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ohybrids for combined adsorptive
and photocatalytic removal of tetracycline: kinetic,
isotherm, and mechanistic insights

Khizra Ali,†a Palkaran Sethi†b and Soumen Basu *b

The uncontrolled dissemination of antibiotic residues in aquatic environments necessitates the

development of multifunctional materials capable of efficiently eliminating such pollutants through

synergistic mechanisms. In this investigation, a series of zeolitic imidazolate framework (ZIF-67)/carbon

quantum dot (CQD) nanohybrids were fabricated via a facile solvothermal strategy by modulating the

CQD loading (5%, 10%, and 15% w/w) to optimize their adsorption and photocatalytic efficiencies toward

tetracycline remediation. Structural, morphological, and physicochemical attributes were meticulously

elucidated through X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, field-emission

scanning electron microscopy (FESEM), energy-dispersive X-ray spectroscopy (EDS), Brunauer–Emmett–

Teller (BET) surface area analysis, photoluminescence spectroscopy (PL), ultraviolet-visible diffuse

reflectance spectroscopy (UV-vis DRS), and X-ray photoelectron spectroscopy (XPS), confirming the high

crystallinity, uniform CQD dispersion, enlarged surface area, and improved charge-transfer dynamics of

the composites. Among the synthesized samples, the 10ZQ (10% w/w CQD-loaded ZIF-67) composite

exhibited the most pronounced performance, achieving 99% removal of 50 ppm tetracycline within

50 min under sunlight irradiation, corresponding to an apparent rate constant of k = 0.0057 min−1.

Adsorptive behavior was evaluated through comprehensive modeling using Langmuir, Freundlich,

Temkin, Harkins–Jura, Halsey, and Dubinin–Radushkevich isotherms, along with kinetic models,

including pseudo-first-order, pseudo-second-order, Elovich, liquid-film diffusion and intraparticle

diffusion equations, and degradation kinetics, including zero-order, pseudo-first-order, and pseudo-

second-order kinetics. The adsorption data fit well in the Langmuir model (R2 = 0.9916) and Elovich

kinetics model (R2 = 0.9977), indicating homogeneous monolayer chemisorption. Photocatalytic

degradation kinetics also closely followed the zero-order model (R2 = 0.9932). Reactive species trapping

experiments revealed that superoxide radicals (cO2
−) were the dominant oxidants in tetracycline

oxidation. Furthermore, mineralisation analysis showed 76% TOC removal and 78% COD removal,

confirming the substantial oxidation of tetracycline into harmless inorganic products. HRMS analysis

unveiled the evolution of various intermediates via ring-cleavage, demethylation, and hydroxylation

reactions, allowing a detailed mechanistic pathway to be proposed. Overall, this work introduces

a robust dual-functional ZIF-67/CQD heterostructure exhibiting exceptional stability, recyclability, and

activity for antibiotic removal, thereby establishing a promising platform for sustainable wastewater

purification.
Sustainability spotlight

Antibiotic contamination in water systems threatens ecosystem integrity and public health, demanding treatment strategies that are both effective and envi-
ronmentally responsible. This work presents a sustainable ZIF-67/CQD nanohybrid that achieves rapid tetracycline removal through synergistic adsorption and
sunlight-driven photocatalysis, enabling 99% elimination with substantial mineralisation and excellent recyclability. By harnessing solar energy, minimizing
chemical inputs, and ensuring long-term material stability, this approach reduces energy demand, operational costs, and secondary pollution typically asso-
ciated with conventional treatment methods. The high efficiency, reusability, and scalability of the system support the advancement of green water purication
technologies, directly contributing to UN SDG 6 (Clean Water and Sanitation), SDG 9 (Industry, Innovation, and Infrastructure), and SDG 12 (Responsible
Consumption and Production).
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1. Introduction

Human health and environmental sustainability are seriously
threatened by the increasing discharge of newly emerging
contaminants (NECs) into aquatic ecosystems.1 Among these,
antibiotics represent one of the most alarming categories of
pollutants, primarily due to their extensive and oen indis-
criminate use inmedical, veterinary, and agricultural practices.2

The exponential rise in the global production and consumption
of pharmaceuticals—including insecticides, pesticides, and
antibiotics—has resulted in persistent contamination of
natural water bodies.3 By 2023, the global antibiotic utilisation
was estimated to reach nearly 128 billion standard daily doses,
an increase of almost 200% since 2015, and it is expected to
surpass 105 000 tons by 2030. These concerning projections
highlight the pressing need for effective and sustainable
remediation methods.4

Antibiotics, though indispensable in treating bacterial
infections in humans, animals, and aquaculture, exhibit high
environmental persistence and bioactivity even aer excretion.5

They oen enter water systems in their unchanged or partially
metabolized forms, posing severe risks to aquatic organisms
and public health.6 Consequently, antibiotics are now recog-
nized as “emerging contaminants” due to their continuous
input, recalcitrant nature, and potential to induce antimicrobial
resistance (AMR). Notably, AMR-related mortality in the United
States alone is projected to surpass the combined fatalities
caused by diabetes and cancer, accounting for over 23 000
deaths annually.7

Among various antibiotic classes, tetracyclines are the
secondmost widely used group, constituting nearly one-third of
the global antibiotic production and consumption.8 They are
especially used in medical and veterinary applications due to
their activity against bacteria, protozoan parasites, and myco-
plasma.9 However, approximately 70% of administered tetra-
cyclines are excreted in their active forms, leading to the
continuous release of endocrine-disrupting compounds (EDCs)
into the aquatic environment, adversely affecting hormonal
balance and ecosystem stability.10

Traditional methods of treatment such as membrane ltra-
tion, ozonation, adsorption, Fenton and photo-Fenton reac-
tions, biological deterioration, electrochemical processes,
chlorination and oxidation have been studied for the elimina-
tion of antibiotics.11 Although these methods show certain
advantages, their practical applicability is oen limited by
secondary pollution, high operational costs, incomplete degra-
dation, and complex operating conditions. By contrast, because
semiconductor-based photocatalysis can mineralize organic
pollutants under light irradiation, it has become a highly
effective, environmentally friendly, and sustainable technology
for the degradation of antibiotics.12–14 However, photocatalysis'
effectiveness is frequently hindered by charge carriers and
restricted surface contact with target molecules.

To overcome these challenges, the integration of adsorption
and photocatalysis has gained signicant attention as a syner-
gistic approach that combines the preconcentration of
© 2026 The Author(s). Published by the Royal Society of Chemistry
pollutants on catalyst surfaces with their subsequent photo-
induced degradation. This dual mechanism accelerates
pollutant removal, enhances degradation efficiency, and
enables in situ regeneration of active sites.15,16 A variety of
adsorptive materials, such as carbon-based materials, calcium
alginate, polymers,17 zeolites,18 and metal–organic frameworks
(MOFs),5 have been scrutinised for such applications.

