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Abstract

The persistent release of antibiotic residues to water bodies has escalated antimicrobial
resistance thus necessitating effective and viable cleanup technologies. This paper presents
the synthesis and systematic assessment of a visible-light-responsive bimetallic Ag-Cu@SiO-
photocatalyst in degrading ciprofloxacin (CIP) in water. Mesoporous silica support facilitated
a uniform dispersion of the Ag-Cu nanoparticles, contributing to surface stability, light
absorbing properties and reusability. Photocatalytic experiments showed the rapid and
efficient CIP degradation in the presence of visible light and the degradation kinetics could be
well explained by a pseudo-first-order model in the temperature range of 303 to 333 K with a
low activation energy (8.67 kJ mol™) and a positive enthalpy which means the degradation
process is energetically efficient. Radical scavenging experiments have verified that the

major reactive species were superoxide radicals (O%) and photogenerated holes, and that the
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minor role was played by hydroxyl radicals. It was found that the increased photocatalytic
activity was due to the synergistic interaction of Ag-induced surface plasmon resonance and
Cu-mediated charge separation that was efficient in preventing the electron-hole
recombination. The reusability and stability of this catalyst were excellent since it retained its
activity (more than 90 percent) in 5 consecutive cycles. All in all, Ag-Cu@SiO> photocatalyst
has a high potential to be utilized practically in the treatment of antibiotic-contaminated

wastewater under environmentally friendly conditions.

Keywords: Ag-Cu@SiO: photocatalyst, ciprofloxacin  degradation, visible-light
photocatalysis, plasmonic synergy, antibiotic wastewater treatment

1. Introduction

The prolonged release of antibiotics by hospitals, pharmaceutical industries, livestock farms,
and domestic effluents has led to the accumulation of the bacterial agents in the water bodies
(Bansal, 2019). Current surveys(UNEP, 2024) have shown that over fifty percent of the
world river systems have been found to possess highest amounts of antibiotics that are
beyond ecological safety levels (Wang et al., 2024). In 2024, World Health Organization
(WHO) reported that, this contamination has caused an increase in the rate of antimicrobial
resistance (AMR), which is predicted to have become a primary global threat, causing as
many as 10 million deaths each year by 2050 ( Ali et al., 2022a-c, 2023a-d, 2024, 2025,
Hussain et al., 2021a, b; 2022, 2023, 2025a-c; Khatoon et al., 2025, Amjad et al., 2025;
Shehzad et al., 2025; Igbal et al., 2025; Rehman et al., 2025; Bisaccia et al., 2025; Salam et
al., 2023). Thus, the invention of effective methods of antibiotic elimination has turned into a
new pressing environmental concern (Muteeb et al., 2023).

Traditional methods of wastewater treatment like coagulation, biological filtration and
chlorination have not been very effective in removing intractable antibiotics (Sangamnere et
al., 2023; Umar, 2022). A large number of antibiotics are poorly biodegraded and highly
chemically stable, which results in their leakage into effluents despite tertiary treatment
(EPA, 2024) (Boro et al., 2025) (Ali et al., . In addition, chlorination produces poisonous
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chlorinated products, whereas adsorption only transfers pollutants out of water to the solid
matrices but does not totally degrade them (Gopal et al., 2007; Sun et al., 2023). These
disadvantages illustrate the need to have a superior, catalytic degradation strategy.
Photocatalysis has emerged as a promising oxidation technique, as exposure to visible light
leads to the generation of highly reactive oxygen species (ROS), enabling the complete
degradation of antibiotic contaminants rather than their mere phase transfer (Ashraf et al.,
2022; Chen et al., 2022).

Bi-metallic photocatalysts, especially silver-copper (Ag-Cu) are the ones that exhibit better
catalytic activity with synergistic effects between the two metals (Hao et al., 2024). Silver
nanoparticles have a high surface plasmon resonance which enhances the absorption of
visible-light, and copper components are used to trap electrons, inhibiting the recombination
of charges (Sarina et al., 2013). This mixed alloy makes it thus more photo-oxidation

efficient, and at the same time less dependent on expensive noble metals (Li et al., 2018).

