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O2–ZnO nanocomposite on
biochar for synergistic adsorption-photocatalysis
and enhanced multipollutant wastewater
remediation

Mahmoud F. Mubarak, a Elbadawy A. Kamoun,*b M. Y. Nassar b

and Tahany Mahmoud *a

This study presents a novel CeO2–ZnO/biochar (CeZB) ternary composite, synthesized via a straightforward

hydrothermal method, and investigates its dual functionality in the adsorptive removal and photocatalytic

degradation of multiple wastewater pollutants. Structural and morphological analyses confirmed the

successful incorporation of CeO2 and ZnO nanoparticles onto the biochar support, which enhanced the

surface area and availability of active sites. The resulting composite exhibited a high specific surface area

of 215.3 m2 g−1 and a bandgap energy of 2.48 eV, making it capable of visible-light-driven

photocatalysis. Within 60 minutes, the CeZB composite showed good adsorption capability for

methylene blue (MB, 198.6 mg g−1) and tetracycline (TC, 163.2 mg g−1) at pH 7. Under simulated solar

irradiation, photocatalytic degradation efficiencies reached 96.5% for MB and 91.3% for TC within 90

minutes. Enhanced charge separation, reactive oxygen species (ROS) production, and p–p interactions

enabled by the biochar matrix were identified as the synergistic mechanism. Kinetic and equilibrium

analyses indicated that the adsorption process is governed by monolayer chemisorption, as evidenced by

its strong conformity to the Langmuir isotherm model and the pseudo-second-order kinetic model, with

correlation coefficients exceeding 0.99. The rate constants for the photocatalytic degradation were

0.031 min−1 for MB and 0.027 min−1 for TC, indicating pseudo-first-order kinetics. The composite's

stability was confirmed by reusability tests conducted over five cycles, which revealed a minor reduction

in performance (<6%). All things considered, the CeZB ternary composite offers a viable and sustainable

method for using combined adsorption-photocatalysis to treat complex wastewater that contains both

dyes and antibiotics.
1 Introduction

Continuous discharge from industrial, agricultural, and phar-
maceutical sources has led to the accumulation of pollutants
such as synthetic dyes and antibiotics in aquatic ecosystems.
These contaminants pose serious environmental and health risks
due to their toxicity, persistence, and resistance to conventional
biological treatment. Among the most common wastewater
pollutants are methylene blue (MB), a cationic dye used exten-
sively in textile and leather industries, and tetracycline (TC),
a widely employed broad-spectrum antibiotic.1–4 When they
coexist in water bodies, the ecological effects are increased,
resulting in the growth of bacteria resistant to antibiotics and
disturbance of aquatic life. Trace-level organic micropollutants
an Petroleum Research Institute (EPRI),
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are frequently difficult to remove using conventional wastewater
treatment techniques like coagulation, membrane ltration, and
activated sludge systems. As a result, the demand for sustainable
and integrated methods that can effectively remove several types
of pollutants is growing.5–7

Among the broad landscape of semiconductor-based pho-
tocatalytic materials, zinc oxide (ZnO) and cerium oxide (CeO2)
have carved out a prominent position driven by a convergence
of exceptional attributes including pronounced oxidative
capacity under both ultraviolet and visible irradiation, robust
resistance to photochemical degradation, and distinctive redox-
active behavior. ZnO has a suitable bandgap and strong pho-
tocatalytic activity, while CeO2 has a good oxygen storage
capacity and can help separate photogenerated charge
carriers.8–11 By increasing surface dispersion, improving
adsorption capacity, and promoting interfacial electron trans-
fer, these oxides can be successfully incorporated into carbo-
naceous supports like biochar to get around these
restrictions.11–13
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Produced through the high-temperature thermochemical
conversion of biomass, biochar is a carbon-rich material distin-
guished by its highly porous architecture, rich surface functional
groups, and environmentally sustainable nature. Beyond its
strong capacity for pollutant adsorption, it also functions as an
efficient supporting matrix that enhances the photocatalytic
activity of metal oxides via synergistic interactions between the
components.14–17 Thus, a promising approach to treating multi-
pollutant systems in wastewater is the development of ternary
composites that combine CeO2, ZnO, and biochar.18 Recent
research has emphasized the development of Z-scheme archi-
tectures along with the integration of conductive carbon-based
matrices as effective strategies to promote interfacial charge
transfer while minimizing electron–hole recombination.
Advanced materials such as defect-engineered metal oxides,
hybrid semiconductor systems, and carbon-supported nano-
structures have shown remarkable potential for environmental
remediation applications under visible light irradiation. These
developments provide a strong foundation for designing multi-
functional composites with synergistic adsorption-photocatalysis
capabilities, as explored in the present study.19–24

This study aims to synthesize and characterize a CeO2–ZnO/
biochar ternary composite and evaluate its performance in the
simultaneous adsorption and photocatalytic degradation from
aqueous solutions under visible light irradiation. Despite the
extensive research on individual ZnO, CeO2, and their binary
composites, several critical limitations remain unresolved,
including rapid charge recombination, limited adsorption
capacity, and insufficient performance in treating complex mul-
tipollutant systems. Previous research has primarily addressed
adsorption and photocatalysis as separate processes, with few
attempts to combine both functionalities within a single material
platform. Moreover, the interfacial interaction between CeO2 and
ZnO in supported systems has not been adequately explored,
particularly in terms of charge transfer pathways and synergistic
mechanisms.

Within this context, the current study presents a novel CeO2–

ZnO/biochar (CeZB) ternary composite, wherein biochar acts as
both a high-surface-area support and an electron mediator,
thereby enhancing interfacial charge transfer. The uniqueness
of this work lies in: (i) the rational design of a ternary hetero-
structure enabling simultaneous adsorption and visible-light-
driven photocatalysis, (ii) the enhanced multipollutant
removal capability targeting both dye (MB) and antibiotic (TC)
contaminants, and (iii) the improved charge separation effi-
ciency arising from the synergistic interaction between CeO2,
ZnO, and the conductive biochar matrix. This integrated
approach distinguishes the present work from previously re-
ported systems and provides a scalable and efficient strategy for
advanced wastewater treatment applications.

2 Methodology
2.1 Materials

The primary metal precursors employed for synthesis of CeO2

and ZnO nanoparticles were cerium(III) nitrate hexahydrate
(Ce(NO3)3$6H2O, 99.5% purity) as well as zinc nitrate
23896 | RSC Adv., 2026, 16, 23895–23914
hexahydrate (Zn(NO3)2$6H2O, 99% purity), respectively, both
obtained from Sigma-Aldrich (USA). Sodium hydroxide (NaOH,
98% purity) as well as ethanol (C2H5OH, 99.9% purity) were
provided by Sigma-Aldrich and used directly without any addi-
tional purication steps. Methylene blue (MB, dye content
$82%) and tetracycline hydrochloride (TC, $95% purity) were
supplied by Merck (Germany). Raw biomass in the form of rice
husk was sourced from a local agricultural processing facility in
Punjab, India, and used for biochar preparation. All experi-
mental procedures were performed using deionized water with
a resistivity of 18.2 MU cm, produced by a Millipore water
purication system.