MOFs are unique among them because of their high surface
area, adjustable porosity, and adaptable chemical activity.
Because of their exceptional chemical and thermal stability,
zeolitic imidazolate frameworks (ZIFs), a subclass of MOFs
made up of transition metal ions (such as Co2+ and Zn2+) and
imidazolate linkers, are perfect for photocatalytic and
adsorption-based processes.19 Recently, there has been
a growing interest in combining MOFs with functional nano-
materials, which results in hybrid structures. A Cu-MOF/ZnO
composite was created by Roy et al. as a potent MOF-based
photocatalyst for the degradation of organic dyes in the pres-
ence of natural sunlight.20 A MIL-68 (In)–NH2/GrO composite
was created by Yang et al. as a visible light-responsive MOF-
based photocatalyst for amoxicillin degradation, exhibiting
improved charge separation and stability.21

In this context, carbon quantum dots (CQDs) have emerged
as promising cocatalysts owing to their outstanding optical
properties, high conductivity, upconversion photo-
luminescence, and ability to act as electron reservoirs.22 The
incorporation of CQDs into MOF structures signicantly
enhances light absorption and suppresses charge recombina-
tion. For instance, Ghasemzadeh et al. developed a CQD@MOF-
808 guest@host nanocomposite via an in situ thermolysis route,
in which the embedded CQDs enhanced visible-light-driven
photocatalytic degradation through improved charge separa-
tion and UCPL effects,23 and Song et al. designed a CQD-bridged
Bi-MOF@g-C3N4 heterojunction (BCC-4), in which the in situ
embedded CQDs facilitated charge transfer through a built-in
electric eld, enabling the efficient visible-light-driven degra-
dation of noroxacin via a dual-circulation pathway.24

Despite signicant progress, most existing photocatalytic
materials still exhibit insufficient charge separation, slow
degradation kinetics, and inconsistent performance under
variable water conditions. Hence, in this study, ascorbic acid-
derived CQDs were integrated with ZIF-67 to form novel CQD/
ZIF-67 nanocomposites with enhanced photocatalytic and
adsorptive characteristics. By tuning the CQD loading ratio (5%,
10%, and 15%), we methodically examined how they affected
the nal composites' functional, optical, physical and chemical
properties. The CQD loadings of 5%, 10%, and 15% were
chosen to examine the inuence of low, moderate, and high
CQD incorporation, respectively, on interfacial charge transfer
and light utilization. This range enabled the identication of an
optimal loading while avoiding excessive CQD coverage, which
may hinder light absorption or block active sites. FTIR, XRD,
FESEM, EDS, XPS, BET, UV-vis DRS, and PL studies were used to
thoroughly evaluate the produced catalysts in order to verify
their crystallinity, shape, stability, and charge transfer behavior.
Their adsorption and photocatalytic performances were rigor-
ously assessed through adsorption isotherms, kinetic
RSC Sustainability, 2026, 4, 1436–1455 | 1437
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modeling, photocatalytic kinetic analysis, and mechanistic
investigations. In addition, TOC, COD, and HRMS studies were
performed to elucidate the mineralization efficiency and
degradation pathways of tetracycline at a very high initial
concentration (50 ppm). This work not only bridges the
knowledge gap regarding CQD/ZIF-67-based dual-functional
systems but also provides a detailed mechanistic under-
standing of their synergistic adsorption–photocatalysis process.
The ndings establish CQD/ZIF-67 as a robust and reusable
composite for practical antibiotic removal, offering a promising
pathway toward sustainable water purication technologies.
2. Materials and methodology
2.1 Raw materials

High-purity reagents from Loba Chemie Pvt. Ltd, such as cobalt
(II) nitrate hexahydrate (98% extra pure), 2-methylimidazole
(98% extra pure), and L-ascorbic acid (99% extra pure), were
used to synthesize the materials. We purchased a commercial
tetracycline powder from Sigma-Aldrich. For all solution prep-
arations, ultrapure double-distilled water was used.
2.2. Synthesis

2.2.1. Synthesis of carbon quantum dots (CQDs). Ascorbic
acid was used as the carbon precursor in a straightforward
hydrothermal process to prepare carbon quantum dots (CQDs).
To ensure thorough dissolution and uniform dispersion, 1 g of
ascorbic acid (11.36 mmol) was dissolved in 10 mL of DI water
while being constantly mixed. The suspension was subse-
quently sonicated for 30 minutes at ambient temperature. The
resulting transparent solution was transferred into a 50 mL
Teon-lined stainless-steel autoclave and subjected to hydro-
thermal treatment at 180 °C under self-generated pressure for 8
hours. The autoclave was le to spontaneously cool to ambient
temperature once the hydrothermal process was nished. The
yellowish solution that was produced showed that carbon
quantum dots, or CQDs, were successfully formed, in accor-
dance with a previously documented process.12

2.2.2. Synthesis of ZIF-67. ZIF-67 was synthesized using
a modied reported method (J. Qian et al).25 Briey, 0.90 g of
Co(NO3)2$6H2O (1.55 mmol) was dissolved in 6 mL of DI water,
and 2-methylimidazole (Hmim; 11 g, 67 mmol) was indepen-
dently dissolved in 40 mL of DI water. To guarantee total
dissolution, the solutions were sonicated for 30 minutes. The
two solutions were then combined while gently swirling,
creating a uniform purple solution. To promote crystal forma-
tion, the mixture was magnetically agitated for six hours at
room temperature. The obtained purple precipitate was har-
vested via centrifugation (8000 rpm, 15 min), rigorously washed
with DI water and methanol (three times each) to remove
unreacted species, and oven-dried at 90 °C for 24 h to yield pure
ZIF-67 (ZF).26

2.2.3 Synthesis of CQD/ZIF-67 nanocomposites. A specic
amount of CQDs—5.6 mL, 12.4 mL, and 19.8 mL, which cor-
responded to 5%, 10%, and 15% ratios, respectively—was taken
and added to three beakers. In two separate beakers, 0.45 g of
1438 | RSC Sustainability, 2026, 4, 1436–1455
cobalt nitrate hexahydrate in 3 mL of DI water and 5.5 g of 2-
methylimidazole in 20 mL of DI water were prepared as
precursor solutions. These, along with the rst solution, were
sonicated for 30 minutes. Aerward, all three were mixed and
continuously stirred at room temperature for 6 hours. The ob-
tained solids were centrifuged at 8000 rpm for 15 minutes,
washed thoroughly with DI water and methanol (three times
each), and dried at 90 °C. The nal samples were named as 5ZQ,
10ZQ, and 15ZQ based on their weights, respectively. Scheme 1
shows the synthesis procedure and pictures of the CQD/ZIF-67
hybrid.
2.3 Characterisation methods

The characterisation techniques are listed in the SI S1.
2.4 Adsorption and photocatalytic degradation experiments

Sequential adsorption and photocatalytic degradation studies
were used to assess the ZQ nanocomposites' dual capability for
tetracycline removal. DI water was used to prepare a tetracycline
stock solution (1000 ppm), which was then diluted to the
required concentrations. A known dosage of the composite
(0.1 g L−1) was combined with 20 mL of a 50 ppm tetracycline
solution for each experiment, and the mixture was shaken
under dark conditions for 45 min to ensure adsorption equi-
librium and suppress photolytic effects. All adsorption and
photocatalytic degradation experiments were carried out under
magnetic stirring at 700 rpm in 30mL test tubes, with a solution
depth of∼12 cm and the lamp positioned at a distance of 10 cm
from the test tubes. Under these conditions, the ZQ nano-
composites exhibited an adsorption behaviour toward tetracy-
cline, conrming the effective preconcentration of the pollutant
on the catalyst surface prior to light irradiation. Subsequently,
the suspension was centrifuged, and the remaining tetracycline
in the supernatant was determined at 357 nm via UV-vis spec-
trophotometry. eqn (1) was used to obtain the removal efficiency
(R%):

R% ¼ Cinitial � Cfinal

Cinitial

� 100 (1)

where Cinitial and Cnal are the initial and equilibrium tetracy-
cline concentrations, respectively. Experiments were executed
in triplicate, and the corresponding mean values were reported.
These adsorption–desorption equilibrium results were used as
the baseline to distinguish between adsorption-driven removal
and photocatalytic degradation.