Ag-Cu nanoparticles on silica do not only stop agglomeration of the particles, but also allow
large surface area and stability to enhance photocatalytic activity with long term reuse
(Habeche et al., 2023; Saran et al., 2018). SiO> mesoporous structure facilitates even
dispersion of metal nanoparticles to increase the active redox sites (Kankala et al., 2019). The
functionalization of Ag-Cu nano-particles onto silica support offers a structurally stable
platform, which prefers to permit guided distribution and physical stabilization of the
bimetallic assembly (Chang, 2020). The mesoporous SiO, network serves as an inert host
network, which provides interconnected pores that take metal nanoparticles without exposing
their surfaces to the reaction medium (Kankala et al., 2020; Kankala et al., 2019). This
confinement in structure helps in maintaining the stability of the particles during irradiation
and aqueous conditions thus maintaining stable catalytic behavior during repeated
photocatalytic cycles (Shchukin & Sviridov, 2006; Y. Zhang et al., 2025). In addition, silica
is highly porous, making it more passive to diffusion of dissolved oxygen and pollutants of
dissolved molecules to the metal-active sites, which is a requirement of surface-mediated
redox reactions (Z. Zhang et al., 2025). Though, Since SiO.is not directly involved in
photoactivity, its use in the form of a dispersing and stabilizing support indirectly enhances

the performance and stability of the Ag-Cu photocatalyst (Babu & Naik, 2020).
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This paper therefore attempts to prepare an immensely efficient bimetallic Ag-Cu on silica
photocatalyst to degrade antibiotics using visible light. Alloy composition, light response and
reusability were systematically considered to determine its practical application by purifying

wastewater.
2. Materials and Methods
2.1. Chemicals

Silver nitrate (AgNO3z, 99%), copper sulfate pentahydrate (CuSO4.5H20, 98%), and tetraethyl
orthosilicate (TEOS, 98%) are these and are obtained at Sigma-Aldrich. NaBH4 (>98%),
ethanol (99.5%), hydrochloric acid (HCI, 0.1 M) and sodium hydroxide (NaOH) were
purchased at Merck. The antibiotic pollutant (ciprofloxacin) that was selected to apply in
photocatalysis was acquired through Sigma-Aldrich. Without further purification, all of the
analytical-grade chemicals were used, and deionized (DI) water was used in all experiments.

2.2. Synthesis of Ag-Cu Supported on Silica Synthesis
2.2.1. Silica Support Synthesis

Synthesis of silica support was done using a standard sol gel pathway (Li et al., 2005). In
short, TEQOS, ethanol and DI water were added to each other in 1:4:4 volumetric proportion
after which dilute HCI was added to achieve an acidic pH of approximately 2. Silanol
intermediates were produced as a result of the hydrolysis of TEOS in the acidic environment.
The stirring mixture was kept at the room temperature during 1 hour, which led to sol-gel
conversion and the appearance of a clear gel. The gel was left to develop at room temperature
of 12-24 hours in order to consolidate the silica network, and then it was carefully washed
with ethanol and DI water in order to wash out any unreacted precursors. The material
obtained was dried at 80 °C overnight and then calcined at a temperature of 450-500 °C, 3
hours to obtain an aerated, thermally stable silica support.

2.2.2. Ag-Cu Nanoparticles Impregnation and Reduction on Silica

The wet impregnation technique was used to incorporate bimetallic Ag-Cu nanoparticles onto

silica. AgNOs and CuSO4 were dissolved separately in aqueous solutions and combined to
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achieve the required molar Ag-Cu ratio (1:1, 1:3 or 3:1). The support of calcified silica was
dispersed into the mixed metal solution and ultrasonicated in 30 minutes and thereafter the
mixture was stirred continued stirring of 4-6 hours to ascertain that the metal ions were
adsorbed on the surface of silica. The mixture was then dried at 7080 o C to produce metal-
laden silica powder. Reducing metal ions (Ag* and Cu?*) to alloy nanoparticles was done by
dropwise addition of freshly prepared 0.1 M NaBH4 under steady stirring in an ice bath to
prevent uncontrolled nucleation. The catalyst was then filtered, rinsed with ethanol and DI
water, and dried at 60 to 70 °C. Thermal reduction was used in another reduction method
where the impregnated silica was heated in tube furnace at the presence of N2 at 350 °C for 2-

