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al modified Ag and Cu-anatase
TiO2 for superior photocatalytic degradation of
doxycycline under visible-solar light irradiation

Kirti Bisht, Davinder Kaur and Bonamali Pal *

Doxycycline, a frequently used tetracycline antibiotic, remains in the environment due to its widespread use,

long-term biological stability, and toxicity even at low concentrations. In this regard, this paper addresses

the synthesis, characterisation, and modification of anatase TiO2 for doxycycline degradation under

visible and solar light. The 2 wt% Ag and Cu–TiO2 was prepared via a hydrothermal reaction followed by

photodeposition. To improve the adsorption capacity, the composites underwent additional modification

with activated charcoal via ultrasonication. Their physicochemical properties were analyzed using XRD,

FE-SEM, HR-TEM, XPS, BET, PL, TRPL, and UV-DRS techniques. The results demonstrate that the

incorporation of Ag and Cu and activated charcoal into anatase TiO2 led to enhanced crystallinity,

a mesoporous structure, improved light absorption, and an increased surface area. Among modified

composites, the AC (1 wt%)–Cu (2 wt%)–TiO2 composite showed the highest adsorption and

photocatalytic activity, removing up to 98.5% of doxycycline under solar light and 88.8% under visible

light. This outperformed AC (1 wt%)–Ag (2 wt%)–TiO2 (92.6%) > Cu (2 wt%)–TiO2 (89.2%) > Ag (2 wt%)–

TiO2 (83.9%) > AC (1 wt%)–TiO2 (77.4%) > TiO2 (68.7%). This improvement is due to the surface plasmon

resonance (SPR) effect of Cu, increased electron mobility, and the larger surface area of activated

charcoal. The catalyst demonstrates excellent stability and reusability. Furthermore, HR-MS analysis was

used to identify the degradation pathways of doxycycline, complemented by TOC testing and the

detection of active species. Due to its enhanced catalytic performance, affordability, and eco-

friendliness, the reported composite is a promising option for pharmaceutical wastewater treatment.
1 Introduction

The presence of pharmaceutical compounds in aquatic envi-
ronments poses serious ecological and health concerns.
Although antibiotics have been widely used for decades to treat
infectious diseases in humans and animals, they oen show
poor absorption in biological systems. Consequently, these
substances are frequently released into the environment
through various pathways, including rainwater runoff, animal
husbandry, hospital waste, municipal sewage, and composting
processes.1–3 Both human and veterinary medicines use the
broad-spectrum antibiotic doxycycline (DOX). Its widespread
application and environmental stability make it a signicant
contaminant. Even at low doses, doxycycline's antibacterial
effects can lead to resistance in microorganisms, disrupt
microbial communities and functions, and pose signicant
risks to humans and animals.4 Recent studies have shown that
DOX levels in wastewater and surface waters range from 0.1 to
460 mg L−1.5 As a result, developing efficient and
y, Thapar Institute of Engineering and
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the Royal Society of Chemistry
environmentally friendly methods to remove doxycycline is
essential for combating antibiotic contamination in aquatic
environments.

The reported methods for removing DOX from water include
advanced oxidation,6 electrocoagulation,7 adsorption,8,9

biodegradation,10 and photodegradation techniques.11,12

Nevertheless, there are drawbacks, including the fact that
antibiotics are less effective, difficult to remove, and contribute
to secondary contamination. Using light instead of chemicals,
photodegradation is an economical, efficient, and environ-
mentally benign method of eliminating hazardous pollutants.
Light exposure causes electron–hole pairs to form on the
surface of the semiconductor photocatalyst, initiating redox
reactions.13 Semiconductors such as TiO2 and ZnO can be
utilized in photocatalysis for water splitting using solar energy,
enabling the production of H2 and other environmental
applications.14–16

Among the most researched photocatalytic materials, TiO2 is
widely regarded as the most practical semiconductor photo-
catalyst due to its favourable physicochemical properties,
including chemical inertness, a suitable band position, afford-
ability, biocompatibility, photochemical activity, and non-
toxicity.17 However, its use is limited due to a signicant band
RSC Adv., 2026, 16, 20999–21015 | 20999
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gap that only enables activation by ultraviolet light, which
accounts for roughly 5% of the sunlight. Moreover, fast
recombination of photoinduced electron–hole pairs consider-
ably decreases its photocatalytic efficacy.18 Various modication
techniques have been used to improve their optical absorption
in the visible light range. Depositing noble metals on TiO2 is
common due to their advantageous properties, including bio-
logical affinity, easy reduction, surface plasmon resonance
(SPR), and chemical stability.19,20 The effective separation of
photogenerated charges is facilitated by the Schottky barrier
that forms at the metal-TiO2 interface.21,22

Another factor inuencing the photocatalytic effectiveness of
the photocatalyst is its surface area. It has been shown that
carbonaceous materials and TiO2 composites signicantly
enhance the photocatalytic process, oen utilizing activated
charcoal, carbon nanotubes, graphene and its derivatives, and
biochar.23,24 Although activated charcoal (AC) lacks photo-
catalytic activity, it facilitates pollutants to get adsorbed onto its
surface, which increases the photocatalytic interaction between
TiO2 and impurities.25 This increased adsorption leads to
a higher concentration of contaminants near the active sites of
TiO2. Activated charcoal is recognized as a stable, cost-effective,
and environmentally friendly material, known for its well-
developed pore structure, large surface area, and high adsorp-
tion capacity. The AC in the metal-TiO2 catalyst facilitates the
transfer of organic molecules to the degradation site, thereby
enhancing the overall efficiency of the process.26

A comprehensive review of the literature indicates that
substantial research has concentrated on the photoactivity of
activated charcoal-loaded TiO2, metal (Cu, Ag, Au, etc.)-TiO2,
and activated charcoal-loaded metal-TiO2, as well as their effi-
ciency in degrading organic pollutants. Girija et al. modied
TiO2 with activated charcoal and Fe (AC-Fe: TiO2), which
demonstrated 98% removal of Methylene blue under visible
light.27 Baruah et al. investigated the photocatalytic degradation
of anthracene using Ni-doped TiO2-activated charcoal (Ni–
TiO2@C) synthesized via a hydrothermal method. The degra-
dation efficiency reaches 99.9% within 50 minutes under visible
light.28 Yaacob et al. synthesized AC/TiO2–Cu ternary composite
via a microwave-assisted sol–gel method, achieving 89%
degradation of metronidazole under UV light.29 Baruah et al.
synthesized a Fe-doped TiO2 activated carbon nanocomposite
(FDT/PAC) and observed that 100% degradation was achieved
for Congo red, E. coli, and S. aureus within 60 minutes, 120
minutes, and 75 minutes, respectively, under visible light irra-
diation.30 However, reports on studies using activated charcoal-
loaded Ag and Cu–TiO2 for the efficient removal of doxycycline
under visible and solar light are less explored.