An identical tetracycline-composite suspension was exposed
to photocatalytic degradation in the presence of sunlight aer
adsorption. Photocatalytic degradation experiments were
primarily carried out under natural sunlight to evaluate real-
world applicability; additionally, comparative studies were
performed using a 40 W LED lamp and a UV light source (365
nm) under identical experimental conditions to enable
comparison. Tetracycline degradation was tracked using UV-vis
spectroscopy at 357 nm aer samples were removed at pre-
arranged intervals and centrifuged to eliminate the catalyst.
Different parameters, including dose, light source, initial
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic of the synthetic procedure for CQD/ZIF-67 nanocomposites.
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concentration, and pH, were optimised to obtain the best
removal percentage. Further, these data were used to plot
different isotherms and kinetic models, which were used to
extract the rate constants.

To assess the extent of mineralisation, TOC and COD anal-
yses were performed before and aer the photocatalytic reac-
tion. The degradation intermediates and byproducts were
identied using HRMS, providing mechanistic insights into the
stepwise degradation of tetracycline. This sequential approach
highlights the synergistic effect of adsorption and photo-
catalysis, where the initial preconcentration of tetracycline on
the catalyst surface enhances the subsequent photocatalytic
Fig. 1 (a) XRD profiles, (b) FT-IR spectra, (c) BET adsorption–desorption
and 15ZQ.

© 2026 The Author(s). Published by the Royal Society of Chemistry
degradation efficiency. The preliminary adsorption step
increases the local concentration of tetracycline at the catalyst-
solution interface, thereby facilitating more efficient charge
transfer and reactive species attack during the photocatalytic
process.
3. Results and discussion
3.1. Characterisations

3.1.1. XRD pattern. The X-ray diffraction (XRD) patterns of
ZF, CQDs, and their composites (5ZQ, 10ZQ, and 15ZQ) conrm
the efficient incorporation of CQDs into the ZIF-67 framework
isotherms, and (d) BJH pore size distributions of ZF, CQDs, 5ZQ, 10ZQ,

RSC Sustainability, 2026, 4, 1436–1455 | 1439
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Table 1 Summary of the BET surface area, average pore dimension, and cumulative pore capacity

Catalyst
BET surface area
(m2 g−1)

Average pore
dimension (nm)

Cumulative pore capacity
(cm3 g−1)

ZF 1760 1.5908 0.6992
5ZQ 1540 1.5450 0.5965
10ZQ 1920 1.5119 0.7249
15ZQ 1600 1.5956 0.6383
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with no detectable structural distortion (Fig. 1(a)). ZF displays
a series of sharp and intense peaks at 2q z 7.3° (110), 10.4°
(200), 12.7° (211), 14.8° (220), 16.4° (310), 18.0° (222), 24.6°
(400), 26.7° (331), 29.6° (044), 32.4° (235), 34.6° (333), and 36.5°
(315), consistent with the simulated and reported diffraction
pattern of pristine ZIF-67. The broad amorphous hump
observed at 2q z 22° in the CQD pattern corresponds to the
(002) reection of disordered sp2-hybridized carbon domains.
The preservation of the characteristic ZF peaks in all composites
indicates that CQD incorporation does not alter the crystal
framework, while the slight variations in intensity suggest
strong interfacial interaction between CQDs and ZF. This
structural integrity, coupled with CQD-induced electronic
synergy, is crucial for enhancing the material's adsorptive and
photocatalytic performance.12,27

3.1.2. Fourier transform infrared (FTIR) analysis. The FTIR
spectra of the parent materials (ZF and CQDs) and their
composites (5ZQ, 10ZQ, and 15ZQ) conrm successful hybrid-
ization and the coexistence of multiple functional groups on the
composite surface (Fig. 1(b)). The spectrum of pristine ZF
exhibits distinct bands in the 990–670 cm−1 region, attributed
to Co–N stretching vibrations of the imidazolate linkers,28 along
with characteristic peaks at∼1584 cm−1 (C]N stretching of the
imidazole ring), ∼1410 cm−1 and ∼1350 cm−1 (in-plane
bending of the imidazole ring), and ∼1147 cm−1 (C–N stretch-
ing). In the CQD spectrum, the broad absorption band at
Fig. 2 (a) UV-vis DRS profiles, (b) Tauc plots, and (c) PL emission spectr

1440 | RSC Sustainability, 2026, 4, 1436–1455
∼3430 cm−1 corresponds to O–H stretching, while bands at
∼1630 cm−1 and ∼1384 cm−1 are associated with C]O
stretching (or adsorbed water) and C–O vibrations, respec-
tively.27 Upon composite formation, the emergence of addi-
tional absorption bands near 1630 cm−1 and 1380 cm−1, along
with the slight shi and attenuation of Zn–N vibrations, indi-
cates hydrogen bonding and electrostatic interactions between
CQDs and the imidazolate framework. Furthermore, the
gradual suppression of imidazolate ring peaks with increasing
CQD content suggests surface modication and successful CQD
embedding within the ZF lattice. These spectral changes
corroborate the structural and optical variations observed in the
complementary characterizations.

3.1.3. Nitrogen sorption and surface area analysis. The
textural properties of CQDs, ZF, and their composites were
assessed using N2 adsorption–desorption isotherms and cor-
responding BJH pore size distribution plots (Fig. 1(c and d),
respectively). The microporous nature of the materials was
conrmed by the samples' quick uptake at low relative pres-
sures (P/P0 < 0.1) and plateau at higher pressures, which are
characteristic of type I isotherms. The coexistence of micro-
pores and small mesopores was indicated by the matching pore
size distribution curves in Fig. 1(d), which display strong peaks
in the 2–5 nm range. As presented in Table 1, the BET surface
area and pore volume increased with CQD incorporation up to
10ZQ, suggesting that moderate CQD loading improved pore
a of ZF, CQDs, 5ZQ, 10ZQ, and 15ZQ.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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accessibility and structural stability. However, further addition
(15ZQ) caused a decline in both parameters due to pore
blockage and surface aggregation of excess CQDs. These nd-
ings demonstrate that 10ZQ exhibits the most favourable
porosity and surface characteristics, which are benecial for
efficient adsorption and photocatalytic activity.

3.1.4. UV-visible diffuse reectance (DRS) analysis. DRS
analysis was conducted to assess the absorption features and
band gap energies of ZF, CQDs, 5ZQ, 10ZQ, and 15ZQ. As
illustrated in Fig. 2(a), all samples exhibited notable UV
absorption. ZF displayed two prominent absorption peaks at
250–350 nm and 550–600 nm, attributed to the d–d transitions
of Co2+ centers and p–p* transitions of the imidazolate ligands,
respectively. In contrast, CQDs showed a broad absorption band
between 300 and 600 nm, corresponding to p–p* and n–p*
transitions arising from sp2-hybridized domains and surface
functional groups, respectively.29,30 Upon CQD incorporation,
a progressive red shi and absorption edge broadening were
observed in 5ZQ, 10ZQ, and 15ZQ, indicating enhanced light-
harvesting capability and efficient electronic coupling between
CQDs and the ZF framework.28 The optical band gaps were
derived from Tauc plots (Fig. 2(b)) using the following relation
(eqn (2)):

(ahw)0.5 = hw − Eg (2)

The optical band gaps were determined to be 3.94 eV (ZF),
3.92 eV (CQDs), 3.37 eV (5ZQ), 3.11 eV (10ZQ), and 3.21 eV
Fig. 3 XPS characterization of 10ZQ: (a) full survey scan and high-resol

© 2026 The Author(s). Published by the Royal Society of Chemistry
(15ZQ).31 The systematic band gap reduction from 3.94 eV in ZF
to 3.11 eV in 10ZQ demonstrated the formation of intermediate
electronic states and improved charge-transfer interactions
upon CQD incorporation. The 10ZQ composite, exhibiting the
lowest band gap (3.11 eV), signied superior light absorption
and optical tunability, making it the most efficient among the
synthesised samples for sunlight-driven photocatalytic
applications.

