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increases primary ZnO nanorods
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o Ag deposition onto ZnO nanostructures
was achieved by photoreduction
method.

e Total degradation of E3 hormone was
achieved in a continuous flow
photoreactor.

o Reusability of the immobilized photo-
catalyst was determined after five cyclic
runs.
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ABSTRACT

The pollution of wastewater with pharmaceuticals and endocrine-disrupting chemicals (EDCs) in populated areas
poses a growing threat to humans and ecosystems. To address this serious problem, various one-dimensional (1D)
hierarchical ZnO-based nanostructures inspired by Anelosimus eximius cobwebs were developed and successfully
grown on a glass substrate through simple hydrothermal synthesis. The nanorods (nr) obtained during primary
growth were chemically etched with KOH (ZnOy-KOH), followed by the secondary growth of nano cobweb-like
(ncw) structures using polyethyleneimine (ZnOpr/new). These structures were further decorated by the photo-
reduction of Ag nanoparticles (ZnOpy/ncw/Ag). The feasibility of ZnO-based 1D nanostructures to remove pol-
lutants was demonstrated by degrading commonly prescribed pharmaceutical drugs (diclofenac and
carbamazepine) in a miniature cuvette reactor. The photocatalytic activities for drug degradation generally
decreased in the order ZnOp;/new/Ag > ZnOpy/new > ZnOp-KOH. Additionally, the suitability of the samples for
scaling up and practical application was demonstrated by photocatalytic degradation of the hormone estriol (E3)
in a flow-through photoreactor. The photocatalytic degradation efficiency of E3 followed the same trend
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observed for drug degradation, with the complete elimination of the endocrine disruptor achieved by the best-
performing ZnOp;/ncw/Ag within 4 h, due to optimized charge transfer and separation at the heterostructure

interface.

1. Introduction

Ever-increasing population growth and industrialization have exac-
erbated environmental pollution and energy crises, negatively impact-
ing humans and the planetary ecosystem. Over the last few decades,
various synthetic chemical effluents have been released on an industrial
scale without proper remediation. These environmental pollutants have
been classified into multiple categories, with each having a relative
degree of potential biotoxicity, such as organic dyes, pesticides, phar-
maceutical drugs, dioxins, biological hazards, endocrine disruptors
(EDCs), and polychlorinated biphenyls (Haddaoui and Mateo-Sagasta,
2021). Particular concerns have been raised for EDCs, a class of toxi-
cants that have been present in the environment for decades. However,
their toxicity has only recently been determined due to advancements in
pathophysiological pathways. EDCs are known to potentially disrupt the
endocrine system in mammals, including humans, which controls
various physiological functions such as metabolism and sexual devel-
opment. The current scientific consensus is that increased concentration
and exposure to different environmental toxicants are correlated with
higher incidence rates of various diseases such as leukemia, cancers,
neurological diseases, and metabolic disorders (Ghosh et al., 2022).
Moreover, EDCs are highly biotoxic and bioaccumulative, even at
minuscule concentrations of a sub-nanogram scale. EDCs are ubiquitous
as they are found in nearly all everyday household items, mostly in
personal care and hygiene products, plastics, food storage, sunscreens,
Teflon, nonstick wrappers, electronics, and building materials (Choi
et al., 2004; Kumar et al., 2020). Some common EDCs in the environ-
ment are bisphenol A, perchlorate, phthalates, perfluoroalkyl and pol-
yfluoroalkyl substances, and estrogenic hormones (Rhomberg et al.,
2014). Additionally, excessive use of pharmaceutical drugs causes their
discharge into water streams without prior remediation, negatively
impacting biodiversity due to their relatively high biopotency (Ortizar
et al., 2022). Therefore, several regulatory agencies have introduced
guidelines establishing thresholds for various pollutants. Considering
these environmental risks, current research efforts are devoted to
wastewater remediation before its subsequent discharge into the
environment.

So far, various techniques have been investigated, such as membrane
technology, ozonation, reverse osmosis, adsorptive process, biological
degradation, and photocatalysis (Grzegorzek et al., 2023; Nure and
Nkambule, 2023). Among these, photocatalysis has emerged as a highly
effective strategy for wastewater treatment due to its relative ease of
operation, energy-cost benefits, and low degree of secondary pollution
(Mishra et al., 2023; Moeen et al., 2022). In addition to typical waste-
water treatment, photocatalysts exhibit additional advantages of anti-
bacterial performance (Ayesha et al., 2023; Ikram et al., 2023).
However, intrinsic materials lack sufficient photocatalytic activity due
to the futile recombination of excitons and the restricted availability of
active sites. Considering this, photocatalytic materials are usually
modified with metallic particles (Pham et al., 2023), formation of het-
erojunction (Sharma et al., 2024), and decoration with noble metals
(Semalti et al., 2023) to achieve synergistic effects resulting in enhanced
charge transfer which in turn increases the overall photocatalytic effi-
ciency (Shaheen et al., 2024; Shahzadi et al., 2023).