The aim of this study is to study the inuence of activated
charcoal, Ag, and Cu on the photocatalytic activity of anatase
TiO2 for the removal of doxycycline under visible and solar light
exposure. This study represents the synthesis of anatase-phase
TiO2, Ag and Cu–TiO2, and activated charcoal-loaded Ag and
Cu–TiO2 composites using hydrothermal, photodeposition, and
ultrasonication methods, respectively. The Ag and Cu NPs serve
as co-catalysts to improve charge separation and increase light
absorption, while activated charcoal is added to enhance the
21000 | RSC Adv., 2026, 16, 20999–21015
surface area and adsorption capacity of the photocatalysts.
Additionally, the photocatalytic activity of the as-prepared
catalysts for the breakdown of doxycycline under sunlight was
investigated. The novelty and importance of this study are
established by the fact that the degradation of doxycycline using
activated charcoal-loaded Ag and Cu–TiO2 has not been previ-
ously documented. This research advances the development of
effective, eco-friendly, and low-cost composites for removing
antibiotic pollutants from wastewater.
2 Materials and methods
2.1. Chemicals and materials

Titanium tetra-isopropoxide (TTIP) and silver nitrate (AgNO3)
were purchased from Sigma-Aldrich, India. Copper nitrate
hexahydrate [Cu(NO3)2$6H20], sodium hydroxide (NaOH), and
Isopropyl alcohol (IPA) were acquired from Loba Chemie, India.
Ethanol was purchased from SD Fine Ltd. Triple-deionized (DI)
water was supplied by Organo Biotech Laboratories Pvt. Ltd,
India. Activated Charcoal (AC) was bought from Central Drug
House (P) Ltd Doxycycline (DOX) drug tablets were purchased
from a local drug store.
2.2. Synthesis of TiO2 nanoparticles

Anatase TiO2 nanoparticles were produced using a hydro-
thermal approach.31 In a typical synthesis, 5 mL of TTIP was
added to 100 mL deionized water and agitated for 3 hours to
ensure complete dissolution. Aer that, a 0.5 mM sodium
hydroxide (NaOH) solution was added dropwise, and the
mixture was continuously stirred for 30 minutes. A white
precipitate has been produced as a result of this gradual addi-
tion, and the pH of the solution has been kept at 7 to provide
ideal precipitation conditions. Aer that, the mixture was
sealed in a stainless-steel autoclave coated with Teon and kept
at 180 °C for 24 hours. Following centrifugation, the precipi-
tates were collected, successively washed with ethanol and
distilled water, and then dried for three hours at 80 °C.
Following that, as illustrated in Scheme 1, the dried sample was
annealed for ve hours at 400 °C.
2.3. Synthesis of Ag and Cu–TiO2

The photo-deposition technique was utilized to deposit a 2 wt%
Ag and Cu catalyst onto TiO2.24 As depicted in Scheme 1,
initially, 100 mg of powdered TiO2 was dispersed in a 50% v/v
aqueous IPA solution. Aer adding 1852 mL of 0.01 M AgNO3

solution, the test tubes were purged with argon gas for 15
minutes aer being sealed with a rubber septum. It was then
exposed to UV light (a mercury arc lamp with an intensity of
125 W m−2) for 2 hours while being constantly stirred. The
suspension was washed successively with DI water and ethanol,
followed by drying at 70 °C for 4–5 hours. The Ag (2 wt%)-TiO2

sample obtained is abbreviated as A2T. The same procedure was
implemented for photo-deposition of 2wt% Cu, utilizing [Cu
(NO3)2$6H20] (0.01 M, 3125 mL), and the sample obtained is
abbreviated as Cu2T.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation of the procedure for synthesizing (a) anatase TiO2, (b) Ag/Cu(2 wt%)–TiO2.
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2.4. Synthesis of AC–TiO2 & AC modied Ag–TiO2 and Cu–
TiO2

The activated charcoal-modied composites were produced
using the ultrasonication method followed by the Calcination.
2 mg AC was distributed in 20 mL of ethanol and ultrasonicated
for 1 hour. To the previous solution, add 200 mg TiO2 powder
(A2T for AC–Ag–TiO2 and Cu2T for AC–Cu–TiO2) and further
sonicate for 1 hour. To ensure a homogeneous suspension, the
resultant solution wasmagnetically stirred at room temperature
for 24 hours. The composite was then washed several times with
DI water and ethanol using centrifugation, dried overnight at
70 °C, and nally annealed at 500 °C for 2 hours. AC (1 wt%)–
TiO2, AC (1 wt%)–Ag (2 wt%)–TiO2, and AC (1 wt%)–Cu (2 wt%)–
TiO2 are denoted as TC1, A2TC1, and Cu2TC1, respectively.
2.5. Characterization techniques