3.1.5. Photoluminescence analysis. The recombination
behaviour of photoinduced charge carriers in ZF, CQD, 5ZQ,
10ZQ, and 15ZQ was evaluated using photoluminescence (PL)
spectroscopy.32 All samples show an emission peak centered at
approximately 750 nm, which is indicative of the radiative
recombination of photogenerated electron-hole pairs, as seen
in Fig. 2(c). The PL intensity directly reects the recombination
rate, where a higher intensity indicates more rapid recombi-
nation and thus reduced photocatalytic efficiency.33 Among the
samples, ZF shows the strongest PL emission, signifying
signicant charge carrier recombination. Upon the incorpora-
tion of CQDs, the PL intensity decreases notably due to the
excellent electron-accepting and conductive ability of CQDs,
which promotes charge separation. A further gradual decline in
the PL intensity is observed for the composites in the order of ZF
> 5ZQ > 15ZQ > 10ZQ, indicating progressively improved charge
separation efficiency. The 10ZQ composite exhibits the lowest
PL intensity, suggesting the marked decrease in electron-hole
recombination and promotion of interfacial charge transport.
In contrast, the slight increase in the PL intensity for 15ZQ
implies that excessive CQD loading can cause aggregation,
ution spectra of (b) Co 2p, (c) O 1s, (d) N 1s, and (e) C 1s.
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active site blocking, or light shielding, reducing the efficiency of
photoexcited charge utilization. Thus, 10ZQ achieves the best
balance between CQD dispersion, charge transfer, and light
absorption, resulting in enhanced photocatalytic performance.

3.1.6. X-ray photoelectron spectroscopy (XPS) analysis. X-
ray photoelectron spectroscopy (XPS) was used to determine
the synthesized samples' elemental compositions, oxidation
states, and core-level electronic environments. The survey
spectrum of 10ZQ (Fig. 3(a)) validated the expected elemental
framework by conrming the presence of Co, O, N, and C. A
least-square Gaussian tting model was used to deconvolute all
spectra in order to identify the distinct chemical states. In the
Co 2p spectrum (Fig. 3(b)), the two prominent peaks centered at
781.19 eV (Co 2p3/2) and 796.75 eV (Co 2p1/2) were assigned to
Co(II) species, consistent with the typical spin–orbit splitting of
cobalt in ZF.34 Distinct shake-up satellite peaks in the range of
785.8–788.0 eV further conrmed the presence of high-spin
Co2+ ions.35 The O 1 s spectrum in Fig. 3(c) exhibited three
deconvoluted peaks at 531.52 eV (C]O from carbonyl groups),
532.74 eV (C–O from hydroxyl, ether, or alcohol functionalities),
and 535.0 eV (molecularly adsorbed O2 or H2O), demonstrating
oxygen-containing surface species. The N 1s spectrum (Fig. 3(d))
displayed well-dened peaks corresponding to pyridinic N
(398.7 eV), pyrrolic N (399.2 eV), and graphitic N (400.7 eV),
conrming the presence of diverse nitrogen coordinations in
the imidazolate linkers. Meanwhile, the high-resolution C 1s
spectrum (Fig. 3(e)) exhibited a dominant peak at 284.67 eV,
corresponding to sp2/sp3-hybridized C–C/C–H bonds, which
Fig. 4 FESEM micrographs of (a) ZF, (b) CQDs, and (c) the 10ZQ com
mapping images of 10ZQ.

1442 | RSC Sustainability, 2026, 4, 1436–1455
arise from both the imidazolate organic linker of ZIF-67 and the
graphitic carbon framework of the CQDs. The additional
component at 287.64 eV was attributed to O–C]O species
associated with surface carbonyl and carboxyl functional
groups, mainly originating from CQDs and conrming their
successful incorporation into the ZIF-67 framework.36,37 These
observations collectively conrm the successful integration of
CQDs within the ZF framework without altering the oxidation
state of cobalt or the structural integrity of the imidazolate
network, reinforcing the formation of the composite with rich
surface functionality favorable for adsorption and
photocatalysis.

3.1.7. FESEM surface and morphological analyses. The
surface morphology and microstructural features of the fabri-
cated samples were examined utilising FESEM, as illustrated in
Fig. 4. The FESEM images (Fig. 4(a)) reveal that pristine ZF
exhibits a well-dened dodecahedral morphology with
uniformly distributed nanocrystals ranging between 300–
500 nm. Such high crystallinity and structural uniformity are
typical of hydrothermally synthesised ZIF-based frameworks
and are crucial for enhancing the surface area and facilitating
efficient adsorption and photocatalytic reactions. In Fig. 4(b),
the FESEM image of CQDs shows no clearly distinguishable
particles due to their extremely small size and quasi-spherical
nature, which lie well below the resolution limit of FESEM.
Despite their indistinct appearance, the successful formation of
CQDs was conrmed through complementary techniques such
as EDS and optical analyses. Upon CQD incorporation, the
posite; (d and e) the corresponding EDS spectra; and (f–i) elemental

© 2026 The Author(s). Published by the Royal Society of Chemistry
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characteristic ZF morphology is retained, conrming that the
addition of CQDs does not disrupt the crystal framework. As
shown in Fig. 4(c), the 10ZQ composite exhibits a slightly
roughened surface and faint surface contrast variations, indi-
cating the successful anchoring of CQDs onto the ZF surface,
even though the individual CQDs cannot be distinctly resolved.
The EDS spectrum (Fig. 4(d, e)) validates the elemental
composition of the ZF/CQD composite, conrming the presence
of C, N, Co, and O, which are the key constituents of the hybrid
framework. Quantitative analysis indicates high atomic frac-
tions of C (56.60%) and N (27.87%) from the 2-methylimidazole
linker, with Co (8.22%) as the central metal ion, consistent with
the reported ZF stoichiometry. The minor oxygen content is
likely due to adsorbed surface species or partial oxidation
during synthesis. Furthermore, elemental mapping (Fig. 4(f–i))
displays a consistent distribution of C, N, O, and Co across the
entire microcrystal, conrming the homogeneous metal–ligand
coordination and structural integrity of the synthesized ZF/CQD
composite. These observations, coupled with EDS conrmation,
strongly substantiate the successful integration of CQDs into
the ZF framework without compromising its morphology or
crystallinity.38

3.2. Effect of different light sources

Fig. 5(a) shows the results of a comprehensive investigation into
the effects of visible light, UV light, and combined sunlight on
the photocatalytic degradation efficiency of tetracycline. With
degradation efficiencies of approximately 88% under visible
light, 99% under UV light, and 97% under combined sunlight,
Fig. 5 Impact of (a) different light sources, (b) catalyst dose, (c) initial con
degradation of tetracycline.