ZnO is considered a well-known and preferred choice for photo-
catalytic applications due to its wide bandgap, biocompatibility, and
facile synthesis methods (Preeti et al., 2023). For example, Ricardo’s
group utilized ZnO as a base component of different multicomponent
photocatalytic systems for advanced applications with a significant leap
in performance (Gil et al., 2020; Manriquez et al., 2017; Pina-Pérez

et al., 2018). However, ZnO, like other photocatalytic materials, suffers
from low efficiency in the practical and real implementation of photo-
catalytic applications. Therefore, various ingenious design strategies
have been developed to improve electron-hole transport, backward
charge recombination, and degree of light absorption spectrum (Li et al.,
2022). Interestingly, photocatalysts can be imparted with a significant
increase in photoactivity solely by engineering various aspects of
intrinsic structural features. These features primarily include surface
area, exposed facets, relative crystallinity, and variation in particle size
distribution, all of which directly influence charge transfer
(Kusiak-Nejman et al., 2023). Fortunately, developing biomorphic
nanostructured photocatalysts inspired by natural organisms is a
compelling way to achieve such structural features. Various bioinspired
photocatalysts have been developed to impart enhanced light absorp-
tion, charge separation, and structural integrity (Yang et al., 2022). For
example, Fan et al. fabricated a ternary CdS/Au/TiOs photocatalyst
resembling butterfly wings, known for their antireflection and high light
absorption capability (Ding et al., 2013). By replicating nanostructural
motifs of Papilio nephelus Boisduva butterfly wings, Fan’s group was able
to achieve UV reflection reduced by 40% according to finite-difference
time-dome (FDTD) simulation while their photocatalytic efficiency
improved up to 200% compared with reference TiO, configuration
(Ding et al., 2013). Similarly, phototropic structures maximizing light
absorption found in various plants, particularly sunflowers, have also
been replicated with excellent results (Qin et al., 2021). By taking
inspiration from spider webs, significant structural strength can be
imparted while reducing the costs of fabricating photocatalytic mate-
rials. Moreover, spider silk possesses dual hydrophobic and hydrophilic
characteristics which can be contrived for ZnO nanostructures for
self-cleaning applications (Nundy et al., 2020; Romer and Scheibel,
2008). Besides modulating the intrinsic features of a photocatalyst, the
physical decoration of a photocatalyst with metallic nanoparticles has
been considered a well-established strategy for improving photo-
catalytic activity (Shandilya et al., 2022). The overall charge dynamics
can be significantly enhanced even for bare photocatalytic materials by
optimizing their structural properties and morphology, especially the
aspect ratio (Ganguli et al., 2022; Masar et al., 2024). Considering
geometric aspects, one-dimensional (1D) photocatalytic materials,
including ZnO, have shown great potential due to their unique
morphology features. A high aspect ratio shortens the diffusion path
length, resulting in efficient charge carrier separation and high provision
of active sites (Perdomo and Nguyen, 2022). For example, Ocon et al.
synthesized a multidimensional ZnO in 0D (nanoparticle), 1D (nano-
rod), 2D (nanosheet), and 3D (nanoflowers) configurations via highly
controlled state-of-the-art synthesis methods. Among the synthesized
configurations, 1D ZnO nanorods exhibited a superior photodegradation
rate of 99.4% for salicylic acid and the highest bactericidal activity for
B. subtilis and E. coli. The high activity of 1D ZnO nanorods was attrib-
uted to enhanced physicochemical properties, i.e., small crystallites,
specific surface area, and pore diameter (Chang et al., 2020). Besides
tailoring morphology, pristine photocatalytic materials are often deco-
rated with metallic nanoparticles to achieve localized surface plasmon
resonance (LSPR) (Lv et al., 2022). For instance, Jiada et al. reported on
a facile hydrothermal synthesis of ZnO-Au nanocomposites. The ZnO
nanorods decorated with Au nanoparticles performed exceptionally well
with the rate constant of ~ k = 1.19 x 102 min"! in comparison to bare
ZnO nanorods (~ k = 6.36 x 1074 min’l) for rhodamine blue dye
photodegradation. The high activity was ascribed to suppressed charge
recombination and extended light absorption due to the incorporation of
Au nanoparticles (Yao et al., 2021). Besides the LSPR effect manifested
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only under specific conditions, noble metal nanoparticles decorated
onto semiconductor photocatalysts also act as electron sinks, effectively
boosting charge carrier separation (Petryayeva and Krull, 2011).
Particularly, Babel et al. reported that metallic Ag tends to increase the
electron population of ZnO, inhibiting charge recombination. The
photoexcited electrons in ZnO were restricted from recombination with
the complementary holes by migrating to the Ag metal loaded on the
host ZnO and were thus spatially separated from the holes. In this
scheme, the Ag metal acts as an electron sink, enhancing photoactivity
(Sudrajat and Babel, 2019).

