J Mater Sci: Mater Electron (2025) 3

®

Check for
updates

Sustainable synthesis and functionalization of ZnO
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(Cuachalalate) bark extract for the effective
degradation of emerging pollutants

A. Moreno Meza', A. R. Vilchis-Nestor?, and P. A. Luque’*

" Facultad de Ingenieria, Arquitectura y Disefio-Universidad Auténoma de Baja California, C.P. 22860 Ensenada, México
2 Centro Conjunto de Investigacién en Quimica Sustentable, UAEM-UNAM, C.P. 50200 Toluca, México

Received: 19 November 2024 ABSTRACT

Accepted: 29 March 2025 This study investigates the photocatalytic degradation of emerging pollutants
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25 April 2025 It employs Amphipterygium adstringens (Cuachalalate) bark extract as a natural

reducing and stabilizing agent. The photocatalytic performance of the synthesized
© The Author(s), 2025 ZnO NPs was evaluated under ultraviolet (UV) light irradiation using various

model compounds, including the dyes Congo Red (CR), Malachite Green (MG),
Rhodamine B (RhB), Methylene Blue (MB), and Methyl Orange (MO), as well
as the pharmaceutical contaminants Ibuprofen (IBU), Ciprofloxacin (CIP), and
Diclofenac sodium (DCF). Characterization techniques determine the physical,
chemical, and electronic properties of ZnO NPs. Ultraviolet-visible (UV-Vis)
spectroscopy presents an absorbance peak at 371 nm, and the TAUC plots of
each spectrum revealed band gaps of 2.948, 2.940, and 2.847 eV for 1%-ZnO NPs,
2%-ZnO NPs, and 4%-ZnO NPs, respectively. At the same time, the obtention
vibration bonds through FTIR spectroscopy showed Zn-O stretching vibration
at 380 cm™'. X-ray diffraction (XRD) shows the crystalline structure, with average
crystallite sizes of 21.6 nm, 14.19 nm, and 13.26 nm for 1%-ZnO NPs, 2%-ZnO
NPs, and 4%-ZnO NPs, respectively. Finally, scanning electronic microscopy
showed the morphology, which was spherical with a slight agglomeration of the
particles. The photocatalytic degradation efficiency of the ZnO NPs was approxi-
mately 90% for dyes and 85% for drug contaminants. The degradation constant
was determined using the equation of first-order kinetics. These promising results
highlight the potential of Cuachalalate-derived ZnO NPs for efficiently remedy-
ing emerging pollutants and suggest further environmental application research,
pollutants and suggest for further research in environmental applications.
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1 Introduction

In recent years, human activities, such as food produc-
tion, textiles, and the pharmaceutical industries [1-3],
have produced organic waste as by-products, resulting
in water pollution and wastewater with highly toxic
organic pollutants that are the main environmen-
tal and health problems [4-6]. Chemical pollutants
known as emerging pollutants (EP) are compounds
used in modern society that compromise the health
of living organisms. The presence of pharmaceutical
compounds in the aquatic environment is a global con-
cern. The low concentration of compounds can affect
microorganisms and increase the resistant pathogens
in wastewater [7, 8]. Antibiotics are produced and uti-
lized in large amounts, causing toxicity to water bod-
ies [9].

For this reason, nanomaterials have attracted enor-
mous interest due to their wide range of properties.
Generally, heterogeneous photocatalysis with nano
semiconductors is effective for complete degradation
and can eliminate toxic organic pollution from indus-
trial activity [10, 11]. The semiconductor nanomate-
rial presents unique size-dependent properties related
to its high specific surface area, including localized
surface plasmon resonance and quantum confine-
ment effects [12-14]. This is because the band gap of
nanomaterials is a principal factor in photocatalytic
reactions.

Therefore, zinc oxide nanoparticles (ZnO NPs) are
promising metal oxide semiconductor photocatalysts
for several applications due to their higher quantum
efficiency and rapid range of photocatalytic activity
[15, 16]. ZnO NPs have a band gap of 3.37 eV in the
near-ultraviolet spectrum and exhibit n-type con-
ductivity [17]. In addition, ZnO NPs show charac-
teristics such as high surface specificity, low toxicity,
surfactant sites for specific absorption, high chemical
and thermal stability, and photocatalytic activity over
a broader range of ultraviolet-visible light and low
cost [18-21]. The oxidation process for the superoxide
radical may generate photo generation. Single excitons
form coulomb interaction between electrons and holes
[22].

