 mL of 1 M HCl under 
continuous stirring for 1 h. Afterward, the sample 
was washed with distilled water until it reached 
a neutral pH of 7 and subsequently oven-dried at 
105 °C for a duration of 5 h.

Synthesis of JBW zeolite from feldspar

The zeolite was synthesized through the hy-
drothermal method by dissolving 1.025 g of 
NaOH in 18 g of deionized water. Subsequently, 
0.7495 g of feldspar raw material was introduced 
into the mixture. The mixture was then placed 
within an autoclave, securely sealed, and subject-
ed to heating at 170 °C for a duration of 72 h. The 
solid product obtained from the synthesis process 
was subsequently separated via vacuum filtration 
using filter paper until the filtrate attained a neu-
tral pH (pH 7). The final product was then dried at 
105 °C for a period of 12 h.

Synthesis of ZnO/JBW composite 

The ZnO/JBW was obtained using a modi-
fied solid-state method, as reported by (Fatimah 

et al., 2025) and (Imessaoudene et al., 2024). Ini-
tially, 1 g of ZnO powder and 2.5 g of JBW were 
mixed with 4 mL of 96% ethanol and manually 
ground using an agate mortar. A volume of 21 mL 
of 96% ethanol was incorporated into the system, 
followed by 5 h of continuous agitation and 30 
min of ultrasonic treatment to achieve a well-dis-
persed suspension. The obtained slurry was oven-
dried at 105 °C for 5 h and then calcined at 400 °C 
for 2 h to produce the final ZnO/JBW composite.

Photocatalytic activity evaluation

The photocatalytic activity of JBW, ZnO, and 
ZnO/JBW was evaluated through the photodeg-
radation of Rhodamine B (RhB) using a 500 W 
mercury lamp (λ = 365 nm). The pH optimiza-
tion was carried out using RhB solution at a fixed 
concentration of 25 mg/L within the pH range of 
4–9, while concentration experiments were per-
formed at the optimum pH with variations of 10–
35 mg/L; both sets of experiments were irradiated 
for 60 min. The time-dependent experiments was 
conducted at the optimum pH and concentra-
tion conditions with irradiation durations rang-
ing from 30 to 180 minutes, and 4 mL aliquots 
were collected at 30-minute intervals. Before 
light irradiation, the suspensions used in the pH, 
concentration, and time-dependent experiments 
were stirred in the dark at 350 rpm for 30 min 
to achieve adsorption–desorption equilibrium of 
RhB on the catalyst. All collected samples were 
centrifuged at 3500 rpm for 10 minutes, and the 
aliquots were analyzed using a UV–Vis spectro-
photometer at 555 nm. Equation 1 was used to 
determine the degradation efficiency: 

	 %D = 𝑪𝑪𝒐𝒐−𝑪𝑪𝒆𝒆𝑪𝑪𝒐𝒐
 × 100%   	 (1)

where:	Co is the initial concentration and Ce is 
the final concentration of the dye. All 
photocatalytic experiments were per-
formed in triplicate.

Characterization

Different analytical approaches were used to 
determine the physicochemical properties of the 
samples. Elemental composition was assessed 
by X-ray fluorescence analysis (Shimadzu EDX-
/800). The crystallographic structure was deter-
mined by XRD (Shimadzu XRD-7000) with Cu 
Kα radiation (λ = 1.5405 Å) over a scanning range 
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of 10–70° (2θ). Fourier-transform infrared spec-
troscopy (Shimadzu IR Prestige-21). Thermo-
gravimetric and differential scanning calorimetry 
(PerkinElmer STA 8000). The Optical band gaps 
were measured using UV-DRS (Thermo Scien-
tific Evolution 220). Morphology and elemental 
mapping were examined by SEM-EDS (Hitachi 
SU3500). N₂ adsorption–desorption (SAA Micro 
200) with the BET and BJH methods.

