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High-surface-area Ficus leaf-extracted CuO-ZnO-NiO ternary nanocomposites for
rapid adsorption-assisted UV-A degradation of Direct Blue 15

Abstract

Direct Blue 15 (DB15) is a long-lasting synthetic dye that pollutes water and is difficult to remove during
wastewater treatment. Conventional treatments fail to remove DB15 adequately due to rapid electron-
hole recombination, which necessitates photocatalysts with reduced recombination rates for effective
dye removal. The study aims to synthesize and evaluate a CuO-ZnO-NiO ternary system as an integrated
adsorption and UV-A photocatalysis platform for DB15 removal. Ficus leaf-extracted CuO-ZnO-NiO
nanocomposites with four Cu:Zn:Ni ratios (1:1:1, 1:1:2, 1:2:1, 2:1:1) were prepared by co-precipitation,
followed by extensive chemical and physical characterization and dye-removal performance
measurements. The CuO-ZnO-NiO nanocomposite exhibited hexagonal zinc oxide, cubic nickel oxide, and
monoclinic copper oxide phases, with mixed morphologies and a mean particle size of 56.75 nm. The
nanocomposite had a specific surface area of 34.741 m? g~ and a total pore volume of 0.089 cm3 g—".
Among the four ratios, the 1:1:1 Cu:Zn:Ni nanocomposite delivered the highest overall performance,
achieving complete DB15 removal by adsorption at 20 mg L=" and complete DB15 degradation by UV-A
photocatalysis at 30 mg L=, both within 150 min. Reuse tests of the nanocomposite over five
consecutive cycles yielded DB15 degradation efficiencies of 95%, 93%, 91%, 63%, and 59%. Kinetic and
equilibrium analyses indicated pseudo-second-order behaviour and Langmuir-type adsorption, and
thermodynamic parameters indicated a spontaneous, endothermic adsorption process. Ficus-based CuO-
Zn0-NiO nanocomposites enable high DB15 degradation through complementary adsorption and UV-A
photocatalytic pathways and support practical wastewater treatment applications.

Keywords
Photocatalysis; Green Synthesis; CuO-ZnO-NiO Ternary Metal Oxide Nanocomposites; Adsorption; Kinetic
Model-ling.
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Abstract

Direct Blue 15 (DB15) is a long-lasting synthetic dye that pollutes water and is difficult to remove during wastewater
treatment. Conventional treatments fail to remove DB15 adequately due to rapid electron-hole recombination, which
necessitates photocatalysts with reduced recombination rates for effective dye removal. The study aims to synthesize
and evaluate a CuO-ZnO-NiO ternary system as an integrated adsorption and UV-A photocatalysis platform for DB15
removal. Ficus leaf-extracted CuO-ZnO-NiO nanocomposites with four Cu:Zn:Ni ratios (1:1:1, 1:1:2, 1:2:1, 2:1:1) were
prepared by co-precipitation, followed by extensive chemical and physical characterization and dye-removal perfor-
mance measurements. The CuO-ZnO-NiO nanocomposite exhibited hexagonal zinc oxide, cubic nickel oxide, and
monoclinic copper oxide phases, with mixed morphologies and a mean particle size of 56.75 nm. The nanocomposite
had a specific surface area of 34.741 m” g~" and a total pore volume of 0.089 cm® g~'. Among the four ratios, the 1:1:1
Cu:Zn:Ni nanocomposite delivered the highest overall performance, achieving complete DB15 removal by adsorption
at 20 mg L' and complete DB15 degradation by UV-A photocatalysis at 30 mg L7, both within 150 min. Reuse tests of
the nanocomposite over five consecutive cycles yielded DB15 degradation efficiencies of 95%, 93%, 91%, 63%, and 59%.
Kinetic and equilibrium analyses indicated pseudo-second-order behaviour and Langmuir-type adsorption, and ther-
modynamic parameters indicated a spontaneous, endothermic adsorption process. Ficus-based CuO-ZnO-NiO nano-
composites enable high DB15 degradation through complementary adsorption and UV-A photocatalytic pathways and
support practical wastewater treatment applications.

Keywords: Photocatalysis, Green synthesis, CuO-ZnO-NiO ternary metal oxide nanocomposites, Adsorption, Kinetic
modelling

1. Introduction such as textile, plastic, tanning, paper, and leather
are major contributors to dye-laden effluents in

W ater pollution is a growing threat to aquatic rivers and‘lakes, where persi§ter}t dyes redt.lce
ecosystems and public health. In many  Water quahty‘and harm aquatic life l?y blocl.q‘ng
regions, industrial and municipal sources discharge ~ light penetration and inducing ecological toxicity

large volumes of inadequately treated wastewater [1]. . ) o .
into natural waters, which can contain contami- Direct Blue 15 (DB15) is a benzidine-based diazo

nants such as dyes, pharmaceuticals, heavy metals, dye used extensively in textile, leather,‘and paper
and pathogenic microorganisms [1,2]. Industries manufacture [3]. DB15 enters aquatic systems
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through industrial wastewater discharge, and dye-
processing lines release up to 10% of applied dyes
into effluents. Its aromatic diazo structure gives
DB15 high chemical stability and poor biodegrad-
ability, so conventional wastewater treatment often
fails to remove it completely. DB15 poses risks
across multiple trophic levels [4]. Hernandez-
Zamora and Martinez-Jerénimo (2019) reported
stunted growth in freshwater microalgae, reduced
reproduction in cladocerans, and developmental
abnormalities in zebrafish larvae after DB15 expo-
sure [5].

Conventional wastewater treatment routes rely
on adsorption, filtration, coagulation-flocculation,
chemical oxidation, and reverse osmosis. However,
many conventional removal methods shift pollut-
ants between phases rather than performing a
complete removal [6]. Adsorption-based removal
can concentrate dyes onto solid sorbents, and
membrane separation can concentrate contami-
nants into retentate streams. Both approaches
create secondary waste streams that require addi-
tional handling and disposal [6,7]. Conventional
chemical treatments can also introduce operational
limitations through reagent costs and by-product
risks. Besides, several dye classes resist complete
removal within standard treatment trains because
dye structures remain stable under mild conditions
[2].

Advanced oxidation processes offer a more
effective alternative because reactive oxygen spe-
cies, particularly hydroxyl radicals (-OH) and su-
peroxide radicals (O,-—), can break down a broad
range of organic pollutants into harmless mineral
end products [8]. Semiconductor photocatalysis is
one of the most widely studied advanced oxidation
processes, in which light excitation generates elec-
tron-hole pairs that produce radicals at the catalyst
surface [2]. However, photocatalytic efficiency is
often limited by rapid electron-hole recombination
and by the inability of wide-band-gap oxides to
absorb visible light, as their response is mainly to
ultraviolet wavelengths, which represent only a
small fraction of solar radiation [9]. Composite
catalysts can mitigate these barriers when hetero-
junction interfaces promote charge separation
through built-in electric fields, which reduces
recombination and improves reaction rates. Binary
oxide nanocomposites often exploit this principle.
Interestingly, higher photocatalytic degradation
rates were reported for paired oxides, as interfacial
charge separation becomes more efficient due to
the dual effect [6].