The synthesis of ZnO NPs via the green method is
an alternative to the production of ZnO NPs. Conven-
tional processes, such as chemical synthesis, require
potent chemicals that can potentially lead to envi-
ronmental contamination [23, 24]. The use of plants,
fruits, and bark involves several metabolites and
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biomolecules that contain functional groups, such as
carbonyl (-CO), hydroxyl (<OH), and amines (-NH,).
Antioxidant molecules are considered essential for
forming ZnO NPs that react with a precursor of metal
ions, providing stability and surface functionality
to the nanoparticles [25]. A. adstringens (cuachala-
late), known as “cuachalalate” is an endemic plant of
Mexico [26]. The bark commonly treats gastric ulcers,
inflammation, colic, and gastrointestinal cancer [27].

The principal components of the cuachalalate bark
are the triterpenoid acids 3a-hydroxymasticadienoic
(3 MA) and masticadienoic (MA). The anacardic acids
(ANA) and anacardic aldehydes are among the long-
chain phenolic compounds [28]. Actuality, green syn-
thesis has been applied using different extracts, e.g.,
Islam et al. and performed the green synthesis of ZnO
NPs from onion (Allium cepa L.) waste husk, obtaining
a particle size between 49 and 100 nm, resulting in an
average particle size of 57.38 nm. On the other hand,
Ansari et al. they synthesized ZnO NPs using Euca-
lyptus globulus leaf extract, confirming its formation
by XRD, TEM, FE-SEM, and FTIR techniques. They
obtained results with an average particle size of 6 + 2
nm [29, 30].

This study innovates using a novel bark extract to
synthesize and functionalize ZnO NPs for decontami-
nating wastewater from emerging pollutants. Specifi-
cally, IBU, DCF, and CIP degradation occur under
conditions controlled for efficient drug degradation.
It demonstrates effectiveness, rentability, and low cost
of production.

2 Details experiments
2.1 Materials and chemicals

The bark of the cuachalalate tree (Amphipterygium
astringent) was purchased from a local herbalist store
in Querétaro, México. The zinc nitrate hexahydrate
was purchased from Sigma-Aldrich. Finally, sterile
ultra-pure water was utilized as a solvent.

2.2 Active compound extract

For active compound utilization, the tree bark pre-
pared 1%, 2%, and 4% (wt/vol) extract solutions in
50 mL of sterile, ultra-pure water. The samples were
stirred for 2 h and then placed in a water bath at 60 °C
for 1 h. Finally, the extracts were vacuum-filtered to
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Fig.1 a UV-Vis Spectre absorption, b Determination of the
bandgap energy by TAUC plot

separate solid residues from the liquid and stored for
further processing studies.

2.3 Synthesis of ZnO NPs

2 g of zinc nitrate hexahydrate was dissolved in 40 mL
of the cuachalalate extract at 1%, 2%, and 4% (w/v).
The solutions were stirred for one h until the Zn pre-
cursor was fully dissolved. Continuing with the reac-
tion, the solutions were placed in a thermoregulated
water bath at 60 °C for 11 h until a pasty consistency
was achieved. Finally, they were subjected to heat
treatment at 400 °C for one h, obtaining a grayish-
white product that was passed into an agate mortar.
At the end of this process, the product was stored and
labeled as 1%-ZnO NPs, 2%-ZnO NPs, and 4%-ZnO
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NPs, corresponding to the extract concentration of 1%,
2%, and 4%, respectively. Subsequently, their charac-
terization and the study of their photocatalytic activity
were carried out.

