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Abstract

Tetracycline is an antibiotic known to inhibit the growth of microorganisms in soil and water. Often, pharmaceutical compa-
nies release unwanted and expired antibiotics, leading to water pollution. This study involved the synthesis of Agl combined
with ZnO to form heterostructures by a wet impregnation method to degrade tetracycline molecules. The primary objective
is to explore the mechanistic pathways of tetracycline degradation under visible light irradiation. The combination of Agl
and ZnO is chosen due to their enhanced photocatalytic properties when coupled, as ZnO provides a stable, wide-bandgap
semiconductor, while Agl improves visible light absorption, extending the efficiency of the catalyst. Catalyst characteriza-
tion by Field Emission Scanning Electron Microscopy with Energy Dispersive X-Ray Spectroscopy analysis confirmed the
presence of Agl and ZnO phases, while X-ray Diffraction showed distinct crystalline structures of both. Surface area analysis
indicated a controlled pore volume of 31.78 nm and a high surface area of 27.29 m?/g for the Agl/ZnO composites. The Tauc
plot demonstrated that Agl doping reduced the ZnO optical energy bandgap from 3.39 to 2.83 eV. The Agl/ZnO catalyst
achieved up to 89.38% degradation of tetracycline at 10 mg/L concentration using 0.01 g of Agl/ZnO, under a 150-W metal
halide lamp at pH 9 in 90 min. Scavenger tests identified superoxide radicals and electrons as the primary species facilitat-
ing tetracycline photodegradation. The Agl/ZnO photocatalysts showed remarkable reusability, maintaining efficiency over
five cycles. Therefore, Agl/ZnO holds great potential as an effective photocatalyst for breaking down organic pollutants like
tetracycline using visible light energy.
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Introduction

Antibiotic pollution is emerging due to the widespread use
of antibiotics in human healthcare, agriculture, and the
pharmaceutical and medical industries. One antibiotic sig-
nificantly contributing to water pollution and environmental
concerns is tetracycline (TC) (Fiaz et al., 2021; Amangelsin
et al. 2023; Gokul et al. 2023). TC residues possess antimi-
crobial properties that inhibit the growth of microorganisms
in both soil and water (Zhan et al. 2021). Based on previous
study by Amangelsin et al. (2023), they found that the TC
concentration in the waterbodies in range 0.25-30 mg/L.
Therefore, it is crucial to decompose TC into harmless
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compounds to mitigate its environmental impact. However,
due to its chemical stability and antibacterial characteristics,
breaking down TC is extremely challenging (Semeraro et al.
2020; Doosti et al. 2022; Jia et al. 2022). The degradation
of organic contaminants generally occurs through chemi-
cal, physical, or biological methods. Among these, chemi-
cal techniques offer precise control over conditions and can
increase the degradation rate. Chemical methods, including
electrochemical pathways, sonolysis, photocatalysis, ozona-
tion, photo-Fenton, and Fenton’s reaction, are key compo-
nents of advanced oxidation technologies (Boxi 2024; Drwal
et al. 2022). According to previous reports (Nguyen et al.
2020; Amiruddin et al. 2021), photocatalytic approaches
effectively remove pathogens, viruses, detergents, pesti-
cides, and various conventional and emerging organic pollut-
ants. Thus, employing photocatalysis for degrading organic
pollutants is promising, as advanced oxidation processes
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(AOPs) can lead to complete mineralization during degra-
dation while enhancing cost-effectiveness (Pavel et al. 2023).

The photocatalytic degradation process starts with the
photogeneration of electron—hole (¢ /h*) pairs (Ibrahim
et al. 2023). This process generates hydroxyl radicals (-OH)
when hole (h™) oxidizes surface-absorbed water molecules
(H,O) or hydroxide ions (OH™). Additionally, photoexcited
electron (e”) reduce oxygen molecules (O,) to form hydrop-
eroxyl or superoxide radicals (-0, ) (Ahmed and Mohamed
2023; Li et al. 2023). Reactive oxygen species (ROS) (e.g.,
-OH, -O,7) and free h* interact with surface-absorbed mol-
ecules, such as organic and inorganic compounds, during the
photocatalytic process following series reactions Egs. 1-5,
transforming pollutants into harmless by-products (Ibrahim
et al. 2024).

Semiconductor + hv — h™ + e~ (1)
e” + h* — energy )
h* +H,0 - -OH + H* 3)
e+ 0, - -0; 4)
ROS + pollutant — degradation product 5)

Zinc oxide (ZnO) is a popular photocatalyst due to its
unique electrical properties, low production cost, and avail-
ability (Mao et al. 2022; Gtiell et al. 2023). However, its
wide bandgap (3.2 eV) restricts its absorption to ultraviolet
(UV) light, which constitutes only a small fraction (~4%) of
the solar spectrum (Kaus et al., 2022; Tegenaw et al. 2023;
Shohaimi et al. 2024). Additionally, the recombination of
excited e ~ and h* under UV light significantly reduces pho-
tocatalytic efficiency. To enhance ZnO’s photocatalytic per-
formance, strategies such as element doping, and semicon-
ductor coupling have been employed (Ramirez et al. 2021;
Luu et al. 2024). These methods include doping ZnO with
narrow-gap semiconductors to facilitate the separation of
e”/h" pairs and shift the absorption band to the visible light
region (Mashuri et al. 2020; Moiz et al. 2021). This indi-
cates that doping ZnO with narrow-gap semiconductors can
effectively tailor its optical bandgap, increase degradation
efficiency, enhance -OH generation, and decrease recombi-
nation rates (Talreja et al. 2021). Therefore, this approach
is highly effective for neutralizing antibiotic pollutants in
wastewater treatment processes.

