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The hybrid bentonite/ZnO composites based on the metal-organic framework (MOF) ZIF-8 were syn-
thesized by a microwave method using 2-methylimidazole and zinc nitrate, and incorporating natural
bentonite (5, 15, and 25 wt%) followed by thermal treatment at 550 °C. The as-prepared materials were
characterized for their crystal structure, morphology, composition, surface chemical states, textural and
optical properties. The photocatalytic activity of the ZnO/bentonite composites was evaluated in the
degradation of a mixture solution of endocrine disruptors (EDCs) (bisphenol A, propylparaben, and
17a-ethinylestradiol, 5 mg L™ each) at pH = 7 under simulated solar light. The material characterization
showed that incorporating bentonite into ZnO increased the specific surface area, facilitated the for-
mation of oxygen vacancies, and decreased the recombination rate of e”/h* pairs compared to ZnO. The
solar photocatalytic activity revealed that bentonite 15 wt%/ZIF-8 derived ZnO composite showed
enhanced photocatalytic activity compared to ZIF-8 derived ZnO, allowing the total degradation and

Received 19th January 2025,
Accepted 18th March 2025

DOI: 10.1039/d5dt00154d

61.26% mineralization of the EDC mixture in 240 min. Furthermore, the effluent showed a decrease in
estrogenic activity by the end of the photocatalytic process, with no by-products formed that present
estrogenic activity. The bentonite/ZIF-8 derived ZnO composite is proposed as an alternative ZnO-based
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1. Introduction

Endocrine-disrupting chemicals (EDCs) have been frequently
reported to be present in ambient samples and wastewater
treatment plant effluents."™ Bisphenol A (BPA) has shown
adverse effects on animals and humans due to prolonged
exposure.” Propylparaben (PPB) has been used as a pharma-
ceutical aid (antifungal) and preservative in food and cos-
metics.® Parabens cause inhibition of the embryonic phase of
Danio rerio through reactions with neural proteins.” The
hormone 17a-ethinylestradiol (EE2) is commonly used as an
oral contraceptive in livestock and animal reproduction and in
treating certain diseases.® Thus, continuously introducing
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catalyst that effectively removes the EDC compounds from agueous media.

BPA, PPB, and EE2 into aquatic environments adversely affects
this ecosystem.

The degradation and mineralization of these contaminants
can be achieved through heterogeneous photocatalysis using
semiconductor materials that are photoexcited with radiation
equal to or greater than the bandgap energy (E,). As a result,
holes (k") created in the valence band (VB) can oxidize water
molecules that are adsorbed on the semiconductor’s surface
and produce hydroxyl radicals (HO") (2.80 V vs. NHE). In the
meantime, superoxide radicals (O,"”) can be generated when
the excited electrons (¢7) in the conduction band (CB) react
with O,. ZnO is one of the most used semiconductors;
however, it has some disadvantages, such as a high recombi-
nation rate of e”/h" pairs, low quantum yield, low surface area,
and poor pore distribution, which affect the photocatalytic
process.”'® Zinc oxide has been synthesized through the
thermal treatment of a MOF known as ZIF-8, which features a
zeolite-like structure. MOFs offer versatile options for design-
ing hierarchical porosity and unique metal oxide
structures."™® An a-Fe,05/ZnO material derived from ZIF-8
was evaluated in methylene blue oxidation allowing its com-
plete degradation in 150 min under UV-LED light."® In another
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study, ZnO derived from ZIF-8 coupled to BiVO, removed
99.34% tetracycline under simulated solar radiation in
30 min."” By incorporating ZnO derived from ZIF-8 into CdS,
methyl orange and ciprofloxacin removal was achieved under
simulated solar light in 40 min."*