3 hours which allowed the formation of Ag®-Cu® alloy nanoparticles.
2.3. Photocatalytic Activity

Photocatalytic performance of the synthesized Ag-Cu@SiO> catalyst was assessed by the
degradation of CIP in aqueous solution under irradiation of visible light. A common
experiment entailed the dispersal of a known concentration of photocatalyst in a CIP solution
of specified initial concentration and magnetic stirring at the dark stage of 30 min to achieve
adsorption desorption equilibrium. The suspension was then subjected to visible light by
keeping the suspension in constant motion so as to have a uniform irradiation. Aliquots were
sampled at intervals and centrifuged to clear the catalyst followed by the determination of the
remaining CIP concentration by the use of UV-vis spectrophotometry at the wavelength at
which it showed its characteristic absorption intensity. The change in the absorbance divided
by the original value was taken to determine the degradation efficiency (Ma et al., 2023). The
dosage of the catalyst, solution pH, irradiation time, temperature, and reusability of the
catalyst were investigated systematically under the same experimental conditions to

determine the feasibility of photocatalytic practicality of the A-gCu@SiO; catalyst.
3. Application
3.1. Photocatalytic Degradation

Photocatalytic activity of Ag-Cu@SiO2 supported on silica was tested to degrade CIP, a

common fluoroguinolone antibiotic and a gradually emerging water pollutant. Taking into
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account the high impact of the environmental factors on the photocatalytic activity, the
experiments were carried out under the conditions of the controlled light irradiation of the
catalyst to determine the practical applicability of the catalyst to the environmental
remediation. Figure 1A shows the UV- Vis absorption spectrum of CIP through constant
intervals of irradiation with an observation that the typical absorption peaks of the antibiotic
decreases gradually. The percent (%) of degradation efficiency of CIP was determined using

Equation 1.

Ay —
Degradation ef ficiency (%) = T * 100 (1)

s F
u

In which Ag is the initial absorbance and A absorbance at time t, respectively. Figure 1(B)
indicates the percentage of photocatalytic degradation of CIP as a function of the irradiation
time. The findings indicate that the Ag-Cu@SiO> catalyst has a significant photocatalytic
rate, resulting into a good degradation rate of CIP in the reaction time studied. In determining
the feasibility of the reusability of the catalyst in practice, experiments on degradation were
carried out in several consecutive cycles under the same conditions of the reaction. The
catalyst also showed a high degree of stability and deactivation resistance which means that it
maintained a large fraction of its photocatalytic activity in consecutive cycles. Moreover, the
dosage of catalyst on the CIP degradation was studied through different concentrations of
Ag-Cu@SiO». The rate of degradation was found to increase with the increasing quantity of
catalyst to an optimal point, beyond which, the rate of degradation decreased. One can
explain this decrease in higher doses of catalysts by the fact that the reaction medium
becomes very turbid, which inhibits penetration of light and causes photons to be less
available in order to be activated by photocatalysts. The reaction medium pH is also a
determining factor in the process of photocatalytic degradation because it influences the
charge of the catalyst on the surface and the ionic state of CIP molecules. The degradation
characteristic of CIP at various pH values is shown in the figure below. The findings reveal
that the pH of a solution plays an important role in determining the photocatalytic behavior
because electrostatic interactions of the catalyst surface and antibiotic molecules are different

in relation to the pH of the solution. Altogether, the Ag-Cu@SiO photocatalyst has a high
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potential of the degradation of CIP, which supports its suitability in the treatment of the

antibiotic-contaminated water.
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Fig.1 (A) UV-vis absorption spectra of CIP during photocatalytic degradation using Ag-
Cu@SiO: catalyst, (B) degradation efficiency as a function of irradiation time, (C) pseudo-

first-order kinetic plots for CIP degradation, and (D) linear fitting of the kinetic model.

