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ABSTRACT

The increasing discharge of pharmaceutical residues into aquatic environments poses a serious environmental
threat due to their persistence and resistance to conventional wastewater treatment processes. In this study, zinc
oxide nanoparticles (ZnO NPs) were synthesized via a simple precipitation method and applied as an efficient
photocatalyst for the degradation and mineralization of paracetamol under UV irradiation (365nm) and natu-
ral solar irradiation. The structural, optical, and crystalline properties were confirmed using Ultraviolet—Visible
Spectrophotometer, Fourier-Transform Infrared Spectroscopy and X-ray Diffraction analyses, revealing high crys-
tallinity and nanoscale features with an average crystallite size ranging between 32.4 and 36.4 nm, which directly
facilitated the surface-driven photocatalytic pathway. The results demonstrated that the synthesized ZnO NPs
achieved 100% degradation of 10 mg/L paracetamol within 60 min under optimized solar irradiation conditions
(pH 11, 2.5¢g/L catalyst dose, 600 rpm stirring speed at room temperature). Furthermore, Chemical Oxygen
Demand (COD) analysis confirmed complete mineralization of organic content, reducing the initial COD of real
wastewater from 21,780 mg/L to 0.5 mg/L, achieving a 99.99% removal efficiency while High-Performance Liquid
Chromatography results verified the fully degraded parent compound. A major strength of this study is the uti-
lization of both paracetamol and real pharmaceutical industrial wastewater, which enhances the environmental
relevance and practical applicability of the proposed treatment system. The study highlights ZnO NPs as a highly
efficient, low-cost, and sustainable photocatalyst for solar-driven wastewater treatment applications, with strong
potential for large-scale environmental remediation.
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1. INTRODUCTION often exhibit variable and incomplete removal efficien-

cies for paracetamol, resulting in its continuous release
into aquatic environments [6, 7]. Paracetamol was se-
lected as a model pollutant in this study because of its
widespread global consumption, high frequency of de-
tection in aquatic systems, and potential to form toxic
transformation products if left untreated. Consequently,
advanced oxidation processes (AOPs) have gained sig-
nificant attention as efficient alternative treatment strate-
gies [8]. These processes are based on the in situ gen-
eration of highly reactive oxygen species (ROS), particu-

The continuous discharge of pharmaceutical residues
into aquatic environments has emerged as a serious
global environmental concern owing to their persistence,
chemical stability, and resistance to conventional wastew-
ater treatment processes [1]. These compounds are
widely recognized as emerging contaminants and have
been frequently detected in surface water, groundwa-
ter, and hospital effluents [2]. Conventional wastewa-
ter treatment technologies, including biological degrada-
tion [3], adsorption [4], and coagulation—flocculation [5],
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larly hydroxyl radicals (OH), which non-selectively oxidize
organic pollutants and convert them into harmless end-
products such as CO, and H,O [9-11].

Among AOPs, heterogeneous photocatalysis using
semiconductor materials has emerged as a promising,
sustainable, and environmentally friendly approach for
water purification, particularly under solar irradiation [12].
Upon exposure to photons with energy equal to or greater
than the bandgap, electrons are excited from the va-
lence band (VB) to the conduction band (CB), generating
electron—hole (e~ /h™) pairs [13, 14].

ZnO NPs are among the most extensively studied
semiconductor photocatalysts because of their wide
bandgap (~3.37 eV), high exciton binding energy, chem-
ical stability, low cost, and environmental compatibility
[15]. However, their photocatalytic efficiency is highly
dependent on the particle size, crystallinity, surface area,
and defect density [16—19].

Recent studies have reported the effectiveness of
ZnO NPs in the photocatalytic degradation of paraceta-
mol under various synthesis methods and irradiation
conditions [20, 21]. Green-synthesized ZnO NPs have
demonstrated removal efficiency up to 96.8% under op-
timized conditions [22], while polyol-derived ZnO NPs
showed significant degradation under UV-LED irradiation
[23]. However, most of these studies have focused on ar-
tificial UV irradiation and synthetic wastewater systems,
with limited attention to solar-driven photocatalysis under
real wastewater conditions.