© 2026 The Author(s). Published by the Royal Society of Chemistry
the catalyst demonstrates notable activity under all tested light
conditions, according to the results. The higher energy of UV
photons (wavelength < 400 nm) is responsible for the highest
degradation rate under UV light. These photons have enough
energy to directly excite electrons from the valence band to the
conduction band, producing highly reactive species like
superoxide anions (cO2

−) and hydroxyl radicals (cOH). Signi-
cant activity is also exhibited by the catalyst under visible light,
which is interesting because this suggests that it either has
a narrow band gap or has been modied (by metal/nonmetal
doping or heterojunction creation) to increase its absorption
into the visible spectrum. The catalyst's practical relevance is
also increased by its capacity to break down tetracycline by
utilizing all the photons with lesser energy, which indicates that
it is a good t for solar-powered applications as well. Hence, we
further studied the other parameters in sunlight.

3.3. Effect of the catalyst dose on tetracycline removal

The inuence of the catalyst dosage on the tetracycline degra-
dation efficiency was evaluated within the range of 0.05–0.30 g
L−1 (Fig. 5(b)). Remarkably, 10ZQ exhibited >95% degradation
efficiency across all tested dosages, demonstrating its superior
photocatalytic performance. The highest degradation occurred
at the lowest dosage (0.05 g L−1), conrming the material's high
intrinsic activity and efficient utilization of active sites. The
slight decline in efficiency observed at intermediate dosages
(0.15–0.20 g L−1) can be attributed to the shielding effect
because excessive catalyst loadings increase light scattering and
turbidity, thereby reducing photon penetration. At higher
centration, and (d) pH, (e) pzc studies, and (f) scavengers involved in the
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dosages, particle agglomerationmay further limit the accessible
surface area and hinder active site exposure, resulting in
a marginal reduction in degradation efficiency.

3.4. Dependence of tetracycline removal on the initial
concentration

Fig. 5(c) depicts the dependence of the initial tetracycline
concentration on the 10ZQ composite's removal effectiveness.
When the initial tetracycline content was increased from 50 to
70mg L−1, the removal effectiveness of 10ZQ dropped from 75%
to 45%. The restricted quantity of active sites on the photo-
catalyst's surface is the main cause of this decrease. At lower
concentrations, tetracycline molecules readily occupy the
accessible adsorption sites on 10ZQ, promoting efficient inter-
action with reactive species. However, as the concentration
increases, these sites become saturated, leading to reduced
adsorption and slower degradation. Excess tetracycline mole-
cules at higher concentrations can also impede light penetra-
tion and diffusion toward active sites, restricting ROS
generation and the overall photocatalytic activity. Furthermore,
a concentration-driven shi in the adsorption–desorption
equilibrium may favor desorption, causing previously adsorbed
molecules to re-enter the solution. Consequently, site satura-
tion, mass transfer resistance, and light shielding collectively
contribute to the reduced tetracycline removal efficiency
observed at elevated concentrations.

3.5. pH-dependent behaviour of tetracycline removal

The inuence of pH on the photocatalytic degradation of
tetracycline by 10ZQ was examined over a broad pH range (1–12)
(Fig. 5(d)). The degradation efficiency is markedly low under
strongly acidic conditions (pH < 3) but increases signicantly
between pH 3 and 5, reaching nearly 100% efficiency within the
pH range of 6–9. Beyond pH 9, the photocatalytic performance
gradually declines. The point of zero charge (pzc) of 10ZQ is
determined to be 3.31 from the DpH (pHinitial–pHnal) plot
(Fig. 5(e), inset). At pH < pzc, the catalyst surface is positively
charged, while above the pzc, it is negatively charged. Since
tetracycline exists in various protonation states with pKa values
of 3.3, 7.7, 9.7, and 12, it predominantly exists as H4TC, H3TC,
and H2TC at pH 3.0, 7.0, and 9.0, respectively.39 Under acidic
conditions (pH < 3.3), both the catalyst surface and tetracycline
molecules are protonated, leading to electrostatic repulsion and
weak adsorption, which hinders degradation. Additionally,
excess protons suppress the generation of reactive oxygen
species (ROS), particularly 02D9OH, thus lowering photo-
catalytic efficiency. In the neutral to mildly basic range (pH 6–9),
optimal degradation is achieved due to the favorable electro-
static attraction between the negatively charged 10ZQ surface
and zwitterionic/deprotonated tetracycline molecules, ensuring
efficient adsorption and charge transfer. Moreover, moderate
alkalinity enhances 02D9OH generation, further improving
degradation performance. However, at highly alkaline pH (>9),
the efficiency decreases due to two main factors: (i) Excess OH−

ions act as scavengers, quenching active radicals like cOH and
cO2

− and (ii) both tetracycline and the 10ZQ surface become
1444 | RSC Sustainability, 2026, 4, 1436–1455
negatively charged, resulting in electrostatic repulsion and
reduced adsorption. Additionally, ZF-based frameworks tend to
agglomerate in acidic environments, leading to diminished
photo-absorption and active site exposure. Conversely, at
moderately basic pH, the negatively charged tetracycline mole-
cules can effectively attract reactive groups (e.g., cOH) owing to
their high electron density, enhancing photocatalytic degrada-
tion. Overall, the pH-dependent photocatalytic performance of
10ZQ is governed by the combined effect of surface charge
modulation relative to the pHpzc, which controls tetracycline
adsorption through electrostatic interactions, and pH-regulated
ROS generation efficiency, together determining the observed
degradation behavior.

3.6. Identication of active reactive species via scavenger
trapping experiments and the adsorption-degradation
mechanism

Scavenger experiments were conducted under identical photo-
catalytic conditions to identify the dominant reactive oxygen
species (ROS) involved in tetracycline degradation (Fig. 5(f)).
The control experiment exhibited a high degradation efficiency
of ∼98–99%, conrming the excellent baseline photocatalytic
activity of the system. The addition of hydroxyl radical (cOH)
scavengers such as DMSO and IPA resulted in only a marginal
decrease in the degradation efficiency (∼96–98%), while meth-
anol, which quenches both cOH and photogenerated holes (h+),
caused negligible suppression.40 These results indicate that cOH
radicals and direct hole oxidation play minor roles in the
degradation process. In contrast, the degradation efficiency
dropped signicantly to ∼76.1% upon the addition of
benzoquinone (BQ), a selective scavenger for superoxide radi-
cals (cO2

−), clearly demonstrating that cO2
− is the principal

oxidative species responsible for tetracycline degradation. This
behavior suggests that photogenerated conduction band elec-
trons are efficiently transferred to dissolved oxygen, leading to
the formation of cO2

− radicals that drive the oxidative degra-
dation pathways. Although photogenerated holes can react with
water molecules or surface hydroxyl groups to generate cOH
radicals, their steady-state contribution remains minimal due
to the extremely high reactivity and ultrashort lifetime of cOH,
which promotes rapid recombination or an immediate reaction
on the catalyst surface before accumulation in the bulk solu-
tion. Additionally, limited hole mobility further suppresses
sustained cOH formation. Consequently, cO2

−, possessing
a relatively longer lifetime and a higher diffusion capability,
dominates the photocatalytic process and is more readily
detected in scavenger experiments, while h+ primarily plays an
indirect role by initiating ROS formation rather than by acting
as the main oxidative species.41,42

3.7. Effect of humic acid on photocatalytic performance

To evaluate the practical applicability of the photocatalyst under
realistic water conditions, the inuence of humic acid,
a common natural organic matter present in surface waters, was
investigated. Photocatalytic degradation experiments were
carried out in the presence of humic acid concentrations
© 2026 The Author(s). Published by the Royal Society of Chemistry
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ranging from 1 to 5 mg L−1. As shown in Fig. S1, the tetracycline
removal efficiency gradually decreased from ∼80% at 1 mg L−1

humic acid to ∼64.8% at 5 mg L−1 humic acid. This behavior
can be attributed to the competitive adsorption of humic acid
and tetracycline on the active sites on the 10ZQ surface, which
inhibits tetracycline degradation due to surface site occupation
and partial scavenging of reactive species.43 Despite these
inhibitory effects, the catalyst maintained appreciable degra-
dation efficiency even at higher humic acid concentrations,
demonstrating its robustness and potential applicability in
complex real-water matrices.