Nanomaterials play a key role in many modern
technologies, including biomedical imaging, fuel

cells, batteries, sensors, energy storage, and optical
devices [10]. Metal oxides nanomaterials, such as
zinc oxide (ZnO) [11], titanium dioxide (TiO,) [12],
nickel(II) oxide (NiO) [13], copper(Il) oxide (CuO)
[14], and doped metal oxides [15] are widely used
and have been evaluated for photodegradation of
hazardous organic contaminants [16]. Binary and
ternary metal oxide systems have shown good
performance in several cases. For instance, a binary
metal oxide system of ZnO-MgO has demonstrated
enhanced antibacterial and photocatalytic activity
[17], and a ternary metal oxide system of ZnO-
MgO-TiO, has shown photocatalytic activity [18].

ZnO functions as a widely used n-type semi-
conductor that offers low cost, low toxicity, and a
band structure that supports radical generation
under ultraviolet illumination, and ZnO synthesis
permits morphology control across nanoparticles
and nanorods that suit water treatment applications
[19]. ZnO also maintains chemical stability under
ultraviolet irradiation, yet ZnO suffers from elec-
tron-hole recombination and photo-corrosion,
which limit quantum efficiency in single-oxide
form. CuO is a p-type semiconductor with a nar-
rower band gap (approximately 1.2-1.9 eV) and
stronger absorption across visible and near-
infrared wavelengths, extending photoactivity
beyond ultraviolet excitation [20]. CuO can also
form a p-n junction with n-type ZnO, and p-n
junction formation can promote charge separation.
Although CuO itself can experience charge recom-
bination in isolation, it is expected to slightly extend
light absorption into the visible range due to its
narrower band gap relative to ZnO and NiO [21].
NiO represents a p-type oxide with a wide band
gap (approximately 3.5-4.0 eV at the nanoscale), and
NiO contributes high chemical stability and effec-
tive hole-acceptor function in heterojunction com-
posites rather than visible absorption [22]. NiO
ionic character supports repeated redox cycling
with limited photo-corrosion, and NiO hole accep-
tance reduces hole-electron recombination at an n-
type partner interface, which extends charge-carrier
lifetime and increases oxidative radical generation
[23].

ZnO-NiO heterostructures have shown higher
methylene blue degradation than either ZnO or
NiO alone, and under the reported conditions,
achieved about 70% dye removal, which the authors
attributed to an internal electric field that promotes
charge separation [24]. ZnO-CuO composites also
exhibit enhanced visible-light activity and antimi-
crobial effects, and reports commonly attribute
these gains to CuO's visible absorption and ZnO's
surface reactivity at a coupled interface [25,26].
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Ishaque et al. (2023) reported that ZnO-NiO-CuO
nanocomposites with tuned metal ratios achieved
higher photocatalytic efficiency when all three ox-
ides coexisted within the composite and reported
around 98% methylene blue degradation and
around 92% methyl orange degradation under
sunlight within 90 min for an optimized ternary
composition with a 1:1:2 Zn:Ni:Cu molar ratio, with
a performance that exceeded analogous binary
mixtures [15]. Li et al. (2021) reported that a three-
component Ag,MoO4/Ag,S/MoS, photocatalyst
achieved several-fold higher dye and antibiotic
degradation rates than two-component combina-
tions through efficient charge transfer across
ternary interfaces [27]. A CuO-ZnO-NiO ternary
nanocomposite thus represents a plausible high-
efficiency photocatalyst platform for dye removal,
as each oxide contributes complementary advan-
tages within a unified heterojunction network.

In the CuO-ZnO-NiO ternary system under UV-
A irradiation, band alignment between the n-type
ZnO and the p-type CuO and NiO promotes spatial
charge separation. ZnO acts as the primary photo-
excited semiconductor under UV-A light. Owing to
favourable conduction band alignment, photo-
generated electrons in ZnO can migrate toward
CuO, which functions as an electron-accepting
component, thereby suppressing recombination.
Meanwhile, NiO, as a p-type wide-band-gap oxide,
facilitates hole transport and stabilization at the
heterointerface. The directional migration of elec-
trons and holes across different oxide domains en-
hances charge-carrier lifetime and strengthens the
generation of reactive oxygen species during pho-
tocatalysis [15].

Light irradiation of a CuO-ZnO-NiO surface
generates electron excitation from the valence band
to the conduction band, and redox reactions on the
catalyst surface then drive reactive oxygen species
formation. Valence-band holes oxidise water mol-
ecules and hydroxide ions to produce hydroxyl
radicals, while conduction-band electrons reduce
dissolved oxygen to produce superoxide radicals
(Fig. 1). The present work reports the structured
development of a ternary CuO-ZnO-NiO nano-
composite for enhanced photocatalytic removal of
DB15 from water, with a rationale that links ternary
integration to a tailored band gap, broader light
absorption, improved charge separation, and a
higher specific surface area relative to single-oxide
or binary-oxide systems. The study extends beyond
previously reported ZnO-NiO, ZnO-CuO, and
ZnO-NiO-CuO composites through a combined
framework of green synthesis, adsorption-assisted
photocatalysis, and ratio optimisation. Ficus leaf

UV-light
\\ 0, 0," CB
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e- e’]\j Y

HyO g | CuO —+t NiO

oH R |, o C
*OH
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CuO/ZnO/NiO

Fig. 1. Schematic illustration of the UV-induced photocatalytic mech-
anism of CuO-ZnO-NiO nanocomposites.

extract enabled green preparation of the CuO-ZnO-
NiO system, adsorption was analysed as a com-
plementary step that concentrates DB15 at reactive
sites, and Cu:Zn:Ni screening identified 1:1:1 as the
optimal composition for DB15 removal.

2. Materials and Methods

2.1. Reagents and chemicals

Analytical-grade chemicals (purity >99.9%) were
used throughout the study. DB15 dye was obtained
from Central Drug House (BDH, India). Copper(II)
sulphate pentahydrate (CuSO,4-5H,0), nickel sul-
phate hexahydrate (NiSO4-6H,0), and zinc sul-
phate heptahydrate (ZnSO,-7H,0, >98%) served as
metal precursors for CuO-ZnO-NiO nano-
composite preparation. Standard solutions of
H>504 (1 M) and NaOH (1 M) were used to adjust
solution pH during synthesis and during dye-
removal experiments. A Shimadzu UV-1800 UV-Vis
spectrophotometer measured DB15 absorbance for
concentration tracking during adsorption and
photocatalysis tests. Direct Blue 15 (Benzanil Sky
Blue) is a dark blue powder dye. Its molecular for-
mula is C34H24NgNasO46S4, with a molecular weight
of 992.8 g mol '. The compound is soluble in water
and exhibits a maximum absorption wavelength
(Amax) of 594 nm.