Agl is a semiconductor with a narrow bandgap around
2.8 eV (Zhou et al. 2020). Thus, it could be easily absorb-
ing photons from the visible light (Liu et al. 2021). As
the visible light absorber, Agl shows high potential as
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film-based photography (Sayyed et al. 2022), solar cells
(Arjmand et al. 2022), colorimetric detector (Cao et al.
2024) and conductive coating (Tang et al. 2024). Due to
its photosensitive properties, Agl shows high potential
to improve the ZnO-based photocatalyst as it has strong
capacity for absorption of visible light and produce elec-
tron and hole pair as required to degrade the organic pol-
lutant such as TC (Zarezadeh et al. 2020).

The coupling of ZnO with AgCl, AgBr and various ter-
nary nanocomposites (such as ZnO/Agl/Fe;0, and ZnO/
Agl/Ag,CO;) has garnered significant interest due to the
narrow bandgap of semiconductors like AgX (X=Cl,
Br, I), which are compatible with ZnO (Taghizadeh et al.
2020; Liu et al. 2021). In this study, silver iodide (Agl)
was introduced into the ZnO semiconductor photocatalyst
because it has a narrow bandgap and high photosensitivity,
enabling more efficient solar energy utilization. Addition-
ally, Agl incorporation increases the surface area of the
composite, providing more active sites for photocatalytic
reactions. The incorporation of Agl with ZnO is expected
to produce a synergistic heterostructure, extending the
absorption range of ZnO and enhancing its photocatalytic
efficiency in TC degradation. The photo-deposition of Agl
onto ZnO contributed to a uniform distribution of the Agl
layer and formed a tight interaction with ZnO, preventing
agglomeration and facilitating effective charge transfer
between the two components (Ding et al. 2020). Addition-
ally, Agl acts as a photosensitizer, transferring photogen-
erated electrons to ZnO, resulting in more electron-hole
pairs available for TC degradation. The stable interaction
between Agl and ZnO also minimizes the leaching of Agl
into the environment, making the composite more envi-
ronmentally friendly (Ghattavi and Nezamzadeh-Ejhieh
2019; Rajput et al. 2022; Pham et al. 2023). Furthermore,
the photo-deposition method is scalable, simple, and cost-
effective, making it practical for widespread applications
(Kadem et al. 2023).

This work focuses on preparation and characterization
of Agl/ZnO photocatalysts by wet impregnation technique,
and to evaluate their efficiency in degrading TC molecules
in water under visible light irradiation assisted with metal
halide lamp. The study aims to determine the effectiveness
of the Agl/ZnO photocatalyst in removing TC, investi-
gate the reactive species involved in the degradation pro-
cess, assess the photocatalyst’s reusability over multiple
cycles, and explore the mechanistic pathways of TC deg-
radation under visible light, with Agl enhancing visible
light absorption and ZnO providing a stable, wide-bandgap
semiconductor for improved photocatalytic efficiency.

The study was held at Faculty of Applied Science, Uni-
versiti Teknologi MARA (UiTM) Shah Alam Selangor,
since January 2022.
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Materials and methods
Materials

The TC compound (C,,H,,N,Oq, purity >99%) was pur-
chased from Chemiz (Malaysia). Silver nitrate (AgNO;,
purity > 99.5%), potassium iodide (KI, purity >98%),
and ZnO, purity > 99%) were purchased from SYSTERM
(ChemPur). Methanol (CH;OH) and sodium hydroxide
(NaOH) were purchased from Chemiz (Malaysia), while
hydrochloric acid (HCI) was bought from Fisher Scien-
tific (M) SDN BHD. 1,4-benzoquinone (p-BQ) (C;H,0,,
purity >98%) and Ethylenediaminetetraacetic acid
(EDTA) (C,,H¢N,Oq, purity > 98.5%) were purchased
from Sigma-Aldrich. Isopropyl alcohol (IPA) (C;HgO,
purity 99%) was purchased from QReC. All the materials
were utilized as received without any additional treatment
or purification.

Synthesis of Agl doped-ZnO photocatalyst

A simple three-step procedure was used to prepare the
Agl/ZnO composites. First, to ensure even dispersion
of the ZnO particles, 20 mL of a 0.1 M AgNO; solution
was added to 0.81 g of ZnO in a 100 mL beaker, and the
mixture was swirled for 10 min. Then, after stirring for
30 min, 20 mL of a 0.1 M KI solution was gradually added
to complete the conversion of Ag* and 1™ to Agl. After
an hour of stirring, the resulting light-yellow liquid was
suction filtered to collect the synthetic composites, which
were then dried at 60 °C for three hours (Ding et al. 2021).