3.2. Kinetics of CIP Degradation

The photocatalytic decomposition of CIP was studied under four temperatures (303, 313, 323
and 333 K) with constant irradiation time. In order to explain the degradation kinetics of CIP,
the absorbance of the material at a characteristic wavelength was observed vs irradiation
time. The apparent rate constant (k) was calculated by using a pseudo-first-order Kinetic
model based on the equation below:
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In(A, [ A,.) =kt (2)

In which Ao and A are the absorbance of CIP at time 0 and time t, respectively, and k is the
apparent rate constant of the photocatalytic degradation reaction. Fig. 1(C) demonstrates the
plots of In (Ao/At) versus the irradiation time of CIP degradation at various temperatures and
the rate constants (k) were obtained by the slope of the linear fitted lines. The values of the
rate constant of the CIP degradation at the studied temperatures are summarized in Table 1.
The fact that the experimental data were well fitted by the good line supports the fact that the
photocatalytic degradation of CIP is governed by the pseudo-first-order model of Kinetics.
Moreover, the linear regression coefficients (R?) were also known to be approaching unity at
all the temperatures studied and thus, there was a perfect agreement between experimental
results and kinetic model. This finding also confirms the hypothesis that CIP reduction on the
Ag-Cu@SiO; catalyst occurs through pseudo-first-order kinetics. Besides, the effect of the
initial CIP concentration and the existence of other coexisting ions on the rate of degradation
was also investigated. It was noted that the degradation efficiency of the initial CIP
concentration decreased as the initial CIP concentration increased and this could be explained
by the diminished availability of active surface sites per antibiotic molecule and the partial
absorption of incident light by CIP molecules at higher concentration. Besides, the slowing
down of the degradation rate constant in the presence of carbonate and chloride ions can be
linked to the scavenging activity of these ions on reactive oxygen species, especially the

hydroxyl radicals.
3.3. Thermodynamics Parameters

To measure the activation energy (Ea) and thermodynamic parameters, such as enthalpy
change (AH), entropy change (AS) and Gibbs free energy change (AG), the photocatalytic
degradation of CIP was studied at four temperatures (303, 313, 323, and 333 K). The

Arrhenius equation was applied to calculate the activation energy:
Eﬁ
Ink= ~RT + In A, (3)

and k is the degradation reaction rate constant, A is an Arrhenius pre-exponential factor, R is

the universal gas constant (8.314 kJ mol™?), and T is the absolute temperature. The inset of
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Fig. 1(C) gives the plot of Ink vs1/T. Ea was obtained by the slope of the Ink versus 1/T plot,
and the slope value of Ea is =8.67kJmol™* The Eyring Polanyi equation below was used to

find enthalpy change of activation (AH) and entropy change of activation (AS).

m(%] =—AH/ +A8S[ +In(kg/h) (%)

with k being the rate constant, and kg, and h being the Boltzmann and the Planck constants
respectively. Another linear correlation between In(k/T) and 1/T was found as illustrated in
Fig. 1(D). The slope and intercept of this plot were used to give the values of AH and AS,
which are presented as AH is 6.030997kJ mol™ and AS is -0.2614 kJ mol* K™%, respectively.

The following equation was used to calculate the Gibbs free energy change of activation
AG = AH —TAS (5)

Table 1 shows the results of the computations of AG in various temperatures. The rate
constant (k), energy of activation (Ea) and thermodynamic (AH, AS and AG) of the values of
these equations are listed in Table 1. As it can be seen, the larger the values of rate constants,
the smaller the activation energy, and the faster the reaction with a lower energy barrier
occurs (Phillips, 1992). The magnitude and value of AH show that the degradation of CIP by
a specific reaction is of the nature of, whereas the value of AS indicates that the transition of
states happens with a change of disorder, which is adiabatic. The positive values of AG are

positive therefore the degradation process is under the researched conditions.