2.2. Preparation of Ficus leaf extract

Ficus leaves were collected in early summer 2025
from healthy, mature trees at the same location
(University of Baghdad campus). Fully developed,
disease-free leaves were selected to minimise envi-
ronmental and physiological variability. Extract
preparation followed a strictly standardised protocol,



K.H. Ali et al. / Karbala International Journal of Modern Science 12 (2026) 306—321 309

and each synthesis series used freshly prepared
extract. Comparable FTIR band positions and in-
tensities, particularly hydroxyl and carbonyl bands,
supported batch consistency across independent
preparations. Consistent XRD patterns, crystallite
size, and SEM morphology across independent syn-
theses supported product reproducibility.

Ficus leaves were thoroughly washed with tap
water and rinsed with distilled water to remove
impurities. The cleaned leaves were dried in a hot-
air oven for 12 h at 50-60 °C to remove residual
moisture. A fine powder was obtained after the
dried leaves were ground. Leaf powder (40 g) was
dispersed in deionised water (0.5 L) and heated at
85 + 5 °C for 30 min. The mixture cooled to room
temperature before filtration. Vacuum filtration
removed suspended leaf residues and produced a
clear extract. The filtrate was stored at 4 °C and
served as a chelating and capping agent during
nanocomposite synthesis. The extraction protocol
followed [28] with minor modifications.

2.3. Preparation of CuO-ZnO-NiO nanocomposite
photocatalysts

CuO-ZnO-NiO nanoparticle heterojunctions
were synthesised by co-precipitation using
CUSO4‘5H20, ZnSO4-7H20, and NISO46H20 as
metal precursors. Four Cu:Zn:Ni molar ratios were
prepared, namely 1:1:1 (1C:1Z:1N), 1:1:2 (1C:1Z:2N),
1:2:1 (1C:2Z:1N), and 2:1:1 (2C:1Z:1N), with precur-
sor quantities listed in Table 1. Separate 0.2 M stock
solutions of each metal salt were prepared in
deionised water. Each solution was filtered through
a 0.45 um membrane.

A representative synthesis used the 2:1:1 compo-
sition (2C:1Z:1N). The precursor mixture was pre-
pared by combining 50 mL of 0.2 M CuSO,-5H,0,
25 mL of 0.2 M ZnSO,-7H,0, and 25 mL of 0.2 M
NiSO,-6H,0. The mixed salt solution was stirred
continuously for 15 min at 70 °C to ensure compo-
sitional homogeneity (Fig. 2). Ficus leaf extract
(1.0 L) was added gradually to the stirred precursor
mixture, and agitation was maintained at 70 °C to
ensure uniform interaction between the phyto-
chemicals and the metal ions. Sodium hydroxide

2
s

Ficus leaves extract

Suixiwpe jenpelo

—
B Mixing (70°C, 15 min)

Extended mixing (70°C, 3 hr.)
(adjusting pH to 11 using 2M NaOH)

Cu, Ni, Zn stock preparation

Grinding and calcination
(500°C, 3hr.)

Vacuum filtration

Oven drying (80°C)

Fig. 2. Synthesis procedure for CuO-ZnO-NiO nanoparticles.

(2 M) was then added dropwise until the suspen-
sion reached pH 11. The mixture was maintained
under vigorous stirring and heating at 70 °C for 3 h
to complete precipitation and composite formation.
The precipitate was collected and washed four
times with distilled water and three times with
ethanol to remove residual salts and soluble im-
purities. The same procedure was applied to the
remaining Cu:Zn:Ni ratios listed in Table 1.

2.4. Characterization methods

X-ray diffraction (XRD) using a Philips XPert
diffractometer at Al-Nahrain University was used
to identify crystalline phases and to assess the
crystallographic structure of the CuO-ZnO-NiO
nanocomposites. Fourier-transform infrared (FT-IR)
spectroscopy using a Shimadzu IR Affinity-1 in-
strument was used to identify functional groups
associated with surface chemistry and metal-
oxygen bonding. Scanning electron microscopy
(SEM) using a TESCAN VEGA 3 instrument was
used to examine surface morphology and particle

Table 1. Molar proportions of NiSO46H,0, ZnSO,7H,0, and CuSO5H,0 used for synthesising CuO-ZnO-NiO heterojunction nanocomposites.

Salt composition (%) Molar ratio of CuO-ZnO-NiO

2C:1Z:1N (2:1:1)

1C:2Z:1IN (1:2:1)

1C:1Z:2N (1:1:2) 1C:1Z:1IN (1:1:1)

CuSO,. 5H,O 50 25
ZnS0,4.6H,O 25 50
NiSO,.6H,O 25 25

25 33.33
25 33.33
50 33.33
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aggregation. Transmission electron microscopy
(TEM) was used to examine nanoscale morphology
and particle-shape features. Atomic force micro-
scopy (AFM) using a TT-2 instrument was used to
examine surface topography and roughness via
two- and three-dimensional maps. Brunauer-
Emmett-Teller (BET) analysis using a TriStar II Plus
system (Version 2.03) was used to determine spe-
cific surface area, pore volume, and pore-size
distribution.

2.5. Analytical method

A calibration curve for DB15 was established at
Amax = 594 nm. DB15 concentrations during
adsorption and photocatalysis experiments were
determined from UV-Vis absorbance values using
the calibration relationship. Removal efficiency (RE,
%) was calculated according to Eq. (1):

RE% = (CO — Ct) /C[) x 100 (1)

C¢ represents the instantaneous DB15 concen-
tration at time t.

2.6. Batch UV-A photocatalysis

Batch photocatalysis experiments were conducted
in a 1.0 L Pyrex beaker under magnetic stirring.
Solution pH (3, 7, or 9) was adjusted before catalyst
addition, and the suspension was stirred briefly to
ensure uniform catalyst dispersion before irradia-
tion. Aliquots were withdrawn at predefined in-
tervals, filtered through a 0.45 pm membrane, and
analysed by UV-Vis spectrophotometry at 594 nm.
UV-A irradiation was provided by a semi-pilot
photoreactor equipped with 24 UV-A lamps (8 W
nominal power; peak wavelength 365 nm; 30 cm
length; 2.2 cm diameter) fixed inside a cylindrical
aluminium housing (40 cm diameter; 50 cm length)
that provided reflective internal surfaces. A 10 cm
lamp-to-reaction-cell distance and 2.3 cm lamp
spacing were maintained. The reactor housing was
mounted inside a 60 x 60 x 60 cm enclosure with air
circulation, and the internal temperature remained
within 30-40 °C under operation, with temperature
monitoring via multiple thermocouples. UV in-
tensity levels (6, 15, and 24 W m2) were reported as
nominal values under the applied operating
configuration; radiometric calibration with an
external radiometer was not performed.

