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Introduction: Industrial wastewater (WW) has emerged as one of the significant
environmental problems posing serious concerns to aquatic and human health.
Among various industries, pharmaceutical compounds have been detected in
various aquatic environments and food supply chains; therefore, they need an
economical and efficient treatment process. Photocatalysis is a promising
technology for addressing environmental pollution, such as wastewater
treatment and microbial disinfection.

Methods: In this study, a novel visible light-active photocatalyst was developed
using activated carbon (AC) derived from local biomass; apricot kernel shell (AKS)
and modified with Ag2O/ZnO, The synthesized phototcatalyst (AC/Ag2O/ZnO)
was characterized by using various tools such as XRD, UV-Visible spectroscopy
and FTIR. Extensive experiments were performed to test AC/Ag2O/ZnO for its
multi-application potential, such as degradation of selected organic pollutants,
treatment of pharmaceutical WW and heavy metal removal, and microbial
disinfection. In the first set of experiments, the reactive black azo dye was
used as the selected model pollutant and optimized for various operating
conditions such as time, pH, pollutant concentration, and catalyst dose. In the
second phase, pharmaceutical WW was treated using a photocatalysis process
compared to photolysis (without catalyst). The third experimental setup, AC/
Ag2O/ZnO was evaluated for its disinfection potential against common
pathogens, including Escherichia coli, Staphylococcus aureus, and
Pseudomonas aeruginosa.

Results and Discussion: The results demonstrated up to 99% removal of reactive
black azo dye within 4 h under optimum operation conditions, i.e., pH of 5.0,
pollutant concentration of 10 ppm, and a catalyst dosage of 0.5 g/L. In the case of
pharmaceutical WW, a significant reduction in chemical oxygen demand (COD)
from 1195 to 199 mg/L was achieved, outperforming photolytic treatment, which
reduced 1283.5mg/L to 956mg/L. The antimicrobial activity test showed efficient
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bacterial inhibition, with the zone of inhibition (ZOI) measuring 7 mm for E. coli, 12
mm for S. aureus, and 7 mm for P. aeruginosa. Overall, this research highlights the
potential of activated carbon-based photocatalysts in addressing critical
environmental challenges through efficient pollutant removal and antimicrobial
action, contributing to sustainable WW treatment solutions. The findings will be
very advantageous in developing an efficient wastewater treatment process,
evaluating its upscaling potential, and serving as a framework for field application.

KEYWORDS

industrial wastewater treatment, apricot kernel shell, antimicrobial activity, green
synthesis, photo-catalyst, activated carbon, Ag2O

1 Introduction

Fostering a balanced coexistence between humanity and nature
is a crucial objective for the sustainable progress of humankind.
Within this endeavor, advancing the healthy and eco-friendly
recycling of water resources stands as a vital component in the
global pursuit of green and sustainable development (Yu et al.,
2024). The presence of industrial byproducts in water bodies pose a
significant threat to human health, as they have been detected in the
food supply chain, including vegetables, fruits, and drinking waste
(Chauhan et al., 2019; Eslami et al., 2020; An et al., 2024). The
pharmaceutical industry has emerged as one of the vital contributor
of this trend, with increased accessibility and affordability of drugs
leading to a global annual usage growth rate of 11.9% in countries
such as the USA, France, Japan, the UK, Spain, and Italy (Kaur et al.,
2016; Eslami et al., 2020). A critical downside of this vast utilization
of pharmaceutical substances is their unlimited discharge into both
terrestrial and marine ecosystems (Chauhan et al., 2019).
Pharmaceutical chemicals typically enter natural water systems
through runoff from various non-point sources, including
agricultural activities and effluents from static water supplies,
such as hospital and municipal wastewater treatment plants
(Ruziwa et al., 2023). The presence of pharmaceutical
compounds in drinking water can originate from several sources,
including pharmaceutical manufacturing, production processes, and
both human and veterinary use (Kanakaraju et al., 2018). In light of
these issues, it is essential to remove pharmaceutical compounds
from water to mitigate their potential adverse effects on human
health and the environment.

Aside from pharmaceutical wastewater (WW), another major
concern is the presence of harmful bacteria in water bodies (Khan
et al., 2021). The literature has demonstrated the dynamic nature of
antimicrobial resistance in a set of pathogenic microbes (Devi et al.,
2022), making it crucial to examine anti-microbial treatment
methods of WW, especially for pathogenic and antibiotic-
resistant bacteria (Rani et al., 2023).

Several conventional WW treatment methods such as activated
sludge, adsorption, ozonation, constructed wetlands, and microalgae,
have been reported for the removal of pharmaceutical compounds
(Chauhan et al., 2019). While biological treatment methods are widely
used for industrial WWmanagement, techniques like activated sludge
and trickling filters have proven ineffective for pharmaceutical WW,
often resulting in its release into the environment and ongoing
pollution of surface water, soil, and groundwater (Jureczko and
Przystaś (2024)). Moreover, conventional biological WWT systems

are often inadequate for completely removing refractory toxins from
pharmaceutical WW. While the main methods for treating
pharmaceutical WW include both biological and physicochemical
approaches, biological methods tend to be more cost-effective but are
less efficient in addressing carbon-based pollutants present in
the WW.