Therefore, the major strength and novelty of this study
is the evaluation of the synthesized ZnO NPs for parac-
etamol degradation utilizing both a synthetic matrix and
real high-strength pharmaceutical industrial wastewater
collected from a manufacturing plant. This choice signifi-
cantly enhanced the environmental relevance, practical
applicability, and scalability of the proposed solar-driven

oy o parmce urous solution using £n0) naneporticles under natural solar lght
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treatment system.

2. MATERIALS AND METHODS
2.1. CHEMICALS AND REAGENTS

Paracetamol was obtained as a pharmaceutical-grade
compound from a certified pharmaceutical supplier and
used without purification. Zinc nitrate hexahydrate
(Zn(NQO3), 6H,0, >98%, BDH) was used as the zinc pre-
cursor for the synthesizing of ZnO NP. Sodium hydroxide
(analytical grade, >98%, BDH) was used as a precip-
itating agent. Stock solutions of (NaOH 2.0 M) were
systematically prepared using deionized water (DIW) for
all synthesis and dilution procedures. pH adjustment was
performed during the synthesis. All chemicals were of
analytical grade and used as received, without further
purification.

2.2. PREPARATION OF ZNO NP

ZnO NP were synthesized via chemical precipitation.
Zinc nitrate hexahydrate (0.122 mol) was dissolved in
deionized water (DIW) under continuous stirring (IKA
C-MAG HS 7, Germany) at 80—90°C. The pH (Plin-
test PT1330 MICRO 800 PH Meter, United Kingdom)
of the solution was adjusted to 11 using an NaOH solu-
tion and continuously stirred (~600 rpm) to ensure com-
plete precipitation. The resulting white precipitate was
aged for 1 h, followed by centrifugation at 4500 rpm for
30 min to isolate the white precipitate efficiently and re-
peated washing with DIW until a neutral pH was achieved.
The product was then dried at 160°C for 12h (Mem-
mert UN55, Germany) and calcined at 600 °C for 3h
(Nabertherm L 9/11 B180, Germany) to obtain calcined
crystalline ZnO NP. Ultrasonic treatment (Branson B-
5200 E4, USA) operating at a fixed frequency of 40 kHz
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and an acoustic power output of 120 W was applied dur-
ing washing to improve dispersion and remove residual
ions [24].

2.3. CHARACTERIZATION TECHNIQUES

The optical properties of ZnO NP were analyzed using
UV-Vis spectrophotometry (Specord 200, Analytic Jena,
Germany) in the wavelength range of 200600 nm. The
bandgap energy was estimated using Tauc’s relation:
Functional groups were identified using Fourier Trans-
form Infrared Spectroscopy (FTIR, 410, JASCO, Japan)
in the range 4000-400cm~!. The crystalline structure
and phase purity were analyzed using X-ray diffraction
(XRD, 9800 XP SIM-SEQ XRF OF (Amran Cement Plant).
The average crystallite size was calculated using the
Debye—Scherrer Equation based on the most intense
diffraction peak [25].

2.4. PHOTOCATALYTIC DEGRADATION EX-
PERIMENTS

Photocatalytic experiments were conducted in batch
mode under UV irradiation (365nm, Vilber Lourmat,
France) and natural sunlight. A known amount of ZnO
NP (0.1-0.259g) was dispersed in 100 ml of paraceta-
mol solution with different initial concentrations (10, 50,
and 100 mg/L). Prior to irradiation, the suspension was
magnetically stirred in the dark for 30 min to establish
adsorption—desorption equilibrium. At regular time in-
tervals, aliquots were collected, centrifuged to remove
catalyst particles, and the remaining concentration of
paracetamol was analyzed using UV-Vis spectropho-
tometry at Amax = 243nm. As shown in Figure 4, the
degradation efficiency was calculated by difference using
Equation Eq. (1).

Co—Ct
Co
where Cy is the initial concentration and C; is the concen-

tration at time ¢.

Degradation Efficiency = x 100 (1)

All batch degradation tests and chemical measure-
ments were performed under optimized environmental
conditions, and the data points were reported based on
direct experimental monitoring. Experimental plotting,
data processing, and pseudo-first-order kinetic linear
fittings were systematically performed using Microsoft
Excel.