In this work, we report on the design of 1D nanostructured ZnO
possessing nanorods/nano cobweb geometric configurations resembling
Anelosimus eximius spider cobwebs grown onto a glass substrate. The
secondary growth of ZnO nano cobwebs achieved by etching the pri-
mary growth of ZnO nanorods and varied polyethyleneimine (PEI)
molecular weight can be eventually followed by silver (Ag) nano-
particles decoration via the photoreduction method. The novelty of this
work derives from the fabrication of structurally preferred ZnO nano-
structures, which can be obtained by primary and secondary growth
using varied PEI molecular weights as a capping agent during the
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growing phase. The suitability of samples for water treatment was
demonstrated by photodegradation of two commonly prescribed drugs,
carbamazepine and diclofenac, and estriol (E3) hormone as a model EDC
pollutant. Carbamazepine and diclofenac water solutions were degraded
in a self-designed experimental setup comprising a Cary 300 UV-visible
spectrophotometer equipped with householder for 3 UV LEDs miniature
cuvette photoreactor. The degradation of the E3 hormone in a contin-
uous flow UV photoreactor evinced the feasibility of scaling up as well as
reusability study. Besides their application in water treatment, self-
cleaning capability was demonstrated based on surface photocatalytic
activity assessment and a wettability study.

2. Materials and methods

All experimental preparation methods, characterization techniques,
and materials utilized throughout the study are comprehensively
described in section 1 of the provided supplement document. Summar-
ily, ZnO samples with specific nanostructured morphologies were pre-
pared via the hydrothermal method, while obtained ZnO samples were
further decorated with Ag using the photoreduction method, as shown in

Fig. 1. Detailed SEM images of samples ZnO,,-KOH (@), ZnOy,/new (b), and silver decorated sample - ZnOy,/new/Ag ().
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Fig. S1. Labelling of all samples along with their description are high-
lighted in Table S1. Photodegradation studies of diclofenac sodium salt,
carbamazepine, and estriol were obtained using UV-vis and liquid
chromatography. A schematic illustration of the utilized experimental
setup is given in Fig. S2.

2.1. SEM analysis

The morphology of as-prepared samples was examined by SEM as
shown in Fig. la-c, with adjacent images corresponding to associated
high-resolution images. A highly oriented and mostly uniform ZnO with
nanorods configuration was observed for all samples. The obtained
ZnOy,; sample was etched with KOH solution for 30 min to induce sec-
ondary growth. (Fig. 1a). The nanorods in the etched sample exhibit a
slight overall shrinkage while maintaining a homogenous appearance.
The KOH etching induced the formation of a porous ZnO surface. The
porous sites on KOH-etched ZnO,, could act as a seed layer inducing the
secondary growth of the ZnO nanorods (Fig. 1b) (Ching et al., 2013). As
can be seen in Fig. 1b, the mentioned secondary growth consists of fine
thread-like ZnO structures with horizontal orientation that formed a
webbed structure on the top of ZnO nanorods. It should be noted that
each threaded ZnO structure appears to be physically connected with the
primary ZnO nanorods, which is particularly useful for immobilization
of the substrate. Literature reports suggest that an increase in pH is a
factor that induces structural and optoelectronic variations during the
initial growth. Since the pH during this process was increased from 7.6
to 8.1 by the incorporation of PEL the growth of nano cobweb-like ZnO
structures rather than nanorods could be attributed to pH variation
(Abdulrahman et al., 2021). However, PEI is also a chelating agent for
many heavy metal ions, including Zn(II) (Ayalew et al., 2022). There-
fore, besides sudden changes in pH, it may also effectively lower the
concentration of Zn(II) in the chemical bath. A lower concentration of Zn
(ID in a chemical bath is well recognized to enable the thinning of 1-D
ZnO nanostructures and increase aspect ratio. For instance, ultralong
40 pm ZnO nanowires were grown, which is ascribed to a lower con-
centration of precursor in a chemical bath (Qiu et al., 2010). The ob-
tained ZnO nanorods/nano cobweb-like sample was further decorated
with Ag nanoparticles, as shown in Fig. 1c. Briefly, the sample appears to
have the main characteristic features of the first and secondary growth
of ZnO nanorods and nano cobwebs. At the same time, small Ag particles
can be seen lodged uniformly in the nanostructured ZnO.
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2.2. XRD analysis