2.4 ZnO NPs characterization

Different analytical methods were used to character-
ize the ZnO nanoparticles. The absorption and band
gap were defined by ultraviolet—visible spectroscopy
(UV-Vis), ranging from 200 to 800 nm. Fourier trans-
form infrared spectroscopy (FTIR) analyzed the func-
tional groups to determine the characteristics of ZnO
using a Perkin Elmer Spectrum Two spectrometer;
the spectrum was taken from 4500 to 350 cm™'. The
crystalline structure was identified by X-ray diffrac-
tion with a wavelength of 1.5406 A (Cu Ka). Scanning
electron microscopy identified the morphology and
elemental composition through energy-dispersive
X-ray spectroscopy (EDX). The average particle size
was obtained using transmission electron microscopy
with JEM- 2100 equipment.
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Fig. 3 Crystallographic analysis of ZnO semiconductor synthe-
sized using different concentrations of cuachalalate bark extract

2.5 Photocatalytic activity study

In the case of photodegradation, ibuprofen, diclofenac
sodium, and ciprofloxacin were used at a concentra-
tion of 20 ppm. The study used four different organic
dye solutions: MB, RhB, MO, and CR, each at a con-
centration of 15 ppm. Degradation analyses were per-
formed using UV light. In the experiment under UV
radiation, 10 W Polaris UV- 1 C lamps with an energy
of 18 mJ/cm? were utilized. The resulting suspension
was mechanically stirred in the dark for 30 min to
achieve an adsorption-resorption balance. Later, the
suspensions were placed under UV radiation; during
the experiment, aliquots were taken at various inter-
vals up to 180 min. At the end, the degraded samples
were measured using a UV spectrophotometer.

3 Results
3.1 Optical studies

Ultraviolet—visible molecular absorption spectropho-
tometry examination was completed to confirm the
formation of ZnO NPs using cuachalalate extract,
obtaining sharp absorbance peaks at 367, 371, and 372
nm for 1%-ZnO NPs, 2%-ZnO NPs, and 4%-ZnO NPs,
as shown in Fig. 1a. These results confirm the proper
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formation of ZnO. The difference in absorbance cor-
responds to the resonance effect due to the relation-
ship between the metal conduction electrons and the
incident photons [31]. This is known as surface plas-
mon resonance (SPR) due to the unique properties of
the ZnO NPs semiconductor and the influence of the
extract used to obtain the ZnO. Figure 1b shows the
values of the band gap, calculated using the TAUC
approximation method, indicating energy values for
1%-ZnO NPs of 2.948 eV, 2%-ZnO NPs of 2.940 eV,
and 4%-ZnO NPs of 2.847 eV despite a minimal dif-
ference. Using the energy equation and modifying it
to calculate the wavelength, we obtain:

_ ke

i= M

Therefore, the wavelengths for 1%-ZnO NPs,
2%-ZnO NPs, and 4%-ZnO NPs are 420, 422, and 435
nm, respectively.

3.2 FTIR spectroscopy analysis

The surface functionality of the ZnO NPs was demon-
strated by FTIR analysis. The extract contains two main
types of compounds: triterpenoids and simple aromatic
compounds with aliphatic chains of 1222 carbon atoms.
However, the primary compound is the sarsasapogenin
molecule. Figure 2 shows absorbance peaks at 3290,
2921, 1606, 1316, and 1029 cm-!, attributed to O-H, C-H,
C=C, C-H, and C-O of A. adstringens, corresponding to
the similar spectrum reported by Arenas et al. [32]. The
absorbance peaks in Fig. 2 correspond to a spectrum of
ZnO NPs produced by green synthesis. This is due to
the organic molecules present in the medium during
the synthesis process. Organic molecules that bind to
the nanoparticle surface provide stability and coating,
which also help prevent agglomeration. Therefore, the
observed peaks are likely from the stretching vibrations
of the C=0, C-H, and C-O functional groups derived
from the aromatic rings and the O-H bond of the sar-
sasapogenin molecule. The characteristic absorption of
ZnO NPs observed at 380 cm™ is attributed to the Zn-O
stretching vibrations [33-37].

3.3 Determination of the XRD pattern

XRD analysis determined the crystalline structure of
ZnO NPs. The obtained XRD pattern in Fig. 3 displays
thirteen diffraction peaks positioned at 20 values of
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31.77°, 34.42°, 36.25°, 47.54°, 56.60°, 62.85°, 66.38°,
67.95°, 69.09°, 72.56°, 76.96°, 81.38°, and 89.61°, which
represent the (100), (002), (101), (102), (110), (103),
(200), (112), (201), (004), (202), (104), and (203) crystal-
lographic reflection planes of the hexagonal structure
of mineral zincite, as stated in the Crystalline card
JCPDS No. 01-089- 7102 [38]. A small peak around
20 at a value of 30° may relate to the surface crys-
tallization of organic constituents from the cuachala-
late extract on the surfaces of the nanoparticles. The
Debye—-Scherrer equation was used to determine the
average crystalline size.