RESULTS AND DISCUSSION 

X-ray diffraction analysis 

The diffraction patterns obtained from the un-
treated and acid-modified feldspar are presented 
in Figure 1. The XRD pattern of the raw feldspar 
in Figure 1a exhibited dominant reflections at 2θ 
= 19.9°, 23.6°, 27.3°, and 30.8°, corresponding 
to the (200), (130), (201), and (221) planes of 
feldspar (PDF 96-900-2566), along with quartz 
at 26.6° (101) and weak goethite peaks around 
35°–37°. After activation with 1 M HCl Figure 
1b the diffraction pattern remained dominated by 
feldspar with characteristic reflections between 
20° and 31°, confirming that the aluminosilicate 
framework was preserved. The quartz peak inten-
sity decreased, while the weak goethite reflections 
became less distinct, indicating partial dissolution 
of silica and removal of Fe-containing impurities. 
These results demonstrate that acid activation ef-
fectively purified the feldspar without altering its 
crystalline structure, producing a cleaner alumi-
nosilicate precursor suitable for zeolite synthesis.

The XRD patterns of JBW, ZnO, and the 
ZnO/JBW composite are shown in Figure 2. The 
diffractogram was dominated by characteristic re-
flections of JBW zeolite, with major peaks at 2θ = 
15.96°, 23.40°, 26.13°, and 30.16°, which corre-
spond to the (200), (220), (310), and (321) diffrac-
tion planes (JCPDS 96-901-4434). These sharp 
and well-defined peaks confirm the successful 
formation of the JBW framework. The JBW phase 
is generally stable under low alkaline conditions, 
where Si and Al dissolution occur slowly, there-
by favoring early-stage JBW nucleation before 
it transforms into other frameworks. Consistent 
with previous studies, low-alkalinity conditions 
were observed to promote the early crystalliza-
tion of JBW prior to its transformation into more 
stable phase (Lin et al., 2004; Vogrin et al., 2023). 
The diffraction pattern of ZnO exhibited intense 

reflections at 2θ = 31.72°, 34.37°, 36.18°, 47.46°, 
56.54°, 62,78°, 66.31° and 68.02°, which are as-
signed to the (100), (002), (101), (102), (110), 
(103), (200), and (112) lattice planes of the hex-
agonal wurtzite structure (JCPDS 96-230-0113).

The ZnO/JBW composite shows a diffrac-
tion pattern indicating an overlap of both phases. 
The ZnO reflections at 2θ = 31.72°, 34.37°, and 
36.18°, with crystallographic planes (100), (002), 
and (101), are still clearly visible but show slight 
broadening due to interaction with the JBW ma-
trix.The characteristic JBW reflections at 2θ = 
23.40° and 26.13° corresponding to the planes 
(220) and (310), were still detectable, indicat-
ing that the JBW framework was preserved after 
ZnO incorporation. Variations in the intensities of 
the ZnO (100) and (101) planes, along with a de-
crease in the JBW (321) peaks, suggest interfacial 
interactions between ZnO and the aluminosilicate 
framework. Such intercations, likely involving 
Zn-O-Si/Al bonding at the interface, are expected 
to enhance both the thermal stability and photo-
catalytic properties of the composite (Khaleque et 
al., 2020; Shamsaei et al., 2022).

Composition and morphology

The chemical composition of the natural and 
acid-activated feldspar was examined through 
X-ray fluorescence (XRF) analysis, the results of 
which are presented in Table 1. The major oxides 
identified were Al₂O₃ and SiO₂, indicating that 
the feldspar mainly consists of aluminosilicate 
minerals. After activation with 1 M HCl, the con-
centrations of Al₂O₃ and SiO₂ slightly increased, 
whereas Fe₂O₃ and CaO decreased, suggesting the 
removal of Fe- and Ca-containing impurities dur-
ing acid treatment. The XRD results corroborate 
these observations, demonstrating that feldspar 
persisted as the major phase after activation, ac-
companied by a reduction in the diffraction peaks 
of quartz and goethite. The reduction of Fe and Ca 
oxides detected by XRF supports the diminished 
impurity peaks observed in the XRD pattern. 