2.7. Batch adsorption procedure

Batch adsorption experiments evaluated DB15
uptake by CuO-ZnO-NiO nanocomposites with

different Cu:Zn:Ni molar ratios. A catalyst dose of
0.5 g L' was dispersed in 1.0 L of DB15 solution
(10 mg L™"). Solution pH was adjusted to 6 before
the adsorbent addition. Suspensions were agitated
at 350 rpm for 180 min at room temperature to
maintain uniform contact between dye molecules
and adsorbent surfaces. Aliquots (10 mL) were
collected at predefined time points and filtered
through a 0.45 um membrane to remove suspended
solids. UV-Vis spectrophotometry (Shimadzu UV-
1800) was wused to record absorbance at
Amax = 594 nm, and DB15 concentration was
determined using the calibration procedure
described in Section 2.4.

3. Results and Discussion
3.1. Characterization of CuO-ZnO-NiO NPs

FT-IR spectra of the calcined CuO-ZnO-NiO
nanocomposites were recorded for all four
Cu:Zn:Ni molar ratios over 400-4000 cm (Fig. 3).
Broad bands at 3545.16 and 3414 cm ™' indicate O-H
stretching vibrations and suggest surface hydroxyl
groups and adsorbed water. An absorption band at
873.75 cm ' corresponds to aromatic C-C vibra-
tions. Bands at 1473.62 and 1616.35 cm ' correspond
to C-O/C=O0-related vibrations and indicate sur-
face-adsorbed carbonyl-containing species on the
nanocomposites. Low-wavenumber bands at 410.84
and 513.07 cm ™' appear in all compositions and fall
within the metal-oxygen vibration region, which
supports formation of the mixed-metal oxide
framework. The FT-IR features agree with prior
reports on related metal-oxide systems [29,30].

In the synthesis of transition metal oxides (i.e.,
CuO, ZnO, and NiO), the main chemical pathway
involves hydroxide formation under alkaline con-
ditions followed by dehydration to the

—1C1Z1
—1C1Z2
—1C2Z1
—2C1Z1

|
tlansml(ar;ce(%)

N)LO stretchifg

(Cu/Zn/

4000 3600 3200 2800 2400 2000 1600 1200 800 400
wave number(cm-1)

Fig. 3. FT-IR spectra of CuO-ZnO-NiO NCs prepared at four ratios.
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corresponding oxides during thermal treatment.
Plant extracts within this framework do not function
solely as classical “reducing agents” in the sense of
zero-valent metal reduction but rather influence
multiple aspects of the precipitation and oxide for-
mation process [31,32]. The complex mixture of
phytochemicals present in Ficus leaf extract, which
includes polyphenols, flavonoids, and compounds
that bear carbonyl groups, can form coordination
complexes with metal ions, which regulate nucle-
ation, growth, and particle stabilization during
precipitation and subsequent thermal conversion
to oxides. Metal—phytochemical interactions help
control particle size and morphology, suppress un-
controlled agglomeration, and act as chelating and
capping agents that facilitate homogeneous nucle-
ation and enhance colloidal stability.

SEM images illustrate the surface morphology of
the CuO-ZnO-NiO nanocomposite (Fig. 4). SEM
micrographs show aggregated particles with mixed
rod-like and semi-spherical features and a hetero-
geneous spatial distribution. Particle size was esti-
mated from SEM micrographs using Image]
software (NIH, Bethesda, MD, USA). Particle-size
values ranged from 36 to 83 nm, and the mean

E in 2025 ZEISS|
Time :15:16:18

Fig. 4. SEM micrograph of CuO-ZnO-NiO nanoparticles.

particle size reached 56.75 nm. Particle aggregation
indicates interparticle contact and cluster forma-
tion, which can reduce the fraction of exposed
surface sites available for dye adsorption and sur-
face redox reactions [32].

AFM images show a nanoscale-textured surface
for the CuO-ZnO-NiO nanocomposites (Fig. 5).
AFM topography indicates a rough surface with
granular features and a broadly distributed particle
population across the scanned area. The average
particle size reached 62.48 nm. Surface roughness
can increase the number of accessible contact
points between the dye solution and the nano-
composite surface, thereby supporting the adsorp-
tion of dye species during the initial uptake stage
[33].

BET analysis yielded textural properties of the
CuO-ZnO-NiO nanocomposites, including specific
surface area, pore size, and pore volume. BET sur-
face area calculations used the standard relative
pressure range (P/P, = 0.05-0.30), which suits
mesoporous materials. The reported BET surface
area corresponds to the optimised CuO-ZnO-NiO
composition (1:1:1). BET results indicate a specific
surface area of 34.741 m” g, a total pore volume of
0.089 cm’> g ', and an average pore size of
10.299 nm. The average pore size of 10.299 nm falls
within the mesoporous range (2-50 nm), which
supports classification of the CuO-ZnO-NiO nano-
composites as mesoporous materials. Mesoporosity
and higher surface area support photocatalysis by
increasing the number of accessible surface sites
and improving contact between reactants and
catalyst surfaces during adsorption and surface re-
actions [34].

XRD patterns were recorded for CuO-ZnO-NiO
nanocomposites prepared at Cu:Zn:Ni molar ratios
of 1:1:1 (1C1Z1N), 1:1:2 (1C1Z2N), 1:2:1 (1C2Z1IN),
and 2:1:1 (2C1ZIN) (Fig. 6). Comparison with

Fig. 5. AFEM characterisation of CuO-ZnO-NiO NCs. Three-dimen-
sional surface morphology image of the scanned area.
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Fig. 6. XRD patterns of CuO-ZnO-NiO NCs prepared at Cu:Zn:Ni
molar ratios of 1:1:1 (1C1Z1N), 1:1:2 (1C1Z2N), 1:2:1 (1C2Z1IN), and
2:1:1 (2C1Z1N).

reference diffractograms from the JCPDS database
supports phase identification and indicates consis-
tent crystallographic features across compositions.
All samples show similar major diffraction peaks,
which indicates comparable crystal structures
across the four ratios [15]. Peak matching supports
the assignment of hexagonal wurtzite ZnO, cubic
NiO, and monoclinic CuO and confirms the coex-
istence of three oxide phases within the CuO-ZnO-
NiO nanocomposites [35].