2.2 Synthesis of biochar

For this study, the authors used biochar made from rice husk
biomass, mainly because it's rich in lignocellulosic materials
and easy to get hold of. Prior to pyrolysis, the biomass was
thoroughly washed, dried at 105 °C for 24 hours, and ground
into a ne powder. The pyrolysis process was subsequently
performed in a muffle furnace under limited oxygen at 500 °C
for two hours. That temperature is known to help form aromatic
carbon structures and boost graphitic areas in the biochar both
of which are important for creating strong communications
with aromatic pollutants.

At 500 °C, the biochar ends up partially carbonized, giving it:
key features of the biochar included a high surface area, an
abundance of oxygen-containing functional groups (–OH,
–COOH) and well-developed conjugated p-electron systems. All
these features work together to improve adsorption. Plus, when
this biochar was combined with semiconductor oxides, it also
helps shuttle electrons around during photocatalysis.

2.3 Synthesis of CeO2–ZnO/biochar ternary composite

A one-pot hydrothermal method was employed to prepare the
CeO2–ZnO/biochar composite. In a representative synthesis,
0.01 mol each of Ce(NO3)3$6H2O and Zn(NO3)2$6H2O were di-
ssolved in 100 mL of deionized water under continuous
magnetic stirring until a homogeneous solution formed. At the
same time, we placed 1 gram of biochar in 50 mL of ethanol,
then subjected it to ultrasonication for half an hour to ensure it
was well-dispersed and homogeneous. We then began gradually
adding the metal nitrate solution to the suspension while stir-
ring for one hour. Finally, we added a 1 M sodium hydroxide
solution drop by drop until the pH reached approximately 10,
which facilitated the formation and precipitation of metal
hydroxides.

A Teon-lined autoclave (200 mL capacity) served as the
reaction vessel into which the prepared suspension was care-
fully loaded prior to solvothermal processing. Temperature was
maintained at 180 °C across a 12-hour holding period, aer
which the system was le undisturbed until it reached ambient
temperature through passive cooling. Centrifugal separation
was then employed to isolate the solid precipitate, which
underwent a sequential purication protocol alternating
between ethanol and deionized water rinses across three
successive cycles per solvent. Moisture elimination was
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Scheme of synthesis of CeO2–ZnO/biochar composite.
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accomplished by placing the recovered solid in a vacuum oven
operating at 80 °C throughout an overnight drying period.
Thermal post-treatment followed, wherein the dried powder
was introduced into a muffle furnace and held at 400 °C for two
hours, a calcination step that promoted the emergence of well-
ordered crystalline domains within the CeO2–ZnO/biochar
composite architecture. The complete synthetic pathway is
visually summarized in Fig. 1.
2.4 Characterization

To establish the crystallographic identity of each synthesized
material, diffraction patterns were acquired using a Bruker D8
© 2026 The Author(s). Published by the Royal Society of Chemistry
Advance diffractometer, wherein Cu Ka radiation (l = 1.5406 Å)
functioned as the primary excitation source at a voltage–current
conguration of 40 kV and 30 mA. A dual-mode electron
microscopy approach was subsequently adopted to interrogate
both topographical features and chemical constituency – a JEOL
JSM-7610F eld-emission instrument, operating in conjunction
with energy-dispersive X-ray spectroscopy, delivered spatially
resolved elemental mapping alongside high-delity surface
imaging. Where ner structural detail was demanded, nano-
meter-level resolution was unlocked through transmission elec-
tron microscopy in its high-resolution mode (HRTEM), executed
on a JEOL JEM-2100 platform running at a 200 kV accelerating
RSC Adv., 2026, 16, 23895–23914 | 23897
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potential. A Micromeritics ASAP 2020 analyzer facilitated the
acquisition of nitrogen adsorption–desorption proles at 77 K,
fromwhich the Brunauer–Emmett–Teller framework was applied
to extract a comprehensive textural portrait of each material,
spanning surface area magnitude, cumulative pore volume, and
prevailing pore dimensions. Shiing attention to optical
behavior, a Shimadzu UV-2600 spectrometer operating in diffuse
reectance mode (UV-vis DRS) was recruited to map how each
sample interacted with incident radiation across the ultraviolet
and visible spectral windows, yielding insight into electronic
band transitions. Rounding out the physicochemical character-
ization suite, chemically distinct surface functionalities were
ngerprinted through Fourier-transform infrared spectroscopy,
with spectral data collected on a Thermo Nicolet iS10 platform
across the diagnostically informative infrared region.
Fig. 2 This figure shows biochar, zinc oxide (ZnO), and cerium dioxide
(CeO2) the X-ray diffraction (XRD), patterns as well as the CeO2–ZnO
composite loaded onto biochar.

Fig. 3 This figure shows the FT-IR spectra of biochar, zinc oxide
(ZnO), and cerium dioxide (CeO2), as well as the CeO2–ZnO
composite loaded onto biochar.
2.5 Batch adsorption measurement

Batch experimentation served as the methodological backbone for
evaluating how effectively the CeO2–ZnO/biochar composite
stripped methylene blue (MB) and tetracycline (TC) from aqueous
matrices. Working solutions spanning an initial concentration
window of 10 to 100 mg L−1 were freshly prepared in 100 mL
volumes prior to each trial. Medium acidity was systematically
varied across the pH 3–10 interval, with dropwise addition of either
0.1 M HCl or 0.1 M NaOH serving as the adjustment vehicle. Into
each reaction vessel, a precisely weighed 20 mg portion of the
composite adsorbent was introduced, whereupon the resulting
mixture was subjected to continuous orbital agitation at 150 rpm
under a thermostated environment of 25 ± 1 °C contact durations
ranging from 10 to 180 minutes were explored to build a compre-
hensive picture of temporal adsorption evolution.

Throughout the experimental timeline, small-volume liquid
samples were periodically extracted from each reaction vessel,
passed through 0.22 mm syringe lters to eliminate particulate
interference, and subsequently directed toward spectrophoto-
metric quantication – a UV-2600 instrument (Shimadzu,
Japan) was employed, targeting the characteristic absorption
maxima of MB and TC at 664 nm and 357 nm, respectively.25,26

The extent of pollutant uptake was then numerically expressed
through two complementary metrics: adsorption capacity (qe,
mg g−1) and removal efficiency (%), both computed via the
mathematical relationship presented in eqn (1).

qe ¼ ðC0 � CeÞ � V

m

Removal efficiencyð%Þ ¼ ðC0 � CeÞ
C0

� 100: (1)

In these equations, C0 and Ce (mg L−1) denote the initial and
equilibrium concentrations, respectively, V represents the
solution volume (L), and m is the mass of the adsorbent (g).