The morphology and composition of the syn-
thesized material were revealed by SEM-EDS, as 
presented in Figure 3. In the SEM images, Figure 
3a shows elongated prismatic (lath-like) crystals 
with a characteristic pseudo-hexagonal cross-sec-
tion typical of JBW zeolite. These crystals appear 
randomly distributed and exhibit micron-scale 
dimensions, consistent with previous reports (As-
selman et al., 2022; de Dios et al., 2023; Hübner et 
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al., 2024; Wei et al., 2025). The pseudo-hexagonal 
cross-section refers to crystal terminations resem-
bling a hexagon, albeit not perfectly symmetrical, 
which is a common feature of JBW zeolite formed 
through hydrothermal synthesis. This morphol-
ogy indicates a directional crystal growth aligned 
with the JBW framework topology. To further 
support morphological identification, EDS analy-
sis (Figure 3b) was performed on the observed 
JBW crystals. The EDS spectrum confirmed the 
main elemental composition of Al (14.05%), Si 
(16.4%), Na (14.35%), and O (55.2%). The near-
ly balanced Al/Si ratio, along with the presence 

of Na as a charge-compensating cation, is consis-
tent with the aluminosilicate framework of JBW 
zeolite. After composite with ZnO, the JBW mor-
phology was still clearly identifiable. At the same 
time, ZnO particles were detected to be dispersed 
across the crystal surface (Figure 3c). This distri-
bution was interpreted as an indication of strong 
interfacial interaction between ZnO and the JBW 
framework, which prevented particle agglomera-
tion. The EDS spectrum (Figure 3d) confirmed 
the presence of Al (10.22%), Si (11.76%), Na 
(13.42%), O (46,85%), and Zn (15.88%), verify-
ing the successful incorporation of ZnO into the 

Figure 1. XRD patterns for (a) raw feldspar, and (b) the acid-activated feldspar

Figure 2. XRD patterns for ZnO, JBW, and the ZnO/JBW composite
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JBW matrix. The detection of Zn suggested that 
JBW acted as both a structural support and a dis-
persing medium for ZnO.

Fourier transform infrared spectroscopy 

The FTIR spectra of JBW zeolite, ZnO, and 
the ZnO/JBW composite are shown in Figure 
4. In the JBW zeolite (1 M NaOH), broad O–H 
stretching bands at 3400–3530 cm⁻¹ and H–O–H 
bending bands at 1640–1670 cm⁻¹ were observed, 
corresponding to adsorbed or confined water mol-
ecules within the zeolitic pores. Framework vibra-
tions in the 900-1200 cm⁻¹ region, assigned to T–
O–T stretching, were recorded and considered di-
agnostic of the JBW structure. Additional features 

in the 400–800 cm⁻¹ region, including double-
ring (D4R/D6R) modes and Si–O/Al–O linkages, 
further confirmed the formation of JBW-type zeo-
lite. A strong band at 960–965 cm⁻¹, together with 
features at 420–500 cm⁻¹ and a weak band at 760–
770 cm⁻¹, was attributed to asymmetric T–O–T 
vibrations, double-ring modes, and the fingerprint 
region of JBW (Vogrin et al., 2023). In the pure 
ZnO, a strong absorption at 445–523 cm⁻¹ was at-
tributed to Zn–O stretching vibrations, by which 
the formation of crystalline ZnO was confirmed 
(Khan et al., 2025). A wide absorption feature at 
3148 cm⁻¹ was assigned to the O–H stretching 
vibration of surface –OH groups and physically 
adsorbed water (Shukla et al., 2025). In the ZnO/
JBW composite Figure 5b, overlapping bands in 
the 472-680 cm-1 region indicated Zn-O vibra-
tions superimposed on the JBW framework. The 
absorption feature at 1111 cm⁻¹ is attributed to the 
asymmetric vibration of the Si–O–Si/Al–O link-
ages, while the bands observed within 993–799 
cm⁻¹ indicate that the structural integrity of the 
JBW framework remained intact. Broad features 
at 3498–1645 cm⁻¹ reflected the presence of hy-
droxyl groups and water molecules confined 
within the zeolite pores. These findings were 
consistent with the XRD result, suggesting that 
ZnO integration did not disrupt the JBW frame-
work but instead enhanced interfacial interac-
tions. Previous studies have reported (Munguti 
et al., 2023), that the incorporation of ZnO into 

Table 1. Chemical composition of raw and acid-
activated feldspar determined by XRF

Metal Oxide wt 
(%) Raw feldspar Acid-activated 

feldspar
Al2O3 47.6 49.2

SiO2 41.3 43.7

Fe2O3 4.1 3.5

CaO 3.9 0.6

K2O 1.3 1.4

SO3 0.4 -

MnO 0.1 -

PbO 0.01 -

Figure 3. SEM–EDX generated images and corresponding tables present the elemental composition
of (a–b) JBW and (c–d) ZnO/JBW composite
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a zeolite matrix improves structural integrity and 
introduces active surface sites beneficial for pho-
tocatalytic applications. 