The 1C1Z1IN sample shows ZnO reflections at 26
values of approximately 31.54°, 34.24°, 36.89°, 47.34°,
56.40°, and 67.78°, corresponding to the (100), (002),
(101), (102), (110), and (112) planes, respectively.
Agreement with JCPDS card No. 00-036-1451 sup-
ports ZnO phase assignment and indicates crystal-
lographic consistency. CuO-related reflections
appear at 20 values of 24.91°, 66.17°, 68.89°, and
74.93°, which correspond to the indexed CuO
planes reported in the manuscript. NiO-related
reflections appear at 26 values of 42.91°, 62.50°, and
78.90°, which correspond to the (200), (220), and
(222) planes. The absence of unassigned peaks
suggests high phase purity and indicates that no
detectable secondary crystalline phases formed
under the synthesis conditions. Three-phase
coexistence, therefore, supports the successful for-
mation of CuO-ZnO-NiO ternary nanocomposites.
Prior reports on ZnO, CuO, and NiO nano-
structures also commonly report phase coexistence
rather than a single mixed phase in ternary oxide
systems, and the present XRD results are consistent
with these trends [36]. While phase identification
was confirmed by comparison with JCPDS refer-
ence patterns, quantitative phase analysis using
Rietveld refinement (a valuable technique for
detailed microstructure characterization of metal

Fig. 7. TEM was employed to observe the optimised CuO-ZnO-NiO
nanocomposite (1C:1Z:1N), which revealed its structural features at (a)
50 nm and (b) 100 nm scale bars.

oxide nanocrystals) represents an important direc-
tion for future work to determine precise phase
fractions and crystallographic parameters for each
Cu:Zn:Ni composition [37].

The 1:1:1 molar ratio CuO-ZnO-NiO nano-
composite (1C:1Z:1 N) was chosen for TEM charac-
terisation because previous analyses showed
superior physicochemical properties. TEM images at
two different magnifications (Figs. 6a and 7b)
revealed important structural features of the
material. At lower magnification (Fig. 7a; scale bar:
50 nm), the nanoparticles exhibit a heterogeneous
distribution with a tendency toward agglomeration, a
common phenomenon in nanomaterials due to high
surface energy. Particle size predominantly ranges
from 20 to 40 nm, and the contrast variation observed
suggests multilayered particle aggregation. The
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nanoparticles display mostly spherical or quasi-
spherical morphologies, which contribute to their
structural stability. At higher magnification (Fig. 7b;
scale bar: 100 nm), the image reveals a more open and
well-dispersed arrangement of particles. The
observed distribution suggests possible porosity
within the nanocomposite, which supports improved
performance in catalysis and environmental reme-
diation processes [38]. Partial aggregation of the
nanoclusters likely resulted from insufficient surface
passivation or weak intermolecular interactions such
as van der Waals forces. Reports describe CuO-ZnO
nanocomposites with particle diameters of 15-35 nm
and quasi-spherical morphologies [39]. Investigation
of the ternary CuO-ZnO-NiO nanocomposite
revealed spherical to quasi-spherical nanoparticles
with sizes between 25 and 45 nm, along with evidence
of particle agglomeration [15]. The observed
morphology and particle size confirm successful
nanoscale production of CuO-ZnO-NiO nano-
composites and agree with findings reported in the
literature.
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Fig. 8. Effect of CuO-ZnO-NiO NCs dose on DBI15 removal: (a)
adsorption at initial DB15 concentration 20 mg L™, pH 7, and 25 °C;
(b) UV-A photocatalysis at initial DB15 concentration 30 mg L™, pH
3, and 35 °C.
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3.2. Adsorption and photocatalytic performance

Adsorption experiments showed a monotonic
increase in DB15 removal as nanocomposite dose
increased from 0.5 to 2.0 g L™, with removal effi-
ciencies of 59%, 69%, 91%, 93%, and 97%, respec-
tively (Fig. 8). Photocatalysis experiments showed a
similar dose dependence. A dose of 0.5 g L " ach-
ieved 46% removal after 180 min, whereas a dose of
1.0 g L' achieved complete degradation (100%)
within 120 min. A dose of 1.5 g L™ achieved com-
plete degradation within 150 min, and a dose of
2.0 g L " achieved complete degradation within
90 min. A higher dose increases the number of
available surface sites and strengthens contact be-
tween DB15 molecules and catalyst surfaces, which
supports a higher adsorption uptake and higher
photocatalytic rate [40]. A performance plateau
emerged as dose increased from 1.5 to 2.0 g L ™" in
the adsorption results, which indicates diminishing
return once DB15 becomes the limiting species
under the tested conditions. Higher catalyst loading
can also promote aggregation and particle crowd-
ing, which reduce accessible surface area and
introduce light-shielding during photocatalysis,
thereby lowering the fraction of photoactive sites
exposed to UV-A irradiation [41,42].

Solution pH affects catalyst surface charge, DB15
speciation in water, and reactive oxygen species
formation under UV-A irradiation. DB15 removal
was evaluated over pH 3—9, and removal effi-
ciencies reached 89%, 74%, 76%, 73%, 91%, 67%,
and 83% at pH 3, 4, 5, 6, 7, 8, and 9, respectively
(Fig. 9a). Acidic conditions (pH 3-5) produced rela-
tively high removal, and proton-rich media can
increase the positive surface charge and strengthen
electrostatic attraction to anionic dye species, which
increases surface uptake [34]. Neutral conditions
(pH 7) produced the highest removal (91%), and
that outcome indicates a favourable balance be-
tween adsorption and oxidative removal capacity.
Alkaline conditions reduced performance at pH 8
(67%), and increased negative surface charge can
weaken adsorption through electrostatic repulsion
with anionic dye species. Removal increased again
at pH 9 (83%), and higher OH™ availability can
promote hydroxyl radical formation and partially
compensate for weaker adsorption [41].

Dark adsorption experiments were performed
before irradiation to separate adsorption from
photocatalytic degradation. Dark contact concen-
trated DB15 molecules on the nanocomposite sur-
face through electrostatic attraction and surface
complexation, and the measured removal in the
dark represents adsorption-driven colour removal



314 K.H. Ali et al. / Karbala International Journal of Modern Science 12 (2026) 306—321

100
95
g 9
>
2 g
2
92
E
[
3 15
£
[
e 70
65
=3 4 5 6 7 8 9
pH
(a)
105
100
S
>
2 osf
2
9
£
E 90_
g
[~
£
[
£ 85
80,73 2 3 3 7 8 S
pH

(b)

Fig. 9. Effect of initial pH on DB15 removal by CuO-ZnO-NiO NCs:
(a) adsorption at NCs dose 1 g L™, initial DB15 concentration
20 mg L™, and 25 °C; (b) UV-A photocatalysis at nanocomposite dose
2 ¢ L™, initial DB15 concentration 30 mg L7, 35 °C, and UV intensity
24 Wm™2

rather than chemical degradation. UV-A irradiation
then generated electron—hole pairs in the semi-
conductor phases, and interfacial charge transfer
across the CuO-ZnO-NiO junctions reduced
recombination and sustained reactive charge car-
riers at the surface. Surface reactions produced
‘OH and O, radicals, and pre-adsorbed DB15
underwent rapid oxidation at or near the catalyst
surface. Adsorption, therefore, reduced diffusion
limitations by concentrating DB15 near reactive
sites, thereby strengthening the apparent photo-
catalytic rate after illumination and explaining the
rapid decline in concentration beyond adsorption
equilibrium.