The crystal structures of all as-prepared samples were characterized
by XRD and the corresponding diffractograms are shown in Fig. 2A. For
reference, the XRD pattern of blank glass (BG) is also given, exhibiting
no signs of crystalline and/or semi-crystalline impurities (Fig. 2A). For
all ZnO samples, the main characteristic peaks are observed at diffrac-
tion angles 26 of 37.02°, 40.19°, and 42.32°, which are ascribed to the
diffraction planes (100), (002), and (101) of hexagonal wurtzite phase of
ZnO structure, in accordance with the PDF card No. 01-073-8765.
Moreover, the proportion between main characteristic peaks remains
almost unchanged for all samples, with the most pronounced reflections
observed for the (002) plane indicating the presence of ZnO nanorods
preferentially oriented perpendicularly to the substrate surface. The
presence of nano cobweb configurations does not change the diffracto-
gram patterns significantly. However, Fig. S3 in the supplement, which
provides an enlarged view for triade of the most prominent peaks,
including maxima positions of diffraction angles and FWHW values,
indicates certain changes in microstructure for etched sample ZnOy,-
KOH. Compared to cobweb-decorated ZnO nanostructures, the etched
sample exhibits a larger value of FWHM, while the peak maxima posi-
tion does not change significantly. Average crystallite domain size was
estimated by the Halder-Wagner method for ZnOy,,-KOH, ZnOy;/ncw, and
ZnOpr/new/Ag to be (36.7 £ 0.2 nm), (39.7 + 0.1 nm), and (37.8 & 0.2
nm), respectively (Nath et al., 2020). Accordingly, corresponding lattice
strain values were evaluated to be 0.08 & 0.006 %, 0.03 + 0.001 %, and
0.08 + 0.003 % for ZnOy-KOH, ZnOgr/new, and ZnOpy/new/Ag, respec-
tively. The physical decoration of the Ag nanoparticles was confirmed
for the sample ZnOp;/ncw/Ag showing additional peaks at the diffraction
angles 20 of 44.56, 52.29, and 77.09° corresponding to the diffraction
planes of (111), (200), and (220) of Ag, respectively (PDF Card No.
01-077-6577). The characteristic peaks of Ag with a crystalline domain
size of 10.9 £+ 0.2 nm observed for the Ag/ZnO nanocomposite were in
accordance with the literature reports (Liu et al., 2019a).

2.3. Raman spectroscopy

The Raman spectra of as-prepared samples, including the blank glass,
are shown in the right panel in Fig. 2B. The bands in the spectra marked
in grey belong to Raman shifts of the glass, where the smaller sharp band
around 474 cm™! is attributed to the vibrationally isolated Si-O-Si
mode. The 583 cm ™! band may be attributed to the symmetric stretching
vibration of the Si-O bond, while the 1099 cm ™! band can be assigned to
the asymmetric Si-O stretching vibration of SiO4 tetrahedra (Yadav and

N
o
A 8 B S
= S . P, iy '{ro
s e P =0 = = ~ 9 2 o o, < 2R
Sl 5§ S O © ©« & & o9 w AON @
=3 ) o o = O ow < s D = e P i N
o = O = - A== =) 1 I Y [
ot TAIS 8T T FTRE8|Z : IR
. > : i : P
' i | 2 [ZnOpne/Ag | H ' Vo
=~ 1 1 2 ' 1 1 : [ 1
‘ ! . b . o
2z : : 2 ; . ' S
: ‘ = . o : ! :
P : ‘ < |zn0,, P =
i A N\ o § w4 : LT
= ! g ! o ] Lo
: : 4 : Lo : ot
1 1 ! 1 [ ) ()
; ; - et} g P
: : Zno,-KOH | ! : A
zoogkon |y bt = 1 PR
[ 1 1 1 ] 1 11 1
' | O 1
BG 0] L1 | AT : - ] L
T T T T T T T T T T T T T T 1) T
20 30 40 50 60 70 80
& $ L