In recent years, photocatalysis has emerged as a promising
technology for addressing energy challenges and mitigating
environmental pollution (Lanjwani et al., 2024; Krishnan et al.,
2024; Nawaz et al., 2023; 2024; 2025). Photocatalysts have numerous
exceptional features, including great stability, nontoxicity, and
photocatalytic degradation capability (Anjum et al., 2018a; 2018b;
2023;Wassie et al., 2024). Titanium dioxide (TiO2) semiconductor is
one of the most studied materials in heterogeneous catalysis (Anjum
et al., 2019; Ranjitha et al., 2025). The TiO2 based photocatalysis has
demonstrated significant effectiveness in degrading organic and
biological pollutants in WW (Lopez-Iscoa et al., 2018; Eldoma
et al., 2024; Rakkini et al., 2024). The photocatalytic efficiency of
TiO2 is attributed to its unique photoelectric properties and
electronic structure. The principle behind its photocatalytic
activity is explained through band theory, where the catalyst is
activated by continuous light exposure with energy equal to or
greater than its band gap energy, leading to the formation of
electron-hole pairs that facilitate the oxidation and reduction of
pollutants.

Although, photocatalysts have exceptional efficiency for
various applications and might be further improved for
wastewater treatment, notably in the degradation of organic
contaminants and inorganic heavy metal ion concentrations
(Manogaran et al., 2024), and textile dyes (Selvam et al., 2022;
Liu et al., 2025). Various studies have focused on metal oxides
such as TiO2 and ZnO. According to studies, ZnO is an
important semiconducting photocatalyst due to its
photosensitivity, low toxicity, stability, outstanding electron
mobility, availability, and cost-effectiveness (Sultana et al.,
2023; Ramasubramanian et al., 2023; Krobthong et al., 2024).
However, the rapid recombination of electron-hole pairs in its
structure restricts its photocatalytic potential (Li et al., 2015; Yi
et al., 2023; Krobthong et al., 2024). Thus, minimizing
recombination and stimulating carrier migration in
photocatalysts may provide a solution to this problem. Such
improvements could be obtained via the development of composite
structures, such as using activated carbon and Ag-based photocatalysts.
Activated carbon is one of the most generally utilized materials in WW
treatment due to its unique porous structure and large surface area, and it
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is frequently employed for organic pollutants. Furthermore, activated
carbon has been proposed as an effective loading for semiconductor
materials in the removal of organic chemicals (Thirumoolan et al., 2024).
Similarly, silver-based photocatalysts have attracted interest for their
catalytic, biomedical, water-splitting and sensing characteristics. Ag
photocatalysts are known for their remarkable antibacterial and
photocatalytic properties. They produce silver ions (Ag+) that disrupt
microbial respiratory chains, causing cell death (Gupta et al., 2024).
Subramaniam et al. (2022) used eco-friendly synthesized Ag
nanoparticles for the degradation of methylene blue radioactive dye
and achieved a 96% photocatalytic degradation within 90 min. In
Recently, Taghizadeh-Lendeh et al. (2024) developed Activated carbon
modified with ZnO/TiO2 catalyst for use in the photocatalytic reduction
of refinery WW. The incorporation of AC into ZnO/TiO2 has improved
process efficiency and quality, resulting in increased productivity during
WW treatment.

In the above context, the present study was designed with the
objective of developing a photocatalyst with multiple applications, such
as the removal of dyes, treatment of pharmaceuticalWW, andmicrobial
disinfection. This work pioneers transforming apricot kernel shell, an
agricultural waste, into a multifunctional photocatalyst for wastewater
treatment and antibacterial purposes. Unlike traditional photocatalysts,
which require UV activation, the synthesized material was designed
with the aim to activate in visible light, making it more energy-efficient
and valuable in real-world applications. A novel carbon-based (apricot
kernel shell activated carbon) modified material (AC/Ag2O/ZnO)
photocatalyst was synthesized. This study is the first to use apricot
kernel shells with Ag2O/ZnO to develop a visible light-active
photocatalyst for the treatment of pharmaceutical WW. This
research will assist in developing advanced applications and may
lead to breakthroughs in the field of photocatalysis. This study not
only introduces a green agro-waste valorization technique but also
advances the development of multifunction photocatalysts for practical
wastewater treatment applications.

2 Materials and methods

2.1 Sampling and characterization of
pharmaceutical wastewater

WW samples were taken from a Pharmaceutical Industry
located in Islamabad, Pakistan (name withheld owing to lack of
authorization). Samples were obtained from the end of the waste
pipe and stored in a sterile container with a capacity of 1.5 L. Over a
month, two samples were collected at different times to ensure
variability in the data. Samples were carried to the lab in an icebox
and maintained at 4°C, until analysis. The physico-chemical
properties of the collected sample are mentioned in Table 1.

2.2 Chemicals

The chemical used in the fabrication of the photocatalysts were
silver nitrate (AgNO3), zinc sulphateheptahydrate (ZnSO4.7H2O),
and sodium hydroxide (NaOH). The azo dye Reactive Black was
prepared by dissolving a measured amount in distilled water to
create a dye solution for subsequent experiments.