UV-A photocatalysis tests at pH 3, 7, and 9 show a
strong pH dependence in both rate and final
degradation. Photodegradation reached 100%
within 90 min at pH 3, 87% after 180 min at pH 7,
and 100% within 150 min at pH 9. Acidic conditions
can accelerate degradation by promoting stronger
dye adsorption onto a protonated surface and
by enabling efficient radical-driven oxidation

pathways under UV irradiation [43,44]. Neutral
conditions produced slower degradation, which
indicates weaker coupling between adsorption and
radical-driven oxidation at pH 7 than at pH 3 or 9
[45]. Alkaline conditions achieved complete degra-
dation, and OH™ availability can strengthen hy-
droxyl radical generation even when electrostatic
repulsion reduces adsorption [41]. Acidic and
alkaline media support complete DB15 photo-
degradation in the present system, while neutral
pH favours adsorption-driven removal under the
tested adsorption conditions.

To clearly distinguish between adsorption-driven
colour removal and genuine photocatalytic degra-
dation, all experiments were preceded by a dark
equilibration step to establish adsorption-desorption
equilibrium. The initial decrease in dye concentra-
tion observed in the dark corresponds to surface
adsorption of dye molecules. Subsequent additional
removal under UV-A irradiation is therefore attrib-
uted to photocatalytic degradation. While adsorption
contributes to decolorization, the continued decline
in concentration during irradiation indicates oxida-
tive decomposition of the dye molecules rather than
mere surface binding.

UV intensity affects photocatalytic DB15 degra-
dation by controlling photon flux and, in turn,
photogenerated electron-hole pair production at
the catalyst surface. Fig. 10 shows higher DB15
degradation as UV intensity increased from 6 to 15
and 24 W m 2 Degradation efficiencies reached
61%, 63%, and 67.7% at 6, 15, and 24 W m?,
respectively. Higher photon flux can increase
charge-carrier generation and accelerate radical-
driven oxidation, which explains the observed
performance increase with UV intensity. A UV in-
tensity of 24 W m 2 was selected for subsequent

80 -

—e—6 lamps

Removal %.

—e— 15 lamps

—o—24 l]amps

40 +
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Fig. 10. Effect of UV intensity on DB15 photodegradation using CuO-

ZnO-NiO NCs at catalyst dose 1 g L™Y, initial DB15 concentration
30 mg L™, pH 7, and 35 °C.
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photocatalysis experiments as it produced the
highest degradation under the tested conditions.

Temperature influences DB15 removal by
affecting adsorption kinetics, dye diffusion in so-
lution, and surface reaction rates. Adsorption ex-
periments were performed from 25 to 55 °C, while
other operating conditions remained constant.
Fig. 11 shows an increase in DB15 removal from
97% at 25 °C to 100% at 55 °C. Higher temperature
can increase dye-molecule mobility and enhance
diffusion from the bulk solution to the nano-
composite surface, which can increase adsorption
rate and support higher overall uptake under the
tested contact time [46]. Higher temperatures can
increase photocatalytic reaction rates and promote
hydroxyl radical formation in semiconductor sys-
tems, which contribute to faster degradation under
irradiation conditions.

Initial DB15 concentration influences removal by
controlling the concentration gradient between the
solution and nanocomposite surfaces and the ratio
of available active sites to dye molecules. DB15
concentrations of 10, 20, 30, and 50 mg Lt were
evaluated under otherwise constant adsorption
conditions. Fig. 12a shows complete removal at
10 mg L' within 45 min and complete removal at
20 mg L' within 150 min. Higher concentrations
reduced removal at the same contact time, and
removal reached 92% and 85% at 30 and 50 mg L%,
respectively, after 180 min. Higher DB15 concen-
tration increases competition for a fixed number of
adsorption sites, which reduces the fraction of dye
molecules removed at a given dose and contact
time [47].

Photocatalysis experiments at DB15 concentra-
tions of 30, 50, and 70 mg L~! reached removal ef-
ficiencies of 100%, 85%, and 81%, respectively
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Fig. 12. Effect of initial DB15 concentration on (a) adsorption and (b)
UV-A photocatalysis using CuO-ZnO-NiO nanocomposites. Adsorp-
tion conditions: NCs dose 2 g L™" and pH 7. Photocatalysis conditions:
NCs dose 1 g L™, pH 3, 35 °C, and UV intensity 24 W m™>.

(Fig. 12b). Higher dye concentration increases UV
attenuation through solution-phase absorbance,
which reduces photon flux reaching catalyst sur-
faces and limits electron-hole generation and
radical-driven oxidation [48], and reduces the frac-
tion of available catalytic sites for oxidative reaction
steps [49].

Dissolved salts can modify DB15 photo-
degradation by changing ionic strength, altering
catalyst surface interactions, and introducing an-
ions that participate in radical reactions. UV-A
photodegradation of DB15 was evaluated in the
presence of Na,SO4 Na,COj;, and NaCl (Fig. 13).
Na,SO,; produced complete degradation (100%)
within 30 min. Na,CO; also produced complete
degradation, but the reaction required 150 min.
NaCl reduced performance, and degradation
reached 80% after 180 min. Chloride ions can
consume reactive radicals and form less reactive
chlorine-containing species, which can reduce
oxidative capacity and slow dye oxidation [50].
Carbonate ions can also react with hydroxyl radi-
cals to slow degradation kinetics, even when
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Fig. 13. Effect of salts on DB15 photodegradation using CuO-ZnO-NiO
nanocomposites at nanocomposite dose 1.0 g L™7, initial DB15 con-
centration 30 mg L™, salt concentration 1 M, pH 3, UV intensity
24 Wm?, and 35 °C.

complete degradation occurs at longer reaction
times. Sulfate-containing media, therefore, sup-
ported the fastest degradation under the tested
conditions, whereas chloride-containing media
produced the lowest degradation efficiency, and
carbonate produced intermediate kinetics that
depended on reaction time.

A 1.0 M salt concentration provided a high ionic-
strength stress condition relevant to saline indus-
trial wastewaters, such as textile dye-bath effluents.
The selection, therefore, tested catalyst robustness
under severe electrolyte load and clarified anion-
specific effects on DB15 photodegradation.

To clearly differentiate between dye adsorption
and true photocatalytic degradation, dark adsorp-
tion experiments were performed prior to light
irradiation. The removal observed in the dark is
solely due to dye adsorption on the catalyst surface
and reflects color removal rather than chemical
degradation. Under UV-A irradiation, however, a
continuous decrease in dye concentration beyond
the adsorption equilibrium was observed, con-
firming that photocatalytic degradation is the main
mechanism responsible for effective dye removal.

The incorporation of CuO into the ZnO-NiO
framework resulted in a noticeable red shift in the
absorption edge, consistent with CuO's narrow
band gap and its ability to absorb visible light [2].
The modification enhances spectral harvesting
compared to binary or single-oxide systems.
Nevertheless, although CuO extends optical ab-
sorption, the photocatalytic performance remains
more pronounced under UV-A irradiation, indi-
cating that the dominant activation pathway re-
mains associated with the wide-band-gap
components [51]. Therefore, in the present ternary

system, CuO plays a dual role: partially extending
light absorption into the visible region while more
significantly promoting interfacial charge separa-
tion through heterojunction formation.