_ Ki
pcosb

)

D represents the size of the crystallite. The form fac-
tor, with a value of 0.9, is defined by K, which is the
wavelength of the X-rays. It indicates the angle of inci-
dence and describes the full width at half maximum
(FWHM) of the diffraction peak located in the plane.
The average crystallite dimensions (D) correspond to
21.6, 14.19, and 13.26 nm for 1%-ZnO NPs, 2%-ZnO

a) b)
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NPs, and 4%-ZnO NPs. The results confirm the ZnO
NPs crystalline structure and hexagonal phase. Fur-
thermore, the intensity of the peaks can be used to
observe the crystallinity of the nanoparticles. The
presence of sharp, high-intensity peaks indicates high
crystallinity. The crystallinity percentages for 1%-ZnO
NPs, 2%-ZnO NPs, and 4%-ZnO NPs were calculated
at 77, 83, and 86%, respectively. Results show that with
an extended concentration of cuachalalate bark, there
is a reduction in crystal size. Likewise, the width of the
peak indicates a larger crystallite size; therefore, at a
higher concentration, a smaller crystallite size and a
major crystalline arrangement are observed [39-42].

3.4 Microscopic studies

The morphology of the ZnO NPs was observed in
Fig. 4a—c. The particles show a variation of shapes and
sizes, a non-uniform distribution, increased aggrega-
tion, loose aggregates, and a rough surface texture.
The role of natural extracts in green synthesis, where
molecules participate as stabilizers in forming ZnO
NPs, is well known. In this case, the presence of
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natural molecules caused higher agglomeration as
the concentration of cuachalalate increased. However,
it can be observed in Fig. 4a that nanoparticles with
a spherical shape are more separated from the rest;
it is considered that a concentration of 1%-ZnO NPs
provides a more uniform spherical structure with less
accumulation due to the high surface energy they pos-
sess, which causes adhesion with greater frequency,
resulting in larger clusters [43]. The EDS spectrum
Fig. 4d—f, shows the chemical composition of the ZnO
NPs. Three main chemical elements were detected in
the EDS spectrum: zinc (Zn), oxygen (O), and carbon
(C). They confirm the formation of ZnO. The carbon
peak (C) may correspond to organic matter on the sur-
face of the ZnO NP, as shown in the previous FTIR
analysis (Fig. 2). This is attributed to the interaction of
polyphenols as a capping agent [44].

The particle size was determined by TEM analysis.
TEM analysis displayed a well-defined spherical struc-
ture, confirmed by SEM micrographs Fig. 5a—c. More-
over, the nanoparticles have lengths of about 10-20
nm, presenting a uniform structure among those syn-
thesized with different concentrations of extracts. As

o

90 120 150 180

Irradiation time (min)

comparing ZnO nanoparticles at different concentrations (d).
Linear fitting of the pseudo first order kinetic model (e), and
determination of the rate constant (f)

reported in other studies, the extract acts as a capping
agent in forming zinc oxide nanoparticles, stabilizing,
size and shape. The agglomeration of the ZnO NPs is
not visible due to the encapsulation of the ZnO NPs
with cuachalalate bark extract. The bioactive constitu-
ents were observed due to polyphenols, alkaloids, and
other compounds found in the cuachalalate [45-49].

4 Photocatalytic activity

The degradation of emerging pollutants, such as dyes
and drugs, was studied under optimal experimental
conditions, including the catalyst dose and the initial
concentration of the contaminants. The decrease in
absorbance can be observed as time elapses (the decay
in color for dyes). The degradation percentage is also
calculated using the initial and final absorbance val-
ues. In addition, the degradation rate was calculated
using In C% = kt where C is concentration, ¢ is time, C,

is the initial concentration, and k is the rate constant
corresponding to a first-order kinetic equation. This
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experiment was carried out under exposure to UV
irradiation for 180 min.