2.3 Synthesis of activated carbon and
photocatalysts

2.3.1 Synthesis of apricot kernel shell
activated carbon

Apricot kernel shells were harvested from trees in Khaplu, Gilgit
Baltistan. The shells were thoroughly washed with water multiple
times to remove impurities, then air-dried at room temperature for
24 h. The dried apricot kernel shells were placed in a digital oven set
at 105°C for 2 h to eliminate any remaining moisture. The dried
apricot kernel shells were subjected to mechanical treatment after
initial drying. A two-step crushing process was employed using a
powder grinder machine, with each milling cycle lasting 2 min,
followed by a 10–20 s break to prevent overheating. The ground
material was then sieved through a mesh with hole sizes of 12 or
16 to obtain uniform particle sizes.

For activation, 3 g of the ground apricot kernel shell powder was
added to 100 mL of zinc chloride (ZnCl) solution. The mixture was
milled and transferred into ceramic crucibles, then placed in an
electric furnace at 550°C for a carbonization period of 2 h. After
carbonization, the product was washed multiple times with distilled
water and 10% hydrochloric acid to remove organic residues.
Finally, the material was treated with phosphoric acid (H3PO4)
and nitric acid (HNO3) solutions before being dried at 110°C
for 12 h.

2.3.2 Synthesis of AC/Ag2O/ZnO composite
AC/Ag2O/ZnO composite preparation was carried out in several

sequential phases. First, a 500 mL beaker was filled with 3 g of
activated carbon and 100 mL of distilled water, which was stirred
continuously. Concurrently, a 50 mL solution of 0.1 M sodium
hydroxide (NaOH) was prepared and added to the activated carbon
solution while stirring at a temperature of 55°C. In a separate beaker,
2 g of Ag2O was added to 100 mL of distilled water under magnetic
stirring conditions, and this solution was stirred for 2 h on a hot
plate magnet-stirrer to ensure complete dissolution. Similarly,
another beaker contained 2 g of ZnO mixed with 100 mL of
distilled water, which was also stirred under the same conditions
for 2 h.

After the dissolution processes, a total of 200 mL of the NaOH
solution was added to the AC mixture alongwith the Ag2O and ZnO

TABLE 1 Physico-chemical characterization of pharmaceutical waste.

Parameters Units Values

COD mg L−1 1,283.5

TDS mg L−1 1,208

TSS mg L−1 45.14

Volatile Solids mg L−1 32.14

TFS (mg L−1) mg L−1 14.14

Turbidity NTU 102

pH - 6.8

EC (µs cm−1) 985

COD (mg L−1) 1,283.5
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solutions simultaneously. He combined solution was allowed to
react for 24 h, during which time sediment formed at the bottom of
the beaker. To remove unreacted materials, including excess nitrate
and hydrate, the resulting nanocomposite was rinsed multiple times
with distilled water. The washed nanocomposite was then dried in
an oven at 70°C for 24 h. The final AC/Ag2O/ZnO composite was
subsequently utilized for the degradation of pharmaceutical WW.

For preparation of ZnO, a traditional sol-gel process was
employed. A total of 2.196 g (0.01 mol) of zinc sulfate
heptahydrate was dissolved in 60 mL of distilled water and
stirred at 60°C for 30 min to produce a homogeneous solution. A
separate solution containing 0.8529 g of sodium hydroxide dissolved
in 50mL of water was prepared as a 0.1MNaOH solution and added
to the zinc solution while stirring continuously for an additional 2 h.
The resulting solid product was filtered out, washed with ethanol,
acetone, and distilled water, and then dried at 80°C for 6 hours.

The synthesis of Ag2O involved preparing a solution containing
0.1 M silver nitrate (AgNO3) by dissolving appropriate amounts in
100 mL of distilled water. Concurrently, 50 mL of a 0.1 M NaOH
solution was added to the silver nitrate solution while maintaining a
temperature of 30°C under constant stirring for 2 hours. The Ag2O
precipitate formed during this process was recovered using vacuum
filtration and washed thoroughly with ethanol and distilled water
before being dried at 70°C for 6 hours.

2.4 Characterization of
synthesized materials

The AC/Ag2O/ZnO nanocomposite and powdered apricot
kernel shell were characterized using Fourier-transform infrared
spectroscopy (FTIR). Background correction was employed to
eliminate the interference peaks from carbon dioxide and
atmospheric moisture. The spectra were recorded in the range of
500–4,000 cm¬1 with a resolution of 4.0 cm-1 to ensure accurate
spectral lines. Additionally, X-ray diffraction (XRD) patterns of all
photocatalysts were obtained using a diffractometer equipped with
Cu–Kα radiation, with a 2θ range of 10°–90°.