X-ray diffraction analysis was used to identify the crystal phase
of the photocatalysts in their initial state. The study employed
a PANalytical X'pert PRO X-ray diffractometer, operated with Cu-
Ka radiation at a wavelength of 1.54060 Å, with a scan range of
10° to 80° (2q). Using FE-SEM (Carl-Zeiss SIGMA 500) and HR-
TEM (JEOL, JEM 2100 PLUS) analysis, the morphological and
structural features were investigated. The optical absorption
spectra of every sample were examined using a UV-visible
spectrophotometer (JASCO, V-750). The diffuse reectance
spectra were recorded in wavelength range of 200–800 nm,
using barium sulphate (BaSO4) as the reference standard. A
SHIMADZU RF-6000 spectrouorometer was used for the pho-
toluminescence (PL) tests, which were carried out at room
temperature and stimulated at 300 nm. A HORIBA DeltaFlex
TCSPC Fluorescence Lifetime Spectrouorometer was used for
time-resolved studies. The change in UV-visible absorption
spectra during the degradation of pollutants were analyzed with
a JASCO V-750 spectrophotometer. The electronic states of the
© 2026 The Author(s). Published by the Royal Society of Chemistry
synthesized samples were examined using a Thermo Fisher
Scientic X-ray photoelectron spectrometer (XPS) equipped with
a Ka X-ray source. A Quantachrome Nova 1000 surface analyzer
was used to quantify the surface area and pore diameter using
the BET and BJH techniques. Following a wet oxidation proce-
dure, TOC analysis using FAS (ferrous ammonium sulfate)
titration. The QTOFmass spectrometer, coupled with UPLC and
a PDA detector operating in the 190–800 nm range, was used to
perform HRMS analysis for the identication of reaction by-
products.

2.6. Photocatalytic activity studies

The photodegradation of the pharmaceutical drug, doxycycline
(DOX), under the inuence of solar light irradiation and LED
visible light was assessed using the photoactivity of bare
anatase TiO2 and several modied composites. The setup of
photodegradation experiment is given in Fig. S1. Dark adsorp-
tion and photolysis studies were carried out prior to the
degradation experiment. Usually, 5 mg of catalyst was uniformly
added to each test tube with 10 mL of a 50 ppm DOX solution.
The reaction mixture was held in the dark for 30 minutes before
irradiation to establish an adsorption–desorption equilibrium.
Following that, a 50 W LED lamp (with intensity ∼100 W m−2)
was turned on to observe photodegradation over different time
intervals. The catalyst was periodically removed from the solu-
tions via centrifugation to remove any residual solid particles.
The supernate was then analyzed with a UV-Visible spectro-
photometer. By examining uctuations in the principal
absorption peak of DOX at lmax = 345 nm across different time
periods, changes in the DOX concentration were monitored.
The following formula was used to obtain the percent effec-
tiveness (%) of photocatalytic drug degradation:

hð%Þ ¼ C0 � Ct

C0

� 100 (1)
RSC Adv., 2026, 16, 20999–21015 | 21001
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Here, h represents the photocatalytic efficacy, C0 and Ct denote
the initial concentration of DOX and the concentration aer ‘t’
minutes of exposure to visible light, respectively.
3 Results and discussion
3.1. Crystallographic, structural, and surface morphological
studies

The crystal planes and corresponding diffraction angle values
for the synthesized composites were thoroughly analyzed along
with bare activated carbon, as presented in Fig. 1(a). Activated
charcoal exhibits broad peaks from 20° to 30° and 40° to 48° in
2q values, corresponding to the (002) and (100) planes (shown in
Fig. S2), indicating a primarily amorphous structure, which is
characteristic of it. The diffraction peaks observed at 2q values
of 25.3, 37.8, 48.1, 53.9, 55.1, 62.8, 68.7, 70.8, and 75.1 indicate
the formation of the anatase phase TiO2, corresponding to the
(101), (004), (200), (105), (211), (204), (116), (220), and (215)
crystal planes. The results obtained are in strong alignment
with JCPDS Card No. 21-1272.31 The distinct and sharp diffrac-
tion peaks clearly demonstrate that the synthesized TiO2

exhibits a high degree of crystallinity and a well-organized
structural framework, conrming the quality of the material.
We did not nd any secondary peaks associated with other
phases in the pure sample, indicating that the formed TiO2

consists solely of the anatase phase. Aer photo-deposition of
Ag and Cu metals onto TiO2, no distinguishable peaks for Ag
and Cu co-catalysts were identied. According to earlier
research, metal nanoparticles with a low weight percentage (less
than 5 wt%) cannot be identied by XRD spectra.32 When AC
was added, the AC-related diffraction peak decreased signi-
cantly, almost disappearing. This result suggests that doping
with AC has no noticeable effect on the lattice structure of TiO2,
and that the crystallinity of TiO2 in the anatase phase remains
constant. This lack of inuence can be ascribed to the higher X-
Fig. 1 (a) X-ray diffraction patterns and (b) FTIR spectra of the anatase T

21002 | RSC Adv., 2026, 16, 20999–21015
ray scattering coefficients of Ag, Cu, and TiO2 relative to AC,
owing to their greater atomic numbers.

The FTIR analysis, shown in Fig. 1(b), is used to examine the
surface functional groups of bare anatase TiO2 and the various
prepared composites. The broad absorption band around 3000-
3400 cm−1 results from the fundamental O–H stretch of the
hydroxyl group, which may serve as a pollutant concentrator
and facilitate the diffusion between the target pollutant and
TiO2 surface.33 The weak band at 1630 cm−1 indicates O–H
bending from chemically adsorbed water molecules.34 The
peaks appeared in the lower ngerprint region (below 800 cm−1)
are assigned to translational modes of metal–oxygen–metal (Ti–
O–Ti) and metal–oxygen (Ti–O) linkages.35 A new peak appears
in A2TC1 and Cu2TC1 composites at approximately 1050-
1150 cm−1, corresponding to Ti–O stretching. This indicates
surface conjugations via oxygen atoms between the bulk acti-
vated carbons and the Ti–O groups bonds.36