The enhanced photocatalytic performance of the
ternary CuO-ZnO-NiO nanocomposite is consistent
with improved charge separation facilitated by the
formation of p-n heterojunctions at the interfaces
between the three oxide phases. Similar ternary
systems have attributed enhanced activity to this
mechanism [15,38]. Future work employing photo-
luminescence spectroscopy and electrochemical
impedance analysis would provide direct confir-
mation of reduced charge recombination in the
green-synthesized material.

Despite the enhanced photocatalytic performance
observed in this study, the dependence on UV-A
irradiation limits its applicability to real wastewater
treatment applications. UV-A accounts for only a
small fraction of the solar spectrum, and large-scale
implementation would require artificial UV sour-
ces, potentially increasing energy consumption and
operational costs. Although incorporating CuO
enhances partial visible-light absorption, the sys-
tem remains predominantly UV-responsive due to
the wide band gaps of ZnO and NiO. Therefore,
further band-gap engineering and optimization to-
ward visible-light activation are necessary to
improve solar utilization efficiency and practical
applicability in full-scale wastewater treatment
systems.

3.3. Adsorption kinetics

Adsorption kinetics were evaluated using
pseudo-first-order, pseudo-second-order, and Elo-
vich models. Model-fitting quality indicates poor
agreement with the Elovich model, as Elovich R?
values were lower than those for the corresponding
pseudo-first-order and pseudo-second-order fits.
Pseudo-second-order provided the highest R?
values across concentrations relative to pseudo-
first-order, which indicates that pseudo-second-
order kinetics describe DB15 uptake by CuO-ZnO-
NiO nanocomposites more consistently under the
present conditions.

Pseudo-first-order:

log(q, —q,) =log(q,) — (ki t) /2.303 (2)
Pseudo-second-order:

t/q=1/(kq;)+t/q, (3)
Elovich:

q=(1/B) In(aB) + (1/B) In(t) (4)



K.H. Ali et al. / Karbala International Journal of Modern Science 12 (2026) 306—321 317

Here, q; denotes adsorption capacity at time t
(mg g ") and q. denotes equilibrium adsorption
capacity (mg g~ ). k; denotes the pseudo-first-order
rate constant (min!) and k, denotes the pseudo-
second-order rate constant (g mg ' min ).
Parameter o denotes the initial adsorption rate (mg
g ! min~"), and parameter B denotes the Elovich
constant related to surface coverage and desorption
behaviour (g mg™*).

The pseudo-first-order model uses the linear
form of log (qe - q¢) versus time to obtain the rate
constant k; and the equilibrium adsorption capacity
ge from the slope and intercept, respectively. The
pseudo-second-order model uses the linear form of
t/q¢ versus time to obtain k, and g, from the slope
and intercept. The Elovich model is commonly
applied to adsorption systems that involve hetero-
geneous surfaces and variable activation energies
[52]. Elovich parameters o and B were obtained
from the q; versus In(t) linear fit, where o represents
the initial adsorption rate and P represents the
desorption-related constant. Although the pseudo-
second-order model fits the data well, it indicates
adsorption-rate control rather than chemisorption,
consistent with the low Dubinin-Radushkevich
energy values, which confirm a physisorption-
dominated mechanism.

Table 2 shows concentration-dependent changes
in Elovich parameters. o increased and B decreased
as initial DB15 concentration increased from 10 to
50 mg L', which indicates faster initial uptake at
higher driving concentration and slower desorp-
tion-related behaviour under the tested conditions.

3.4. Adsorption thermodynamics

DB15 adsorption onto CuO-ZnO-NiO nano-
composites was evaluated at 25, 35, 45, and 55 °C to
determine adsorption spontaneity and temperature
dependence. Standard thermodynamic parameters,
including Gibbs free energy (AG®), enthalpy (AH®),
and entropy (AS°), were derived using Egs. (5)—(8)
[53,54].

AG® =AH° — TAS® (5)

AG°= —RTInKc (6)
The distribution constant (Kc) was defined as:
InKc=In A - E,/RT (7)
Kc=q,/C. (8)

A positive AH® (95.66 k] mol™!) indicates an
endothermic adsorption process, and a positive AS®
(353 ] mol ' K™') indicates increased randomness at
the solid-liquid interface during adsorption.

3.5. Adsorption isotherms

Adsorption isotherms support quantitative eval-
uation of equilibrium uptake and adsorption ca-
pacity for DB15 on CuO-ZnO-NiO nanocomposites.
The equilibrium data were analysed using the
Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich isotherm models (Eqgs. 9-13) [55].
Table 3 reports the fitted parameters.

The Langmuir model estimates the maximum
monolayer capacity (qQmax) and the Langmuir con-
stant (K) from the linear plot of 1/q. versus 1/C..
The Langmuir separation factor (Rp) provides a
criterion for adsorption favourability and follows
Eq. (9). Adsorption shows favourable behaviour
when Rj remains below 1, linear behaviour when
Ry equals 1, and irreversible behaviour when Rg
equals 0 [56].

Table 3. Isotherm parameters for DB15 adsorption onto CuO-ZnO-NiO
NCs.

Isotherm model Parameter Value R?
Langmuir Qmax (mg g71)  15.8 0.982
Ky 63.2
Ry 0.0065-0.0013
Freundlich Kg 14.29 0.921
1/n 0.174
Temkin Kt 1.98 0.922
br (Kl mol™!)  0.13
Dubinin-Radushkevich g, (mg g™ 1.8 0.935

B (mol*kj™?) 285
E (k] mol™) 0.42

Table 2. Adsorption kinetic parameters for DB15 adsorption onto CuO-ZnO-NiO NCs.

Initial DB15 concentration Pseudo-first Pseudo-second Elovich
(mg LY Order Order

k; (min7Y) R? k (g mg’1 min ) R? o (mg g’1 min~?Y) B(g mg’l) R?
10 0.0928 0.9549 0.157 0.9958 51.33 1.674 0.9064
20 0.0251 0.9532 0.784 0.9994 62.598 0.908 0.9732
30 0.0237 0.9864 0.331 0.9988 97.58 0.624 0.955
50 0.0214 0.9888 0.305 0.9985 144 0.536 0.9478
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1
- 1+K.G ©)
The Freundlich model estimates K¢ and 1/n from
the linear plot of log (q.) versus log (C,). Values of
0 < 1/n < 1 reflect favourable adsorption on het-
erogeneous surfaces, whereas 1/n > 1 reflects
unfavourable adsorption under the tested condi-
tions [57].

