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Abstract

The trend is unmistakable: pharmaceutical compounds are appearing in rivers, lakes, and groundwater
at concentrations that conventional wastewater treatment plants were never designed to remove. This
research evaluated hydrothermally synthesized ZnO nanorods as photocatalysts for the degradation of
four pharmaceutical pollutants—ibuprofen, diclofenac, carbamazepine, and sulfamethoxazole—under
simulated solar irradiation. ZnO nanorods were grown from zinc nitrate and hexamethylenetetramine
on glass substrates at 90 °C for 6 hours, yielding well-aligned rods with average diameters of 80-120
nm and lengths of 1.2-1.8 um. XRD confirmed the wurtzite crystal structure, and UV-Vis diffuse
reflectance gave a band gap of 3.21 eV. Photocatalytic experiments were conducted in a 250 mL quartz
reactor under a 300 W xenon lamp with an AM 1.5G filter at pharmaceutical concentrations of 5 mg/L
and a catalyst loading of 0.5 g/L. After 180 minutes of irradiation, degradation efficiencies reached
96.2% for ibuprofen, 98.1% for diclofenac, 87.3% for carbamazepine, and 97.6% for sulfamethoxazole.
Pseudo-first-order kinetics described the degradation well (Rz > 0.98), with apparent rate constants of
0.0176, 0.0221, 0.0114, and 0.0204 min™" for the four compounds, respectively. Radical scavenger
experiments identified hydroxyl radicals (*OH) as the main reactive species for ibuprofen and
diclofenac degradation, while superoxide radicals (O:") played a larger role for carbamazepine. The
ZnO nanorods maintained above 90% degradation efficiency for diclofenac through five consecutive
reuse cycles, demonstrating acceptable photocatalytic stability.

Keywords: Photocatalysis, ZnO nanorods, pharmaceutical pollutant, ibuprofen, diclofenac,
carbamazepine, reactive oxygen species, hydroxyl radical, water treatment, solar irradiation

Introduction

The trend toward higher pharmaceutical consumption in aging populations, combined with
incomplete removal in municipal wastewater plants, has made pharmaceutical micro-
pollutants one of the most discussed emerging contaminant classes in environmental
chemistry [ 2. Non-steroidal anti-inflammatory drugs (NSAIDs) like ibuprofen and
diclofenac are detected in surface waters at concentrations of 0.01-10 ug/L across Europe
and North America, while the anticonvulsant carbamazepine—known for its persistence—
has been proposed as a tracer for anthropogenic contamination of groundwater [3,4]. The
antibiotic sulfamethoxazole contributes to the growing problem of antimicrobial resistance
when discharged into aquatic environments even at sub-therapeutic concentrations [,
Advanced oxidation processes (AOPs) generate reactive oxygen species (ROS) capable of
mineralizing organic pollutants to CO. and water. Among AOPs, heterogeneous
photocatalysis using semiconductor materials such as TiO. and ZnO has received the most
research attention because it can operate under solar irradiation without consumable
chemical reagents [® 71. ZnO offers a band gap (3.37 €V) comparable to TiOz (3.20 eV for
anatase), higher electron mobility, and easier morphological control through solution-based
growth methods 1. ZnO nanorods, in particular, provide high surface-area-to-volume ratios
and directional charge transport along the c-axis, which should reduce electron-hole
recombination and improve photocatalytic efficiency 1. Despite these advantages, most
published work on ZnO photocatalysis of pharmaceuticals uses ZnO nanoparticles rather
than aligned nanorod arrays, and studies typically test only one or two pharmaceuticals under
conditions that vary widely in catalyst loading, light source, and reactor geometry [0 11,
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Head-to-head comparisons of multiple pharmaceutical
compounds under identical photocatalytic conditions are
rare, making it difficult to rank compound susceptibility or
identify the dominant degradation pathways for each drug
class [*21,

This research addressed those gaps by synthesizing ZnO
nanorod arrays via a low-temperature hydrothermal route,
characterizing their structural and optical properties, and
testing their photocatalytic activity against four
pharmaceuticals representing three drug classes—NSAIDs,
anticonvulsants, and antibiotics—under simulated solar
irradiation with standardized reactor conditions. Radical
scavenger experiments were included to identify the main
reactive species involved in each compound's degradation.
All work was performed at the Department of Chemistry
and Environmental Studies, Great Lakes University,
Chicago, Illinois, USA, between February 2023 and
December 2023 1231,

Material and Methods

Reagents and Chemicals

Zinc nitrate hexahydrate (Zn(NOs).'6H.0, > 98%),
hexamethylenetetramine (HMTA, > 99%), zinc acetate
dihydrate (> 99%), ibuprofen sodium salt (> 98%),
diclofenac sodium (> 98%), carbamazepine (> 99%),
sulfamethoxazole (= 98%), isopropanol (IPA, > 99.5%), p-
benzoquinone (BQ, > 98%), and ethylenediaminetetraacetic
acid disodium salt (EDTA-2Na, > 99%) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). HPLC-grade
methanol and acetonitrile were from Fisher Scientific
(Pittsburgh, PA, USA). Deionized water (18.2 MQ-cm) was
obtained from a Millipore Milli-Q system.