Textural properties (BET and BJH) 

The textural characteristics of the produced 
materials were assessed using nitrogen adsorp-
tion–desorption measurements (Figure 5). The 
JBW zeolite exhibited a type IV isotherm with an 
H3 hysteresis loop, whereas the ZnO/JBW com-
posite displayed a type III isotherm. A summary 
of the BET results presented in Table 2 shows 
pore sizes > 2 nm, indicating a mesoporous struc-
ture, as well as an increase in surface area from 
14.15 m²/g for JBW to 26.22 m²/g for ZnO/JBW. 
In addition, the pore volume also increased sig-
nificantly compared to the JBW sample. Prior 
studies have shown analogous behavior for ZnO 
when incorporated into zeolite matrices (Baldez 
et al., 2024; Santos et al., 2023) 

The BJH pore size distribution (Figure 5a and 
Figure 5b) further confirms the presence of meso-
pores in ZnO/JBW centered at approximately 11 
nm, while JBW exhibits a main peak at around 12 
nm. The literature has reported comparable find-
ings for ZnO–zeolite composite materials, where 
the presence of hierarchical porosity facilitated 
molecular diffusion and improved the accessibil-
ity of active sites, thereby enhancing photocata-
lytic performance (Healey et al., 2000; Lin et al., 

2004; Yu et al., 2024). The observed increase in 
surface area and pore volume indicated that ZnO/
JBW possessed superior textural properties, sug-
gesting greater potential for photocatalytic appli-
cations. The enhanced mesoporosity was expect-
ed to facilitate mass transport and support higher 
catalytic efficiency, in agreement with previous 
reports on ZnO/zeolite-based systems (Munguti 
et al., 2023).

Thermal characterization (TGA-DSC) 

The thermal behavior of materials was evalu-
ated by thermogravimetric analysis (TGA) and 
differential scanning calorimetry (DSC) to evalu-
ate thermal stability and associated transition 
mechanisms, as shown in Figure 6. From the 
TGA curve of the JBW sample (Figure 6a), a total 
weight loss of 7.00% was recorded in two main 
steps. The first stage, with a mass loss of 3.96% 
was observed within the temperature range of 50–
200 °C and was attributed to the release of phy-
sisorbed water molecules from the zeolite pores. 
This event was accompanied by a broad endother-
mic peak in the DSC curve (Figure 6b), centered 
at 262.85 °C, corresponding to dehydration and 
dihydroxylation signals typical of zeolitic frame-
works. A second-stage mass loss of 3.04% was 
recorded up to 500 °C, indicating partial degrada-
tion of the structural hydroxyl groups. The corre-
sponding DSC signal displayed a peak at 286/80 

Figure 4. FTIR Spectra of ZnO, JBW, and the ZnO/JBW composite
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°C, with ∆H of 73.54 J/g, which confirmed the 
energy involved in the structural transition. These 
results were consistent with previous reports (As-
selman et al., 2022; Vogrin et al., 2023), which 
described the gradual dehydration of zeolites at 
low to moderate temperatures (<350 °C) prior to 
the weakening of the aluminosilicate framework 
at elevated temperatures. 

The ZnO (Figure 6a) TGA profile revealed 
high thermal stability, with only 0.30% mass loss. 
The DSC curve (Figure 6b) showed minimal en-
ergy transitions, characterized by an endothermic 
signal with an onset at 176.3 °C and a peak at 
228 °C, corresponding to a ∆H of 10.59 J/g, at-
tributed to the release of superficial moisture. A 
second peak observed at 582.7 °C with ∆H = 1.69 
J/g was associated with ZnO lattice relaxation. 
In contrast, the ZnO/JBW composite exhibited a 
combined thermal behavior both constituent ma-
terials. A total mass loss of 4.40% was recorded in 
the TGA profile, with the initial stage 50–300 °C 
corresponding to the release of pore confined wa-
ter, followed by structural changes at the interface 
occurring in the range 300–600 °C. These find-
ings were further supported by the DSC curve, 
which displayed two distinct thermal events: an 
endothermic peak at 273.1 °C with ∆H = 28.87 
J/g, attributed to the structural dehydration of 
JBW, and an exothermic peak at 508.6 °C with 