2.5 Experimental setup

A series of three experiments were performed in the present
study to analyze the multi-environmental application of synthesized
photocatalyst. Photocatalytic experiments were performed on azo
dye reactive black under varying operating conditions such as
catalyst dose, pH and pollutant concentration. In second
experiment, the photocatalyst was applied to real WW containing
pharmaceutical active compounds under optimized conditions
where the changes in chemical oxygen demand (COD) used to
assess photocatalytic efficiency. Finally, in third experiment the
antimicrobial activity of the synthesized photocatalyst was tested
using various common pathogenic microorganism.

2.5.1 Photocatalytic degradation of azo dye
reactive black (Exp. I)

The photocatalytic activity of synthesized AC/Ag2O/ZnO
composite was evaluated under direct sunlight exposure. A stock

solution of 200 mg/L was prepared by dissolving an measured
amount of Reactive Black Azo Dye in distilled water. The
reaction was conducted in a 250 mL quartz beaker with a
working volume of 200 mL and a measured amount of catalyst
was added while continuous stirring and supplying air. The effects of
pH levels (3.0–9.0), catalyst dose (0.25 g/L, 0.5 g/L and 0.75 g/L) and
pollutant concentrations (5 mg/L, 10 mg/L, and 15 mg/L) on the
photocatalytic activity of AC/Ag2O/ZnO were studied. Prior to
initiating photocatalysis, the dye and catalyst solution were
allowed to equilibrate in the dark for 30 min to facilitate
adsorption. The photocatalysis reaction commenced upon
exposing the solution to sunlight, with a distance of 13.84 cm
maintained between the light source and reactor. The reaction
mixture was continuously stirred at 550 rpm throughout the
process. After each reaction period, photocatalyst materials were
separated from the sample by centrifugation at 10,000 rpm for
15 min. The concentration of the dye in degrading solutions was
determined using a UV-visible spectrophotometer (UV-5100) at
wavelengths ranging from 520 nm to 590 nm. The percentage
degradation of dye in water was calculated using the following
formula (Equation 1):

Degradaion %( ) � Ci − Ct
Ci

× 100 (1)

To assess the stability and reusability, the photocatalyst was
removed from the solution after the first run, cleaned with acetone,
ethanol, and distilled water, and then dried at 60°C for 6 h before
being reused in subsequent runs (Senasu et al., 2021). The same
process was repeated for four cycles to evaluate the reusability of the
photocatalyst.

2.5.2 Photocatalytic treatment of pharmaceutical
WW (Exp. II)

The photocatalytic activity was also tested on pharmaceutical
WW under direct sunlight exposure. Thepharmaceutical WW was
subjected to photocatalytic treatment using two photocatalysts,
i.e., AC/Ag2O/ZnO and Ag2O/ZnO (without Activated Carbon)
in comparison to photolysis (without catalyst) treatment. The
reaction was conducted in a 500 mL beaker with working volume
of 400 mL and a catalyst dose of 0.5 g/L while ensuring continuous
aeration and stirring. Samples were collected at regular intervals for
analysis. Prior to starting the photocatalysis reaction, the mixture of
WW and catalyst was kept in the dark for 30 min in order to
establish an adsorption equilibrium. Following this period, the
system was exposed to visible sun light to initiate the
photocatalytic reaction. The WW samples were collected at
different intervals and treatment efficiency was measured by
analyzing COD. Furthermore, the effect of photocatalysis was
also assessed by analyzing other water quality parameters such as
pH, EC, TSS, TDS, VS, COD, and heavy metals after completion
of process.

2.5.3 Antimicrobial activity (Exp. III)
The antibacterial activity of AC/Ag2O/ZnO was evaluated by

agar well diffusion assays (Dawar et al., 2023) against three
microorganisms, i.e., Escherichia coli (Gram–ve) and
Staphylococcus aureus (Gram + ve), as well as Pseudomonas
aeruginosa (Gram–ve). These microbial strains were acquired
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from different sources as mentioned in Table 2. Bacterial strains
were subculture in nutrient agar plates, where zones of inhibition
(ZOI) were measured after adding 50 mg of AC/Ag2O/ZnO into
wells created using a sterile metallic borer with diameters ranging
from 4 to 8 mm. The plates were incubated for 24 h at 37°C under
light conditions; additional assays were conducted under dark
conditions for comparative analysis.

2.6 Analysis

The water quality parameters such as COD, TSS, VS, TDS, FS,
pH, and EC were analysed using the standard method of APHA
2005. Dye concentrations was measured using a UV-visible
spectrophotometer, while heavy metal concentrations were
assessed using ICP-OES. The antimicrobial activity was analyzed
by well diffusion method by measuring ZOI.

3 Results and discussion

3.1 Characterization of photocatalysts

To identify the composition of the newly developed
photocatalyst material, X-ray diffraction was performed to
identity the peaks within the 2θ range of 10°–90° range, a
standard range widely used in the literature (Haider et al., 2023;

TABLE 2 Pathogenic bacterial Strain used for antimicrobial activity test.