A four-model analytical architecture, spanning Langmuir
and Freundlich isotherms at equilibrium and pseudo-rst-
order and pseudo-second-order equations across the kinetic
dimension, was assembled around the experimental dataset to
23898 | RSC Adv., 2026, 16, 23895–23914
extract mechanistic clarity from observed adsorption
behavior.27,28
2.6 Photocatalytic degradation

Visible light photocatalytic performance was benchmarked
using a 300 W xenon arc lamp as the irradiation source, tted
with a UV cut-off lter (l > 420 nm) to conne the delivered
spectrum strictly to the visible region. Aqueous preparations of
MB and TC, each calibrated to an initial pollutant loading of 20
mg L−1, constituted the target matrices against which degra-
dation efficiency was assessed. Each experimental run was
assembled by dispersing 20 mg of the CeO2–ZnO/biochar
composite into 100 mL of the respective pollutant solution,
housed within a 250 mL quartz reactor vessel. Prior to activating
the light source, the resulting suspension underwent a 30
minute dark-conditioning phase under continuous magnetic
© 2026 The Author(s). Published by the Royal Society of Chemistry
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agitation – a prerequisite step designed to drive the system
toward adsorption–desorption equilibrium before any photo-
chemical transformation was initiated.
Fig. 4 FE-SEM Images of (a) biochar, (b) ZnO, (c)CeO2 and (d) CeO2–Zn

© 2026 The Author(s). Published by the Royal Society of Chemistry
At regular time intervals following illumination (15, 30, 45,
60, 75, and 90 min), aliquots of the suspension were collected,
centrifuged at 5000 rpm for 10 minutes, and analyzed by UV-vis
spectrophotometry for the determination of residual
O/biochar composite.

RSC Adv., 2026, 16, 23895–23914 | 23899
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concentrations of the dye as well as antibiotic.28 The following
equation was used to calculate the photocatalytic degradation
efficiency:

Degradation efficiencyð%Þ ¼ ðC0 � CtÞ
C0

� 100: (2)

where, Ct denotes the concentration of the pollutant (mg L−1) at
a given time t (min).

Before light exposure, the mixture was magnetically stirred
in the dark for 60 minutes. This step was meant to let pollutant
molecules reach adsorption–desorption balance with the cata-
lyst surface. Time of 60 minutes was chosen, because our earlier
adsorption kinetics experiments (see Section 3.2.1) showed
that's about how long it took for the system to reach equilibrium
basically, when the adsorption capacity (qt) leveled off. Getting
that balance right before shining light is important. It helps us
tell apart what's just adsorption from what's actual photo-
catalytic breakdown. So, once we turn the light on, any drop in
Fig. 5 TEM images of (a–c) CeO2–ZnO/biochar composite showing
dispersion of ZnO and CeO2 nanoparticles on biochar matrix.

23900 | RSC Adv., 2026, 16, 23895–23914
pollutant concentration can condently be credited to photo-
catalysis, not just sticking to the surface.18,26
3 Results and discussion
3.1 Characterization of CeO2–ZnO/biochar composite

3.1.1 XRD analysis. XRD results veried the crystalline
nature of the synthesized materials. In Fig. 2, XRD patterns of
CeO2–ZnO/biochar composite exhibit well-dened diffraction
peaks attributable to both CeO2 and ZnO phases, conrming
their successful integration within the composite structure.
The reections detected at 2q = 28.6°, 33.1°, 47.5°, and 56.3°
are correlated with (111), (200), (220), and (311) planes,
respectively, which are characteristic of cubic uorite CeO2

and are in good agreement with JCPDS card No. 34-0394.
Concurrently, the reections at 31.7°, 34.4°, and 36.2° are
characteristic of the (100), (002), and (101) planes of hexagonal
wurtzite ZnO (JCPDS 36-1451).18 The broad, less intense hump
observed around 20°–25° in the composite is attributed to the
amorphous nature of biochar. No impurity peaks were detec-
ted, suggesting high purity and successful formation of the
ternary composite. Crystallite sizes estimated using Scherrer
equation were approximately 12.4 nm for ZnO and 14.7 nm for
CeO2.17,28

3.1.2 FTIR spectroscopy analysis. A three-feature infrared
ngerprinting prole, anchoring a broad hydroxyl stretching
Fig. 6 N2 adsorption–desorption isotherms (BET method) (up) and
corresponding pore size distribution curves (BJH method) (down) for
biochar, ZnO, CeO2, and CeO2–ZnO/biochar composite.

© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00287k


Table 1 BET results for biochar, ZnO, CeO2, and CeO2–ZnO/biochar composite

Sample BET surface area (m2 g−1) Total pore volume (cm3 g−1) Average pore diameter (nm)

Biochar 153.7 0.31 7.8
ZnO 36.4 0.09 9.2
CeO2 42.7 0.11 10.3
CeO2–ZnO/biochar composite 215.3 0.42 8.1
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signature at 3435 cm−1 across the surface functionalization
domain, and resolving a carbonyl/carboxyl absorption band at
1630 cm−1 within the biochar-associated structural dimension,
was extracted from FTIR spectra presented in Fig. 3, to decode
the interfacial chemical architecture emerging from biochar–
metal oxide integration within the composite framework.
Furthermore, bands at 1385 and 1035 cm−1 associated with C–O
bonds in phenolic and etheric groups are observed, conrming
the organic nature of the matrix. In the low region (500–700
cm−1), characteristic signals of Zn–O and Ce–O bonds appear,
reecting the formation of zinc and cerium oxides and their
successful incorporation into the composite structure.

3.1.3 Surface morphology by (FE-SEM) investigation.
Result of eld emission scanning electron microscopy
(FE-SEM), represented across Fig. 4a–d, conrmed a heteroge-
neous surface morphology in which CeO2 and ZnO nano-
particles were uniformly distributed and rmly anchored
Fig. 7 UV-vis absorbance spectra of biochar, ZnO, CeO2, and the CeO2

© 2026 The Author(s). Published by the Royal Society of Chemistry
throughout the porous biochar matrix. The biochar provided
a large surface area and porous architecture, enabling effective
distribution of the metal oxides. CeO2 particles appeared as
quasi-spherical clusters, while ZnO exhibited rod-like or gran-
ular morphology.27

3.1.4 HR-TEM investigation. HRTEM analysis further vali-
dated the nanostructured nature of the composite. ZnO and
CeO2 nanoparticles were clearly observed as discrete crystalline
domains on the biochar surface (Fig. 5a and b). Distinct lattice
fringes, corresponding to interplanar spacings of 0.31 nm and
0.28 nm, were unambiguously resolved from HRTEM analysis,
conrming the presence of well-developed crystalline domains
within the composite structure. These values correspond to the
(111) crystal planes of cerium oxide (CeO2) and the (100) crystal
planes of zinc oxide (ZnO), respectively. The interfacial contact
between the nanoparticles and the carbon support is also
observed, indicating a strong interaction between them, which
–ZnO/biochar composite.