∆H = -8.51 J/g, indicating crystal reorganization 
at the ZnO/JBW interface. Compared to JBW, the 
ZnO/JBW composite exhibited a lower dehydra-
tion enthalpy, indicating reduced water retention 
due to the incorporation of ZnO. The shift in high-
temperature transitions confirmed the enhanced 
thermal stability of the JBW framework, attrib-
uted to the ZnO structural buffering effect, as pre-
viously reported (Khaleque et al., 2020; Soliman 
et al., 2022; H. Wang et al., 2020). TGA-DSC re-
sults revealed that while JBW showed high water 
adsorption but poor thermal resistance, ZnO was 
highly stable with minimal energy transitions. 
The composite combined both traits, offering 
significant water retention and improved thermal 
stability, supporting its potential for photocata-
lytic applications. 

Optical properties (UV-DRS) 

The UV-Vis absorption spectra of ZnO and 
ZnO/JBW are presented in Figure 7a. For ZnO, 
an absorption edge at approximately 368 nm was 
observed, which has been recognized as a typi-
cal feature of semiconductor band-to-band transi-
tions. After composite with JBW zeolite, an in-
crease in absorption intensity and a noticeable ex-
tension into the visible region were detected in the 
ZnO/JBW sample. Superior optical performance 

Table 2. Surface area and porosity of JBW and ZnO/JBW composite

Sampel BET surface area (m2/g) Total pore volume (cm³/g) Average pore size (nm)

JBW 14.15 0.039 11.12

ZnO/JBW 26.22 0.079 12.10

Figure 5. N2 adsorption–desorption isotherm and BJH pore-size distribution for a) zeolite JBW
and b) ZnO/JBW composite
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compared to pure ZnO was achieved through im-
proved ZnO dispersion and stronger light-matter 
interactions, which were facilitated by the JBW 
framework (Wang et al., 2024). 

The optical band gaps were evaluated by ap-
plying the Kubelka–Munk transformation and 
Tauc plot analysis, as illustrated in Figure 7b. A 
narrower band gap of 3.12 eV was obtained for 
ZnO/JBW, compared to 3.18 eV for pure ZnO. Al-
though this shift is modest, it can significantly in-
fluence photocatalytic activity because a narrow-
er band gap lowers the excitation energy required 
for photogenerated electron–hole pair formation, 
thereby enhancing light utilization. Furthermore, 
intimate interfacial contact between ZnO and the 
JBW zeolite support facilitates directional charge 
transfer driven by interfacial band alignment, 
thereby suppressing electron–hole recombination 
and improving charge-separation efficiency, as 
commonly observed in heterojunction photocata-
lysts (Sohail et al., 2024).

Therefore, the improved photocatalytic behav-
ior of ZnO/JBW is not governed solely by band-gap 
narrowing, but also by synergistic effects involving 
enhanced light absorption, interfacial charge trans-
fer, and the porous zeolitic framework. Consistent 
with the literature, oxide–zeolite composites were 
found to improve photocatalytic efficiency by opti-
mizing light utilization and pore structure (Bilal et 
al., 2025; Packialakshmi et al., 2023). In conjunc-
tion with the presented data, these findings suggest 
that ZnO/JBW possesses promising photocatalytic 
characteristics. Based on the given result, ZnO/
JBW was identified as a promising material for 
photocatalytic applications. 

Effect of pH on photocatalytic activity

The effect of pH on the photocatalytic degra-
dation of materials after 60 min of mercury lamp 
irradiation with a starting concentration of RhB 
of 25 mg/Lof 25 mg/L is presented in Figure 

Figure 6. TGA (a) and DSC (b) curves of Z JBW, and ZnO/JBW composite

Figure 7. UV-DRS of ZnO and ZnO/JBW (a) absorbance spectrum and (b) band gap energy calculation
using the Kubelka-Munk method
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8. A significant variation in degradation effi-
ciency was observed among the three systems. 
For JBW, the degradation efficiency remained 
relatively constant at 40–50%, with the highest 
value recorded at pH 6 (49.84± 0.0030%). This 
behavior indicated that the removal was domi-
nated by adsorption on the zeolitic framework, 
which was less sensitive to pH fluctuations. In 
the case of ZnO, the degradation efficiency ex-
hibited a stronger dependence on pH. The high-
est performance was observed at pH 8 (42.86 ± 
0.0046%), while a sharp decline was recorded 
at pH 9 (20.73 ± 0.0032%). This trend is con-
sistent with the reported point of zero charge 
(pHpzc) of ZnO (7–9), where at higher alkaline 
pH, excessive hydroxyl ions hindered surface 
activity and reduced photocatalytic efficiency 
(El Golli et al., 2023).