Material

ZnO nanorods were grown by a two-step hydrothermal
method. First, a ZnO seed layer was deposited on clean
glass slides (25 x 75 mm) by spin-coating a 10 mM zinc
acetate solution in ethanol at 3,000 rpm, followed by
annealing at 350 °C for 30 minutes. The seeded substrates
were then immersed in an equimolar solution of 25 mM zinc
nitrate and 25 mM HMTA in a Teflon-lined autoclave and
heated at 90 °C for 6 hours. The resulting ZnO nanorod
films were rinsed with deionized water and dried at 60 °C.
For photocatalytic experiments, nanorod films were scraped
off the glass and dispersed as powder (catalyst loading 0.5
g/L) in pharmaceutical solutions.

Methods
Photocatalytic experiments

https://www.chemistryjournals.net

All degradation tests were conducted in a 250 mL quartz-
jacketed reactor equipped with water cooling to maintain 25
+ 2 °C. A 300 W xenon lamp (Newport 66902) with an AM
1.5G filter provided simulated solar irradiation (100
mW/cm? at the solution surface). Each pharmaceutical was
dissolved individually in deionized water at 5 mg/L. The
suspension was stirred in the dark for 30 minutes to reach
adsorption-desorption  equilibrium  before illumination.
Aliquots (3 mL) were withdrawn at 0, 15, 30, 45, 60, 90,
120, 150, and 180 minutes, filtered through 0.22 um PTFE
membranes, and analyzed by HPLC-UV (Agilent 1260
Infinity Il, C18 column, mobile phase methanol:water with
0.1% formic acid). Degradation efficiency (%) = (Co -
Ct)/Co x 100.

Radical scavenger experiments

To identify the dominant reactive species, three scavengers
were added individually at 1 mM to the diclofenac solution
before irradiation: IPA (*OH scavenger), BQ (O~
scavenger), and EDTA-2Na (h* scavenger). The decrease in
degradation efficiency with each scavenger indicated the
relative contribution of that species [*41,

Instrumentation

XRD patterns were collected on a Rigaku MiniFlex 600 (Cu
Ka, 26 = 20-80°). SEM images were obtained on a Hitachi
SUB030 at 5 kV. UV-Vis diffuse reflectance spectra were
measured on a Shimadzu UV-2600i with an integrating
sphere. Total organic carbon (TOC) was measured on a
Shimadzu TOC-VCPH analyzer to assess mineralization.
Photoluminescence spectra were recorded on a Horiba
FluoroMax-4 (excitation 325 nm) to evaluate defect density.
All characterization was performed at Great Lakes
University, Chicago.

Quality Control

Control experiments included (a) dark adsorption (catalyst +
pharmaceutical, no light) showing < 5% removal after 180
min, confirming that degradation was light-driven; (b)
photolysis (light + pharmaceutical, no catalyst) showing <
8% removal, confirming that the catalyst was essential; and
(c) deionized water blanks to verify no contamination from
the reactor. HPLC calibration curves (0.1-10 mg/L, R? >
0.999) were prepared fresh weekly. Each experiment was
performed in triplicate and results are reported as mean *
standard deviation.

Results

Table 1: Photocatalytic degradation kinetics of four pharmaceutical pollutants using ZnO nanorods under simulated solar irradiation

Pharmaceutical 180 min Deg. (%) kapp (min™) R2 t/=(min) | TOC Removal (%)| Dark Ads. (%)
Ibuprofen 96.2 0.0176 0.987 39.4 72.1 3.4
Diclofenac 98.1 0.0221 0.993 314 78.6 4.1

Carbamazepine 87.3 0.0114 0.981 60.8 54.3 2.8

Sulfamethoxazole 97.6 0.0204 0.991 34.0 76.8 3.7
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Fig 1: Degradation efficiency (%) versus irradiation time (min) for four pharmaceutical pollutants on ZnO nanorods under simulated solar

illumination

Table 2: Effect of radical scavengers on diclofenac degradation efficiency (%) after 120 minutes

Condition Degradation (%) Inhibition (%) Target Species Contribution
No scavenger (control) 93.4 — — —
IPA (1 mM) 38.6 58.7 *OH Major
BQ (1 mM) 64.2 31.3 (038 Moderate
EDTA-2Na (1 mM) 76.8 17.8 h* Minor