© O O O O D O O

<S S ) N
FEF P E A

Raman shift / cm™

Fig. 2. XRD patterns (A) and Raman spectra (B) for prepared samples.
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Singh, 2015). The 923 cm™! band is attributed to a Si-O stretching vi-
bration with two nonbridging O atoms per silicon atom (Manghnani
etal., 2011). The intense band at 434 cm ™! corresponds to the non-polar
E2 (high) mode, which originates from the oxygen vibration in ZnO and
indicates its highly crystalline wurtzite structure (Ansari et al., 2018;
Ribut et al., 2019). The band at 380 cm ! and the smaller band at 330
em~! show the vibrational symmetric Al (TO) mode due to multiple
phonons scattering (Hansen et al., 2019). The low-intensity band at 327
cm™! is related to the second-order Raman spectrum arising from pho-
nons at the hexagonal ZnO zone boundary, labeled as E2 (high) - E2
(low) (Ribut et al., 2019). Another prominent band at 583 em ! asso-
ciated with E1 (LO) mode was recorded, indicating the presence of ox-
ygen vacancies, zinc interstitials, and their complexes (Sawant et al.,
2018). Similarly, a band at around 240 em~ ! was detected, which can be
attributed to the silent, inactive B1 mode in the ZnO structure or the
plasma lines of the laser used. In general, the presence of Ag nano-
particles was observed to affect the signal intensity of Raman shifts
(Sawant et al., 2018), while all Raman active modes were detected for all
samples without any ambiguity. The obtained Raman analysis is in
accordance with other literature reports on ZnO (Musa et al., 2017)
nanostructures and indicates absence of any impurity phases, corrobo-
rating XRD analysis.

2.4. XPS analysis

The XPS survey scans extended up to the binding energy of 1350 eV
are shown in Fig. 3 left. The high-resolution XPS spectra were recorded
to analyze the chemical states of Zn, Ag, and O. The Zn 2p3, and Zn 2p;,
o peaks (Fig. 3, right) are located around 1021.6 and 1044.6 eV,
respectively, corresponding to splitting of 23.0 eV, suggesting the exis-
tence of Zn>" lattice ions (Moulder and Chastain, 1992; National Insti-
tute of Standards and Technology, 2000). No shift in the binding
energies is observed when the Zn 2p satellite curves are compared,
indicating that Ag was loaded on the surface of ZnOy;/ncw. In Fig. S4, two
peaks associated with Ag are observed at 373.1 eV and 367.1 €V cor-
responding to Ag 3ds,; and Ag 3ds,2, respectively. The splitting of 6.0 eV
in the 3d doublet confirms the metallic nature of silver present on the
surface of ZnOp;/ncw/Ag. The measured spectra shifted about 0.9 eV
towards lower binding energy compared with the corresponding values
of pure metallic Ago (368.2 eV and 374.2 eV) (Moulder and Chastain,
1992; Zhu et al., 2023). The shift of binding energy of Ag 3d corresponds
to the electron transfer from metallic Ag nanoparticle decorations to
ZnOpr/new, as was observed previously for Ag/ZnO heterojunctions
(Bazant et al., 2015; Chen et al., 2011; Lin et al., 2009; Liu et al., 2019b).
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In addition, no peak is observed in Fig. S5 at the binding energy below
530 eV (such as 529.0 eV, which is attributed to lattice O in Ag>0 and
suggests the presence of silver as Ag® (Mou et al., 2018). Although the
de-convolution of O (1s) peaks (Fig. S5) is rather semiquantitative, it still
has an instructive value. The de-convoluted peaks for all ZnO,-KOH,
ZnOnpr/new, and ZnOpy/new/Ag exhibit similar binding energies and are
typically classified as crystal lattice oxygen (O;), the surface oxygen
vacancy (O2) and surface oxygen species (O3). Recently, Frankcombe
and Liu proposed that O, peak is not related with oxygen vacancy
(Frankcombe and Liu, 2023), associating it with the O 1s electrons from
water molecules strongly bound to the exposed ZnO surface or surface
oxygen passivated with hydrogen. Hicham Idriss pointed out, that
assignment of the O (1s) signal at 531-532 eV attributed to oxygen
vacancies cannot be rigorously performed on powder oxides exposed to
ambient conditions (Idriss, 2021). Krzywiecki et al. examined the con-
struction of a band diagram of ZnO analyzing in-depth photoemission
spectra in combination with Kelvin probe data and highlighted the
discrepancy between theoretical studies and experimental findings
(Krzywiecki et al., 2015). In addition to the probability of donor states
originating from the oxygen vacancies and coordinatively unsaturated
anion 0%~ related to oxygen or water vapor, they proposed that the
morphological features (column-like) can also be effective in the for-
mation of morphology-related trap states that arose from oxygen va-
cancies which sounds plausible in the case of our ZnO nanorod samples
(Krzywiecki et al., 2015). An advanced, in-depth surface analysis, which
is beyond the scope of this study, may help to elucidate the (O3) peak
precisely. Besides, a notable decrease in surface oxygen (O3) concen-
tration can be observed in the ZnOy;/new/Ag sample compared to the
bare ZnOp;/mew sample. A relative increase of surface vacancies in
contrast to surface oxygen can enhance adsorption and photocatalytic
reactions, as observed in the ZnOp;/ncw/Ag sample (Chen et al., 2011;
Lin et al., 2009; Liu et al., 2019b). In addition, a direct correlation be-
tween oxygen vacancies and increased light absorption has been
established as per literature reports, which potentially corroborates the
optimized photocatalytic performance of the ZnOp;/ncw/Ag sample (Han
et al., 2009). On the other hand, the surface oxygen species are
commonly associated with hydroxyl groups. Extended XPS analysis data
including peak assignment, position, and FWHM of all samples are
provided in Table S2.