The ZnO/JBW composite consistently 
outperformed both single materials, achiev-
ing degradation efficiencies above 75% across 
all pH values. The maximum removal (83.45± 
0.0076%) was obtained at pH 8, followed by 
80.39± 0.0021% at pH 9. The enhancement can 
be attributed to the synergistic effect of JBW in 
dispersing ZnO, providing additional adsorption 
sites, and reducing electron–hole recombination, 
a phenomenon that has been similarly reported 
for other zeolite–ZnO systems (Kabadayi et al., 
2024). The results indicated that ZnO/JBW com-
posites exhibited the most robust and efficient 

photocatalytic performance, particularly at mild-
ly alkaline pH levels. In contrast, ZnO alone ex-
hibited strong pH sensitivity, whereas JBW pri-
marily served as a stable adsorbent.

Effect of initial RhB concentration

The effect of the initial RhB concentration 
on the photocatalytic degradation efficiency us-
ing ZnO, JBW, and the ZnO/JBW composite is 
shown in Figure 9. The results indicate that in-
creasing the initial RhB concentration leads to a 
decrease in degradation efficiency for all materi-
als. A gradual decline in degradation efficiency 
was observed as the initial dye concentration in-
creased from 10 to 35 mg/L during 60 minutes 
of irradiation. This decrease is attributed to the 
saturation of the catalyst’s active sites and the re-
duced light penetration caused by the higher RhB 
concentration, which limits the generation of re-
active oxygen species. 

The ZnO efficiency decreased from 64.07 ± 
0.0025% at 10 mg/L to 27.40 ± 0.0235% at 35 
mg/L, whereas JBW exhibited a decline from 
67.83 ± 0.0055% to 20.47 ± 0.0032% under the 
same conditions, confirming its primarily adsorp-
tive role. In contrast, the ZnO/JBW composite 
exhibited superior performance, achieving 97.33 
± 0.0006% degradation at 10 mg/L and maintain-
ing 75.02 ± 0.0015% at 35 mg/L. This enhanced 
performance is attributed to the synergistic effect 

Figure 8. Effect of pH (4–9) on the photocatalytic performance of ZnO, JBW, and ZnO/JBW composite
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between the two components, where JBW zeo-
lite facilitates the pre-concentration of RhB mol-
ecules around the active sites of ZnO, while ZnO 
acts as a photocatalyst that promotes oxidation 
through the generation of reactive oxygen species 
(Mugumo et al., 2023). Based on these results, 
optimum concentrations of 20 mg/L for ZnO and 
ZnO/JBW, and 15 mg/L for JBW, were identi-
fied as the most effective conditions for RhB 
removal, achieving degradation efficiencies of 
61.37 ± 0.0026%, 94.34 ± 0.0016%, and 60.32 ± 
0.0010%, respectively.

Effect of light irradiation period 		
on degradation 

The influence of exposure time on RhB pho-
tocatalytic degradation using JBW, ZnO, and 
the ZnO/JBW composite is illustrated in Figure 
10a. All materials exhibited a gradual increase in 
degradation efficiency with longer irradiation pe-
riods, with the highest performance observed at 
150 minutes.

The ZnO/JBW composite showed the high-
est performance, achieving 97.83% ± 0.0030% 
degradation compared with 65.81% ± 0.0015% 
for ZnO and 58.74% ± 0.0010% for JBW. This 
superior activity can be attributed to the syner-
gistic effect between the adsorption capacity of 
JBW and the photocatalytic activity of ZnO. The 
JBW framework serves as an adsorptive matrix 

that preconcentrates RhB molecules near ZnO 
active sites, thereby increasing the probability of 
photocatalytic reactions. Meanwhile, ZnO func-
tions as the photocatalytic center, generating re-
active oxygen species under UV irradiation that 
effectively cleave the chromophoric bonds in the 
dye molecules. 