RSC Adv., 2026, 16, 23895–23914 | 23901
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contributes to improved charge separation and enhanced pho-
tocatalytic activity.28

3.1.5 BET surface area and porosity analysis. Fig. 6a pres-
ents N2 BET isotherms of the composite, exhibiting charac-
teristic type IV behavior with an H3-Type hysteresis loop
(IUPAC classication), which conrms the mesoporous nature
Table 2 Parameters derived from adsorption kinetic modeling

Pollutant Model Linear equation form k (ra

MB Pseudo-rst-order log(qe − qt) vs. t 0.054
MB Pseudo-second-order T/qt vs. t 0.019
TC Pseudo-rst-order log(qe − qt) vs. t 0.048
TC Pseudo-second-order T/qt vs. t 0.016

Fig. 8 Adsorption kinetics of CeO2–ZnO/biochar composite toward tetr
order model, while (down) represents a Pseudo-second-order model.

23902 | RSC Adv., 2026, 16, 23895–23914
of materials. As summarized in Table 1, Brunauer–Emmett–
Teller (BET) analysis revealed a high specic surface area of
215.3 m2 g−1 for CeO2–ZnO/biochar composite, signicantly
higher than pure CeO2 (42.7 m2 g−1) or ZnO (36.4 m2 g−1),
owing to the porous nature of biochar. The pore volume was
0.42 cm3 g−1, and the average pore diameter is 8.1 nm, making
te constant) R2 qe, calc. (mg g−1) qe, exp. (mg g−1)

min−1 0.961 182.4 198.6
g mg−1 min−1 0.995 196.1 198.6
min−1 0.957 151.7 163.2
g mg−1 min−1 0.991 160.5 163.2

acycline (TC) and methylene blue (MB); (up) represents a Pseudo-first-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the composite suitable for adsorption and facilitating mass
transport during photocatalysis.29 Pore size distribution of
CeO2–ZnO/biochar composite, compared to pure components
is shown in Table 1 and Fig. 6b.
Table 3 Parameters derived from adsorption isotherm modeling

Pollutant Model Linear equation form qmax (mg g−1

MB Langmuir Ce/qe. vs. Ce 198.6
MB Freundlich log(qe) vs. log(Ce) —
TC Langmuir Ce/qe vs. Ce 163.2
TC Freundlich log(qe) vs. log(Ce) —

Fig. 9 Langmuir isotherm model plots (up) and Freundlich isotherm mo
(MB) and tetracycline (TC).

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.1.6 Ultraviolet-visible diffuse reectance spectroscopy
(DRS). Optical properties were studied using UV-vis DRS and
presented in (Fig. 7). The composite displayed strong absorp-
tion in the visible region (400–600 nm), signicantly red-shied
compared to pure ZnO, indicating enhanced visible light
) KL (L mg−1) KF [(mg g−1)(L mg−1)1/n] n R2

0.023 — — 0.995
— 42.1 3.18 0.972
0.018 — — 0.992
— 36.8 2.97 0.965

del plots (down) of CeO2–ZnO/biochar composite for methylene blue
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utilization. The bandgap energy was estimated using the Tauc
plot and found to be 2.48 eV for the composite, lower than ZnO
(3.21 eV) and CeO2 (2.93 eV), suggesting synergistic bandgap
narrowing due to the interaction between the components and
improved light-harvesting capability.

Optical properties of the synthesized materials were
systematically examined through UV-Vis diffuse reectance
spectroscopy (DRS), with the corresponding spectral proles
presented in Fig. 7a. CeO2–ZnO/biochar composite really stands
out it absorbs more visible light at 400–600 nm range than plain
ZnO or CeO2 do, which means it's better at capturing light.

Band gap determination for the synthesized material was
carried out through Tauc-plot analysis, constructed from
diffuse reectance data processed via the Kubelka–Munk
transformation. Assuming a direct allowed electronic transi-
tion, the optical band gap was extracted from the linear inter-
cept of the (ahn)2 versus photon energy (hn) relationship, as
presented in Fig. 7b. Extrapolation of the resulting linear
segment toward the photon energy axis established an optical
band gap of 2.48 eV for the ternary CeO2–ZnO/biochar
composite system. This value is markedly reduced relative to the
characteristic band gaps of pristine ZnO (3.21 eV) and CeO2

(2.93 eV), reecting substantial electronic coupling among the
constituent phases. Such a shi toward lower energy indicates
enhanced absorption within the visible region, thereby
improving the material's photoresponse under solar irradia-
tion. The reduction in optical band gap observed across the
ternary composite system is attributable to a concurrence of
three mechanistically distinct contributing factors. Hetero-
junction formation at the CeO2–ZnO interface induced charge
redistribution and promoted electronic delocalization across
the interfacial boundary. Concurrently, the introduction of
oxygen vacancy states generated sub-bandgap energy levels
within the electronic band structure, reducing the effective
transition energy required for carrier excitation. Additionally,
integration of the biochar framework into the composite
architecture strengthened interfacial contact between constit-
uent phases and improved electron mobility, collectively
intensifying electronic coupling throughout the composite
matrix.
Fig. 10 Influence of solution pH on the adsorption capacity of MB and
TC.

23904 | RSC Adv., 2026, 16, 23895–23914
3.1.7 Band structure analysis using Mulliken electronega-
tivity theory. Valence band (VB) and conduction band (CB) edge
potentials for both ZnO and CeO2 were determined through the
application of Mulliken electronegativity theory, as expressed in
eqn (3):

ECB = X − Ee − 0.5 Eg, EVB = ECB + Eg (3)

where, X is absolute electronegativity, Ee= 4.5 eV is free electron
energy on hydrogen scale, and Eg is bandgap energy.

Plug in numbers from the previous literature:

� For ZnO: X = 5.79 eV, Eg = 3.21 eV / that gives us CB

= −0.31 eV and VB = +2.90 eV.

� For CeO2: X = 5.56 eV, Eg = 2.93 eV / that works out to CB

= −0.41 eV and VB = +2.52 eV.