Characterization of Agl/ZnO photocatalyst

The JEOL JSM-7600F field emission scanning electron
microscope (FESEM) provided quantitative elemental
analysis at magnifications ranging from 10 X to 300,000 X .
Particle size distribution was calculated using ImagelJ soft-
ware. The JEOL JEM-2011F high-resolution transmission
electron microscope (HRTEM) was used with an acceler-
ating voltage of 200 kV. The photocatalyst’s crystallinity
was determined using the Debye—Scherrer formula from
the X-Ray Diffraction (XRD) diffractogram, with Cu Ko
radiation (40 kV, 40 mA). The Brunauer-Emmett-Teller
(BET) method characterized the surface area, pore size,
pore volume, and mesoporous materials, with adsorption
and desorption isotherms measured using a Belsorp mini
II. The optical characteristics (transmittance, reflectance,
and absorbance) of liquids and solids were determined
using a Perkin Elmer Lambda 950 UV-Vis Near-Infrared

(UV/Vis—-NIR) Spectrometer, which covers a wavelength
range from 175 to 3300 nm, extending into the near-infra-
red (NIR) region.

Adsorption and photocatalytic evaluation of Agl/
ZnO photocatalyst

Using a 250-W metal halide lamp with a cut-off filter of
420 nm, the photocatalytic activity of the Agl/ZnO photo-
catalyst for the degradation of TC was assessed. About 0.1 g
of Agl/ZnO photocatalyst was dissolved in a 100 ml solution
of distilled water containing 10 ppm of TC. Thus, about
10 mg/L concentration was chosen as it reflects typical levels
found in industrial wastewater and polluted rivers, making
the experiment environmentally relevant while allowing for
benchmarking against similar studies to ensure comparabil-
ity of results (Liu et al. 2024; Ou et al. 2024; You and Jung
2024). The resultant suspension solutions were constantly
magnetically agitated to stir the solution well. Then, the
solution was maintained at ambient temperature (<30 °C)
by installed the cooling system to adhere to the temperature
conditions and prevent overheating as to ensure the consist-
ency of the experiment to mimic the real environment and
subjected to visible light irradiation for 90 min. About 5 ml
of the visible light-irradiated solutions were taken at 30 min
intervals and centrifuged for 10 min to determine the amount
of TC degradation before being evaluated using UV—visible
spectroscopy. Equation 6, as presented below, was utilized to
determine the removal efficiency of TC by the photocatalyst
(Semeraro et al. 2020).

Removal Efficiency = ((C, — C,)/C,) x 100% (6)

where C, and C, are the TC concentrations (mg/L) at the
initial stage and degradation times, respectively.

For adsorption test, about 0.01 g of Agl/ZnO was
added to 100 mL of 10 mg/L TC solution. The reaction
was recorded as well as how long it took to get a constant
percentage. The constant percentage indicates the achieve-
ment of maximal adsorption. The photolysis test was done
by 100 mL of 10 mg/L TC solution exposed to 150-W of
metal halide source for about 90 min. The TC solution was
observed in 15 min intervals. Lastly, the percentage degrada-
tion was determined.

For degradation of TC molecules, the photocatalytic
activity was repeated to all six parameters which are the ini-
tial concentration of TC solution (6, 8, 10, 12 and 14 ppm),
photocatalyst dosage (0.01, 0.02, 0.03 and 0.04 g), the light
intensity (150-W metal halide lamp, 250-W metal halide
lamp, and LED), the pH of the TC (pH 3, 7 and 9) the recy-
clability of the catalyst, and the Scavenger test (p-BQ, IPA,
AgNO;, and EDTA (Tofanello et al. 2021; Azqandi et al.
2023).
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Scavenger test for generated actives sites

A 100 mL solution containing 10 mg/L of TC at pH 9 was
mixed with roughly 0.3 mL of a 0.05 M AgNO; solution,
serving as a scavenger reagent, along with 0.01 g of Agl/
ZnO to identify the active e species. The reaction mixture
was then exposed to a 150-W metal halide lamp for a dura-
tion of ninety minutes. Subsequent to the reaction, a 3 mL
aliquot of the TC solution was collected and analyzed using
a Thermo Scientific Genesys 30 UV-Visible spectropho-
tometer to determine the concentration. This experimental
procedure was repeated to investigate the presence of other
active species, namely h*, -OH, and -O,7, utilizing different
scavenger reagents including 1.0 M EDTA, IPA, and p-BQ.

Recyclability test

To examine the stability of the Agl/ZnO photocatalyst, a
recyclability test was performed. The spent catalyst was
separated from the TC solution using double filter sheets
(Whatman, 41, 125 mm, CAT no. 1441-125). Before ini-
tiating the next reaction for reusability cycle under same
conditions, the spent catalyst was cleaned and dried at 50 °C.
Fresh TC solution was prepared for each cycle. At the end of
each cycle, approximately 3 mL of solution was collected to
measure the degradation of TC.