2.5. CHEMICAL OxYGEN DEemAND (COD)
MEASUREMENT

COD was measured according to the standard meth-
ods for water and wastewater analysis [26]. The COD
removal efficiency (CODgg) was calculated using Equa-

tion Eq. (2).
CODy — CODy
CODy

where COD, and COD:; represent initial and final CODgg
values, respectively.

CODgg = x 100 (2)

2.6. HIGH-PERFORMANCE-LIQUID CHRoO-

MATOGRAPHY (HPLC) ANALYSIS

HPLC analysis was performed using a Waters e2695 Al-
liance system (Waters, USA) equipped with a UV/Vis de-
tector and an auto-sampler. Separation was achieved us-
ing an XB-C18 reversed-phase column (15¢cm x 4.6 mm,
5um). The mobile phase consisted of 0.05 M KH,PO4
(A) and 10% acetonitrile (B) under elution. The flow rate
was set to 1.0 ml/min. Detection was performed at 220
and 254 nm. The injection volume was maintained at
1uL.

3. RESULTS AND DISCUSSION
3.1. QUANTITATIVE YIELD OF ZNO NP

ZnO NP were successfully synthesized via a chemical
precipitation method under controlled conditions. A high
production yield of 9.31 g (93.1%) was obtained from a
theoretical yield of 10.00g. This high conversion effi-
ciency indicates the effective transformation of precursor
materials into ZnO NP and confirms the reliability and
reproducibility of the precipitation-based synthesis route.

3.2. CHARACTERIZATION OF ZNO NP

The synthesized ZnO NPs were systematically character-
ized using UV-Vis., FTIR, and XRD to investigate their
optical, chemical, and structural properties.

3.2.1. UV-Vis Spectrophotometric Analysis

The UV-Vis absorption spectra of ZnO NP exhibited
a strong absorption band in the ultraviolet region at
Amax = 378 nm, confirming their semiconductor nature
and successful formation. A distinct absorption edge was
observed at approximately 378 nm, indicating the optical
response of the ZnO NP in the UV region. The bandgap
energy was estimated to be approximately 3.4¢eV, as
shown in Figure 1 using Tauc plot analysis [27],

(ahv)" = A(hv — Eyg) (3)

which is consistent with previously reported values for
ZnO nanostructures [20]. The observed optical behavior
suggests the presence of nanoscale effects and confirms
the suitability of the synthesized ZnO NP for photocat-
alytic applications.
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Figure 1. Tauc plot to determine the bandgap for ZnO NP.

3.2.2. FTIR Spectroscopic Analysis

The FTIR spectrum of ZnO NP was recorded in the range
of 4000-400 cm~! to identify the functional groups and
confirm the chemical bonding. A characteristic absorp-
tion band observed in the range of 450-500cm~! was
attributed to Zn—O stretching vibrations, confirming the
successful formation of ZnO NP [28].
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Figure 2. FTIR spectrum of ZnO NP.

3.2.3. X-ray Diffraction (XRD) Analysis

XRD analysis confirmed the crystalline structure and
phase purity of the ZnO NP samples. The sharp diffrac-
tion peaks in Figure 3 indicate the high crystallinity of
the synthesized ZnO NPs. The diffraction profile of the
calcined ZnO nanoparticles is indexable to the standard
hexagonal wurtzite phase (JCPDS card no. 36-1451),
showing characteristic peaks corresponding to the lattice
planes of (100), (002), (101), (102), (110), (103), and
(112). The average crystallite size of the synthesized
ZnO NP was estimated using Equation Eq. (4) [25], and
the results are presented in Table 1.

kA

B Bcost “@

The estimated crystallite sizes were noticeable,
whereas ZnO NP showed smaller crystallite sizes in
the range of approximately 32.4-36.4 nm. The reduction
in the crystallite size suggests improved nucleation and
growth control during synthesis, which contributes to a
higher surface area. Therefore, we expected it to exhibit
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Figure 3. XRD pattern for ZnO NP.

Table 1. Crystallite size of ZnO NP calculated at peaks height
> 1000.

20 FWHM | Crystallite D (nm) | Average D (nm)
31.441 | 0.228 36.391
34.138 | 0.230 36.074
35.940 | 0.247 33.591
47221 | 0.237 35.009 34.538
56.301 | 0.244 34.005
62.620 | 0.256 32.412
67.738 | 0.242 34.287

highly enhanced photocatalytic performance.