4.1 Colorants
4.1.1 Congo red (CR)

The photocatalytic activity was carried out with a
zinc oxide semiconductor catalyst at a CR concentra-
tion of 15 ppm. It was observed in the UV spectrum
Fig. 6a—c, that there was a decrease in absorbance over
time, showing degradation of 96% for 1%-ZnO NPs,
100.8% for 2%-ZnO NPs, and 103% for 4%-ZnO NPs
(Fig. 6d). It can be seen that the higher the concentra-
tion, the quicker the degradation rate (Fig. 6e, f). CR
degradation is linked to the availability of more active
sites on the photocatalyst surface, which increases the
number of hydroxyl and superoxide radicals. How-
ever, catalyst accumulation decreases the degradation
rate due to insufficient active sites [50-54].
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4.1.2 Malachite green (MG)

Malachite green (MG) is a soluble cationic dye. It is
a green crystalline powder of the triphenylmethane
type. If present above a certain concentration level, it
can contaminate surface and groundwater and pose
potential health hazards to animals, plant life, and
humans [55, 56].

The degradation of malachite green at a concentra-
tion of 15 ppm was carried out over the ZnO catalyst
under UV light illumination for 180 min, with a 1:1
catalyst ratio. In Fig. 7a—c, the decreased absorbance
over time indicates a decline in the concentration of
MG dye. Additionally, Fig. 7d shows the concentration
versus time graph, illustrating complete degradation
in 180 min and demonstrating a stronger relation-
ship between dark adsorption and complete miner-
alization. The rate constant value is calculated using
a pseudo-first-order equation (Fig. 7e, f), indicating
that the degradation efficiency values are consistent
with the kinetic data. The degradation involves vari-
ous processes, including the catalyst’s active sites and
the formation of hydroxyl radicals [57-62].
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Fig. 9 Degradation spectra of Methylene blue using ZnO nano-
particles synthesized with Amphipterygium adstringens extract:
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4.1.3 Rhodamine B (RhB)

On the other hand, Rhodamine B is one of the most
challenging dyes to remove. Figure 8a—c, shows the
absorption spectra of Rhodamine B over time, not-
ing that the maximum absorption peak at 554 nm
decreased during the photocatalytic degradation with-
out the formation of byproducts or the appearance of
other absorption bands. A decrease in the concentra-
tion of Rhodamine B (100%) resulted in concentrations
of 40%, 37%, and 14% for 1%-ZnO NPs, 2%-ZnO NPs,

Irradiation time (min)

comparing ZnO nanoparticles at different concentrations (d).
Linear fitting of the pseudo first order kinetic model (e), and
determination of the rate constant (f)

and 4%-ZnO NPs over 180 min., culminating in partial
mineralization [63-69].

4.1.4 Methylene blue (MB)

Methylene blue (MB) is a synthetic dye widely used as
a colorant in paper and textiles. It is also used in large
amounts in pharmaceuticals and self-care products.
Therefore, MB solutions were used to study the photo-
catalytic degradation of ZnO, which was synthesized
with different extract concentrations to understand the
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Fig. 10 Degradation spectra of Methyl orange using ZnO nano-
particles synthesized with Amphipterygium adstringens extract:
1%-Zn0O NPs (a), 2%-ZnO NPs (b), and 4%-ZnO NPs (c). Graph

relationship between the structure and photocatalysis
of ZnO NPs samples. The absorption peak at 664 nm
is the typical peak of Methylene Blue. The loss of this
peak in the sample indicates that MB was removed
from the solution as CO, and H,O. Figure 9a—c, show
the absorbance measurement of the different extract
concentrations in the synthesis of ZnO. The absorb-
ance decreases with exposure to UV radiation over
time. After 180 min of exposure to UV irradiation,
the maximum concentrations achieved are 3.48%
1%-ZnO NPs 7% 2%-ZnO NPs and 1.47% 4%-ZnO
NPs (Fig. 9d), indicating an almost complete degra-
dation of the methylene blue dye. The rate constants
were determined as 0.019 for 1%-ZnO NPs 0.0168 for
2%-ZnO NPs and 0.024 for 4%-ZnO NPs showing that
a higher concentration and smaller size of nanopar-
ticles indicate a faster degradation rate. Compared
with Sedefoglu, 2023 reported various rate constants
for different synthesis techniques through calcination:
0.0112, 0.02791, 0.3924, and 0.2332. This indicates that
the same or better results can be obtained using green
synthesis [70-78].
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4.1.5 Methyl orange (MO)