Results and discussion
Catalyst characterization

The FESEM and HRTEM images are illustrated in Fig. 1.
Figure la displays the ZnO catalyst exhibiting hexagonal
wurtzite and cubic zincblende shapes, while Agl/ZnO com-
posites in Fig. 1b exhibit a flower-like structure. The results
were aligned with XRD crystal system where the ZnO and
Agl/ZnO reveal a hexagonal wurtzite ZnO structure adorned
with cubic Agl nanoparticles. This configuration indicates
that Agl was incorporated onto the ZnO catalyst which can
enhance the surface area that is crucial in photocatalytic
activity (Guo et al. 2022). It can be observed from TEM
analysis shown in Fig. Ic.

The results revealed that Agl was distributed evenly
and with consistent particle size across the samples, indi-
cating that ZnO maintaining its regular form after modi-
fication (Ding et al. 2020). The interplanar crystal spac-
ings of 0.2412 nm for Agl (1 1 1) and 0.337 nm for ZnO
(0 0 2) consistent with XRD patterns as shown in Fig. 1d.
Reported that an increase in the photodegradation of TC
with the increase of loaded content of Agl onto the surface
of ZnO. Thus, the extensive surface area of powdered mate-
rial facilitates a larger reaction area for target molecules,
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potentially enhancing degradation rates by absorbing more
contaminants.

The crystalline nature of Agl/ZnO materials was con-
firmed through analysis by the Joint Committee on Powder
Diffraction Standards (JCPDS), with XRD patterns depicted
in Fig. 2a. Examination of the XRD pattern for ZnO revealed
characteristic peaks at 20 =31.78°, 34.42°, 36.26°, 47.54°,
56.60°, 62.86°, 67.94°, and 69.08°, consistent with the
hexagonal structure of ZnO according to the International
Centre for Diffraction Data (JCPDS 00-005-0664). The
XRD pattern illustrates that Agl crystals manifest two dis-
tinct morphologies: cubic zinc blende-type (y-Agl) peaks
observed at 20 =39.20° and 46.33°, and hexagonal wurtzite-
type (B-Agl) peaks at 20=22.35° and 23.71°. Obtaining pure
crystals of a single phase is typically challenging; however,
the presence of Agl in this study closely aligns with a p-Agl
phase, corroborated by JCPDS No. 01-078-0641.

The dispersion of Agl within the ZnO crystal matrix was
confirmed by the presence of both Agl and ZnO peaks in the
Agl/ZnO composite graph. The distinct separation of ZnO
and Agl peaks indicates that the incorporation of Agl did
not alter the ZnO crystalline phase in the nanocomposites,
with diffraction peaks readily assignable to Agl and ZnO
components. The crystallite size (L) of Agl/ZnO was calcu-
lated to be 76.22 nm using the Debye—Scherrer equation, as
demonstrated in Eq. 7.

Crystallite size(L) = kA/fcos @)

where 0 is the diffraction angle, 0.9 is the form factor, K
is the wavelength of the CuKa utilized, and p is the whole
breadth at half maximum of the diffraction angle taken into
consideration.

The isotherm plot displaying the hysteresis for
mesoporous Agl/ZnO is presented in Fig. 2b. The graph
indicates that Agl/ZnO owing to type IV adsorption which
the excellent properties can increase the photocatalytic activ-
ity in both adsorption and desorption (Chayed et al. 2023).
The type of pores of the photocatalyst is mesoporous, as it
ranges between 2 and 50 nm. From Table 1, the surface area
of Agl/ZnO is larger compared to ZnO. The surface area
of Agl/ZnO using BET method exhibits a higher value of
27.969 m? g~! demonstrating superior porosity and surface
properties. These characteristics influence the adsorption of
the contaminants. The increase surface of photocatalyst lead
to greater number of actives sites, thereby enhancing the
photodegradation of organic substrates (Khalit et al. 2020;
Ding et al. 2020).

The UV-VIS-NIR analysis was conducted to examine the
reflectance edge of the Agl/ZnO photocatalyst, revealing a
range of 410-470 nm, as illustrated in Fig. 3a). This spectral
range signifies the capability of Agl/ZnO to be activated by
visible light. The bandgap energies of ZnO and Agl/ZnO
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Table‘1. i Surface characteristics Samples Total pore vol- ~ Mean pore Surface area  Types of pores Ref
analysis of Agl/ZnO ume (cm’ g™1) volume (nm)  (m?g™")
photocatalyst
ZnO 0.1490 43.558 13.713 Mesoporous (Mashuri et al. 2023)
ZnO 87.43 0.3536 16.18 Mesoporous
ZnO 5.18 0.0162 12.54 Mesoporous (Zarezadeh et al. 2020)
Agl/ZnO 33.55 - 341 Mesoporous (Wu et al. 2021)
Agl/ZnO 0.2166 31.748 27.296 Mesoporous Present study
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Fig.3 a Reflectance Edge and b Tauc Plot of ZnO and Agl/ZnO

resulting in values of 3.39 and 2.83 eV, respectively, as
depicted in Fig. 3b. As reported, the bandgap energy of Agl
exhibited a lower bandgap than ZnO which is direct bandgap
energy of ~1.378 eV (Amrani et al. 2008). Consequently,
when Agl is incorporated onto ZnO, the composite’s band-
gap decreases, indicating enhanced light absorption. This
modification promotes the generation of electron-hole pairs
by mitigating photoelectron and hole recombination. The
bandgap of the semiconductor was established using the
Tauc plot method following Eq. 8. Thus, from the equation,
the Tauc plot is plotted as (axhv)? versus (hv). The value of
bandgap was obtained by extrapolation of the linear part and
the point meets the abscissa, thus, give the bandgap energy
value (Jubu et al. 2022; Klein et al. 2023).