2.5. Qualitative photocatalytic assessment and wettability evaluation

A preliminary qualitative analysis according to ISO standard No.
21066:2018 and wettability evaluation as a measure of the self-cleaning
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Fig. 3. Extended XPS spectra of as-prepared samples with Ag 3d peaks in the inset (left) and zoomed-in spectra for Zn 2p signals (right).
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ability of all samples were evaluated comprehensively as it can indicate
high photocatalytic performance in relevant applications. The obtained
experimental results are described in supplement sections 2.3 and 2.4,
respectively.

2.6. Photodegradation of diclofenac and carbamazepine

The selected pharmaceutical drugs were used to determine the
photocatalytic activity of the prepared samples and photodegradation
rate constants of diclofenac and carbamazepine at concentrations of
6.125 mg/L in demi-water solution. The samples were measured using
an online apparatus, where each sample was placed on the side of a
fluorescence cuvette filled with 3 mL of drug solution and uniformly
illuminated by LEDs. The absorbance of each drug was recorded at
regular intervals. In this setup, the need for sampling is eliminated; thus,
no influence can arise due to slight variations in concentration. The
samples were measured at 1 h intervals until the experiment was
terminated after 5 h. The obtained results for the degradation of diclo-
fenac and carbamazepine are given in Fig. 4. Photodegradation followed
pseudo-first-order kinetics with the rate constant calculated according to
the following equation:

—In (&> =kt
Co
where ¢ is the concentration of the drug solution at the start of the
reaction, c; is the concentration at a chosen time interval, t and k are the
photodegradation reaction rate and kinetic constant, respectively. The
obtained rate constants are given in Table S5. Blank samples exhibit
almost negligible photodegradation for both drugs under UV irradiation,
indicating that model drugs used in the study have almost no self-
photodegradation. The structural stability and lack of self-
photosensitization are essential issues when evaluating synthetic
organic pollutants. From the results, the trend for photocatalytic
degradation achieved for both drugs is as follows: ZnOpy/new/Ag >
ZnOp;/new > ZnOp-KOH. For the sample ZnOy,,-KOH, low photocatalytic
activity is observed, which could be attributed to the alteration of sur-
face chemistry for the photocatalytic reaction due to the etching pro-
cedure. Moreover, it should be noted that average crystalline domain
sizes estimated by XRD (section 2.2) do not change significantly after
etching further implying that solely surface chemistry alteration
impacted photocatalytic performance (see Fig. 1A). A similar effect of
KOH etching accompanied by significant changes in morphology and
crystal structure has been reported for ZnO by other authors, (El-Shaer
et al., 2018; Ranjith et al., 2013). For instance, Mosaad et al. reported
that etching by KOH at high molarity resulted in a change in the size of