Bacterial strain Nature Source

Escherichia coli Gram
negative

Islamic International University
Islamabad

Staphylococcus aureus Gram
positive

Pathology Lab Holy Family Hospital
Rawalpindi

Pseudomonas
aeruginosa

Gram
negative

Pathology Lab Holy Family Hospital
Rawalpindi

FIGURE 1
XRD spectra of AC and AC/Ag2O/ZnO composite.
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Rao et al., 2024). The XRD patterns of the prepared AC/Ag2O/ZnO
composite and AC are illustrated in Figure 1. In the XRD spectra of
AC/Ag2O/ZnO nanocomposite, distint peaks at 2θ values of 27.97°,
32.37°, 38.25°, 44.63°, 46.35°, 54.91°, 57.58°, 76.80°, corresponds to the
(1,653), (3,217), (605), (976), (2,181), (676), (713), (525) planes,
respectively. These results confirm the formation of Ag2O, which is
identified as having an orthorhombic crystal system according to
JCPDS# 01–077–1829. The ZnO spectra revealed additional peaks at
2θ values of 31.84, 34.41, 36.36, 47.65, 56.61, 62.86, 66.3°, 67.94, and
69.19, corresponding to the reflection planes 100, 002, 101, 102, 110,
103, 200, 112, and 201, respectively. Additionally, the 102 and
110 planes of the hexagonal ZnO phase were indexed to two
diffraction peaks at 2 = 47.58 and 56.33. Jankovic et al. (2019)
reported that raw apricot kernel shell biomass exhibited two
prominent peaks at 22.40° and 34.60°. The peak at 22.40° is
indicative of amorphous carbon, while the smaller peak at 34.60°

suggests the presence of cellulose I structure due to the (004) lattice
plane, which can be attributed to the breaking of C-C bonds during
processing.

The UV-DRS absorption spectrum of the apricot activated
carbon and its composite with Ag2O/ZnO is represented in
Figure 2. It was observed that the simple Apricot AC showed
limited solar light utilization efficiency due to its biomass origin,

which likely results in a lower band gap energy. However,
significant changes in the absorption band were noted after
modification; this aligns with findings reported in previous
studies (Kumar et al., 2024). The visible light absorption region
of the AC/Ag2O/ZnO composite was markedly enhanced beyond
400 nm, attributed to the high sensitivity of Ag2O to visible light
(Zang et al., 2022).

To evaluate presence of functional groups infrared (IR)
spectra were obtained in the 4,000–400 cm−1 range following
established protocols (Devi et al., 2023). In Figure 3, it can be
observed that the apricot kernel shell AC exhibited a broad band
at 3,722 cm-1 corresponding to hydroxyl group absorption from
polysaccharides (Figure 3). In contrast, the AC/Ag2O/ZnO
composite displayed characteristic peaks at approximately
772 cm-1, which may be associated with Zn-O bonds (Anjum
et al., 2017). The vibrational modes of Ag2O were indicated by
two additional broad peaks located at 960 cm-1 and 1,057 cm-1.
Furthermore, two vibrational bands around 1,633 cm-1 and
3,439 cm-1, representing O-H bending and O-H stretching
from water respectively, were clearly present in all catalysts.
The ZnO catalysts exhibited strong peaks at approximately
451 cm-1 due to Zn-O linkages (Senasu et al., 2021).
Additionally, aromatic skeletal vibrations observed at around
1,585 cm-1 and 1,505 cm-1 in the spectra of raw apricot kernel
shells were completely eliminated in the carbonized shells,
indicating a transformation in phenyl chains as reported by
Jankovic et al. (2019).

3.2 Proximate analysis of apricot kernel shell

The proximate analysis of the apricot kernel shell is summarized
in Table 3. The pH of activated carbon was 3.9 and ash content was
found to be 0.87%. The bulk density of the activated carbon was
0.75 g/cm3. The volatile matter content was 72% which represents
the presence of significant amount of organics. These findings align
with results reported by Jankovic et al. (2019). It was observed that
the moisture content of biomass was very low, i.e. 9.71%. Moisture
content of biomass is critical for effective synthesis of activated
carbon through thermal process. Excess moisture can increase heat
energy consumption during thermal treatment as heat energy is
primarily used to evaporate water rather than to raise the biomass
temperature (Fonseca et al., 2019). In apricot kernel shells, the ash
content 0.94% was recorded while the volatile matter was quite

FIGURE 2
UV-Visible spectra of AC and AC/Ag2O/ZnO composite.

FIGURE 3
FTIR spectra of AC and AC/Ag2O/ZnO composite.

TABLE 3 Proximate analysis of apricot kernel shell.

Proximate analysis
parameters

Ultimate analysis (wt%)
apricot kernel shell

Bulk Density 0.75

Moisture 9.65

Fixed Carbon 15.43

Volatile matter 72.00

pH 3.09

Ash Content 0.87
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higher (72%). Canales-Flores and Prieto-Garcia (2016) noted that
the VM values for apricot kernel shells fall within the range
observed for other precursors used in activated carbon
production (69%–84%). The high VM concentration is
advantageous for the carbonization process, as the controlled
release of volatile matter enhances the carbon content of the
precursor (Deenik et al., 2010).

3.3 Photocatalytic activity

The photocatalytic activity of the synthesized photocatalyst was
evaluated using Azo Dye Reactive Black as a model pollutant. A
series of experiments were conducted to optimize various operating
conditions such as pH, pollutant concentration and, pH under solar
light irradiation.