The morphology of the as-prepared nanocomposites was
assessed using FE-SEM. From Fig. 2, it can be seen that all
synthesized heterostructures exhibit a spherical-like
morphology, similar to that of the synthesized anatase TiO2.
The uneven distribution of activated charcoal over TiO2 nano-
particles is shown in Fig. 2(b). The low weight% deposition of
Ag and Cu, respectively, on the TiO2 surface of the A2T and Cu2T
composites was not detectable, as shown in Fig. 2(c and e). The
EDS technique was employed to determine the elemental
composition of the sample and to quantify its relative abun-
dance. In Fig. 2(d and f), EDS conrms the presence of Ag in the
A2T and Cu in Cu2T composites. The elemental composition of
Ag in A2T and Cu in Cu2T was found to be 1.26 wt% and
1.34 wt%, respectively, which closely align with the 2 wt% of Ag
and Cu photo-deposited over TiO2. The disparity between the
anticipated and actual elemental weight percentages is caused
by the restricted scanning area of a given catalyst location, as
well as inevitable loss during the washing process. Fig. S3
depicts FE-SEM images of A2TC1 and Cu2TC1 composites.
iO2 and its modified composites.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FE-SEM image of (a) anatase TiO2, (b) AC (1 wt%)–TiO2, FE-SEM images and EDS spectra of (c and d) Ag (2 wt%)–TiO2, (e and f) Cu (2 wt%)–
TiO2.
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Additionally, HR-TEM analysis was performed for A2T, Cu2T,
and Cu2TC1 (Fig. 3) composites. HR-TEM micrographs of Ag
and Cu-deposited TiO2 obtained at different magnications
reveal small black dots that indicate the presence of Ag and Cu
over TiO2, as depicted in Fig. 3(a–d). The existence of the
metallic Cu (111) diffraction plane is clearly visible in Fig. 3(e–f)
of the Cu2TC1 composite. This is explained by a lattice fringe
with a d-spacing of 0.217 nm, whereas a lattice fringe with a d-
spacing of 0.393 nm characterizes the (101) crystal plane of
TiO2. The corresponding selected-area electron diffraction
(SAED) patterns of A2T, Cu2T, and Cu2TC1, showing intense spot
and ring patterns, are shown in Fig. 3(c, f and i), respectively.
For each ring pattern, the d-spacing has been calculated, and
the corresponding planes have been identied and marked in
the gure.
3.2. Surface area and porosity analysis

The surface characteristics and pore size distributions of the
synthesized material were examined through analysis of the N2
© 2026 The Author(s). Published by the Royal Society of Chemistry
adsorption–desorption isotherms, as illustrated in Fig. 4. A type
IV isotherm with a noticeable H3 hysteresis loop was seen in
both the bare TiO2 and the generated Cu2TC1 composite, indi-
cating multilayer adsorption and conrming a mesoporous
structure. The inset table in Fig. 4 provides detailed information
on the pore structure parameters and surface area. The surface
area for bare TiO2, as determined by the BETmethod, was found
to be 52.2 m2 g−1, which increased to 55.6 m2 g−1 with the
addition of AC and Cu to the TiO2.

The pore diameter and volume were obtained using the Bar-
rett–Joyner–Halenda (BJH) model. Both Cu2TC1 and bare TiO2

have computed pore diameters of 14.6 nm and 15.08 nm,
respectively, and pore volumes of 0.242 cc g−1 and 0.226 cc g−1,
respectively. The presence of Cu and AC occupying the pores of
TiO2 may be the cause of the observed decrease in pore diameter.
3.3. Optical studies

A photoluminescence spectrum technique was used to evaluate
the transfer mechanisms, excitation, and recombination rates
RSC Adv., 2026, 16, 20999–21015 | 21003
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Fig. 3 HR-TEM images and SAED pattern of (a–c) Ag (2 wt%)–TiO2, (d–f) Cu (2 wt%)–TiO2, (g–i) AC (1 wt%)–Cu (2 wt%)–TiO2 composites.

Fig. 4 BET adsorption isotherm of (a) anatase TiO2, (b) AC (1 wt%)–Cu (2 wt%)–TiO2.
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of electron–hole pairs at lmax = 300 nm. A decrease in PL
intensity is frequently a sign of a longer lifetime of photoexcited
electron–hole pairs.37–39 When compared to bare TiO2, the
composites with Ag and Cu (2 wt%) showed reduced intensity
21004 | RSC Adv., 2026, 16, 20999–21015
(Fig. 5). Likewise, the AC-loaded composites showed less
intensity than TC1, suggesting that the A2TC1 and Cu2TC1

composites have higher charge transfer efficiency than TC1. The
increased electrical conductivity brought about by AC and the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Photoluminescence spectra of (a) TiO2, A2T, Cu2T, (b) TC1, Cu2TC1, A2TC1composites.
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SPR effect brought on by the addition of Ag and Cu NPs may be
responsible for the decrease in PL signal intensity. These nd-
ings are reinforced by experimental Time-Resolved Photo-
luminescence (TRPL) analysis (Fig. S4 and Table S1), showing
that Cu2TC1 has a longer average lifetime (0.735 ns) compared
to Cu2T (0.205 ns) and Bare TiO2 (0.153 ns). This extended
lifetime indicates effective charge transfer and reduced recom-
bination of the photoexcited electron–hole pair.

The quantum yield (f) of the composites was calculated with
the following equation using quinine sulfate40 as a reference (fR

= 0.546)

f ¼ fR � Is

IR
� AR

As

� hs
2

hR
2

(2)

where A and I represent absorbance and area under the uo-
rescence emission, respectively. h is the refractive index of the
solvent. The subscripts S and R denote sample and reference,
respectively. The quantum yield of the composites (A2TC1 =

0.240 and Cu2TC1 = 0.210) calculated using eqn (2) is found to
be lower than that of the bare TiO2 (0.316) due to the decrease in
the integrated area under the PL emission curve.
Fig. 6 (a) Diffuse reflectance spectra and (b) Tauc plots for allowed dire

© 2026 The Author(s). Published by the Royal Society of Chemistry
Fig. 6(a) shows the UV-vis diffuse reectance spectra of
various modied composites and anatase TiO2. Signicant
absorbance of the bare TiO2 is visible in the UV spectrum, with
a peak absorption at about 350 nm. The observed absorbance in
TiO2 is due to electrons moving to the conduction band (CB) 3d
orbital of Ti from the valence band (VB) 2p orbital of O.41,42 In
the case of Cu-deposited composites (Cu2T and Cu2TC1), the
absorption edge shis towards longer wavelength (600-800 nm),
showing a red shi in the TiO2 absorption band, whereas the
Ag-deposited composites (A2T and A2TC1) display a broad band
at 400–600 nm.