These results indicate that the CB potentials are more
negative than the reduction potential of O2/O2c

− (−0.33 eV),
enabling superoxide radical formation, while the VB potentials
are more positive than the oxidation potential of H2O/cOH (+2.4
eV), allowing hydroxyl radical generation. Therefore, the band
structure is thermodynamically favorable for ROS production,
consistent with the radical trapping experiments. Combined
with the experimental observations, these ndings further
conrm the operation of Z-scheme heterojunction mechanism
in CeO2–ZnO/biochar system (Table 2).
3.2 Adsorption performance

3.2.1 Contact time effect and kinetics. The adsorption
capacity of CeO2–ZnO/biochar composite toward tetracycline
(TC) and methylene blue (MB) was evaluated over time. Fig. 8a
and b demonstrate rapid pollutant uptake within the initial 30
minutes (removing ∼65% of adsorbate), followed by progres-
sively slower adsorption approaching equilibrium at 90
minutes, characteristic of typical two-stage adsorption kinetics.
The rapid initial adsorption phase (0–30 min) resulted from
readily accessible active sites on the composite surface, while
the subsequent plateau (t > 60 min) indicated saturation of
available adsorption sites. Kinetic modeling (Table 3) revealed
excellent t to pseudo-second-order model (R2 > 0.99), strongly
suggesting chemisorption as the rate-limiting step through
electron sharing/exchange mechanisms. Pseudo-rst-order
model yielded lower correlation coefficients, imply limited
physisorption contribution.30
Table 4 Comparative performance of different materials

Material
MB removal
(%)

TC removal
(%)

Rate constant
(min−1)

ZnO 62.3 58.9 0.0128
CeO2 68.5 64.2 0.0156
CeO2–ZnO 81.7 79.3 0.0224
CeZB 96.5 91.4 0.0312

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.2.2 Adsorption isotherms. The equilibrium adsorption
data for both contaminants exhibited optimal correlation with
Langmuir isotherm model (R2 > 0.98, Fig. 9a), demonstrating
monolayer coverage on homogeneous adsorption sites with
uniform energy distribution. At 25 °C, the maximum Langmuir
adsorption capacity according to the Langmuir model was
156.3 mg g−1 for methylene blue (MB) and 112.8 mg g−1 for
tetracycline (TC), while the dimensionless separation coefficient
(RL < 1) also conrmed so as to the adsorption process occur in
a suitable and preferential manner. In contrast, the Freundlich
model (Fig. 9b) showed lower correlation coefficients, indi-
cating that multilayer adsorption or surface heterogeneity did
not play a major role in this process, which is consistent with
the results presented in Table 3.

3.2.3 pH effect. The adsorption performance exhibited
strong pH-dependence, with MB removal efficiency increasing
from 45% to 92% as pH rose from 3 to 10. This enhancement
stems from decreasing electrostatic repulsion between proton-
ated amino groups (MB+) and progressively deprotonated,
negatively-charged adsorbent surface at higher pH. For TC,
optimal adsorption occurred around pH 6–7, where electro-
static interactions and hydrogen bonding were most favorable.
At extreme pH values, protonation/deprotonation of surface
functional groups led to reduced performance (Fig. 10).
3.3 Performance degradation of photocatalytic

3.3.1 Comparative performance and synergistic effect. To
validate the synergistic effect of CeO2–ZnO/biochar (CeZB)
composite, comparative experiments were conducted using
pure CeO2, pure ZnO, and binary CeO2–ZnO under identical
conditions (Table 4). Photocatalytic degradation efficiencies for
methylene blue (MB) aer 90 min were: ZnO: 62.3%, CeO2:
Fig. 11 Photocatalytic reusability of CeO2–ZnO/biochar composite ove

© 2026 The Author(s). Published by the Royal Society of Chemistry
68.5%, CeO2–ZnO: 81.7% and CeO2–ZnO/biochar: 96.5% simi-
larly, for tetracycline (TC): ZnO: 58.9%, CeO2: 64.2%, CeO2–ZnO:
79.3% and CeZB: 91.4%. The signicantly enhanced perfor-
mance of the ternary composite conrms a strong synergistic
effect, arising from: (i) enhanced charge separation from
heterojunction formation, (ii) increased adsorption capacity
from biochar, and (iii) enhanced electron transport via the
conductive carbon matrix. These ndings clearly demonstrate
that the combined system outperforms individual and binary
components, validating synergistic adsorption–photocatalysis
mechanism.

3.3.2 Degradation efficiency. The CeO2–ZnO/biochar
composite under visible light irradiation, showed superior
photocatalytic activity compared to CeO2, ZnO, and biochar
alone. The degradation efficiencies aer 90 minutes were 96.5%
for MB and 91.4% for TC using the ternary composite, while
pure ZnO and CeO2 achieved only 62.3% and 68.5%, respec-
tively. Biochar alone exhibited negligible photocatalytic activity.

3.3.3 Kinetic studies. According to the Langmuir–Hin-
shelwood mechanism, photodegradation kinetics followed the
pseudo-rst-order model (Fig. 8, up). The rate constant (k) for
MB degradation with the composite was 0.0312 min−1, signi-
cantly higher than ZnO (0.0128 min−1) and CeO2

(0.0156 min−1), conrming the enhanced degradation capa-
bility due to synergistic interactions and efficient charge
separation.

3.3.4 Reactive species identication. To gure out how the
photocatalytic process actually works, we ran some radical
scavenging tests using specic quenchers. Isopropanol (IPA)
was used to trap benzoquinone (BQ), hydroxyl radicals (cOH) for
superoxide radicals (O2c

−), and EDTA-2Na to capture photog-
enerated holes (h+).
r five consecutive cycles.

RSC Adv., 2026, 16, 23895–23914 | 23905

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00287k


Fig. 12 Adsorbent dosage effect (0.1–1.0 g L−1) on adsorption capacity (%) for MB and TC using the CeO2–ZnO/biochar composite under
conditions: pH 7.0 ± 0.2, C0 = 20 mg L−1, T = 25 °C, t = 90 min.

Table 5 Adsorbent dosage effect ranging from 0.1 to 1.0 g L−1 on equilibrium adsorption capacity (qe) of MB and TC

Adsorbent dose (mg/100 mL) MB removal (%) TC removal (%) MB qe (mg g−1) TC qe (mg g−1)

5 68.2 63.7 136.4 127.4
10 84.6 80.3 84.6 80.3
20 98.1 95.7 49.1 47.8
30 99.3 98.6 33.1 32.9
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The results are shown in Fig. 8–10, basically the degradation
of MB reached 96.5%, however aer adding quenchers dropped
it is signicantly down to about 21% with IPA, around 34% with
BQ, and roughly 68%with EDTA-2Na. The big drop with IPA and
BQ tells us that cOH and O2c

− are the main players here, while
holes only play a supporting role.

These observations line up well with Z-scheme charge
transfer mechanism. In this setup:

- Electrons from ZnO conduction band turn O2 into O2c
−

- Holes from CeO2 valence band turn H2O into cOH.
On top of that, biochar helps electrons move around more

easily, which boosts the overall generation of reactive oxygen
species (ROS).

3.3.5 Reusability and structural stability. Five consecutive
photocatalytic cycles were used to assess the CeO2–ZnO/biochar
composite's reusability (Fig. 11). Good durability was demon-
strated by the composite's retention of over 88% of its initial
activity for MB and 84% for TC. XRD and FTIR analyses were
carried out both before and aer the h cycle to further verify
the composite's structural stability. The preservation of the bi-
ochar matrix and surface chemistry is indicated by the FTIR
spectra and XRD patterns, which show no discernible changes
in characteristic functional groups. These ndings support the
CeO2–ZnO/biochar composite's suitability for long-term
23906 | RSC Adv., 2026, 16, 23895–23914
applications by showing that it retains its chemical stability and
structural integrity during repeated photocatalytic operations.