3.3.1 Effect of solution pH on
photocatalytic activity

The solution pH is one of the important regulating factors for
the production of OH• radicals needed for the processing of
photocatalysis (Yang et al., 2013). The impact of pH was
examined by varying initial pH (3.0–9.0). The results showed
that the azo dye removal was 37% during the first 30 min of the
dark period at pH 5 (Figure 4a). This removal occurred as a result of
the adsorption of azo dye over the surface of AC/Ag2O/ZnO
nanocomposite. It is reported that the adsorption is promoted by
acidic and neutral conditions, notably at a pH of around 5. In the
case of photocatalysis under light exposure after 30 min, a significant
boost in dye removal was observed where the maximum removal was
achieved up to 88.5% and 89% after 4 h at pH 3.0 and pH5.0, respectively.
The inclusion of activated carbon provided the catalyst with unique
properties, including increased visible light absorption, mobility of charge

FIGURE 4
Photocatalytic activity of AC/Ag2O/ZnO using reactive black azo dye as model pollutant: (a) Effect of pH (3.0, 5.0, 7.0. 9.0); (b) Effect of catalyst dose
(0.25 g/L, 0.5 g/L, 0.75 g/L); (c) Effect of pollutant concentration (5 ppm, 10 ppm, 15 ppm); (d) Catalyst reusability (catalyst dose = 0.5 g/L, pollutant
concentration = 10 ppm, pH = 5.0).
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carriers, and the capacity to function as an electron donor (Tian et al.,
2022). Thus, compared to other pH ranges, an acidic pH of 5.0 was
optimum for increased photocatalytic degradation of azo dye by AC/
Ag2O/ZnOunder visible light. These findings are consistent with previous
studies, e.g., Kweinor Tetteh et al. (2021) achieved the maximum azo dye
(Basic Blue 41) removal at pH6withAC-TiO2, demonstrating the optimal
degradation of azo dyes under slightly acidic conditions, possibly due to
enhanced adsorption and photocatalysis at this pH.

3.3.2 Effect of catalyst dose
The effect of the varying catalyst dosage on the removal of reactive

black azo dye from water is represented in (Figure 4b). It has been
observed that with the increase in photocatalyst dose from 0.25 g/L to
0.5 g/L, the dye removal efficiency of dye also increased. The
maximum dye removal was achieved with 0.5 g/L of AC/Ag2O/
ZnO catalyst, where 99% of dye removal was achieved. This is due
to the fact that at the higher dose of catalyst, more andmore active sites
are available for the dye to adsorb on the catalyst surface and
subsequently degrade due to the photocatalysis mechanism. With a
further increase in catalyst dose to 0.75 g/L, the dye removal efficiency
decreased. Excess catalyst load may lead to particle agglomeration,
which possibly reduces the accessible surface area for dye adsorption
(Akpan and Hameed, 2009). Therefore, at the optimal catalyst dose
(0.5 g/L), the molecules dye efficiently adsorb on the catalyst surface.
Further, a high catalyst dose may disturb the adsorption-desorption
equilibrium, limiting the interaction between the dye molecules and
photocatalytically active sites (Wang et al., 2021).

3.3.3 Effect of pollutant concentration
The effect of pollutant concentration on photocatalytic

degradation of azo dyes was investigated at different concentrations
(5 ppm, 10 ppm, and 15 ppm) using optimum AC/Ag2O/ZnO dose of
g/L and pH 5.0 (Figure 4c). It was observed the maximum dye removal
efficiency of 99% was attained at lowest dye concentration of 5 ppm,
followed by 98% at 10 ppm and less than 90% at 15 ppm. Thus,
maximum optimal dye concentration was determined to be 10 ppm.
The highest removal efficacy up to 98% at 10 ppm (dye concentration)
surpasses the outcomes of previous research using traditional TiO2

photocatalysts, which typically recorded 85%–95% of pollutant
removal. The lowering in dye removal efficiency at higher
concentration (15 ppm) could be due to the saturation and
unavailability of active sites at catalyst surface, which increase the
competition the competition for reactive hydroxyl radicals (essential
for degradation). Previous studies such as (Mohamed et al., 2024;
Hemmatzadeh et al., 2024) also reported a similar trend, where they
observed reduced photocatalytic efficiency at higher pollutant
concentrations. This can be also be explained by the possibility that
an increase in pollutant concentration might lead to a fall in optical
density, which would increase the viscosity of the solution and limit
photon penetration while enhancing the photon length route, resulting
in less azo dye degradation (Chen et al., 2024).