ahy = A(hv—Eg)X (8)

The VB and CB energies for ZnO and Agl/ZnO photo-
catalysts were determined using the Mulliken electronega-
tivity formula. A summary of these findings is provided in

@ Springer

Table2 The summary of the bandgap, valence band, and conduction
band for ZnO and Agl/ZnO photocatalysts

Photocatalyst Bandgap (eV) Valence band  Conduc-
€eV) tion band
(eV)
ZnO 3.39 0.30 -0.20
Agl/ZnO 2.83 1.75 -1.08

Table 2. Equations 9-11 show the Mulliken electronegativity
formula.

X = 1/2(Ega + Eioy) ©)

where the first ionization energy is (E;,,), the energy of
atomic electron affinity is (Eg,), and X is a Mulliken elec-
tronegativity. Next, using Eq. 10, the (E5) was determined
to get the CB:

Ecg = X—Ec—1/2(E,) (10
where E_ is the energy of free electrons on the hydrogen
scale (4.5 eV), and E, is the energy bandgap. Equation 11
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was used to determine Eyy from the photocatalyst’s CB
value and E5 value.

Eyg = Ecg + E, (11)

Adsorption and photo-degradation studies of TC
molecules by Agl/ZnO photocatalyst

Figure 4 illustrates the graph depicting the control test aimed
at comparing the adsorption and photodegradation reactions.
The results indicated that in the absence of any light source,
only adsorption occurred, resulting in a marginal increase
in TC concentration reduction, reaching only 19.15%. Con-
versely, when the catalyst was exposed to 150 W light for
90 min, a significantly higher degradation rate of 75.42%
was observed. This highlights the crucial role of the light
source in photocatalysis, providing the necessary energy to
activate the catalyst and facilitate the desired chemical reac-
tions. This approach aligns with previous studies, such as
that conducted by Caniati et al. (2021) where similar control
tests were employed to validate findings. Thus, this discov-
ery emphasizes the indispensable requirement of light for
activating the activity of the photocatalyst.

Effect of initial concentration of TC solution

Figure 5a portrays how the initial concentration of TC
affects the photocatalyst’s ability to degrade TC. The
adsorption phase took place in darkness for 30 min, during
which no degradation was observed. Over a 90 min period
with light exposure, degradation rates of 72.17 and 83.45%
were recorded for TC concentrations of 6 and 8 mg/L,

respectively. According to first-order kinetics, lower concen-
trations are expected to yield degradation rates directly pro-
portional to the substrate concentration, with the importance
of catalytic sites being less significant in TC degradation.
Raising the initial TC concentration to 10 mg/L achieved
maximum degradation of 92.26% within the same duration.
As elucidated by (Hasham et al. 2024), the generation of
-OH radicals on the photocatalyst’s surface effectively broke
down TC molecules. Consequently, higher concentrations
necessitate more active species (-OH and -O,™) for degrada-
tion. However, within the same timeframe, increasing the
concentration to 12 and 14 mg/L resulted in degradation
rates of 63.97 and 53.62%, respectively. As highlighted by
Syahin et al. (2019), inadequate -O, ™ radicals at higher con-
centrations and the formation of intermediates that adsorb
onto the catalyst surface contribute to slower degradation.
In conclusion, the optimal initial concentration is 10 mg/L
for 0.1 g of Agl/ZnO photocatalyst, emphasizing the signifi-
cant influence of TC’s initial concentration on photocatalysis
reactions. Table 3 provides a summary of key parameters
and photocatalytic performance compared with other stud-
ies, showcasing the superior degradation efficiency of Agl/
ZnO, even with lower energy consumption.

Effect of Ag/Zn0O dosage

Figure 5b depicts the degradation of TC at a concentra-
tion of 10 mg/L using varying amounts of catalyst, 0.1,
0.2, 0.3 and 0.4 g. Over a 90 min period, the degrada-
tion rates for TC were measured at 90.49, 81.48, 84.86,
and 65.44%, respectively. These findings suggest that
increasing the dosage of the catalyst leads to decreased
degradation efficiency. As noted by Sawunyama et al.