3.2.4. Multi-Analytical Correlation

The high degradation efficiency was directly driven by the
optical and structural synergy of the catalyst. The small
crystallite size determined via XRD (32.4-36.4 nm) yields
an expanded active surface area with dense catalytic-
site density. The UV-Vis profiles show strong photon
absorption in the solar spectrum, promoting efficient
charge-carrier generation. This underlying mechanism
was chemically verified by the rapid decline in the pri-
mary UV absorbance peaks and the corresponding dis-
appearance of the parent compound peak in the HPLC
chromatograms.

3.3. OPTIMIZATION OF THE PARAMETERS AF-
FECTING PARACETAMOL DEGRADATION

The maximum absorption wavelength of paracetamol
was determined to be 243 nm using UV-Vis spectropho-
tometry (Figure 4). This wavelength was selected for all
subsequent photocatalytic experiments to ensure accu-
rate and reliable monitoring of the paracetamol degrada-
tion under different reaction conditions.

3.3.1. Effect of Irradiation Source on Photocatalytic
Degradation

The photocatalytic degradation performance of ZnO NP

was evaluated under three different illumination environ-

ments: natural solar light, an artificial UV lamp (365 nm),

and a dark control (without irradiation). Additionally, a

photolysis control experiment (natural solar light with-
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Figure 4. UV-Vis absorption spectrum of standard paraceta-
mol solution.

out the ZnO catalyst) was conducted to establish the
baseline degradation rate of paracetamol. For each
batch, 0.25g of ZnO NPs was dispersed in 100 mL of a
10 mg/L standard paracetamol solution under continuous
stirring, and the degradation process was monitored at
Amax = 243nm. The experimental results, systemati-
cally presented in Table 2 and Figure 5, demonstrate a
profound dependence of the degradation efficiency on
the light source. Under natural solar light, the ZnO NPs
exhibited superior photocatalytic activity, achieving 90.85
removal within 1 h and complete 100% degradation at 2 h.
Under artificial UV light (365 nm), the system achieved
45.42% degradation at 1 h, reaching completion (100%)
after 3h. Conversely, the dark control (without irradia-
tion) exhibited a nominal concentration drop, reaching
only 34.82 after a prolonged duration of 10 h. Most impor-
tantly, the photolysis control experiment (without catalyst)
exhibited negligible degradation, reaching only 11.12%
after 10 h, which firmly establishes the baseline stabil-
ity of paracetamol under solar light in the absence of a
photocatalyst.

This profile confirms that photon irradiation is indis-
pensable for generating electron—hole (e~ /™) pairs and
activating the photocatalytic cycle of the material. The ac-
celerated degradation rate observed under direct natural
sunlight compared to that under artificial monochromatic
UV exposure is attributed to the full polychromatic solar
spectrum. The presence of high-intensity ambient solar
radiation induces enhanced thermal energetic states and
multiple electronic transitions, thus generating a higher
density of localized reactive hydroxyl radicals (OH) [29].
Meanwhile, the progressive concentration drop observed
under dark control conditions over 10 h is ascribed to a
prolonged physical surface-diffusion-controlled adsorp-
tion equilibrium on the nanoparticle surface defects, as
no photolytic transformation occurs in the dark. The min-
imal degradation observed in the absence of the catalyst
confirms that the rapid removal of paracetamol is purely
driven by a synergistic photocatalytic mechanism rather
than direct photolysis.

To rigorously quantitatively validate these findings, the
experimental data points were mathematically modeled
using the Langmuir—Hinshelwood pseudo-first-order ki-

120.00

100.00 _— - - - . .

80.00 —=—Solar irradiation
UV Lamp 365nm
60.00 without irradiation
40.00
20.00
0.00
0.00 2.00 4.00 6.00 8.00 10.00 12.00

Figure 5. Comparative study of paracetamol degradation: UV,
solar, without irradiation conditions and without catalyst.