These absorption bands are attributed to the plasmonic
bands of noble metals Ag and Cu, which enable the visible light
activation of UV-responsive TiO2. When Ag and Cu and AC are
both added to TiO2, the resulting hybrid exhibits a signicantly
broader absorption band across the visible spectrum and an
increased light absorption intensity.

The DRS spectra were analyzed using the Kubelka–Munk
equation, as presented in eqn (3). The linear portion of the curve
in Tauc's gure (ahv vs. hy) was extended to the x-axis in order to
get the bandgap energy of the composites.
ct transition of the as-prepared composites.
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ahn = A(hn − Eg)
n (3)

where n is the light frequency, h is Planck's constant, and a is
the absorption coefficient. Eg is the bandgap energy, while A is
a constant. The numbers 1

2 and 2 denotes allowed direct and
indirect electronic transitions for the variable n, respectively.
Fig. 6(b) illustrates that the ternary composite Cu2TC1 possesses
the narrowest bandgap energy (2.78 eV) as compared to bare
anatase TiO2 (2.99 eV), A2T (2.83 eV), Cu2T (2.82 eV), and A2TC1

(2.79 eV). As a result of the reduced band gap, the ternary
Cu2TC1 composite will require less energy to transfer electrons
from the VB to the CB. The impact of Cu and AC in lowering the
bandgap and enhancing the optical characteristics of TiO2

composites in the visible spectrum is highlighted by this drop
in bandgap values.
3.4. XPS analysis

XPS analysis was conducted to ascertain the chemical states,
core-level binding energies, and elemental composition of the
constituent elements. The survey spectrum and the deconvo-
luted spectrum of A2TC1 composite are given in Fig. S5. The
survey spectrum of Cu2TC1 (Fig. 7(a)) distinctly reveals the
elemental peaks of Cu 2p, Ti 2p, O 1s, and C 1s at 932.0 eV,
457.5 eV, 530.7 eV, and 283.1 eV, respectively. A least-squares
Gaussian tting model was used for peak deconvolution.
Fig. 7(b) depicts the spectra of Ti 2p, where two distinct peaks at
458.6 eV (2p3/2) and 464.3 eV (2p1/2) indicate the existence of Ti

4+

oxidation state. The XPS spectrum of C 1s shows two distinct
peaks, as shown in Fig. 7(c), a peak at 284.55 eV indicates the
Fig. 7 XPS spectrum of Cu2TC1 composite; (a) elemental survey spectru

21006 | RSC Adv., 2026, 16, 20999–21015
presence of SP2-hybridised carbon atoms, and the other at
288.29 eV indicates the presence of a Ti–O–C bond. This
suggests that carbon atoms may have substituted parts of the
TiO2 lattice, creating a Ti–O–C structure during synthesis.43 The
deconvoluted spectrum of O 1 s (Fig. 7(d)) is associated with two
peaks of binding energies 529.3 eV and 531.19 eV for Ti–OH and
Ti–O bond in lattice oxygen, respectively. The Cu 2p spectrum
(Fig. 7(e)) shows peaks at binding energies of 932.04 and
951.81 eV for Cu 2p1/2 and Cu 2p3/2, respectively, demonstrating
the presence of Cu0 and Cu+.44 Overall, these ndings conrm
the successful formation and structural integrity of the Cu2TC1

composite.
3.5. Photocatalytic degradation under visible light
irradiation

The photocatalytic effectiveness of several synthesized
composites was assessed by doxycycline (DOX) photo-
degradation utilizing a Wipro Garnet B22 50-Watt LED lamp
equipped with a wavelength > 360 nm cut-off lter. Aer 30
minutes in dark conditions, indicating adsorption–desorption
equilibrium, around 29% of DOXmolecules were adsorbed onto
the Cu2TC1 composite. In contrast, the adsorption percentages
for bare anatase TiO2, TC1, A2T, Cu2T, and A2TC1 samples were
18.3%, 22%, 19.6%, 21.6%, 25.6% respectively. This improved
adsorption results from the incorporation of AC, which enlarges
the BET surface area and offers numerous sites for DOX
adsorption. Once the adsorption–desorption equilibrium was
achieved, visible light was used to initiate degradation and
further reduce the DOX concentration. Fig. 8(a) illustrates the
m, (b) Ti 2p, (c) C 1s, (d) O 1s, (e) Cu 2p.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) The decrease in absorbance spectra of doxycycline when exposed to visible light by AC (1 wt%)–Cu (2 wt%)–TiO2 composite, (b)
change in the absorbance spectra of doxycycline by various prepared composites.
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change in absorbance of DOX (50 ppm) with Cu2TC1 composite
under various periods of irradiation (30–180 minutes), exhibit-
ing a maximum absorption peak at 345 nm. When exposed to
visible light, the photocatalytic activity of anatase TiO2 was
lower (66.4%) due to its wide band gap (Fig. S6). Following the
deposition of 2 wt% Ag and Cu NPs, the composite's band gap
decreases, and its degradation efficiency improves, reaching up
to 82.1% for A2T and 83% for Cu2T. The enhanced activity
results from the dual roles of Ag and Cu, the SPR effect improves
visible-light absorption, and their function as electron traps
promotes efficient charge separation by reducing electron–hole
recombination. The Fermi levels of noble metals Ag and Cu are
situated near the conduction band of TiO2.45,46 This small gap
facilitates the transport of photoexcited electrons from the
semiconductor surfaces to the Fermi levels of noble metals.
This electron-transfer pathway is conrmed by the reduction in
photoluminescence intensity and the increased lifetime of the
excited species observed in time-resolved PL data for Ag and Cu-
modied materials relative to bare materials. Furthermore, Ag
and Cu nanoparticles produce active species by converting di-
ssolved O2 into cO2

− radicals, which then break down pollutant
Fig. 9 The time-course degradation efficiency of doxycycline using var

© 2026 The Author(s). Published by the Royal Society of Chemistry
molecules into simpler forms.39 Fig. 8(b) illustrates the change
in absorption spectra of DOX aer 180 minutes of visible light
irradiation, indicating that Cu2TC1 exhibits the highest degra-
dation of 88.8%, compared to Cu2T (83%) and TC1 (75.5%).
Copper-modied composites showed enhanced activity than
silver-modied composites because Cu (4.93 eV) has a higher
work function than Ag (4.2 eV).47 The effective adsorption of
DOX is facilitated by the porous structure of the AC, and the
drug's photocatalytic breakdown is supported by the presence
of TiO2. Without photocatalysts, DOX degrades negligibly,
indicating that it is highly photostable in visible light. Fig. 9(a
and b) shows the concentration proles (Ct/C0) over time,
illustrating the degradation kinetics under dark and visible
light conditions. The comparative histograms, showing the
percentage adsorbed (in 30 minutes) and the percentage
degraded (in 180 minutes), are given in Fig. 10(a).