3.8. Proposed adsorption-photocatalytic degradation
mechanism

The removal of tetracycline by the 10ZQ composite involves
a synergistic adsorption–photocatalytic degradation mecha-
nism, where adsorption serves as a crucial prestep enhancing
the overall degradation efficiency. Tetracycline molecules
engage in a variety of interactions with the surface of 10ZQ
during the adsorption stage, such as hydrogen bonding, p–p
interactions, van der Waals forces, pore lling, and electrostatic
interactions.5 While p–p stacking takes place between the
conjugated structure of ZF/CQD and the aromatic rings of
tetracycline, the presence of surface hydroxyl and carboxyl
groups promotes hydrogen bonding with the polar functional
groups of tetracycline. The porous framework of ZF provides
abundant adsorption sites, and CQDs enhance surface func-
tionality, aiding in the efficient capture and preconcentration of
tetracycline molecules near active photocatalytic centers. Addi-
tionally, the surface charge of 10ZQ and the ionization state of
tetracycline (depending on the pH) govern electrostatic attrac-
tion or repulsion, inuencing the adsorption strength and
efficiency. The band structure alignment of ZIF-67 and CQDs
suggests the formation of a direct Z-scheme heterojunction.
Upon light irradiation, the photocatalytic process initiates as
Scheme 2 Proposed adsorption–photocatalytic degradation mechanism

© 2026 The Author(s). Published by the Royal Society of Chemistry
electron-hole pairs are generated at the CQD/ZF heterojunction.
The CQDs act as an efficient electron mediator, facilitating
charge separation and transfer. Based on these ndings, the
proposed mechanism begins with electron-hole separation in
the CQD/ZF composite under light irradiation, followed by
electron transfer from the core to the shell. The electron-rich
catalyst surface interacts with O2 to produce cO2

−, while holes
oxidize hydroxyl ions to form cOH radicals. The generated cO2

−

and cOH species synergistically degrade tetracycline. The
sequence of reactions involved can be expressed as: electron-
hole separation in the CQD/ZF composite under light irradia-
tion, followed by electron transfer from the core to the shell.

CQD/ZF + hn / (h+ + e−)

O2 + e− / cO2
−

H2O 4 H+ + OH−

OH− + h+ / cOH

cO2
− + H+ + 2e− / H2

H2O2 + e− / cOH + OH−

Tetracycline + cO2
−/.OH / Degradation products

When exposed to radiation in the presence of the synthesized
photocatalyst, tetracycline molecules break into smaller
compounds that may be completely converted to CO2 and
inorganic ions like sulfate, ammonium, and nitrate aer pro-
longed exposure (Scheme 2).
3.9. Degradation pathway

The degradation mechanism of tetracycline during photo-
catalysis proceeds through a series of oxidative and bond-
of 10ZQ.
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cleaving steps, resulting in the formation of lower-molecular-
weight intermediates, as predicted using HRMS (Fig. S3) and
illustrated in Scheme 3.44,45 The initial tetracycline molecule,
with a molecular ion peak at m/z = 475, undergoes N-de-
methylation and hydroxylation to form an intermediate atm/z=
445, indicating partial oxidation while retaining the tetracyclic
core. This species undergoes further cleavage at the C–C and
C–N bonds, leading to the generation of m/z = 340 and m/z =

369, where the former is characterized by the opening of ring
structures and the removal of functional groups such as the
dimethylamino side chain. The intermediate at m/z = 369
suggests a retained polyaromatic core with hydroxyl and amino
functionalities. Continued degradation yields m/z = 359,
indicative of deamination and hydroxylation processes, andm/z
= 276, which corresponds to the partial cleavage of the tetra-
cycline framework and the appearance of small aliphatic side
chains. Successive oxidation steps lead to ring fragmentation,
forming smaller intermediates such as m/z = 175, which pres-
ents a simplied aromatic ring bearing hydroxyl and ketone
groups. The subsequent degradation leads to m/z = 144, m/z =
141, andm/z= 125, all representing mono- or dihydroxybenzoic
acid-type structures, which are typical terminal aromatic inter-
mediates in the degradation of polycyclic antibiotics. Finally,
complete mineralization is suggested by the conversion of these
benzenoid intermediates into simple products such as acetic
acid and inorganic ions like CO2, H2O, NH4

+, and NO3
−, con-

rming that the pathway culminates in environmentally benign
end-products. These observations are consistent with the re-
ported pathways for the photocatalytic degradation of
Fig. 6 Linear isotherm graphs corresponding to the (a) Langmuir, (b) Freu
Halsey models.

1446 | RSC Sustainability, 2026, 4, 1436–1455
tetracycline by advanced oxidation processes involving reactive
oxygen species (ROS) like cOH and O2c

−.39,46–49
3.10. Adsorption isotherms

The SI contains the basic formulas and theoretical foundation
for adsorption isotherms (S2). Adsorption isotherms are crucial
for comprehending how adsorbates interact with the adsor-
bent's surface. Several isotherm models, including Langmuir,
Freundlich, Halsey, Temkin, Harkins–Jura, and Dubinin–
Radushkevich (D–R), were applied to the experimental data in
order to examine the system's adsorption behavior (Fig. 6). Each
model provides insights into the surface characteristics,
adsorptionmechanism, and adsorption capacity.50,51 Among the
tested models, the Langmuir isotherm achieved the best t to
the experimental data (R2 = 0.9909), indicating that adsorption
primarily occurs as a monolayer on a homogeneous adsorbent
surface with nite identical sites. The maximum adsorption
capacity (qm = 25.84 mg g−1) and positive Langmuir constant
(KL = 0.0387 L mg−1) conrm favorable adsorption affinity.
However, moderate ts with the Freundlich (R2 = 0.7602),
Halsey (R2 = 0.7602), and Harkins–Jura (R2 = 0.7999) models
suggest that the surface exhibits some heterogeneity, with
multilayer adsorption occurring on sites of varying energies,
likely due to the pore structure and surface roughness. The
Temkin isotherm (R2= 0.7335) further indicates that the heat of
adsorption decreases linearly with surface coverage, reecting
adsorbate–adsorbent interactions and an endothermic adsorp-
tion process. The Dubinin–Radushkevich model resulted in
a low mean adsorption energy (E = 0.253 kJ mol−1), conrming
ndlich, (c) Dubinin–Radushkevich, (d) Harkins–Jura, (e) Temkin, and (f)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Model-based linear fits of adsorption kinetics employing the (a) pseudo-first-order, (b) pseudo-second-order, (c) Elovich, (d) intraparticle
diffusion, and (e) liquid-film diffusion models and the corresponding degradation kinetic profiles following (f) zero-order, (g) pseudo-first-order,
(h) pseudo-second-order mechanisms, and (i) zero-order kinetics mechanisms.
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that physisorption dominates the adsorption mechanism.
Collectively, the results in Table 2 demonstrate that the
adsorption process on the studied adsorbent is mainly physical
in nature, with a predominant monolayer formation on a largely
homogeneous surface, accompanied by multilayer adsorption
phenomena on heterogeneous sites.52
3.11. Adsorption kinetics