netic framework:
n&
Ct
The calculated apparent rate constants (k) and their cor-
responding coefficients of determination (R?) are listed in
Table 3. Natural solar irradiation delivered a superior rate
constant of 0.054 min—! (3.2414 h~1) with an excellent
linear correlation (R? = 0.9831), which is significantly
faster than that of the artificial UV lamp (0.0399 min—1,
R? = 0.9371). Simultaneously, the dark adsorption con-
trol displayed a negligible rate constant (0.0008 min—1,
R? = 0.9577). Importantly, the photolysis control ex-
periment (without catalyst) exhibited the lowest degra-
dation kinetics, with a rate constant of 0.0002min—!
(0.0118h~1) and a high linear fit (R*> = 0.9950). This
quantitative discrepancy further reinforces the conclu-
sion that the degradation of paracetamol is driven solely
by the photocatalytic action of ZnO NPs rather than by
self-photolysis.

kt (5)

3.3.2. Effect of Stirring Conditions on Paracetamol
Degradation

The effect of magnetic stirring (600 rpm) on the photocat-
alytic degradation of paracetamol was evaluated under
solar irradiation using 0.25g of ZnO NP in 100 mL of
a 10 mg/L standard paracetamol solution. As shown in
Figure 6, complete degradation was achieved within 1 h
under stirring, whereas a significantly longer time was
required without the catalyst.

100
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80 Stirring
Non stirrin

e 60 E
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[
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Figure 6. Effect of stirring conditions on paracetamol degra-
dation.
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Table 2. Effect of UV and Solar irradiation on degradation efficiency.

Time (h) | Without catalyst | Without irradiation | UV Lamp 365nm | Solar irradiation
0.00 0.00 0.00 0.00 0.00
1.00 0.85 5.92 45.42 90.85
2.00 1.92 9.60 97.77 100.00
3.00 2.50 15.74 100.00 100.00
4.00 4.15 21.88 100.00 100.00
5.00 5.02 26.23 100.00 100.00
6.00 7.35 27.23 100.00 100.00
7.00 8.10 31.25 100.00 100.00
8.00 9.45 33.93 100.00 100.00
9.00 10.20 34.15 100.00 100.00
10.00 11.12 34.82 100.00 100.00

Table 3. Influence of irradiation source on paracetamol degradation efficiency and pseudo-first-order kinetic parameters.

Irradiation Source Degradation % (after 10h) | k (h~1) | k (min~T) R?

Natural Solar 100% (at 2h) 3.2414 0.054 0.9831
UV Lamp (365 nm) 100% (at 3h) 2.3921 0.0399 0.9371
Without Irradiation (Dark) 34.82% 0.0453 0.0008 0.9577
Without catalyst 11.12% 0.0118 0.0002 0.9950

3.3.3. Effect of ZnO NP Dose

The effect of ZnO NP dosage on paracetamol degrada-
tion was evaluated by varying the catalyst amount (0.1
and 0.259) in 100 mL of a 10 mg/L solution under direct
solar irradiation without stirring. As shown in Table 4, in-
creasing the catalyst dosage significantly enhanced the
degradation rate. Complete degradation was achieved
using 0.25 g of ZnO NPs, whereas a lower dosage (0.1 g)
required 4 h to achieve complete degradation. The en-
hanced performance at higher catalyst loadings can be

concentrations of 50 mg/L and 100 mg/L, respectively.
The 100 mg/L paracetamol target was confirmed to be
fully dissolved, sitting well below the established aque-
ous solubility limit (~14,000 mg/L). Pseudo-first-order
rate constants (k, min—!) were calculated for each con-
centration profile to provide a quantitative validation.

Table 5. Influence of initial concentration on paracetamol
degradation efficiency and pseudo-first-order kinetic parame-
ters.

attributed to the increased number of active surface sites 'ni“?' ?On' Eime fgrtTOO% gate gate R?
. . . . _ centration egradation on- on-
aval!able for photon absorption and reactive species gen (mg/L) (h) stant stant k
eration, leading to faster pollutant breakdown. k(h=Y) | (min—1
10 1 6.5436 | 0.1091 | 0.9999
. 50 4 2.1531 | 0.0359 | 0.8684
Table 4. Effect of catalyst dose on paracetamol degradation. 100 = 13196 | 0.022 09578
Time (h) 0.19g 0.25¢g
Abs | Deg% | Abs | Deg%
0 0.9 0 0.9 0 . o . .
3 034 T 6217 1008 | 9081 To rigorously quantitatively validate the concentration
5 0.14 | 84.42 0 100 dependence, the experimental data profiles were math-
3 0.06 | 92.94 0 100 ematically modeled using the Langmuir—Hinshelwood
4 0 100 0 100 pseudo-first-order kinetic framework. The calculated ap-
2 8 }88 8 188 parent rate constants (k) and their corresponding co-
7 0 100 0 100 efficients of determination (R?) are systematically or-