To quantitatively examine the kinetics of DOX photocatalytic
degradation, a pseudo-rst-order rate equation (eqn (4)) was
used

ln
C0

Ct

¼ kt (4)
ious composites (a and b) under visible light.

RSC Adv., 2026, 16, 20999–21015 | 21007
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Fig. 10 (a) Percentage adsorbed (under dark) and removal (under visible light) of doxycycline using different catalysts, (b) pseudo-first-order
kinetic fitting of degradation efficiencies for various prepared composites under visible light.
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where t denotes time, k is the rate constant (in min−1), C0 and Ct

indicate the initial concentration of DOX and concentration at
time ‘t’ for all prepared catalysts. For the as-synthesised
composites, Fig. 10(b) illustrates the linear relationship
between ln(C0/Ct) and reaction time. The observed rate constant
values for TiO2, TC1, A2T, Cu2T, A2TC1, and Cu2TC1 are 0.00602,
0.00813, 0.00094, 0.00977, 0.01045, and 0.01215 min−1,
respectively. The highest value of rate constant (k) for Cu2TC1

composite aligns with its photodegradation performance
(88.8%) and is approximately twice that of bare TiO2. The
photodegradation graphs show that for all materials, the
intensity of the DOX absorption maxima (lmax = 345 nm)
declines with extended exposure to light. These results high-
light the effectiveness of incorporating AC into Ag and Cu–TiO2

in producing highly efficient photocatalysts.

3.6. Photocatalytic degradation under solar light irradiation

Under natural sunlight, the photocatalytic experiments for the
breakdown of the antibiotic DOX using Cu2TC1 catalyst was
extensively studied. The tests were conducted in June at Patiala,
Fig. 11 (a) The decrease in absorbance spectra of doxycycline when ex
change in the absorbance spectra of doxycycline by various prepared co

21008 | RSC Adv., 2026, 16, 20999–21015
Punjab, where 5 mg of each synthesized catalyst was mixed with
10 mL of a 50 ppm DOX solution and le in the sun for 180
minutes, continuously stirred by a magnetic eld. During the
procedure, the average solar light intensity was 700 Wm−2, and
the surrounding temperature remained between 38 °C and
42 °C.

Fig. 11(b) compares the photocatalytic activity of the various
composites that were prepared. It reveals that the Cu2TC1

composite exhibits the highest degradation efficiency, up to
98.5% aer 180 minutes of exposure to solar radiation as
compared to bare TiO2 (68.7%) (Fig. S7). Fig. 11(a) shows the
changes in the absorption spectrum of the DOX solution over
time using Cu2TC1 composite. Because sunlight has a higher
photon energy and a wider spectral range than visible light, it
has a higher photocatalytic efficiency. Furthermore, compared
to exposure to visible light alone, the mild thermal effect of
sunlight promotes surface adsorption and reaction kinetics,
which together lead to improved photocatalytic performance.
The photocatalytic activity of several synthesized composites is
arranged as follows: Cu2TC1 (98.5%) > A2TC1 (92.6%) > Cu2T
posed to visible light by AC (1 wt%)–Cu (2 wt%)–TiO2 composite, (b)
mposites.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 The time-course degradation efficiency of doxycycline using various composites (a and b) under solar light irradiation.
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(89.2%) > A2T (83.9%) > TC1 (77.4%) > TiO2 (68.7%). Fig. 12(a, b)
illustrates the degradation kinetics under dark and visible light,
displaying the change in concentration proles (Ct/C0) of
different composites over time. When exposed to solar light, the
percentage adsorbed (in 30 minutes) and the percentage
degraded (in 180 minutes) are compared in Fig. 13(a).

To provide a quantitative assessment of the DOX degrada-
tion kinetics using solar light irradiation, a kinetic plot (ln(C0/
Ct)) as a function of irradiation time was drawn for all the
fabricated composites. This plot displays an excellent linear t
(Fig. 13(b)). Among all the fabricated composites, the Cu2TC1

composite exhibits the highest rate constant (0.1612 min−1) as
compared to Cu2T (0.01102 min−1), TC1 (0.00695 min−1), and
bare TiO2 (0.00655 min−1). The pseudo-rst-order kinetic
constants (k) and associated R2 values for the modied TiO2

composites subjected to visible and solar light irradiation are
shown in Table 1.

Furthermore, Table 2 compares the degradation efficiency of
the Cu2TC1 with that of most other photocatalysts for DOX
degradation that have been previously reported. The ndings
Fig. 13 (a) Percentage adsorbed (under dark) and degradation remova
pseudo-first-order kinetic fitting of various prepared composites under

© 2026 The Author(s). Published by the Royal Society of Chemistry
suggest that this recently developed photocatalyst is effective in
treating wastewater when exposed to visible and solar light.
3.7. Mineralization (TOC removal) of DOX

Mineralizing the targeted organic pollutant is a primary objec-
tive of photocatalytic processes. Thus, following treatment with
the produced composites, TOC measurement was used to
assess the degree of DOX mineralization. To calculate TOC, eqn
(5) is applied.