3.3.4 Reusability of the catalyst
The reusability of used AC/Ag2O/ZnO was examined for the

degradation of reactive black azo dye under optimum operating
conditions (Figure 4d). After the first use, the catalyst was recycled
by washing properly with deionized water and dried in an oven for
12 h at 60 °C. In the same way, the catalyst was recycled and reused

four times under optimum conditions. It was noted that the
catalysts’ efficiency remained steady during all four runs, where
the dye removal efficacy was up to 86% even after the fourth time
catalyst reuse. The slight decrease in photocatalytic activity may be
due to the intermediate products connected to the catalyst surface
preventing dye molecules from interacting with the AC/Ag2O/ZnO
surface. Previously, several investigations found that the
photocatalyst may be used repeatedly with just a minor loss of
photocatalytic activity (Zahedifar and Seyedi, 2022; Hutsul et al.,
2022). In order to improve the stability and performance over
multiple cycles, there are several strategies that can be adopted in
future research, such as moderate thermal treatment, which can
remove surface adsorbed substances, chemical-based washing like
mild oxidizing agents, can regenerate active sites, and
electrochemical treatment by applying a small voltage can restore
surface properties. Overall, it can be concluded that AC/Ag2O/ZnO
is considerably stable and could be a flexible choice for the treatment
of polluted water without any necessity for disposal.

3.4 Photocatalytic treatment of real
pharmaceutical WW

3.4.1 COD removal efficiency
In this phase, the pharmaceutical WW was subjected to

photocatalytic treatment using two photocatalysts, i.e., AC/Ag2O/
ZnO and Ag2O/ZnO (without activated carbon), in comparison to
photolysis (without catalyst) treatment. The treatment efficiency
was estimated by measuring COD, basic water quality parameters,
and heavy metals concentration. The results regarding COD
reduction over the photocatalysis of 6 h are presented in
Figure 5. The reduction of COD is directly linked to the
mineralization of organic pollutants into CO2 and H2O
molecules. It was observed that the highest COD reduction from
1,283.5 mg/L to 199 mg/L was achieved with AC/Ag2O/ZnO,

FIGURE 5
COD removal efficiency in pharmaceutical WW using
photocatalysis (AC/Ag2O/ZnO, Ag2O/ZnO) and photolysis
(without catalyst).
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followed by Ag2O/ZnO (1,159 mg/L to 573 mg/L) and
photolysis (1,284 mg/L to 897 mg/L). The superior treatment
performance of AC/Ag2O/ZnO can be attributed to the
synergistic effect of ZnO and Ag2O that assisted in charge
separation and efficient generation of reactive oxygen species
in water, resulting in the effective removal of organic pollutants
(Liu et al., 2022). On the other hand, AC offers extra sites for
adsorption and enhances the interaction between
photocatalysts and pollutants. The findings of present study
are consistant with Abdullah et al. (2023) where the activated
carbon (AC)-based TiO2 photocatalyst achieved a higher COD
removal (99%) compared to that with AC or TiO2 alone.
Overall, these outcomes underscore the potential of AC/
Ag2O/ZnO as a highly active photocatalyst for treating
pharmaceutical WW, contributing to a sustainable solution
for controlling organic pollution in industrial effluent.

3.4.2 Removal of metals
The removal of metals from pharmaceutical WW by AC/Ag2O/

ZnO photocatalysis is described in Table 4. It was found that the AC/
Ag2O/ZnO catalyst does of 0.5 g/L and pH 5.0, significantly reduced
the metals such as Al, Cd, Fe and Pb have reduced by greater
concentrations by photocatalysis compared to photolysis (without
catalyst). For Al, the concentration was reduced to 2.04 ppm in
photocatalysis from 2.33 ppm, Cd 0.16 ppm from 0.21 ppm, Fe

0 ppm from 0.33 ppm, and Pb 0.93 ppm from 1.29 ppm, respectively.
In the case of K, photocatalysis significantly reduced the
concentration to 2.31 ppm from 3.48 ppm. The Co and Cr were
not detected in both raw and treated wastewater. This removal of
metals from WW is possibly due to the adsorption over the surface
of photocatalysts containing activated carbon (Shukor et al., 2019).
As the present study was conducted under an acidic pH range (5.0),
Srivastava et al. (2015) also reported that adsorption of the heavy
metals fromWW is greatly influenced by pH, where they found that
Zn (II) removal was highest at pH 5.5, though with rise in pH, the
removal becomes less effective. Similarly, in another study
(Lingamdinne et al., 2016), Pb (II) and Cr (III) were reduced by
93% and 99.6%, respectively, at pH values of 6.0 and 4.0.

3.4.3 Pharmaceutical WW treatment efficiency
The effectiveness of pharmaceutical wastewater treatment using

AC/Ag2O/ZnO is summarized in Table 5. The COD values showed a
substantial decrease from 1,284 mg L to 1 to 199 mg L−1, indicating
a significant reduction (84.5%) in overall organic pollutants in WW.
The TDS and TSS were reduced from 1,200mg L−1 to 197mg L−1 and
45.14 mg L−1 to 18.3 mg L−1, showing treatment efficiency of 83.6%
and 59.5%, respectively. Similarly, VS exhibits a significant
reduction from 32.14 mg L−1 to 10.3 mg L−1, respectively. In the
case of Turbidity of WW, the values decreased from 102 NTU to
86.7 NTU, and a slight change in pH from 6.8 to 5.2, indicating slight

TABLE 4 Effect of photocatalysis on heavy metal concentration in pharmaceutical WW.