3.3.4. Effect of Initial Concentration of Paracetamol
on Degradation Efficiency
The influence of initial paracetamol concentration (10,
50, and 100 mg/L) on the photocatalytic degradation was
investigated using 0.25 g of ZnO NP in 100 ml solution un-
der solar irradiation with stirring. The results in Table 4 re-
veal that complete degradation of 10 mg/L was achieved
within only 1 h whereas 50 mg/L required 4 h but required
up to 7 h for a concentration of 100 mg/L. As shown in
Table 4, complete degradation of paracetamol at an initial
concentration of 10 mg/L was achieved within 1 h. In con-
trast, complete degradation required 4 h and 7 h for initial

ganized across the different concentration gradients in
Table 4. Kinetic analysis revealed a clear inverse rela-
tionship between the initial pollutant concentration and
degradation rate constant. The rate decreased substan-
tially from (0.1091 min—!) at 10mg/L to k = 2.1531 h~!
(0.0359 min—1) at 50 mg/L, and further dropped to k =
1.3196 h~! (0.0220 min—1) when the initial paracetamol
concentration was increased to 100 mg/L. This decline in
the apparent rate is primarily governed by the competi-
tive occupation of the available active photocatalytic sites
on the surface of the ZnO NPs. At elevated initial con-
centrations, an excessive humber of parent paracetamol
molecules and their primary intermediate degradation
products accumulated on the catalyst surface, causing
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saturation and restricting the direct interaction between
photons and active sites. Furthermore, increasing the so-
lute concentration yields a more optically dense reaction-
fluid matrix. This density induces a “UV-screening” or
shading effect that curtails nominal photon penetration
depth through the solution, thereby decreasing the ab-
solute production rate of reactive oxygen species (ROS)
and hydroxyl radicals (OH).

The photocatalytic degradation of paracetamol was
confirmed using chemical oxygen demand (COD) and
HPLC analyses. COD values decreased from 127 mg/L
to 0 mg/L, indicating 100% removal efficiency and com-
plete mineralization. This confirms the high efficiency
of the ZnO NP under sunlight with continuous stir-
ring. HPLC analysis showed a paracetamol peak at
10.543 min (Figure 7), which disappeared after treatment,
confirming efficient degradation. New peaks at lower
retention times indicate the presence of intermediate
products. Overall, the COD and HPLC results confirmed
the effective degradation and progressive mineralization
of paracetamol under the applied conditions.

240000 !

200000

Intensity (pV)

100000

/

|

v Tr—v -y W———r——

0.0 5.0 100 15.0 20.0 25.0

P T———— v

Retention Time (min)

Figure 7. HPLC chromatogram of paracetamol: (a) before, (b)
after.

3.3.5. Photocatalytic Stability Study

The catalytic stability and reaction profile of the synthe-
sized ZnO NPs were investigated over a 5-hour photocat-
alytic degradation period under optimized conditions to
evaluate their potential for practical applications. As sum-
marized in Table 6, the ZnO NPs demonstrated highly
efficient and progressive performance against paraceta-
mol. The catalyst achieved an outstanding degradation
efficiency of 82.20% within only 5 hours. The kinetic
profile maintained a steady and uninterrupted generation
of reactive oxygen species (ROS) without sudden decel-
eration or premature catalyst deactivation. This robust
performance over a 5-hour duration indirectly reflects
the excellent crystalline stability and structural integrity
of the ZnO NPs, confirming their suitability for treating
persistent pharmaceutical pollutants.

Table 6. Reusability and degradation efficiency of paracetamol
using ZnO NPs.