(€8]
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ZnO crystallites and decreased crystallinity (El-Shaer et al., 2018). In the
case of morphology-optimized ZnOpr/ncw, the photodegradation is
significantly improved for both drugs, possibly due to enhanced surface
quality of secondary-grown structural features and their crystalline
uniformity. The highest photocatalytic degradation was observed for the
ZnOp;/new/Ag heterojunction sample, in which photodegradation rate
constants of 22.3 x 10~* min~! and 28.2 x 10~* min~! were achieved
for diclofenac and carbamazepine, respectively. The optimized activity
of the Ag-decorated ZnO sample can be ascribed to the optimized sep-
aration of charge carriers, in which Ag metallic particles act as electron
sinks and drive away the photogenerated electrons from holes. In this
way, electrons and holes can initiate photocatalytic reactions instead of
undergoing futile charge recombination (Sudrajat and Babel, 2019).
Besides ZnO, such separation of charge carriers has also been reported in
other metallic nanoparticle-decorated systems (Gao et al., 2017; Majeed
et al., 2022). It should be noted that the degradation rate of carba-
mazepine (M, = 236.26 g/mol) is higher in comparison to diclofenac
(My, = 318.13 g/mol), which could be due to relative difference in
molecular weight and reduced molecular cleavage. The molecular
weight of individual pollutants has been associated with an inverse
photocatalytic trend, i.e., increased molecular weight leads to decreased
photocatalytic degradation (Kalaiarasan et al., 2021). Diclofenac has a
pKa value of 4.2, which implies a negative charge of the molecule at
neutral pH. On the other hand, carbamazepine has pKa; and pKa; values
of 2.3 and 13.9, respectively, which implies a neutral charge at neutral
pH and complies with lower solubility compared with diclofenac
(Ensano et al., 2017). The photocatalytic degradation pathway is pri-
marily based on numerous reactive oxygen species (ROS) that are pro-
duced by photoexcited electron-hole pairs in an aqueous medium.
According to the literature reports, the main reactive species responsible
for the photodegradation of carbamazepine are *OH and O5 which target
the molecules generating various byproducts (Durdn et al., 2016). In the
case of diclofenac, the main species were found to be oxidative holes
(either directly or by subsequent generation of *OH, confirmed via
photoluminescence spectra using terephthalic acid (TA) as a probe
molecule (Mugunthan et al., 2019).

2.7. Photodegradation of estriol hormone

The photodegradation of estriol (E3) hormone was used as a model
endocrine disruptor to demonstrate further the capability of developed
photocatalytic thin films. The molecular weight of the E3 hormone is
288.38 g/mol, which is in the range of the other two evaluated drugs, so
the results can be expected to be comparable. The as-obtained samples of
photocatalytic films were evaluated using Drip Flow Biofilm Reactor
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Fig. 4. Pseudo-first-order kinetics plots of photodegradation of carbamazepine (left) and diclofenac sodium salt (right).
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DFR 110-4PET, which consists of four channels. The samples were
placed in each channel and irradiated using an external UV lamp
mounted directly above the samples, while a continuous flow of E3 so-
lution (0.3 mg/L) was circulated through the photoreactor using a
peristaltic pump equipped with silicon tubing. For all experiments, a
constant flow rate of 12 mL/min was set to minimize any fluctuations
due to residence time. It is pertinent to mention that the photocatalytic
reaction rate depends strongly on the flow rate, i.e., gradually increasing
the flow rate boosts the photocatalytic rate until an optimum is reached,
which is the maximum photocatalytic rate dependent on the flow rate
(Garcia-Prieto et al., 2022). The percentual removal of E3 by photo-
degradation at each 1 h interval for a total duration of 4 h is graphically
shown in Fig. 5, left. The same relative trend is obtained for the pho-
todegradation of E3 of all samples, i.e., ZnOp;/new/Ag > ZnOnr/new >
ZnOp;-KOH. The trend shows an increase in photodegradation of E3
hormone from 38% to 99.4%, 18.7%-74.2%, and 0.9%-43.3% for
ZnOnyr/new/Ag, ZnOpy/mew, and ZnOp,-KOH, respectively, in the time in-
terval between first and fourth hour. The ZnOy;/ncw/Ag sample shows
much higher photocatalytic activity than the sample ZnOy;/ncw Without
Ag decoration, confirming the heterojunction effect. The results indicate
that ZnOp;/new/Ag can almost completely degrade E3 hormone in the
given time compared to ZnOpy/new and ZnOyp,-KOH, which were able to
eradicate only 74.2% and 43.3% of the hormone, respectively. The ob-
tained results are similar to those found in the literature studies on ZnO
photocatalysts for E3 degradation. For example, Gao et al. reported a
total E3 degradation rate of 95% at 0.6 mg/L concentration within an
hour using 10 mg/L of pristine ZnO (Al-Hajji et al., 2021; Han et al.,
2012). However, their developed system was tested in a slurry-based
reactor, which can result in secondary pollution due to poor recover-
ability in contrast to the as-obtained immobilized system developed in
this study, which offsets the slightly increased performance of
slurry-based systems.