The key equations and theoretical basis for adsorption kinetics
are detailed in the SI S3. The adsorption kinetics of the studied
system were analyzed using multiple kinetic models, namely,
pseudo-rst-order, pseudo-second-order, intraparticle diffu-
sion, Elovich, and liquid lm diffusion models.53 The pseudo-
rst-order model exhibited poor correlation (R2 = 0.9689,
© 2026 The Author(s). Published by the Royal Society of Chemistry
Table 3) and a mismatch between experimental and calculated
adsorption capacities, suggesting its unsuitability for
describing the system. The pseudo-second-order model showed
better agreement (R2 = 0.9801), indicating chemisorption as
a potential controlling mechanism.

However, the Elovich model provided the best t with an
exceptionally high correlation coefficient (R2 = 0.9977), con-
rming that the adsorption process is strongly governed by
chemisorption with an energetically uneven distribution of
active sites. This highlights the progressive activation of sites
during adsorption, making the Elovich model the most signif-
icant descriptor of the kinetic behavior.

Intraparticle diffusion analysis revealed a multilinear prole
with a non-zero intercept, suggesting that diffusion into the
pores contributes to the overall kinetics but is not the sole rate-
RSC Sustainability, 2026, 4, 1436–1455 | 1447
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Table 2 Adsorption isotherm parameters for tetracycline adsorption on 10ZQ

Equilibrium isotherms Equations Parameters Values

Langmuir Ce

qe
¼ 1

QmKL
þ 1

Qm
Ce

Qm (mg g−1) 25.84
KL (L mg−1) 0.23
R2 0.9916

Freundlich qe = KF Ce
1/n KF (mg g−1) 79.67

1/n 0.2869
R2 0.7602

D–R ln qe = lnQs − B32 Qs (mg g−1) 5.73 ×10−12

B [(mol J−1)2] 7.8411
E (KJ mol−1) 0.253
R2 0.7879

Harkins–Jura 1

q2e
¼

�
B

A

�
� 1

A
logCe

A 0.0858
B 0.5286
R2 0.7999

Temkin qe = BT ln KT + BT lnCe BT (KJ mol−1) 32.94
KT (L mg−1) 6.45 × 1020
B (J mol−1) 0.0752
R2 0.7335

Halsey
lnqe ¼ 1

n
lnK � 1

n
lnCe

N 0.2869
K (mg L−1) 4.19 × 10−6

R2 0.7602
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limiting step, while the liquid lm diffusion model (Fig. 7)
conrmed that boundary layer resistance also inuences the
adsorption process. Taken together, these ndings indicate that
the adsorption mechanism is a complex process dominated by
chemisorption (Elovich model), with contributions from diffu-
sion mechanisms that control the rate at different stages.54,55
3.12. Photocatalytic degradation kinetics

The antibiotic's photocatalytic degradation kinetics were eval-
uated by monitoring its concentration using UV-vis spectro-
photometry, providing degradation rates and reaction times.
Basic formulae are explained in the SI S4. The degradation
kinetics were examined using zero-order, pseudo-rst-order,
and pseudo-second-order models.56,57 Among these, the zero-
order model provided the best t (R2 = 0.9932) and a rate
constant of k = 0.0057 min−1, showing a nearly perfect linear
decrease in concentration with time. This indicates that the
degradation proceeds at a constant rate, independent of the
remaining concentration. While the adsorption of tetracycline
on the photocatalyst follows Elovich kinetics, indicative of
chemisorption, the photocatalytic degradation under illumi-
nation exhibits zero-order kinetics. This occurs because
adsorption rapidly saturates the catalyst surface, and under
steady light irradiation, the generation of reactive species (�O2

−

and h+) remains constant. Therefore, the degradation rate
becomes independent of the tetracycline concentration, with
photocatalysis controlling the overall reaction rate. In the
combined process, chemisorption facilitates substrate access to
active sites, but the light-driven reactions dominate the
kinetics. The efficiency of various photocatalysts, including
CQDs, ZF, 5ZQ, 10ZQ, and 15ZQ, was compared in a series of the
same experiments. The results revealed that 10ZQ out-
performed the others, exhibiting a rate constant of 0.0057,
which is signicantly higher than that of other composites, 5ZQ
(0.0033 min−1) and 15ZQ (0.0038 min−1) (Fig. S2). To evaluate
1448 | RSC Sustainability, 2026, 4, 1436–1455
the improved performance of the composite materials,
a synergy factor (R) was computed using eqn (3):57

R ¼ kCQDsþZF

kCQDs þ kZF
(3)

The photodegradation rate constants of the CQD/ZF
composites and their constituent parts were used to calculate
this factor. 10ZQ had the highest synergy factor of 0.239, which
was connected with its higher photocatalytic degradation effi-
ciency, compared to 0.138 for 5ZQ and 0.159 for 15ZQ. The
enhanced photocatalytic activity of CQD/ZF composites for TC
degradation can be attributed to the synergistic interactions
between the two components, which together overcome the
limitations of individual photocatalysts. The intimate interface
between CQDs and ZIF-67 facilitates rapid charge transfer and
enhances the heterojunction effect, leading to the efficient
formation of reactive oxygen species (ROS) such as superoxide
radicals (cO2

−) and hydroxyl radicals (cOH), which are primarily
responsible for breaking down the complex tetracycline mole-
cules. The synergistic effect is highly dependent on the optimal
loading ratio, and the 10ZQ composite provides the maximum
balance between light absorption, surface active sites, and
charge transfer pathways, resulting in the highest synergy factor
and superior photocatalytic degradation efficiency compared to
higher or lower loadings, which may lead to aggregation or
blockage of active sites.
3.13. Mineralisation studies

To assess the degree of tetracycline mineralization and verify
degradation beyond mere transformation, TOC and COD
measurements were conducted under optimized photocatalytic
conditions using the 10ZQ composite (Fig. 8(a)). Aer 60 min of
irradiation, approximately 76% TOC removal and 78% COD
reduction were achieved, indicating the substantial oxidation of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Potential photocatalytic reaction route of tetracycline.
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tetracycline and its intermediates into CO2, H2O, and simpler
inorganic species. The slightly higher COD removal than TOC
removal suggests the generation of short-chain oxygenated
© 2026 The Author(s). Published by the Royal Society of Chemistry
intermediates during the degradation process, which are
eventually oxidized under prolonged irradiation. This observa-
tion correlates with the HRMS analysis, which conrmed the
RSC Sustainability, 2026, 4, 1436–1455 | 1449
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Table 3 Adsorption and degradation kinetic parameters