Time (h) 0 3 5
Degradation Efficiency (%) | 0 | 29.95 | 82.2

3.4. TREATMENT OF REAL PHARMACEUTI-
CAL WASTEWATER WITH ZNO NP

Before evaluating the degradation efficiency of the phar-
maceutical wastewater sample using ZnO NP, the selec-
tion of an appropriate analytical wavelength was essen-
tial to ensure accurate monitoring of the photocatalytic
process. Given the complex matrix of real wastewater,
which may contain multiple pharmaceutical residues and
potentially interfering substances, careful wavelength
selection is required to obtain reliable absorbance mea-
surements during degradation. The UV-Vis spectrum
of the untreated sample, as presented in Figure 8, re-
vealed two distinct absorption maxima at 330 and 520 nm.
These wavelengths were therefore selected as reference
points and used as baseline indicators for monitoring
changes in absorbance throughout the degradation pro-
cess. Real industrial wastewater samples were collected
directly from the primary equalization tank of a local
pharmaceutical manufacturing facility in Sana’a, Yemen,
explaining the characteristically dense initial COD load
(21,780 mg/L).

Maax =330nm
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o | 4
v
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Figure 8. UV-VIS absorption spectrum of pharmaceuticals
wastewater.

To study the effectiveness of ZnO NP on the pho-
tocatalytic degradation of pharmaceutical wastewater,
0.1 g of ZnO NP was added to 10 mL of pharmaceuti-
cal wastewater samples (yielding a catalyst loading of
10 g/L) exposed to solar irradiation with stirring for var-
ious time intervals. A higher catalyst loading of 10 g/L
was utilized for the real industrial matrix to overcome
competitive adsorption from non-target organic fractions
and to compensate for the reduced optical path caused
by the high initial turbidity of the effluent.

The degradation percentage was monitored by mea-
suring the absorbance at 330 nm and 520 nm at different
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time intervals, and the obtained results are summarized
in Table 7. Consequently, this system demonstrates
outstanding potential as a highly suitable catalyst treat-
ment strategy for pharmaceutical effluents. Monitoring at
330 nm tracks the aromatic core decomposition of par-
ent active pharmaceutical ingredients (APIs), whereas
tracking at 520 nm corresponds to the continuous decol-
orization of auxiliary chromophoric compounds present
in the complex effluent. The treated matrix showed a
notable decrease in the characteristic absorption peaks
associated with the pharmaceutical compounds. The
reduction in absorbance confirmed the partial or com-
plete disappearance of the parent molecules, indicating
effective photocatalytic degradation.

Table 7. Effect of ZnO NP on pharmaceutical degradation.

Degradation | Degradation
Time (h) | % (530nm) | % (320 nm)
0 0.00 0.00
1 7.69 35.00
2 15.38 60.00
3 46.15 78.00
4 81.54 92.00
5 95.38 100.00
6 100.00 100.00

120.00

100.00
80.00
®
% 50.00
o —&— Degradation % (320
40.00 nm)
20.00 Degradation % (530
0.00 nm)
0 1 2 3 4 5 6 7
Time(h)

Figure 9. Effect of ZnO NP on pharmaceutical degradation.

To evaluate the efficiency of the photocatalytic degra-
dation process applied to real pharmaceutical wastew-
ater, COD analyses were performed before and after
treatment. The initial pH of the raw effluent was 7.4,
and it shifted to approximately 6.8 after the 6-hour so-
lar treatment cycle due to the transient generation of
acidic intermediate transformation products. The results
revealed a complete elimination of organic load, as the
COD value decreased from 21780 mg/L before treatment
to 0.5 mg/L after photocatalytic irradiation, corresponding
to achieving a 99.99% removal efficiency. This substan-
tial reduction, verified via systematic matrix dilutions to
ensure measurement accuracy, confirms the high miner-
alization capability of the optimized ZnO photocatalytic
system and its proficiency in converting complex indus-
trial contaminants into benign inorganic end-products
(CO, and H,0).

4. CONCLUSION

In summary, crystalline ZnO NPs (32.4—-36.4 nm) synthe-
sized via precipitation exhibited excellent photocatalytic
performance, achieving 100% degradation of paraceta-
mol within 1.0 h under optimized solar conditions (2.5 g/L
catalyst, pH 11). The kinetic profiles followed a pseudo-
first-order model dominated by hydroxyl radicals (OH).
The system demonstrated strong real-world application
by successfully mineralizing a high-strength industrial
pharmaceutical effluent (21,780 mg/L COD) within 6.0 h
under natural sunlight. Future research should focus
on pilot-scale continuous reactor design and fixed-bed
immobilization to minimize catalyst recovery stages.
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