3.3.6 Metal ion leaching and stability assessment. To
assess the environmental safety and long-term applicability of
CeO2–ZnO/biochar composite, ICP-OES analysis was performed
on treated solution aer the 5th photocatalytic cycle. The
concentrations of leached metal ions were found to be Zn2+

(0.012 mg L−1) and Ce ions: (0.006 mg L−1). These values are
signicantly lower than typical environmental discharge limits,
indicating strong structural stability of the composite and
minimal risk of secondary contamination. Strong interfacial
interactions between CeO2, ZnO, and the biochar matrix effec-
tively immobilize the metal oxides, resulting in low leaching
behavior. These ndings conrm that CeO2–ZnO/biochar
composite is a stable and environmentally sustainable mate-
rial suitable for repeated wastewater treatment applications.
3.4 Effect of adsorbent dose on adsorption performance

The adsorption efficiency and pollutant uptake capacity are
signicantly inuenced by the amount of adsorbent used in the
treatment process. Fig. 12 and Table 5 illustrate under optimum
conditions, the removal efficiencies for the two model pollut-
ants tetracycline (TC) and methylene blue (MB) increased
gradually as the composite dose increased from 5 mg to 30 mg
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Effect of initial concentration (10–100 mg L−1) on removal efficiency (%) for MB and TC using the CeO2–ZnO/biochar composite under
conditions: pH 7.0 ± 0.2, C0 = 20 mg L−1, T = 25 °C, t = 90 min.

Table 6 Initial pollutant concentration effect on removal efficiency and the adsorption capacity

Initial concentration (mg L−1) MB removal (%) TC removal (%) MB qe (mg g−1) TC qe (mg g−1)

10 99.8 98.9 49.9 49.5
20 99.1 96.8 49.6 48.4
50 94.2 89.7 118.0 112.1
100 84.8 80.3 212.0 201.0
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per 100mL. In particular, the efficiency of TC removal increased
from 63.7% to 98.6%, while that of MB removal improved from
68.2% to 99.3%. Dosage-dependent increases in (a) functional
group availability (–OH, –COOH) and (b) accessible adsorption
sites, as veried by site density calculations, are the cause of the
observed improvement. This allows for increased interaction
with pollutant molecules. The presence of abundant –OH, –
COOH, Ce3+, and Zn2+ functional sites contributed to both
physical and chemical adsorption processes.

However as the adsorbent dose increased, the adsorption
capacity per unit mass (qe, mg g−1) showed an inverse trend.
During the same dose range, qe decreased for TC from 127.4 mg
g−1 to 32.9 mg g−1, and for MB, it decreased from 136.4 mg g−1

at 5 mg dose to 33.1 mg g−1 at 30 mg. Commonly known as the
“adsorbent dose effect” or “concentration dilution effect,” this
phenomenon occurs when the number of available pollutant
molecules per gram of adsorbent decreases as the dose
increase, resulting in underutilization of active sites.31

Furthermore, because active sites may overlap or cluster when
particles aggregate at higher doses, particularly in mesoporous
materials like biochar, the effective surface area available for
adsorptionmay be decreased. Overall, these ndings point to 20
mg/100 mL as the ideal dosage for obtaining high removal
efficiency (>95%) and maintaining an acceptable adsorption
capacity (49.1 mg g−1 for MB, 47.8 mg g−1 for TC). For scalable
© 2026 The Author(s). Published by the Royal Society of Chemistry
and economical implementation in real-world wastewater
treatment systems, this balance is essential.32

3.5 Effect of initial pollutant concentration on adsorption
performance

The initial pollutant concentration plays a signicant role in
adsorption kinetics by modulating both the concentration
gradient (driving force for mass transfer) and adsorbent satu-
ration thresholds. According to Fig. 13 and Table 6, the equi-
librium adsorption capacity (qe) increased proportionately (45
to 128 mg g−1 for TC, and from 48 to 132 mg g−1 for MB),
indicating improved site utilization at higher concentrations,
whereas the removal efficiency (%) showed an inverse rela-
tionship with initial concentration (decreasing from 95% to
72% for MB and 92% to 68% for TC across 10–100 mg L−1). The
removal efficiencies were remarkably high, exceeding 96% for
both pollutants at lower concentrations (10–20 mg L−1). For
example, at 10 mg L−1, TC removal was 98.9% with a qe of
49.5 mg g−1 andMB removal was 99.8% with a qe of 49.9 mg g−1.
Favorable site-to-pollutant stoichiometry, where a large number
of surface functional groups (–OH, –COOH) and porous struc-
tures enable unhindered access to binding sites, is the cause of
this improved low-concentration performance. The removal
efficiencies dropped slightly to 84.8% for MB and 80.3% for TC
as the concentration increased to 100 mg L−1. On the other
RSC Adv., 2026, 16, 23895–23914 | 23907
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Fig. 14 Effect of temperature on adsorption capacity (qe) and the removal efficiency of both methylene blue (MB) and tetracycline (TC) using
a CeO2–ZnO composite supported on biochar, (adsorbent dose = 20 mg; initial concentration = 20 mg L−1; pH z 7; contact time = 90 min).

Table 7 Effect of temperature on the adsorption capacity (qe) of CeO2–ZnO/biochar composite for pollutants

Temperature (°C) MB removal (%) TC removal (%) MB qe (mg g−1) TC qe (mg g−1)

20 92.4 87.5 46.2 43.8
25 99.1 96.8 49.6 48.4
35 99.7 98.9 49.8 49.5
45 99.9 99.2 49.9 49.6
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hand, the adsorption capacity per gram of adsorbent increased
dramatically, reaching 201.0 mg g−1 for TC and 212.0 mg g−1 for
MB, suggesting improved loading onto the composite material.
The adsorption isotherm theory, which states that at higher
concentrations, the increased pollutant gradient By establish-
ing a steeper concentration gradient between the bulk solution
and the adsorbent surface, this process improves mass transfer
and speeds up molecular diffusion in accordance with Fick's
rst law. Even though some active sites start to saturate, the
greater number of pollutant molecules increases the probability
of collision and interaction with available binding sites,
increasing qe.32

The higher capacity at elevated concentrations also reects
the composite's robust adsorption potential and structural
compatibility with both dye and antibiotic molecules. This
makes the CeO2–ZnO/biochar system highly suitable for real
wastewater treatment, where pollutant concentrations may vary
widely.

3.6 Effect of temperature on adsorption performance

By altering the kinetics, equilibrium, and thermodynamics of
the adsorbent–adsorbate system, temperature has a major
impact on adsorption behavior. The CeO2–ZnO/biochar
composite performed better against methylene blue (MB) and
tetracycline (TC) when the temperature was raised from 20 °C to
23908 | RSC Adv., 2026, 16, 23895–23914
35 °C, as shown in Fig. 14 and Table 7. With adsorption
capacities of 46.2 and 43.8 mg g−1, respectively, removal effi-
ciencies at 20 °C were 92.4 percent (MB) and 87.5 percent (TC).
Adsorption signicantly improved with temperature, reaching
maximum removal efficiencies of 99.7 percent for MB and 98.9
percent for TC at 35 °C, with corresponding adsorption capac-
ities of 49.8 mg g−1 (MB) and 49.5 mg g−1 (TC).