Diminerilization efficiencyð%Þ ¼ TOC0 � TOC

TOC0

(5)

where TOC0 and TOC denote the total organic carbon of the
starting content and that of the reactionmixture. The amount of
mineralization that happens by the conclusion of the procedure
is indicated by the decrease in the TOC value. Using Cu2TC1, the
results demonstrate that aer 180 minutes of visible light
exposure, the TOC levels of DOX decreased from 16.5 mg L−1 to
5.00 mg L−1, which is equivalent to 69.6% of its mineralization,
as shown in Fig. 14.
l (under solar irradiation) of doxycycline using different catalysts, (b)
solar light.

RSC Adv., 2026, 16, 20999–21015 | 21009
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Table 1 Kinetic parameters and degradation efficiency of the pseudo-first order model of various composites under visible and solar light
irradiation

Pseudo-rst-order (visible light) Pseudo-rst-order (solar light)

Photocatalysts k (min−1) (R2) Degradation efficiency (%) k (min−1) (R2) Degradation efficiency (%)

TiO2 0.00602 (0.998) 66.4 0.00655 (0.997) 68.7
TC1 0.00813 (0.998) 75.5 0.00695 (0.990) 77.4
A2T 0.0094 (0.997) 82.1 0.00938 (0.991) 83.9
Cu2T 0.00977 (0.998) 83 0.01102 (0.993) 89.2
A2TC1 0.01045 (0.998) 84.5 0.01316 (0.992) 92.6
Cu2TC1 0.01215 (0.999) 88.8 0.01621 (0.996) 98.5

Table 2 Summary of comparison of different photocatalysts for the degradation of doxycycline

Photocatalyst
DOX conc.
(mg L−1)

Catalyst dose
(g L−1) Light source

Photon ux
(W m−2)

Irradiation
time (minutes)

Rate constant
(min−1)

Degradation
efficiency (%) Ref.

g-C3N4@MIL100 10 1 200 W Xe lamp — 30 0.0541 82.8 48
TiO2/g-C3N4/biochar 25 0.5 50 W–220 V

lamp
— 120 0.0383 91.9 49

CuAl-LDH/CL 40 0.5 50 W LED ∼100 120 0.0116 96 5
Ag/AgCl–CdMoO4 — — Visible — 60 0.02114 82.37 12
Al2O3–Fe2O3–CaO 10 0.3 UV — 120 0.013 85.1 50
Cu2TC1 50 0.5 Sunlight 700 180 0.01621 98.5 This work

Fig. 14 TOC removal of doxycycline under visible light irradiation.
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The results indicate that the composite can mineralize most
DOX molecules, which is enough to remove the drug's toxicity
and negative ecological impacts. It was also important to
observe that the mineralization activity was less than the dete-
riorating efficiency determined by the absorption spectra. This
outcome is typically the consequence of the production of
intermediate products. However, complete mineralization of
DOX is expected aer prolonged exposure to light.
3.8. Detection of active species

We conducted radical trapping studies using scavenger mole-
cules (Fig. 15(a)) to evaluate the role of reactive species in the
photodegradation of DOX. The reaction conditions were iden-
tical to those previously described, but to scavenge OHc, h+, and
cO2

− radicals, we used IPA, argon gas, and EDTA, respectively.
21010 | RSC Adv., 2026, 16, 20999–21015
Fig. 15(a) shows that using argon gas followed by EDTA resulted
in minimal suppression of photoactivity, suggesting that the
OHc radical is the predominant active species responsible for
degrading DOX. The trend of the photocatalytic activity ob-
tained by scavenging several active species was as follows: OHc

(35%) > cO2
− (42%) > h+ (49%). When compared to the decrease

brought on by h+ and cO2
−, it was shown that scavenging OHc

radicals decreased the photocatalytic activity by around 53.8%.
Therefore, it was inferred that the photodegradation of DOX
using the Cu2TC1 composite was mainly driven by OHc radicals.
When the as-fabricated composites are exposed to visible light,
electron–hole pairs (e−–h+) are generated. These photoexcited
electrons migrate to the Fermi level of Cu and react with O2 to
produce superoxide radicals (cO2

−). Furthermore, some of these
radicals interact with water to form hydroxyl radicals (cOH),
which in turn cause the breakdown of DOX molecules.51,52
3.9. Reusability and stability test

The stability and reusability of a photocatalyst are essential for
its commercialization and potential uses in industrial
processes. To test its recyclability, the most efficient catalyst,
Cu2TC1, was successfully separated from the degraded solution
by centrifugation, thoroughly washed with DI water, dried, and
reused for several cycles. When exposed to visible light, the
catalyst's photocatalytic efficiency decreases slightly, from
88.8% to 76.5%, aer ve consecutive trials, indicating that it is
very effective at degrading DOX in an aqueous solution
(Fig. 15(b)). This 12.3% reduction can be attributed to material
losses that occurred during the recovery process.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 (a) Effect of various scavengers on the degradation of doxycycline under visible light, (b) the reusability studies of AC (1 wt%)–Cu (2 wt%)–
TiO2 composite.
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3.10. Proposed photocatalytic degradation mechanism

Based on the Eg values that were previously computed using
DRS, the given equation was utilized to ascertain the locations
of the VB and CB potentials at the zero-point charge:

EVB = c − Ee + 0.5Eg (6)

ECB = EVB − Eg (7)

where Ee is the free electron energy (4.5 eV vs. NHE), Eg is the
bandgap energy, c is the photocatalyst's absolute electronega-
tivity (5.90 vs. NHE for TiO2), and valence and conduction band
edges are given by EVB and ECB, respectively.

The mechanism shown in Scheme 2 provides a clear expla-
nation for the increased rate of photodegradation. Firstly, DOX
molecules get adsorbed on the surface of activated charcoal due
to its good pore structures and rich oxygen-containing func-
tional groups. The concentration of pollutants near the TiO2

increases as a result of AC's capacity to efficiently adsorb
pollutants on the surface of the composite material. Upon
exposure to light, the electrons in the VB of TiO2 will acquire
Scheme 2 The schematic reaction mechanism of doxycycline
degradation using AC (1 wt%)–Cu (2 wt%)–TiO2 composite.