Table 1. Tthermodynamics parameters of degradation of CIP at Ag-Cu@SiOs-.

Temperature K Ea AH AS AG

(K) (min‘t) (kdmolt)  (kImol?)  (kImoltK?1)  (kJmol?)

303 0.013171 85.23

313 0.014025 6.030997 -0.2614 87.85
8.674

323 0.014705 90.46

333 0.018362 93.07
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3.4. Regeneration of the Ag-Cu@SiO: Photocatalyst

The Ag-Cu@SiO: photocatalyst was demonstrated to be reusable in the degradation of CIP in
several cycles. First, CIP was degraded using Ag-Cu@SiO- catalyst under the influence of
visible light. Upon completion of every degradation cycle, the photocatalyst was centrifuged
at 6000 rpm during 25 min. The supernatant that carried over CIP was discarded and the
obtained catalyst to be recovered was washed three times using deionized water to take away
any adsorbed residues. The resulting clean photocatalyst was dried in an oven at 60°C for 12
hours and reused to perform further CIP degradation cycles in the same experimental
conditions. Unlike in Fig. 2A, the degradation efficiency of CIP reduced insignificantly with
repeated usage. Five consecutive cycles still resulted in a slight decrease (around 10) in the
photocatalytic activity suggesting that the Ag-Cu@SiO- catalyst is very stable and reusable.
These findings indicate that Ag-Cu@SiO: is a promising candidate to be used in real-world
wastewater treatment practice since this material can be successfully utilized to treat CIP on

several cycles without notable catalytic decline.
3.5. Scavenging Activity

The degradation of organic contaminants is primarily caused by reactive oxygen species
(ROS), such as hydroxyl radicals (‘"OH), superoxide anion radicals (O? "), hydrogen peroxide
(H202), and photogenerated holes (h™) (Xie et al., 2022). In order to assess the role of
individual reactive species in CIP degradation, a radical scavenging experiment was
performed with the Ag-Cu@SiO: as the photocatalyst. Four scavengers were used, namely
disodium ethylenediamine tetraacetate (Na 2 EDTA) as h*, p -benzoquinone (p -BQ) as 0%,
isopropanol (IPA) as OH, and L-ascorbic acid (L -AA) as H202. A scavenger 0.2 mM was
used in each experiment, which was added to a 10 ppm CIP solution, and 20 mg of Ag-
Cu@SiO: catalyst was added. The decay of CIP was trailed under sun light by the above-
described method. All scavengers inhibited the degradation of CIP as demonstrated in Fig.
2B, and this proved the occurrence of all the reactive species in the course of photocatalysis.
It is worth noting that when p-BQ and Na,EDTA were added, there was a strong inhibition of
CIP removal hence indicating that the O% is the dominating factor and h* plays the secondary
role in the degradation of CIP on the Ag-Cu@SiO- surface.
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The bandgap of Ag-Cu@SiO- was valence band (VB) and conduction band (CB).

E,=X-E.-05E, (6)
Ep=Eg+ Eg (7)

Butler Ginley equations were used to determine the band edge positions of Ag-Cu@SiO:
using Ecs= -1.34e and Eve= +1.46e. The Ecs is a negative value that is negative enough
toward thermodynamic favoring the formation of superoxide radical (O?), which agrees with

the strong inhibition of pp-benzoquinone in the scavenger tests (Hayyan et al., 2016).
3.6. Photocatalytic Degradation Mechanism of CIP over Ag-Cu@SiO: Catalyst

The first step would be to activate the Ag-Cu@SiO: photo-catalyst by the absorption of light
energy of UV, visible or sunlight. This is the energy of light that must not be less than equal
to the band gap of the photo-catalyst (Tantawy et al., 2021). Consequently, electrons in the
valence band get excited and shift to the conduction band leaving a hole in the valence band.