Finally, the photocatalytic activity of the nanoparticles
synthesized with cuachalalate bark extract was evalu-
ated in methyl orange dye, a widely used dye with
a less complex chemical structure commonly used in
the textile industry. Figure 10a—c, shows the measure-
ment of the UV spectrum, presenting an absorbance
peak characteristic of methyl orange at a wavelength
of 464 nm; as the exposure time increases, the spec-
trum decreases. After 180 min of exposure, it reached
a degradation of the dye of 94.69% for 1%-ZnO NPs,
97.32% for 2%-ZnO NPs, and 99.81 for 4%-ZnO NPs,
respectively (Fig. 10d). Correlating, the increase in the
concentration of cuachalalate extract in the synthesis
of zinc oxide nanoparticles increased the percentage
of methyl orange degradation, reaching almost 100%
mineralization. In addition, the rate constant (Fig. 10e,
f) was obtained, showing a K value of 0.01728 for
1%-ZnO NPs, 0.01826 for 2%-ZnO NPs, and 0.02781
for 4%-ZnO NPs. This results in lower concentration
and major rate degradation. In this case, the rela-
tionship between the surface catalyst and dye is not
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Fig. 11 Degradation spectra of Ibuprofen using ZnO nanopar-
ticles synthesized with Amphipterygium adstringens extract:
1%-Zn0O NPs (a), 2%-Zn0O NPs (b), and 4%-ZnO NPs (c). Graph

perfect; eventually, prolonged exposure to UV irradia-
tion is responsible for the central degradation of the
dye [79-83].

4.2 Drugs
4.2.1 Ibuprofen (IBU)

Ibuprofen (IBU) is a non-steroidal anti-inflammatory
drug with hydrophobic properties and low adsorp-
tion to organic matter. This drug was used as a model
for its high-demand commercial. Figure 11a—c, dis-
plays the graph characteristic of ibuprofen, observ-
ing a peak of 221 nm corresponding to ibuprofen
absorbance. The absorbance peak decreases as a
function of the time it is prolonged. The degrada-
tion archived a percentage of 99% for 1%-ZnO NPs
in 60 min and 99.45% for 4%-ZnO NPs in 180 min,
ending the complete mineralization obtained H,O
and CO, at the end of the reaction. However, the
degradation percentage was 84.23% for 2%-ZnO NPs

0 3 .60 9 120
?rrad?ation time (min)

comparing ZnO nanoparticles at different concentrations (d).
Linear fitting of the pseudo first order kinetic model (e), and
determination of the rate constant (f)

in 180 min, achieving lower degradation over a more
extended period (Fig. 11d). They reflect that the pho-
tocatalytic properties of the catalyst synthesized with
2%-ZnO NPs are lower than those at 1%-ZnO NPs
and 4%-ZnO NPs. Therefore, the degradation con-
stant k (cm™!) was determined to compare with each
other, obtaining a result of 0.029 for 1%-ZnO NPs,
0.0078 for 2%-Zn0O NPs, and 0.016 for 4%-ZnO NPs.
It is shown that using 2%-ZnO NPs can accelerate
degradation, but it isn’t finalized (Fig. 11e, f). This
depends on the relationship between the adsorp-
tion sites on the surface of ZnO and the IBU and
its by-product [84]. Figure 11d shows that 2%-ZnO
NPs have more adsorption than the other two per-
centages of the extract, confirming those mentioned
above; this can be due to reactive species (*O,, *OH,
and h") that participated in the degradation of IBU
*O, playing a critical role. These are possible active
sites of IBP and the corresponding subsequent trans-
formation products [85-91].
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1%-ZnO NPs (a), 2%-ZnO NPs (b), and 4%-ZnO NPs (c). Graph