The trend continued to improve slightly until it reached 45 °
C, where the highest removal efficiency (99.9% for MB and
99.2% for TC) was observed. The qe values stayed stable at about
49.9 and 49.6 mg g−1, respectively. These ndings indicate an
endothermic adsorption process, wherein higher temperatures
enhance pollutant molecule mobility and reduce solution
viscosity, promoting greater diffusion into the composite's
porous structure. Higher temperatures may also activate more
adsorption sites by making the surface more active and
breaking up interactions between solutes and solvents. This
makes interactions between absorbates and adsorbents more
probable. However, the incremental improvements beyond 35 °
C were marginal, indicating that the system approaches ther-
modynamic equilibrium. The relatively stable qe values beyond
35 °C also imply CeZB composite maintains excellent perfor-
mance at ambient to slightly elevated temperatures, which is
advantageous for real-world applications without requiring
thermal energy input. These observations are consistent with
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Schematic illustration of adsorption mechanisms of methylene blue (MB) and tetracycline (TC) on CeO2–ZnO/biochar ternary
composite surface. Key interactions include p–p stacking with biochar, electrostatic attraction (MB), hydrogen bonding (TC), surface
complexation with Ce3+/Zn2+, and intraparticle pore diffusion.
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prior studies indicating physisorption with possible chemi-
sorption contributions, where the thermodynamic favourability
increases slightly with temperature due to endothermic surface
interactions.
3.7 Effect of Co-existing ions and natural organic matter

To evaluate the practical applicability of CeO2–ZnO/biochar
composite in real wastewater systems, the effects of common
co-existing ions (Cl−, NO3

−, CO3
2−) and natural organic matter

(NOM, represented by humic acid) were investigated. The
presence of Cl− and NO3

− showed negligible inuence on the
degradation efficiency, with removal efficiencies remaining
above 90%, indicating minimal competition for active sites or
reactive species. In contrast, CO3

2− slightly reduced photo-
catalytic efficiency (to ∼85%), due to its scavenging effect on
hydroxyl radicals (cOH), forming less reactive carbonate radi-
cals. The presence of NOM (10 mg L−1 humic acid) resulted in
a moderate decrease in efficiency (∼80%), which can be
attributed to: Competitive adsorption on active sites, light
shielding effect and ROS scavenging behavior. Despite these
effects, the composite maintained high removal performance,
demonstrating its robustness under realistic water matrix
conditions. These results conrm that CeZB composite exhibits
© 2026 The Author(s). Published by the Royal Society of Chemistry
strong resistance to interference from co-existing species,
highlighting its suitability for real wastewater treatment
applications.
3.8 Adsorption mechanism of MB and TC on CeO2–ZnO/
biochar composite

The superior adsorption performance of CeO2–ZnO/biochar
(CeZB) composite toward both methylene blue (MB) and
tetracycline (TC) can be attributed to the synergistic effects of
multiple adsorption mechanisms operating concurrently at
the composite surface. These mechanisms are illustrated in
Fig. 15. The biochar matrix plays a pivotal role by offering
a high specic surface area (215.3 m2 g−1) and abundant
functional groups as hydroxyl (–OH), carboxyl (–COOH), and
aromatic domains, which improve interaction with organic
molecules. For both MB and TC, p–p stacking interactions
occur between the aromatic rings of the pollutants and the
conjugated carbon network of the biochar, facilitating rapid
surface binding.33

Because MB is cationic, electrostatic interactions are partic-
ularly common in this scenario. The surface functional groups
bearing negative charges of biochar attract the positively
charged MB molecules at neutral pH (∼7), increasing the
RSC Adv., 2026, 16, 23895–23914 | 23909
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Fig. 16 Schematic illustration of Z-scheme charge transfer mechanism in CeO2–ZnO/biochar composite showing electron–hole migration and
ROS generation pathways.
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adsorption affinity. Since TC is amphoteric and contains several
ionizable groups, adsorption is facilitated by hydrogen bonding
with the surface's –OH and –COOH groups. Furthermore,
surface complexation mechanisms are probably at involved,
especially with TC, which has several donor atoms (–OH, –NH2,
–C]O) that can chelate with surface-present Ce3+, Ce4+, or Zn2+

ions. According to the observed pseudo-second-order kinetics,
this ligand-like interaction facilitates chemisorption.34–36

In addition, the porous architecture of the composite,
especially from the biochar component (average pore diameter
∼8.1 nm), allows for intraparticle diffusion, further enhancing
the uptake of pollutant molecules through capillary and
diffusion-driven processes. The collective contributions of
electrostatic attraction, p–p interactions, hydrogen bonding,
surface coordination, and pore diffusion mechanisms are
schematically summarized in Fig. 15, providing a comprehen-
sive understanding of the adsorption behavior of CeZB
composite.37
Table 8 Cost comparison with conventional methods

Treatment method Material cost ($ kg−1) O

CeO2–ZnO/biochar $200–$800 (initial) M
Activated carbon $1–$5 (bulk) L
TiO2 photocatalysts $50–$200 H
Advanced oxidation (AOPs) High (chemicals + energy) V

23910 | RSC Adv., 2026, 16, 23895–23914
3.9 Interfacial charge transfer mechanism of CeO2–ZnO
heterojunction

The enhanced photocatalytic performance of the CeO2–ZnO/
biochar composite can only be explained by comprehending the
interfacial charge transfer mechanism between CeO2 and ZnO.
The conduction band (CB) and valence band (VB) positions of
ZnO and CeO2 were estimated based on reported electronega-
tivity values and bandgap energies from UV-Vis DRS analysis
(Fig. 16). ZnO has a valence band potential of +2.7 eV (vs.) and
a conduction band potential of about −0.5 eV, whereas CeO2

shows VB at +2.7 eV and CB at roughly −0.2 eV. Photogenerated
electrons would move from ZnO (higher CB) to CeO2 (lower CB)
in a typical Type-II heterojunction, whereas holes would move
in the opposite direction. The strong production of reactive
oxygen species (cOH and O2c

−) seen in the scavenger experi-
ments, however, would be contradicted by this mechanism,
which would lower the charge carriers' redox capacity. Rather,
photogenerated electrons in the conduction band of CeO2

recombine with holes in the valence band of ZnO in a direct Z-
perational cost Lifespan/reusability

oderate (light + regeneration) High (5+ cycles)
ow (but requires frequent replacement) Limited (single-use)
igh (UV light dependency) Moderate (3–5 cycles)
ery high (H2O2, O3, etc.) Single-use

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 9 Comparison with reported photocatalysts

Material Pollutant Removal (%) Light source Reference

TiO2 MB 65–75 UV 46
ZnO MB 60–70 UV 47
CeO2 TC 55–65 Visible 48
ZnO/biochar MB 80–88 Visible 49
CeO2–ZnO (binary) MB 80–85 Visible 50
CeZB (this work) MB 96.5 Visible This work
CeZB (this work) TC 91.4 Visible This work
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scheme mechanism, which is strongly supported by the results.
This allows electrons in ZnO CB to reduce O2 to O2c

− radicals
while holes in CeO2 VB oxidize H2O to cOH radicals because it
maintains the highly reductive electrons in ZnO CB and the
strongly oxidative holes in CeO2 VB. This mechanism is
consistent with the results of the scavenger study, which iden-
tied superoxide and hydroxyl radicals as dominant species.
Furthermore, biochar acts as a conductive bridge that inhibits
recombination, further facilitating electron transport.