© 2026 The Author(s). Published by the Royal Society of Chemistry
photon energy and move into the CB to create photo-generated
electrons (e−). These electrons will then travel to the catalytic
surface and be reduced. The photogenerated holes (h+) formed
in the VB undergo oxidation. The VB and CB band edge posi-
tions for TiO2 were determined using eqn (6) and (7), which
produced values of +2.89 eV and −0.10 eV, respectively. Since
the CB value is less negative than the EO2

/EcO2

− (−0.046 eV vs.
NHE) value, it is likely that dissolved O2 is converted to cO2

−

radicals by electrons in the CB. The holes in the valence band
may readily oxidize H2O to cOH radicals because the EVB value is
greater than that of EcOH/H2O (+2.68 eV vs. NHE). These free
radicals then cause organic pollutant molecules to break down
into smaller molecules.

Additionally, the SPR effect of Ag and Cu increases the
sensitivity of TiO2 to visible light. When subjected to visible
light, the electromagnetic eld induces collective oscillations in
the conduction band electrons of TiO2. This process enhances
the material's photocatalytic efficiency by promoting the sepa-
ration of photoinduced electron–hole pairs generated at the
TiO2 surface when exposed to visible light. The DRS and PL
ndings are in agreement with this. In addition to promoting
efficient electron–hole pair separation, AC likely creates
a heterojunction with TiO2, improving TiO2 dispersion and
providing more active sites for photocatalysis. Finally, DOX
interacts with the cOH and cO2

− radical anions to produce H2O,
CO2, NO3

−, and other trace organic compounds. The nal
breakdown products are less likely to adsorb onto AC or TiO2

due to their lower molecular weight. Aer that, these materials
depart from the photocatalyst surface, creating space for addi-
tional DOX molecules to adsorb. The process is crucial for
maintaining the effectiveness of photocatalytic reactions and
demonstrates the enhanced efficacy of the Cu2TC1 composite
produced.

3.10.1. Degradation mechanism study using HRMS anal-
ysis. The degradation intermediates produced during the pho-
tocatalytic degradation of DOX using the Cu2TC1 catalyst were
analyzed using the HR-MS technique. The goal was to gain
a better understanding of the mechanism involved in
RSC Adv., 2026, 16, 20999–21015 | 21011
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Fig. 16 Proposed degradation route for doxycycline over AC (1 wt%)–Cu (2 wt%)–TiO2 composite.
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doxycycline degradation. For the tests, positive mode electro-
spray ionization was used. The Cu2TC1 catalyst was used to
degrade the DOX solution for 180 minutes under exposure to
21012 | RSC Adv., 2026, 16, 20999–21015
visible light, while following the previously specied photo-
degradation parameters. To identify the intermediate products
formed during the process, the degraded solutions were
© 2026 The Author(s). Published by the Royal Society of Chemistry
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collected for analysis aer centrifugation. This study will
provide insight into the transformation pathways of DOX.
Fig. 16 depicts the possible breakdown pathways of DOX using
the intermediate products detected in the HR-MS spectra
(Fig. S8). Functional group cleavage, ring-opening reactions,
and hydroxylation are a few of the ways that DOX interacts with
various reactive species. Interestingly, a noticeable peak is
observed at m/z = 445 for the parent DOX. There are numerous
ionizable and electron-rich functional groups in the DOX
molecule. They are made up of the conjugated double bond, the
dimethylamino group, and the phenolic group. These func-
tional groups are especially susceptible to attack by reactive
species like OHc, h+, and cO2

−.
In Pathway 1, OHc attacked the DOX (m/z = 445) molecule,

causing it to undergo hydroxylation and become P1 (m/z = 461).
P4 (m/z = 403) was formed as a result of the dimethylamino
group being deamidated and demethylated. Ring-opening de-
methylation of the intermediates occurred as the reaction pro-
ceeded, resulting in the formation of simple-structured
compounds, namely P5 (m/z = 393), P6 (m/z = 301), P7 (m/z =
273), and P8 (m/z = 179).53,54

For pathway 2, the demethylation of the DOX results in the
formation of P2 (m/z = 417). P2 undergoes deamidation to form
P9 (m/z = 374). The continued action of active species will then
result in a ring-opening reaction that produces P10 (m/z = 301).
P10 eventually changed into P12 (m/z = 239) as a result of
decarboxylation and elimination of the hydroxyl group.11

In pathway 3, DOX (m/z = 445) opens its rings to produce P3
(m/z = 196). P3 is further demethylated and decarboxylated to
produce P13 (m/z = 125).55 All degradation mechanisms ulti-
mately result in organic molecules being transformed into
smaller inorganic compounds, such as NO3

−, CO2, and H2O.
HR-MS analysis revealed that OHc, h+, and cO2

− all contributed
to the photodegradation of DOX molecules.

4 Conclusion

In conclusion, anatase phase TiO2 was synthesized via a hydro-
thermal reaction. Further, we synthesized activated charcoal
(AC)-modied Ag and Cu–TiO2 via the ultrasonication treatment
and the photo-deposition method. With enhanced charge
separation and robust optical sensitivity in the visible range, the
AC (1 wt%)–Cu (2 wt%)–TiO2 (Cu2TC1) composite has demon-
strated itself to be an excellent photocatalyst for DOX degra-
dation. When exposed to sunlight, the photocatalytic response
of bare anatase TiO2 has increased from 68.7% to 98.5% with
the incorporation of AC and Cu. The Cu2TC1 composite
exhibited the highest rate constant values under visible light
(0.01215 min−1) and solar light irradiation (0.01621 min−1), in
accordance with pseudo-rst-order kinetics. The radical trap-
ping experiments andHR-MS data provide a thorough depiction
of the reaction mechanism and probable intermediates created
during the degradation. The effectiveness of the created pho-
tocatalyst in mineralization was also evaluated using a TOC test.
The prepared composite displayed excellent stability, with
a slight decrease in the activity aer ve treatment cycles.
Overall, the ndings suggest that AC (1 wt%)–Cu (2 wt%)–TiO2
© 2026 The Author(s). Published by the Royal Society of Chemistry
is a cost-effective, efficient, and eco-friendly option for treating
pharmaceutical wastewater.
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