Heavy metals RAW WW (mg-L-1) *PL WW (mg-L-1) **PC WW (mg-L-1)

Al 2.33 2.08 2.04

As 0.10 0.5 0.04

Cd 0.21 0.19 0.16

Co ND ND ND

Cr ND ND ND

Fe 0.33 0.20 ND

K 3.48 2.98 2.31

Ni 0.01 0.01 0.00

Pb 1.29 1.00 0.93

*PL: photolysis, **PC: photocatalysis, ND: not detected.

TABLE 5 Pharmaceutical WW treatment efficiency.

Parameters Before treatment (raw WW) After photocatalytic (AC/Ag2O/ZnO) treatment Percentage change

COD (mg L−1) 1,283.5 199 84.5

TDS (mg L−1) 1,200 197 83.6

TSS (mg L−1) 45.14 18.3 59.5

VS (mg L−1) 32.14 10.3 68.0

FS (mg L−1) 14.14 5.39 61.9

Turbidity (NTU) 102 86.7 15.0

pH 6.8 5.2 -
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acidification of wastewater. Overall, the results underline the
potential of photocatalytic treatment using AC/Ag2O/ZnO
photocatalyst as an effective approach for treating pharmaceutical
wastewater.

3.5 Antimicrobial activity of AC/Ag2O/ZnO

Different NPs have extensively been reported in literature for
their strong antimicrobial activities. The microbial strains E. coli, S.
aureus, and P. aeruginosa were used to assess the antimicrobial
activity of the AC/Ag2O/ZnO composite, which demonstrated
greater effectiveness under light conditions compared to dark
conditions (Figure 6). Interestingly the stronger ZOI was
observed for Gram positive bacteria that is S. aureus compared
to Gram negative bacteria that is E. coli and P. aeruginosa. These
results are inconsistent with the previous findings of Govarthanan
et al. (2020), where zinc based NPs have shown stronger
antimicrobial activity against Gram positive bacteria compared to
Gram negative bacteria. However, the results are in contrast to the
findings of Rathinavel, et al. (2020) where the ZOI was higher for P.
aeruginosa then S. aureus. Similarly, silver NPs were also found

effective against S. aureus and E. coli (Abareethan et al., 2024). One
interesting finding in the current work was the effectiveness of the
antimicrobial activity of AC/Ag2O/ZnO composite in light culture
media. After incubation in the dark with AC/Ag2O/ZnO, the
bacterial growth suppression appeared as a zone surrounding the
well that was 7 mm in diameter for E. coli, 12 mm for S. aureus, and
7 mm for P. aeruginosa. While sunlight-irradiated culture medium
demonstrates the bacterial ZOI expanded in diameter increasing to
13 mm with E. coli, 17 mm with S. aureus, and 11 mm with P.
aeruginosa. It is possible that the bacterial membrane is harmed due
to the photocatalytic stimulation of the catalyst and production of
allowed radicals and the reactive oxygen species. The well-loaded
materials significantly boosted the multi-factorial bactericidal
efficiency, which inhibits bacterial growth and creates large ZOI.
According to the findings, antimicrobial activity on an agar plate
under light irradiation was around 15.26% greater than it was under
dark-mediated response. It has been observed that that only a few
Escherichia colicolonies persisted after being exposed to the catalyst
AC/Ag2O/ZnO under light irradiation, shows the visual difference.
A comparative assessment (Table 6) showed that the antimicrobial
activity of AC/Ag2O/ZnO was comparable and significantly higher
in many cases.

FIGURE 6
Antimicrobial activity of AC/Ag2O/ZnO under light and dark conditions; (a) ZOI using different bacterial species, (b) Increase in antimicrobial activity
% under light conditions, (c–e) Experimental representation of ZOI.
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Based on the steps outlined by Elbasuney et al. (2023),
the antibacterial mechanism of AC/Ag2O/ZnO could involve the
following phases. First, AC/Ag2O/ZnO wraps around the
microorganisms and attaches to their outer surface, causing the ion
to rupture themembrane. Then, the internal cell organelles are dispersed
in the microbial cell. The production of reactive organic species causes
oxidative stress, which eventually leads to damage to the cell. Finally,
materials prohibit ions from being transferred to and from microbial
cells, resulting in cell death.

4 Conclusion

In the present study, the apricot kernel shells were successfully
utilized for the synthesis of AC-based novel photocatalyst. The
synthesized AC/Ag2O/ZnO photocatalyst showed a high solar-light
active efficiency with 99% of azo dye degradation. The effective
photocatalytic property demonstrates its promising potential for
treating pharmaceutical WW. The total COD removal was 84.5%,
with a significant reduction in toxic metals concentration.
Furthermore, high antimicrobial activity against E. coli, S. aureus,
and P. aeruginosa showed the catalyst ability for disinfection of
potential pathogenic microorganisms. Overall, the present study
demonstrated the efficiency of a newly synthesized AC/Ag2O/ZnO
photocatalyst for a variety of environmental applications such as azo
dyes degradation, treatment of pharmaceutical WW, and microbial
disinfection. In addition to increasing the efficiency of photocatalysts,
using solar light (visible light) for activation makes this method a
highly economical and broader application.
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