Fig.4 Control test of the pre- 100
pared Agl/ZnO photocatalyst
on degradation of TC solution 90
(Operating paramaters: 0.01 g 30
of Agl/Zn0O, 10 mg/L TC solu- i
tions at pH 9 within 90 min) § 70 F
@) L
O 60
2 50
g
g 40 r
E, 30
O
a 20
10
0 # L

—e—Degradation with catalyst, under light 150W %
—o—Degradation of with catalyst, no light

>
@

20

40 50 80 90

Reaction time (min)

o’
’r @ Springer
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a) =8—Degradation (%) 6 ppm
90 =o-Degradation (%) 8 ppm
=&—Degradation (%) 10 ppm
=8-Degradation (%) 12 ppm
70 —8—Degradation (%) 14 ppm

Degradation of TC (%)
W
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30 20 -10 O 10 20 30 40 50 60 70 80 90
Reaction time (min)

0 | b)  —e—Degradation (%)0.01 g
=o-Degradation (%) 0.02 g
—&—Degradation (%) 0.03 g
=&—Degradation (%) 0.04 g

Degradation of TC (%)
W
=]
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Fig.5 a The effect of initial concentration of TC solution. (Reaction
condition: 0.1 g of Agl/ZnO catalyst dosage, 100 mL of TC solu-
tion, untreated pH, and 250-W metal halide lamp), b The effect of
catalyst dosage of TC solution. (Reaction condition: 10 mg/L of Agl/
ZnO initial concentration, 100 mL of TC solution, untreated pH, and
250-W metal halide lamp), ¢ The effect of light intensity of TC solu-

(2023), higher doses of Agl/ZnO may induce turbidity in
the solution, causing interruptions in light transmission
during the reaction, thereby affecting the efficacy of TC
removal. Furthermore, the aggregation of nanocomposites
at higher catalyst doses, influenced by the magnetic prop-
erties of synthesized nano-catalysts, can result in unfa-
vourable light scattering and reduced light penetration
into the solution, ultimately diminishing photocatalytic
activity (Hayat et al. 2011). While at very low concentra-
tions below than 0.1 g, the photocatalyst may degrade
faster due to the limited number of active sites, which
may become deactivated by impurities or intermediates
(Majumdar and Pal, 2020; Mashuri et al. 2020). Based
on these observations, it was decided that in subsequent
photocatalytic degradation trials, the amount of Agl/ZnO
would be maintained at the optimal value of 0.01 g.
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Effect of irradiation intensity

The study investigated the effect of light intensity on pho-
tocatalytic performance using various types of lamps with
differing intensities over a 90 min period. According to
Fig. 5¢, TC degradation was most significant when employ-
ing 150-W metal halide lamps compared to both 250-W
metal halide lamps and LED lamps. The excessively high
excitation intensities could lead to congestion of charge
carriers, affecting the recombination mechanism and poten-
tially reducing degradation rates (Schneider and Curti 2023).
Therefore, increasing light intensity excessively may not
effectively enhance electron utilization, and not all cata-
lysts can withstand such high light intensities during photo-
catalytic reactions. Thus, it is essential for incident light to
provide a photon energy threshold conducive to promoting
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Table 3 Comparison previously reported work on various pollutant degradation using ZnO-based photocatalyst

Pollutant Catalyst Bandgap (eV) Light sources  Optimized parameter degradation Degradation Ref
efficiency (%)
Concen- Catalyst dos-  Time (min)
tration age
(mg/L)
Tetracycline ZnO/Dy 2.47 500-W Xenon 20 25 mg 120 74.19 (Dhiman et al.
lamp 2023)
Ciprofloxacin ~ ZnO-Ag-Gra-  2.95 24-W UV lamp 5 0.3 g/L 60 98 (Roy et al. 2023)
phitic (A=254 nm)
Naproxen Ag/Agl/ZnO 1.93 300-W Xenon 2 10 mg 60 100 (Ding et al.
(75% Ag) lamp 2021)
Tetracycline Ag/ZnO@BC 3.8 500-W Xenon 50 10 mg 60 70.3 (Hosny et al.
lamp 2022)
Oxytetracy- Ag/ZnO 3.0 Sunlight 10 50 mg 240 99 (Wannakan et al.
cline 2022)
Tetracycline CDots/Ag/ZnO 3.08 150-W Xenon 30 15 mg 60 96 (Lietal. 2021)
lamp
Tetracycline Ag/ZnO/InVO, 2.31 500-W Xenon 10 30 mg 120 88.6 (Ou et al. 2024)
lamp
Ciprofloxacin ~ Agl/ZnO 2.84 300-W Xenon 10 20 mg 120 99.7 (Wu et al. 2021)
lamp
Tetracycline  Agl/ZnO 2.83 150-W metal 10 10 mg 90 89.38 Present study
halide

photocatalysis. Consequently, the study determined that
the optimal light intensity was a 150-W metal halide lamp,
which will be employed in all subsequent reactions.