4.2.2 Ciprofloxacin (CIP)

Ciprofloxacin is an antibiotic widely used for treating
infections, but poor practices have increased its pres-
ence in wastewater, causing drug-resistant bacteria.
Under UV irradiation, the photocatalytic degradation
of CIP utilizing heterostructure ZnO catalysts was
studied. Figure 12a—c, shows a maximum peak at 271
nm, corresponding to the spectral absorbance of CIP.
The photocatalytic activity degraded by 85.83% for
1%-ZnO NPs, 97.66% for 2%-ZnO NPs, and 99.91% for
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4%-7ZnO NPs (Fig. 12d). Equilibrium adsorption—des-
orption is perfect, except that the synthesized catalyst,
4%-7ZnO NPs, shows more promising adhesion to the
catalyst surface. Following the degradation rate, the
pseudo-first-order equation obtained a value k (cm™)
of 0.01506 for 1%-ZnO NPs, 0.01596 for 2%-ZnO NPs,
and 0.025 for 4%-ZnO NPs, respectively. This indicates
that the synthesized catalyst, 4%-ZnO NPs, which
demonstrated a significant degradation rate, results
in complete mineralization. The degradation is pro-
portional to the constant rate, meaning there is a lower
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Fig. 13 Degradation spectra of Diclofenac sodium using ZnO
nanoparticles synthesized with Amphipterygium adstringens
extract: 1%- ZnO NPs (a), 2%-ZnO NPs (b), and 4%-ZnO NPs

percentage of degradation at a higher rate constant.
The synthesis of the ZnO catalyst with 4%-ZnO NPs
shows complete mineralization. However, the recom-
bination of electron-hole pairs under UV irradiation
contributes to the significant degradation of CIP due
to the generation of three different types of radicals
(°O,, *OH, and h") that can be produced over a cata-
lyst; however, only photogenerated O,  can diminish
CIP [92-99].

4.2.3 Diclofenac sodium (DCF)

The diclofenac sodium has a behavior that is different
from that of Ibuprofen and ciprofloxacin. Upon inter-
action with light, the drug begins to react and produce
by-products; therefore, when performing absorbance
measurements, a spectrum different from the original
one can be observed Fig. 13a—c, the catalyst begins to
interact and triggers a photocatalytic reaction carry-
ing out the mineralization of the by-product formed.
Figure 13d compares concentration with irradiation

0
Irradiation time (min)

(c). Graph comparing ZnO nanoparticles at different concentra-
tions (d). Linear fitting of the pseudo first order kinetic model (e),
and determination of the rate constant (f)

time, showing a final concentration of 81.18% for
1%-ZnO NPs, 80.77 for 2%-ZnO NPs, and 83.13% for
4%-ZnO NPs, respectively. The degradation rate can
be observed in Fig. 13e, f. These phenomena result
in the formation of very stable dimer carbazole. This
by-subproduct turns a yellowish color, as reported by
other authors, and a similar result was obtained in this
experiment. From the first instant, the charge occurs to
the by-subproduct molecule. The proposed pathway
is carried out to form epoxide fact by including dis-
solved oxygen, followed by the loss of both chlorine
atoms [100-106].

5 Conclusion

The degradation of pollutants in wastewater by func-
tionalizing zinc oxide nanoparticles with A. astrin-
gent (cuachalalate) bark extract while applying green
chemistry was successful. The characterization tech-
niques indicated that the active compounds of the
cuachalalate extract influenced the crystallite size,
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crystallinity, morphology, and band gap, resulting
in a zincite phase. Moreover, FTIR spectra confirmed
that the nanomaterial contains high concentrations
of organic molecules from the extract, which are part
of the functionalization on the surface of the zinc
oxide nanoparticles, increasing the photocatalytic
activity of the material. The photocatalytic activity
was tested on five dyes and three drugs, including
ibuprofen, diclofenac sodium, and ciprofloxacin. Ibu-
profen was successfully degraded, with a decrease
in the aromatic ring (phenyl ring), removing 85% of
IBU after 180 min. In the case of diclofenac sodium,
the transformation of the original molecule into an
intermediate can be observed upon interaction with
light, showing an absorbance spectrum that differs
from the original. However, photocatalysis removed
more than 80% in 180 min. Finally, ciprofloxacin was
degraded by over 90% after 180 min. These results
indicate that the ZnO influenced by cuachalalate
extract has extraordinary photocatalytic activity in
eliminating dyes and drugs from the solution. It can
be concluded that a significant part is the participa-
tion of hydroxyl radicals as the active agents respon-
sible for the direct degradation of dyes and drugs.
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