Scavenger tests were performed using the ZnOp,/ncw sample with the
same preset experimental conditions to elucidate further the role of
active species initiating the photocatalytic reaction. In particular, diso-
dium ethylenediaminetetraacetate (EDTA), tert-butyl alcohol (TBA), and
1,4-benzoquinone (PBQ) were employed for quenching holes, *OH, and
*02~, respectively. The obtained results (Fig. 5, right) revealed that with
the introduction of EDTA and TBA, a significant decrease in the photo-
catalytic activity was observed for both recorded 1 h intervals. It can be
inferred that both holes and *OH radicals were the main reactive species
contributing to the photocatalytic degradation of the E3 hormone. On
the other hand, introducing PBQ to the system led to total photo-
degradation of E3 hormone within a 2 h interval, which was faster than
without any scavenger. Such enhanced photocatalytic efficiency could
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be related to decreased backward charge recombination. The obtained
radical scavenging tests are slightly different from some other previously
reported studies on ZnO/Ag, in which a significant contribution from
superoxide anion ('02’) was also observed besides holes and *OH
(Singh, 2022; Zhu et al.,, 2021). Considering the above-mentioned
scavenger results, a photocatalytic reaction mechanism is also drawn
in Fig. 6, where the contribution from each ROS for redox reactions is
highlighted.

For any viable photocatalytic system, it is imperative that as-
prepared samples should maintain a high degree of performance over
several cyclic usage. For that purpose, we subjected the best-performing
sample, i.e., ZnOp;mcw/Ag, to five consecutive cyclic runs, which
revealed that the sample was able to maintain high performance for E3
degradation, as shown in Fig. S6. The ZnOp;/ncw/Ag tested for reusability
was further characterized with SEM and XRD to discern any structural or
morphological changes. As can be deduced from Fig. S7 and Fig. S8 high
structural integrity was maintained, and negligible change was observed
in both morphology and XRD diffractogram. This study provides useful
insights into developing environmentally friendly photocatalytic
wastewater treatment for emerging environmental pollutants by
considering aspects of circular economy and environmental
sustainability.

3. Conclusions

Bioinspired Anelosimus eximius morphology design of 1D nano-
structured ZnO, possessing nanorods/nano cobweb geometric configu-
rations resembling the spider cobwebs, was successfully grown onto a
glass substrate. The fine-tuning of the morphology was enabled by
varying the molecular weight of polyethyleneimine (PEI), and the per-
formance of this design was further enhanced by decorating the struc-
tures with silver (Ag) nanoparticles via the photoreduction method.

A preliminary evaluation of the photocatalytic activity of the surface
according to the ISO 21066:2018 standard showed that the photo-
catalytic activity of the ZnOp;/new and ZnOpy/new/Ag samples initiated
very quickly, within a few seconds of exposure to UV light. In addition,
the films exhibited increased wettability upon UV irradiation, in the
order ZnOnr/new > ZnOnpr/new/Ag > ZnOn-KOH, making the samples
ideal for self-cleaning applications.

From an environmental sustainability perspective, 1D hierarchical
ZnO-based nanostructures were evaluated for the photodegradation of
commonly prescribed drugs, such as carbamazepine and diclofenac so-
dium salt, which frequently contaminate wastewater. The highest pho-
todegradation rate constants were obtained using the ZnOpy/mew/Ag
structures, which were 3.6 and 2.6 times greater for diclofenac and
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Fig. 5. Photodegradation rate of estriol hormone using as-prepared samples (left) and radical quenching results obtained with ZnOp,/ncw sample.



M. Masar et al.

Chemosphere 365 (2024) 143327

oxidation
reduction
disproportionation

Y% hormone removal

CB
i
>
[J]
o
-
l
- . VBY
I.HZOZ eu
EDTA ~ ~.
O\

100 %

mee 1 TBA

Fig. 6. Photocatalytic reaction mechanism of ZnOy,/n.w sample according to radical scavenging results.

carbamazepine, respectively, compared to the sample without Ag
decoration (ZnOpy/new), and 23.4 and 11.8 times greater than those for
the etched sample, ZnOp;-KOH.

The feasibility of the developed samples was tested in a model
photoreactor using a continuous drop-flow mode of the liquid film over
the coated surface. The estriol (E3) hormone was used as a representa-
tive pollutant of highly biotoxic and bioaccumulative endocrine dis-
ruptors, for which total elimination rates of 100%, 75%, and 50% were
achieved for the samples ZnOpr/new/Ag > ZnOprmew > ZnOp-KOH
within 4 h. The role of active species in photocatalytic activities was
elucidated using radical scavenging tests. The holes and *OH radicals
were identified as the primary reactive species involved in initiating the
photocatalytic reaction for all prepared nanostructured ZnO thin films.
The superior performance of the dual morphology (nanorods with nano
cobwebs) Ag nanoparticle-decorated 1D ZnO nanostructures can be
attributed to optimized charge transfer and separation in the
heterostructure.
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