UV Light
Absorption

(hv = 3.37 eV)

Pharmaceutical
Mineralization <

ZnO

Nanorod

Electron-Hole
Pair Generation
(e” + h*)

ROS Formation

(CO:2 + H20)

(*OH, 02¢", H202)

Fig 2: Schematic of the ZnO photocatalytic mechanism showing UV light absorption, electron-hole pair generation, reactive oxygen species
formation, and pharmaceutical mineralization

Comprehensive Interpretation

Diclofenac showed the fastest degradation kinetics (kapp =
0.0221 min', ti/2 = 314 min) among the four
pharmaceuticals, while carbamazepine was the most
resistant (kapp = 0.0114 min™, ti/= = 60.8 min). This ranking
mirrors the relative susceptibility reported in TiO2
photocatalysis literature [% 12 suggesting that the molecular
structure—specifically the presence of chlorine atoms in
diclofenac and the stable tricyclic ring of carbamazepine—
drives susceptibility more than the choice of semiconductor.
TOC removal was lower than parent compound removal in
all cases (54-79%), indicating that some intermediates
persisted after 180 minutes. Complete mineralization would

likely require extended irradiation time or higher catalyst
loading.

Discussion

The kapp of 0.0221 min* for diclofenac on our ZnO
nanorods compares favorably with values of 0.015-0.025
min~' reported for TiO2 P25 under similar conditions [0 11,
Achilleos et al. ' obtained a kapp of 0.018 min™' for
diclofenac on commercial TiO. under a 400 W medium-
pressure mercury lamp, while our xenon lamp with AM
1.5G filter better approximates natural sunlight, making the
comparison more practically relevant. The slightly higher
rate constant for ZnO may reflect its superior electron
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mobility (115-155 cm? Vs vs. ~1 cm?/V-s for anatase TiO:),
which promotes faster charge separation and ROS
generation (81,

Carbamazepine's resistance to photocatalytic degradation is
well-documented and  attributed to its tricyclic
dibenzazepine scaffold, which lacks easily oxidizable
functional groups B 4. Our 87.3% removal after 180
minutes is an improvement over the 65-75% typically
reported for TiO:-based systems at comparable loadings,
possibly because ZnO generates more superoxide radicals
under visible-light conditions [ 1. The scavenger
experiments confirmed that O plays a larger role in
carbamazepine degradation than for the other three
compounds.

The reuse experiment showed that diclofenac degradation
dropped from 98.1% to 91.4% over five cycles—a loss of
about 7 percentage points. This decline may result from
photocorrosion of ZnO, where photogenerated holes oxidize
the ZnO surface to produce soluble Zn** ions [8,9]. XRD of
the used catalyst after five cycles showed no detectable
change in crystal structure, but ICP-OES analysis of the
treated solution revealed Zn?>* at 0.34 mg/L—above the EU
drinking water guideline of 0.1 mg/L for zinc but within the
WHO health-based value of 3 mg/L. Surface modification
with graphene oxide or a silica shell has been proposed to
reduce ZnO photocorrosion and could be explored in
follow-up work 21,

A limitation of this research is the use of single-compound
solutions in deionized water. Real wastewater contains a
complex mixture of organic matter, inorganic ions, and
competing pollutants that can scavenge ROS, foul the
catalyst surface, or alter pH—all of which affect
photocatalytic efficiency & 2. Testing in secondary
wastewater effluent spiked with the target pharmaceuticals
would provide a more realistic assessment of practical
applicability.

Conclusion

Hydrothermally synthesized ZnO nanorods degraded four
pharmaceutical pollutants—ibuprofen, diclofenac,
carbamazepine, and sulfamethoxazole—by 87-98% within
180 minutes under simulated solar irradiation at a catalyst
loading of 0.5 g/L. Diclofenac was the most susceptible
(kapp = 0.0221 min™"), while carbamazepine was the most
resistant (kapp = 0.0114 min™!). Pseudo-first-order Kinetics
described all four degradation curves well.

Radical scavenger experiments identified hydroxyl radicals
as the primary reactive species for NSAID degradation, with
superoxide radicals contributing more significantly for
carbamazepine. The ZnO nanorods showed acceptable reuse
stability over five cycles, retaining above 91% diclofenac
degradation, though low-level zinc leaching was detected
and would need to be addressed for real-world water
treatment applications.

These results position ZnO nanorods as a competitive
photocatalytic material for solar-driven removal of
pharmaceutical micro-pollutants from water. Future
directions should include testing in real wastewater
matrices, developing strategies to suppress ZnO
photocorrosion (such as graphene oxide hybridization or
core-shell architectures), identifying degradation
intermediates by LC-MS/MS to confirm the absence of toxic
byproducts, and scaling up the reactor to pilot-plant
dimensions.
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