Kinetic models Equations Parameters Values

Adsorption kinetics
Pseudo-rst-order �ln

�
1� qt

qe

�
¼ k1t

K1 (min−1) 0.01589
Qe (mg g−1) 0.208
R2 0.9689

Pseudo-second-order t

qt
¼ 1

k2qe2
þ t

qe

K2 (min−1) 0.243
Qe (mg g−1) 0.118
R2 0.9801

Intraparticle diffusion qt = k1t
1/2 + C1 K1 (min−1) 0.0228

C1 (mg g−1) 0.0146
R2 0.9737

Elovich qt ¼ 1
.
b lnðabÞ þ 1

.
b lnðtÞ A (mg g−1 min−1) 0.01435

b (g mg−1) 17.880
R2 0.9977

Liquid-lm −ln (1 − F) = Kfd × t Kfd 0.0159
R2 0.9689

Degradation kinetics
Zero-order Ct = Co − Kt Kt (min−1) 0.0057

R2 0.9932
Pseudo-rst-order ln (Ct) = ln (Co) − k1t K1 (min−1) 0.0215

R2 0.5187
Pseudo-second-order t

Ct
¼ 1

k2Co
2
þ t

Co

K2 (min−1) 1.028
R2 0.6781
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progressive fragmentation of aromatic rings and degradation of
the molecular structure. The close agreement between TOC and
COD removal further demonstrates that the degradation
process is not merely a surface reaction but leads to near-
complete mineralization. These results reaffirm the high
oxidative potential, structural stability, and reusability of the
10ZQ photocatalyst, making it a promising candidate for
Fig. 8 (a) TOC/COD analysis, (b) reusability cycles, (c) XRD spectra of 10Z
after use.

1450 | RSC Sustainability, 2026, 4, 1436–1455
sustainable water purication and antibiotic-contaminated
wastewater treatment applications.
3.14. Reusability studies

Determining a nanocomposite's durability for practical usage is
as important as evaluating how well it adsorbs pollutants. The
stability and consistency of the 10ZQ nanocomposite were
Q before and after use, and (d) FESEM image and EDS analysis of 10ZQ

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of the TC degradation efficiency of 10ZQ and other reported catalysts

Catalyst
Concentration of tetracycline
(mg L−1)

Dose of the catalyst
(g L−1)

Degradation
efficiency (%) Time (min) References

MoS2/TiO2 10 25 95 100 58
Nano-TiO2/micro-ZnO 20 2.5 78.94 165 59
MoO3/Ag/C3N4 20 0.02 89 100 60
CuBTC/g-C3N4 25 0.1 97.4 60 57
AgBr/CuBi2O4 10 0.5 90 60 61
Bi2O3/Sb2S3 10 0.03 91.5 120 62
NZVI/g-C3N4@EGC 30 0.03 98.5 30 63
CQD/ZiF-67 50 0.05 99 60 This work
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examined using a series of recycling tests. The goal was to
analyze how it functions across several reaction cycles under the
same experimental conditions. Aer each cycle and before use
in the next cycle, the catalyst underwent centrifugation,
washing, and drying. As shown by the results in Fig. 8(b), even
aer seven cycles, the efficacy of the catalyst stayed at 89%. Due
to the unavoidable loss of some catalyst during retrieval, the
removal efficacy dropped from 99% to 89%. This implies that
10ZQ can be efficiently recycled as a catalyst.

Additionally, untreated intermediates have the ability to adhere
to the catalyst surface, obstructing active sites and reducing effi-
ciency. The post use XRD pattern of 10ZQ (Fig. 8(c)) closely
matched that of the fresh sample, with no new peaks or noticeable
shis, conrming its excellent structural stability aer seven
adsorption–photodegradation cycles. The retained sharp reec-
tions indicated that the crystalline framework remained intact and
resistant to photocorrosion or leaching. Additionally, the structural
and compositional stability of the reused 10ZQ nanocomposite
was further conrmed by FESEM and EDS analyses aer repeated
adsorption–photocatalytic cycles. As shown in Fig. 8(d), the post-
cycling FESEM images revealed that the morphology of 10ZQ
remained largely unchanged compared to the fresh sample, with
no signs of particle agglomeration, surface collapse, or phase
transformation. The corresponding EDS spectra and elemental
mapping of the reused catalyst conrmed the uniformdistribution
of the constituent elements, with no detectable loss of metal
species, indicating the absence of signicant leaching during
repeated use. These observations, together with the post use XRD
results, clearly demonstrate the excellent structural integrity,
compositional stability, and recyclability of the 10ZQ nano-
composite during successive adsorption–photocatalytic cycles.
3.15. Comparison with the literature

The developed 10ZQ composite's superior performance, in
terms of its tetracycline removal efficiency, is highlighted by
a comparative analysis (Table 4) with previously reported pho-
tocatalysts, indicating its prospects as a highly efficient and
sustainable photocatalyst for environmental remediation.
4. Conclusion

In summary, a series of CQD-modied ZIF-67 (ZF) composites
with different CQD loadings (5ZQ, 10ZQ, and 15ZQ) was
© 2026 The Author(s). Published by the Royal Society of Chemistry
successfully synthesised via a simple hydrothermal approach
and evaluated for the adsorptive and photocatalytic removal of
tetracycline. Structural analyses (XRD, FTIR, and XPS)
conrmed the successful incorporation of CQDs into the ZF
framework without compromising its crystallinity, while optical
studies revealed a signicant band gap reduction and enhanced
visible-light absorption. Morphological characterization
demonstrated the uniform distribution and intimate interfacial
contact between ZF and CQDs, which facilitated efficient charge
separation, as supported by PL results. The integrated adsorp-
tion–photocatalysis experiments revealed that the composite
materials effectively removed tetracycline, with 10ZQ exhibiting
the highest performance (∼99% degradation within 60 min)
due to its optimal CQD loading, which promoted strong light
absorption and suppressed electron-hole recombination.
Among the six adsorption isotherm models tested, the Lang-
muir model best described the adsorption behaviour, indi-
cating monolayer adsorption on a homogeneous surface.
Kinetic analyses using ve models revealed that the Elovich
model provided the best t, indicating that chemisorption was
the rate-controlling step. Furthermore, degradation kinetics
followed a zero-order reaction model, highlighting the steady-
state nature of the photocatalytic process under optimised
conditions. Radical scavenging tests revealed that superoxide
radicals (cO2

−) served as the primary reactive species driving the
degradation mechanism. The photocatalyst retained signicant
activity in the presence of humic acid, highlighting its potential
for application in realistic wastewater systems containing
natural organic matter. The catalyst also showed remarkable
stability and reusability over multiple cycles, underscoring its
potential for practical water treatment. Additionally, TOC and
COD analyses exhibited 76% and 78% removal, respectively,
validating the near-complete mineralisation of TC into CO2 and
H2O, in accordance with HRMS analysis, which gives the
degradation pathway. Overall, this study demonstrates that
coupling ZF with CQDs creates a synergistic heterojunction
system with superior adsorption capacity, enhanced charge
carrier dynamics, and excellent photocatalytic efficiency. While
the present study demonstrates promising photocatalytic
performance, aspects such as long-term catalyst stability, the
inuence of complex real-water matrices, and scale-up feasi-
bility were not fully explored and will be addressed in future
work. Nevertheless, the results highlight the strong potential of
the CQD-MOF composite strategy for efficient and sustainable
RSC Sustainability, 2026, 4, 1436–1455 | 1451
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remediation of antibiotic-contaminated wastewater under
solar-light conditions.
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