Effect of pH of TC solution

The pH level is a major component that affects how quickly
some organic compound pollutants degrade because it
determines the catalyst’s surface charge characteristics and
the size of the aggregates it forms (Sapawe et al. 2013b).
The Fig. 5d illustrates the impact of different pH lev-
els on TC solutions, including pH 3 (acidic), pH 7 (neu-
tral), pH 9 (basic), and untreated pH (no pH adjustment)
for 90 min reaction. The order of the photocatalytic deg-
radation efficiencies of TC at various pH levels was pH9
(89.38%) > pH7 (76.52%) > Untreated pH (64.92%) > pH3
(19.35%). The results indicate that a higher pH solution
(more basic) exhibited the highest degradation since there
were more hydroxide ions accessible on the photocatalyst
surface and developing of hydroxyl radicals that contrib-
uted to the quicker breakdown of TC (Anyou et al. 2023).
This trend is consistent with previous studies (Sawunyama
et al. 2023), which reported that TC undergoes favourable
photocatalysis in alkaline conditions, likely due to the strong
interaction between TC™ and -OH radicals. As a result, TC
absorbs more photons, enhancing photocatalysis. However,
increasing the pH beyond a certain threshold does not sig-
nificantly improve degradation efficiency. While higher pH

levels increase OH™ availability, leading to greater hydroxyl
radical production, excessively high pH can result in the
formation of stable intermediates that are resistant to further
breakdown. Additionally, very high pH may cause photo-
catalyst particles to agglomerate, reducing the surface area
available for catalytic reactions.

However, the lowest degradation rate can be seen in the
TC solution at pH 3 (19.35%), which is in acidic condi-
tions. According to (Fiaz et al. 2021b), ZnO not being acid-
resistant, which explains why TC degrades slowly in acidic
environments. It may also be explained by the repellent force
that exists between the positively charged catalyst and pro-
tonated TC. Because the reduced surface area of the pho-
tocatalysts results from nanoparticle aggregation in acidic
environments, some metal oxide nanoparticles are found to
have low photocatalytic performance. Overall, at high pH
(7.05-9.67), the degradation of TC molecules can be con-
sidered environmentally friendly as freer -OH radicals are
produced as shown in the Eq. 12 below. Additionally, Agl
can lead to secondary pollution; however, an alkaline pH
environment helps mitigate this issue. At higher pH, silver
ion (Ag") exhibits reduced solubility due to the formation of
silver hydroxide (AgOH), which can precipitate as insolu-
ble silver oxide (Ag,0), minimizing Ag" leaching into the
environment. Furthermore, Agl remains stable in alkaline
conditions, as iodide ions (I7) are less likely to dissociate
from the Agl complex, ensuring that Agl stays bound within
the ZnO matrix. Alkaline conditions are also less corrosive

]
* @ Springer
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to the photocatalyst compared to acidic environments, where
material breakdown and dissolution are more common (Lu
et al. 2024). Therefore, field applications will require sys-
tems capable of maintaining sufficient alkalinity to ensure
optimal performance as reported by Wang et al. (2024) and
Seyyedbagheri et al. (2023).

OH™ +h* - .OH (12)

Proposed mechanism of degradation TC molecules
by Agl/ZnO photocatalyst

The radical scavenging experiments were conducted under
optimized reaction conditions for the degradation process to
identify the primary reactive species involved in the Agl/ZnO
photocatalytic degradation of TC. As depicted in Fig. 6a, in
the absence of scavenger reagents, the degradation rate of TC
reached 89.38%. However, the introduction of additional scav-
enger reagents disrupted the photocatalytic reaction by cap-
turing the reactive species. Specifically, the presence of scav-
enger agents such as p-BQ, EDTA, AgNO;, and IPA, which

trap -O,", h*, e, and OH- species respectively, hindered the
TC degradation process. The presence of EDTA and IPA
resulted in reductions in TC degradation to 65.9 and 79.43%
respectively, indicating limited involvement of h* and OH"
in the photodegradation reactions. Conversely, the addition
of AgNO; and p-BQ reagent trap e~ and -O,~ respectively,
significantly slowed down the degradation rate to 34.86 and
44.54%, highlighting the pivotal role of ™ and -O,~ as pri-
mary active species in the photodegradation system. Accord-
ing to Zhu et al. (2020), the -O,™ radical is generated through
the reaction between e~ and dispersed O, molecules, which
can be captured by p-BQ, highlighting its significance in the
photocatalytic breakdown of TC. In summary, h* and -OH
contribute minimally to the degradation of TC molecules,
whereas e~ and -O, "~ radicals play major roles in the process.

Based on the findings from scavenger experimental and
analytical investigations, a plausible photo-degradation
mechanism is proposed in Fig. 6b. The process of photoca-
talysis for TC comprises two distinct phases: a homogene-
ous photo-induced phase and a heterogeneous indirect pho-
tolysis phase. In the homogeneous photo-induced phase,
TC is exposed to visible light irradiation, leading to the

Fig. 6 a Radical scavenger test a) 100
over Agl/ZnO in the degrada- 90
tion TC. (Reaction condition: ;\5‘ 30
10 mg/L of Agl/ZnO initial Z: 70
concentration, 0.01 g of =
catalyst, pH 9 of TC solution, b 60
and 150-W metal halide lamp) g 50
and b proposed mechanism = 40
of TC catalysed by Agl/ZnO T 30
photocatalyst §’ 20
10
0

No reagent

b)

-1.0 =

-0.5

0.5

1.0
1.5
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deprotonation of TC (TC™). Subsequently, TC™ undergoes
decarboxylation, facilitating bond cleavage within the TC
molecule and enhancing its reactivity towards free radi-
cals before engaging in free radical reactions. The bandgap
energy of Agl/ZnO is 2.83 eV, allowing direct excitation to
generate photoinduced e~ and h* pairs under visible light
irradiation (Ding et al. 2021; Sawunyama et al. 2023).