It is in this process that the degradation reaction is initiated and that is given by equation
Ag -Cu@SiO, +hv — Ag —Cu @SiO, +[ e (CB) +h"(VB) | (8)

Upon light irradiation, the Ag-Cu@SiO: photocatalyst is activated, causing electrons to be
excited from the valence band to the conduction band and leaving behind positively charged
holes. The photogenerated electrons are readily captured by dissolved oxygen molecules,

leading to the formation of superoxide radical species(Lupano et al., 2013) .
0,+¢ (CB)—>" 0, 9)

Simultaneously, the photogenerated holes exhibit strong oxidative capability and react with
water molecules or hydroxyl ions adsorbed on the catalyst surface, resulting in the generation

of highly reactive hydroxyl radicals.

H,O+h"(VB") > OH +H" (10)

OH +h™(VB)—" OH (11)
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The superoxide radicals produced further participate in a series of chain reactions. In the
presence of protons, superoxide radicals are converted into hydroperoxyl radicals, which

subsequently combine to form hydrogen peroxide.
‘0,+H" | HOO' (12)

2HOO" - H.,0,+ 0, (13)

The hydrogen peroxide generated in the system is further reduced by conduction band

electrons, producing additional hydroxyl radicals and thus sustaining the oxidation process.
H,O0,+e" =" OH +0OH" (14)

The presence of bimetallic Ag-Cu nanoparticles significantly enhances the photocatalytic
process (Ismail et al., 2018). Silver nanoparticles generate additional electrons through
surface plasmon resonance under light irradiation, while copper ions act as efficient electron

acceptors, thereby suppressing electron-hole recombination.

As’+hv > 4g+e (15)
Cu** +e” — Cu* (16)
Cu™ +0, >Cu™ + 0, @an

The reactive oxygen species generated in the system attack CIP molecules through multiple
pathways. Hydroxyl radicals preferentially attack the piperazine ring, leading to

hydroxylation followed by ring opening.
CIP + OH — Hydroxylated int ermediate (18)

In parallel, the quinolone core of CIP undergoes direct oxidation by valence band holes,

resulting in the breakdown of the aromatic structure.

CIP+h™(VB) = Oxidationproducts (19)
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Defluorination also occurs during the degradation process, where hydroxyl radicals cleave the

C—F bond, contributing to detoxification of the antibiotic molecule.
C'— Fbond +" OH — HF + Hvdxylatedproduct (20)

Additionally, CIP molecules can directly accept electrons from the conduction band, forming

reduced intermediates that are more susceptible to further oxidation.

CIP +e™(CB) — Reduced int ermediate (21)

Through continuous attack by reactive oxygen species and photogenerated charge carriers,

the resulting intermediates are progressively oxidized and ultimately mineralized into simple

and environmentally benign products.

C\.H,,FN.0,+37"0H - 17C0, + HF + NH, + NO,” +15H,0 (22)
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radicals. (C) Schematic illustration of the photocatalytic degradation mechanism of Ag-
Cu@SiO: for CIP antibiotic.

4. Conclusion

This research shows that a rational design of a bimetallic Ag-Cu @SiO> photocatalyst allows
a high performance and stability in degrading CIP under visible-light irradiation. The
biosensing synergistic interaction between Ag and Cu nanoparticles, grown on mesoporous
silica, significantly enhances light harvesting, charge separation, and catalyst deactivation
resistance. The degradation was under pseudo-first-order kinetics and with low activation
energy, and this was a confirmation that there is a kinetically and energetically favored
process. Mechanistic studies showed that the oxidation pathway is controlled by superoxide
radicals and holes generated by photochemical reaction whereas hydroxyl radicals mediate
the stepwise degradation, defluorination and mineralization of CIP. Notably, the catalyst was
highly active in various reuse cycles, and this shows the operational strength of the catalyst.
These results put Ag-Cu@SiO: as a cost effective and environmentally friendly photocatalyst

in the real-world treatment of antibiotic contaminated wastewater.
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