The changes observed in the UV–Vis spectra 
of RhB throughout its photocatalytic degradation 
by the ZnO/JBW composite, as illustrated in Fig-
ure 10b, provide additional confirmation of these 
results. A gradual decrease in the characteristic 
absorption peak at 554–555 nm was observed as 
the irradiation time increased, with the peak al-
most disappearing after 150 minutes. This contin-
uous reduction in absorbance closely correlates 
with the decrease in RhB concentration in solu-
tion, confirming the high degradation efficiency 
determined experimentally. The lack of notable 
signals detected in the visible spectrum indicates 
that the degradation primarily proceeds via direct 
mineralization rather than the accumulation of 
stable intermediates, consistent with previous re-
ports on ZnO/zeolite-based photocatalysts (Hu et 
al., 2023). Overall, these results demonstrate that 
the ZnO/JBW composite achieves a faster degra-
dation equilibrium and maintains a higher overall 
efficiency than its individual components, thereby 
confirming the potential of the ZnO/JBW com-
posite as a robust candidate for practical waste-
water treatment applications.

Figure 9. Effect of initial RhB concentration (10–35 mg/L) on ZnO, JBW, and ZnO/JBW composite
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Photocatalytic degradation efficiency 	
under optimum conditions

Photocatalytic degradation experiments were 
conducted under the previously optimized condi-
tions of pH, initial dye concentration, and irradia-
tion time to evaluate the maximum performance 
of ZnO, JBW, and the ZnO/JBW composite.

The results in Figure 11 show that The ZnO/
JBW composite exhibited the highest degradation 
efficiency, reaching 98,23 ± 0.0021%, which was 
significantly higher than that of pure ZnO (65.81 
± 0.0032%) and JBW (58.74 ± 0.0036%). The en-
hanced performance of the ZnO/JBW composite 

arises from the synergistic effect of its compo-
nents: JBW zeolite acts as an adsorbent, concen-
trating RhB molecules near the ZnO surface and 
thereby accelerating the oxidation process, while 
ZnO serves as the photocatalyst. These find-
ings demonstrate the potential of the ZnO/JBW 
composite as a promising candidate for practical 
wastewater treatment applications. 

To further confirm this enhanced perfor-
mance, a comparison of RhB photodegrada-
tion efficiencies of various ZnO-based materials 
reported in previous studies is summarized in 
Table 3. The comparison was conducted based 
on several factors, including photocatalyst type, 

Figure 10. Photocatalytic performance of ZnO, JBW, and ZnO/JBW composite for RhB degradation under UV 
a) effect of irradiation time (30-180 minutes) and b) UV–vis spectra and visual color change during degradation

Figure 11. Photocatalytic degradation efficiency of JBW, ZnO, and ZnO/JBW composites
under optimal conditions
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catalyst loading, pollutant concentration, irradia-
tion time, and Degradation efficiency. The results 
show that ZnO/JBW exhibits enhanced separa-
tion efficiency even at relatively high RhB con-
centrations. These findings confirm the potential 
of ZnO/JBW as an effective photocatalyst for 
wastewater treatment applications.

CONCLUSIONS 

In this study, JBW zeolite was successfully 
synthesized from feldspar Gowa, South Sulawe-
si using the hydrothermal method and then com-
posited with ZnO. XRD and FTIR characteriza-
tion results showed the formation of a stable 
JBW framework, while SEM-EDS revealed that 
ZnO was evenly dispersed on the zeolite sur-
face. BET and BJH analyses revealed increased 
surface area and mesoporosity in the composite, 
and TGA/DSC showed better thermal stabil-
ity than pure JBW. Furthermore, the ZnO/JBW 
composite has a narrower optical band gap and 
higher light absorption capacity than pure ZnO. 
Photocatalytic studies also show that this com-
posite performs better than JBW or ZnO alone 
under various pH conditions, initial RhB con-
centrations, and irradiation times. Under opti-
mized conditions, a maximum RhB degradation 
efficiency of 98.23 ± 0.0021% was attained by 
the ZnO/JBW composite, attributed to the syner-
gistic combination of JBW adsorption capacity 
and ZnO photocatalytic activity. 
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