In the heterogeneous phase induced by ROS, it is
theoretically postulated that the redox potential of
0,/-0,7 (=0.33 eV) is less negative than that of Agl/
ZnO (- 1.08 eV), allowing € in Agl/ZnOcg to be cap-
tured by dissolved molecular O, to produce -O,~, which
can degrade TC. Some excited € in Agl/ZnO¢p may
revert to the Agl/ZnOyyg and recombine with h*. How-
ever, due to the lower redox potential of the Agl/ZnOyy
(+1.75 eV) compared to -OH/OH™ (+2.38 eV) and -OH/
H,0 (+2.72 eV), Agl/ZnO cannot oxidize OH™ and H,0O
to -OH effectively, as evidenced by scavenger tests show-
ing minimal contribution of -OH during the reaction.
Additionally, Ding et al. mentioned that in alkaline condi-
tions, TC™ predominates in the system, leading to prefer-
ential reaction of h* in the VB of Agl/ZnO with a large
quantity of TC™ rather than with OH™, given TC™’s higher
reactivity in a photo-induced reaction system. In summary,
the photocatalytic reaction can be described by the follow-
ing equations (Eq. 13-17):

TC(C,,HyN,04) — TC™(Cp,H,;3N,04) + HY (13)

TC™(C,,Hy30g)  +H* — By - product(C,,H,,0¢) + CO,
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Fig.7 The cycle life of the Agl/ZnO catalyst. (Reaction condition:
10 mg/L of Agl/ZnO initial concentration, 0.01 g of catalyst, pH 9 of
TC solution, and 150-W metal halide lamp)

Conclusion

The degradation of organic contaminants through photoca-
talysis is anticipated to be both effective and efficient. In this
study, the Agl/ZnO composite photocatalyst was success-
fully synthesized using photo-deposition techniques. XRD
analysis revealed crystalline characteristics, displaying dis-
tinct peaks for both ZnO and Agl. FESEM images depicted
hexagonal wurtzite ZnO flowers supported by cubic Agl
nanoparticles ranging in size from 70 to 80 nm. HRTEM
analysis, conducted using ImageJ software, measured the

(14)  interplanar crystal spacing (d) of Agl (110) particles at
_ 0.2412 nm and ZnO (002) at 0.337 nm. Additionally, the
+
Agl/ZnO +hv = Agl/ZnO (e” +h™) {as) surface area of Agl/ZnO exhibited higher values compared
~ ~ to pure ZnO, and its bandgap of 2.38 eV (VB 1.75 eV and
Agl/ZnO (e7) + O, — Agl/ZnO + -0, (16)  CB-1.08 eV) rendered it suitable for degrading TC under
visible light. The incorporation of Agl with ZnO improved
‘05 /h* + by - products (C,,H,,04) — Degradation products + H,0 + CO, 17)

Recyclability of the Agl/ZnO catalyst

The reusability test revealed (Fig. 7) that the Agl/ZnO cat-
alyst exhibits promising photostability over a 90-min dura-
tion. In successive runs, the degradation percentages of
TC were recorded as 89.38, 75.14, 72, 61.71, and 52.86%,
respectively. This suggests that the photocatalytic activity
of Agl/ZnO composites displays favourable reusability,
indicating excellent stability of the catalyst. Moreover, the
electrostatic ionic bonding from Agl and semiconducting
behaviour from ZnO proposed a key factor that contribut-
ing to the stability and reusability in degradation TC (Ding
etal. 2021). In essence, it retains its efficacy over time and
can be utilized repeatedly without notable degradation.

charge separation and enhanced photocatalytic efficiency,
contributing to more effective TC degradation. Optimiza-
tion experiments demonstrated that, with 0.01 g of Agl/ZnO,
10 mg/L TC solutions at pH 9 could be degraded within
90 min using a 150-W metal halide light source. In con-
trast, TC degradation without light exposure was limited to
19.15% (adsorption) but increased significantly to 89.392%
with photocatalysis (degradation). Moreover, the Agl/ZnO
composite exhibited good reusability, maintaining up to
52.86% degradation over five cycles. e™ and -O, radicals
were identified as the major species involved in the photo-
catalytic process. Looking ahead, future work could focus
on minimizing the release of Agl and degraded tetracycline
by exploring non-toxic co-catalysts or surface passivation

@ Springer
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techniques to reduce Ag* leaching. Additionally, post-treat-
ment methods such as adsorbents or filtration systems could
further enhance environmental safety and applicability in
field conditions. In conclusion, the discovered Agl/ZnO pho-
tocatalyst demonstrated excellent activity under visible light,
effectively degrading TC solutions, and holds promise for
further investigation with various organic pollutants.
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