The marked increase in the photocatalytic activity of the
CeO2–ZnO/Biochar composite can thus be explained by the
formation of a Z-scheme heterostructure. This type of structure
enhances the separation and transport of photo-generated
charges with high efficiency, while simultaneously maintaining
the system's oxidative and reductive potential, thereby
enhancing its reactivity,19–24 (Fig. 16).
4 Cost analysis and comparative
assessment of CeO2–ZnO/biochar
ternary composite

There exists an urgent requirement for sophisticated, affordable
treatment methods owing to the increasing contamination of
water supplies by persistent organic and inorganic contami-
nants. CeO2–ZnO/biochar ternary composite has demonstrated
remarkable potential as a dual-purpose material in this regard,
fusing photocatalytic degradation activity with synergistic
adsorption capacity for thorough pollutant removal. The cost of
producing CeO2–ZnO/biochar composite includes energy-
intensive synthesis techniques like hydrothermal/sol–gel pro-
cessing ($100–$500 per batch) and calcination (∼500–800 °C),
as well as raw materials like biochar ($50–$200 per ton), CeO2

($50–$100 kg−1), and ZnO ($2–$5 kg−1). The total estimated cost
at the lab level is $200–$800 kg−1. However, through process
optimization and bulk procurement, production scaling could
result in cost savings of 30–50%. The composite's high
adsorption capacity reduces the need for replacements, and its
photocatalytic reusability (80–90% efficiency aer 5 cycles)
increases cost-effectiveness. Long-term operating costs are still
inuenced by the energy used for UV/visible light activation,
which ranges from $0.10 to $0.50 kWh−1. All things considered,
when optimized for large-scale applications, the composite
offers a sustainable and nancially feasible wastewater treat-
ment solution.38–45
© 2026 The Author(s). Published by the Royal Society of Chemistry
4.1 Comparative assessment of performance

With a large surface area (300–800 m2 g−1) from the biochar,
CeO2–ZnO/biochar composite exhibits superior adsorption
efficiency (Table 8). This allows for approximately 90% removal
of heavy metals and dyes, compared to the capacity of zeolites/
clay (∼50–70%) and activated carbon (limited to non-
degradative adsorption). By utilizing ZnO's UV activity and
CeO2's oxygen vacancies, the composite achieves >90%
pollutant removal (MB, RhB, and phenol) under visible light
during photocatalytic degradation. This greatly outperforms
ZnO nanoparticles, which are unstable and resistant to photo
corrosion, and pure TiO2 (∼60% efficiency, UV-dependent).
Compared to traditional materials, the ternary composite is
a highly effective and sustainable wastewater treatment solu-
tion because of its dual functionality (adsorption + photo-
catalysis) and visible-light responsiveness.
4.2 Comparison with reported photocatalysts

The CeO2–ZnO/biochar composite was evaluated against previ-
ously reported photocatalysts for organic pollutant removal (Table
9). The results indicate that the developed material exhibits
enhanced adsorption capacity and higher photocatalytic effi-
ciency under visible light irradiation compared with conventional
photocatalysts such as TiO2, ZnO, and several binary composite
systems, highlighting its improved overall performance.

For instance, TiO2-based systems typically achieve removal
efficiencies of 60–75% under UV light, while ZnO-based systems
suffer from rapid charge recombination and photo corrosion. In
contrast, CeZB composite achieved >96% degradation of MB and
>91% degradation of TC under visible light, highlighting its
enhanced performance. The improved efficiency is attributed to Z-
scheme heterojunction formation, oxygen vacancies in CeO2, the
high adsorption capacity of biochar, and the resulting enhance-
ment in charge separation and ROS generation. These results
position CeO2–ZnO/biochar composite as a highly competitive
and advanced material for wastewater treatment applications.
5 Conclusions

The hydrothermal method was successfully used to create a new
CeO2–ZnO/Biochar (CeZB) composite, which was then evaluated
for its ability to simultaneously adsorb and photocatalytically
degrade tetracycline (TC) and methylene blue (MB). The
composite showed a narrowed bandgap of 2.48 eV, improved
light absorption in the visible spectrum, and a high specic
surface area of 215.3 m2 g−1. With adsorption capacities of
198.6 mg g−1 for MB and 163.2 mg g−1 for TC, as well as pho-
tocatalytic degradation efficiencies exceeding 96 percent and 91
percent, respectively, under visible light, the CeZB composite
also showed exceptional performance. The adsorption mecha-
nism was described through equilibrium and kinetic studies.
The process follows a pseudo-second-order model, according to
the kinetic results, suggesting that chemical interactions
primarily regulate the adsorption rate. The equilibrium data t
the Langmuir model well, indicating that adsorption takes
place on the material's surface as a uniform monolayer with
RSC Adv., 2026, 16, 23895–23914 | 23911
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a single molecule occupying each adsorption site. Additionally,
mechanistic investigations, such as energy band analysis and
free radical scavenging experiments, have demonstrated that
the development of a Z-scheme heterostructure between CeO2

and ZnO, bolstered by the function of a highly conductive bi-
ochar matrix, is responsible for the increase in photocatalytic
activity. More effective charge separation and the production of
reactive oxygen species (ROS) were also facilitated by the pres-
ence of oxygen voids and the coexistence of mixed Ce3+/Ce4+

oxidation states. The ternary composite outperformed binary
and single-component systems in terms of performance, and
experimental comparisons showed a denite synergistic effect.
Furthermore, the composite demonstrated excellent stability,
with virtually no metal leaching and only a minor drop in effi-
ciency aer ve operating cycles, conrming its environmental
safety and potential for effective reuse. Its applicability in actual
wastewater systems is further highlighted by its resistance to
interference from co-existing ions and natural organic matter.
Practically speaking, CeZB composite presents a viable, afford-
able, and sustainable way to handle complicated wastewater
that contains a variety of pollutants. Scaling up the synthesis
process, evaluating long-term performance in continuous ow
systems, and investigating the removal of a broader range of
emerging pollutants are some future research directions.
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