R,

Langmuir:

1 1 1 1

= — )+ 10

qe qmaxKL (CL’> qmax ( )
Freundlich:

logg.= (%) log C, + log Ky (11)
Temkin:

qe :BT lnCE +BT II‘IKT (12)
Dubinin-Radushkevich:

Ing.=Ing,, — B (13)

Where q. (mg g~') denotes adsorption capacity at
equilibrium, C. (mg L") denotes equilibrium con-
centration, qmax (Mg g_l) denotes maximum
monolayer capacity, and q., (mg g ') denotes
Dubinin-Radushkevich capacity. Ki, Ky, K, and B
denote isotherm constants. Mean adsorption en-
ergy follows E = (28)""/2. Parameter By follows
Br = RT/br, where R denotes the ideal gas constant
(0.008314 k] mol ! K1) and T denotes absolute
temperature (K). Parameter ¢ follows ¢ = RT In (1 +
1/C.).

Isotherm fitting showed the highest correlation
for the Langmuir model (R? = 0.982; Table 3), with
Jmax = 15.8 mg g " and Ky = 63.2. Ry values ranged
from 0.0065 to 0.0013 across the studied initial DB15
concentrations, which supports favourable adsorp-
tion behaviour under the tested conditions [52]. The
Freundlich model yielded KF = 1429 and 1/
n = 0.174, with a lower correlation (R* = 0.921),
suggesting surface heterogeneity but providing a
weaker fit than Langmuir [58]. The Temkin model
yielded Kt = 1.98 and by = 0.13 kJ] mol ™' with
R? = 0.922, which supports a limited description of
the equilibrium data relative to Langmuir. The
Dubinin-Radushkevich model yielded q., =
1.8 mg gfl, B =2.85 mol’kJ 2 and E = 0.42 k] mol !
(420 J mol "), with R* = 0.935. Mean adsorption
energy below 8 k] mol ' indicates physisorption,
and the present E value indicates weak adsorbate-
surface interactions under the tested conditions
[59]. Langmuir fitting produced the highest corre-
lation (R* = 0.982), so the Dubinin-Radushkevich
model provides a supportive rather than a primary

description of the equilibrium data. The Langmuir
model, therefore, provides the most consistent
description of the equilibrium uptake, which sup-
ports monolayer coverage of DB15 on CuO-ZnO-
NiO nanocomposite surfaces.

3.6. Recycle test

CuO-ZnO-NiO nanocomposite reusability was
evaluated over five consecutive cycles under iden-
tical conditions (pH 7, 35 °C, initial DB15 concen-
tration 20 mg L', and nanocomposite dose
2.0 g L"). After each cycle, the nanocomposite was
separated from the treated solution, washed to
remove loosely bound residues, dried, and then
reused under the same operating conditions. Cycle
1 achieved 95% colour removal, followed by 93%
and 91% in cycles 2 and 3. Cycles 4 and 5 showed a
marked decline to 63% and 59%, respectively
(Fig. 14). Surface fouling by strongly bound dye
species or oxidation intermediates can reduce the
number of accessible active sites and weaken
interfacial charge transfer, which may explain the
late-cycle efficiency loss. Catalyst aggregation and
loss during recovery can also contribute to the drop
in DB15 removal efficiency observed in cycles 4 and
5. Regeneration steps such as washing, drying, and
mild reactivation can help maintain performance
over repeated cycles [60].

Although the ternary CuO-ZnO-NiO catalyst
maintained high photocatalytic activity during the
first two reuse cycles, a noticeable reduction in
removal efficiency was observed after the third
cycle. This decline may be attributed to several
factors, including the accumulation of refractory
degradation intermediates on the catalyst surface,
partial blockage of active sites, and mild particle

aggregation during recovery and washing.
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Fig. 14. Reusability of CuO-ZnO-NiO nanocomposite (1C:1Z:1 N)
during DB15 removal across five cycles at pH 7, 35 °C, nanocomposite
dose 2.0 g L™, and initial DB15 concentration 20 mg L™": removal
efficiency per cycle.
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Additionally, repeated irradiation may induce
subtle surface chemical changes, particularly in Cu-
and Ni-containing domains, which can influence
interfacial charge-transfer efficiency. Importantly,
post-reaction XRD patterns confirmed that the
crystalline phases remained intact, indicating
that the activity loss is more likely associated with
surface deactivation rather than structural collapse.
These findings suggest that while the -catalyst
exhibits reasonable short-term stability, further
optimization is required to improve long-term
durability for practical wastewater treatment
applications.

The study evaluated DB15 removal under
controlled laboratory conditions, and several limi-
tations remain. The photocatalytic performance re-
lies on UV-A irradiation, which limits direct
translation to solar-driven treatment without addi-
tional optimization. UV-Vis monitoring confirms
decolourisation and concentration decline, whereas
the absence of TOC or COD measurements pre-
vents confirmation of full mineralization. Catalyst
stability assessment remains incomplete because
post-use characterisation and metal-leaching
quantification were not performed, and reuse data
indicate possible activity loss that requires deeper
analysis. Mechanistic interpretation relies on indi-
rect evidence, and direct verification of charge
separation and recombination trends will require
techniques such as photoluminescence spectros-
copy and electrochemical impedance analysis. The
experimental matrix used model dye solutions and
selected salts rather than real textile effluents with
mixed organic and inorganic constituents, which
limits generalisation to complex wastewater
systems.

4. Conclusion

CuO-ZnO-NiO nanocomposites were success-
fully synthesized via a green co-precipitation
method from Ficus leaf extract as a natural reducing
and stabilizing agent for DB15 removal. The char-
acterisation of the CuO-ZnO-NiO nanocomposites
by FTIR, XRD, SEM, AFM, and BET confirmed
crystalline and porous nanostructures, with a spe-
cific surface area of 34.74 m* g ' and a mean particle
size of 56.75 nm. FTIR spectra revealed poly-
phenolic signatures supporting the role of plant-
derived compounds in nanocomposite stabilization.
The synthesized CuO-ZnO-NiO nanocomposites
achieved effective DB15 removal through adsorp-
tion and UV-driven photocatalysis, with photo-
catalysis reaching complete dye removal (100%)
and adsorption achieving 92% wunder optimal

conditions. The 1:1:1 (1C1ZIN) composition pro-
duced the strongest overall performance among the
tested molar ratios. Reuse tests showed removal
efficiency above 90% across three cycles, followed
by 63% and 59% in cycles four and five, indicating
partial deactivation during repeated operation.
Thermodynamic and kinetic analyses indicated
endothermic physisorption, and the pseudo-sec-
ond-order model best described the adsorption
data. While the decrease in characteristic absorp-
tion peaks indicates effective chromophore degra-
dation, UV-Vis analysis alone does not confirm
complete mineralization to CO, and H,O. In the
absence of total organic carbon (TOC) or chemical
oxygen demand (COD) measurements, the results
should be interpreted as photocatalytic degradation
rather than full mineralization. Future studies will
include TOC analysis to provide a more compre-
hensive assessment of mineralization efficiency.
CuO-ZnO-NiO nanocomposites synthesized via
Ficus leaf extract, therefore, represent recyclable
and environmentally compatible materials for dye-
contaminated wastewater treatment.
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