Additionally, minerals such as bentonite for preparing
materials applicable to photocatalysis have been described,
providing an enhanced surface area and stability."* In a pre-
vious work, a bentonite-ZrTiO, material incorporating 3, 9,
and 12 wt% of bentonite was obtained by an ultrasonic-
assisted sol-gel method followed by calcination at 400 °C for
12 h and evaluated in the photocatalytic degradation of rhoda-
mine B dye under natural solar light."> Recently, the TiO,/ben-
tonite/a-Fe,O; composite obtained by mixing TiO,, bentonite,
and hematite (16:4:1) was evaluated in carmine indigo dye
degradation under fluorescent radiation."®

This work assessed for the first time the impact of adding
natural bentonite on the photocatalytic efficiency of ZIF-8-
derived ZnO to eliminate a mixture of EDCs (BPA, PPB, and
EE2) under simulated sunlight. Furthermore, the in vitro YES
(Yeast Estrogen Screen) assay previously applied for treatments
such as UV/chlorine'” and UV/H,0,"® was used to demonstrate
the reduction of estrogenicity and the suitability of water for
discharge following this photocatalytic treatment.

2. Materials and methods

2.1 Chemicals and reagents

Bisphenol A (BPA, >99%), propylparaben (PPB, >99%),
17a-ethinylestradiol (EE2, 98%), zinc nitrate hexahydrate (Zn
(NO3),-6H,0, 98%), 2-methylimidazole (99%), sodium chloride
(NaCl, >99%), N,O-bis(trimethylsilyl)trifluoroacetamide with
trimethylchlorosilane (BSTFA-TMCS (1%)) and pyridine
(299%) were purchased from Sigma-Aldrich. Ethanol (99.6%)
and sodium acetate (C,H3NaO,, 99.8%) were acquired from
DEQ Corporation. Methanol (HPLC/spectrometry grade) and
chloroform (HPLC/GC grade) were acquired from TEDIA.
Acetone (HPLC/spectrometry grade) was purchased from JT
Baker. Bentonite was provided by the Geominera del Centro
Company, located in the Central Region of Cuba, and situated
in the Remedio municipality, 44 km northeast of Villa Clara.

2.2 Material synthesis

The synthesis of ZIF-8 was carried out using a previously
described method,'® with some modifications. First, 0.68 g of
zinc nitrate hexahydrate was dissolved in 10 mL of methanol
(solution A). Next, 0.64 g of 2-methylimidazole ligand and
0.04 g of sodium acetate (deprotonation agent) were dissolved
in 10 mL of methanol (solution B) for 10 min. Then, solution
A was added dropwise to solution B under continuous stirring
for 30 min. Afterward, the mixture was transferred to Teflon
vials and placed in a microwave oven (CEM, Mars6, One Touch
Technology), where the temperature was maintained at 120 °C
for 30 min (800 W). Subsequently, the resulting white solid
was centrifuged at 10000 rpm for 5 min (Thermo Fisher
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Scientific, Servall ST16). Successively, the solid was washed
with methanol and bidistilled water. Finally, the samples were
dried in an oven at 80 °C for 12 h. ZnO was obtained from the
thermal treatment of ZIF-8 at 550 °C for 6 h with a heating
ramp of 2 °C min~" under an air atmosphere. The bentonite-X
wt%/ZnO composites were synthesized using the described
ZIF-8 synthesis procedure, adding 0.10, 0.31, and 0.51 g of
washed bentonite, corresponding to 5, 15, and 25 wt%,
respectively, dispersed in 10 mL of methanol into solution B.
Before the synthesis, the raw bentonite was sieved in a
100-mesh screen and activated in 3% Na,CO; aqueous solu-
tion. The suspension was stirred for 24 h at room temperature.
After activation, the suspension was allowed to settle for 24 h
to remove impurities. The supernatant was decanted, and the
clay fraction was centrifuged, dried at 105 °C, and ground into
a fine powder for experimental use.*”

Finally, the obtained materials were calcined at 550 °C for
6 h with a heating ramp of 2 °C min~' under an air atmo-
sphere. The obtained composites were named B5ZnO,
B15Zn0, and B25Zn0, respectively.

2.3 Photocatalyst characterization

A Mettler Toledo TGA/SDTA 851 equipment was used to
perform thermogravimetric (TGA) and differential thermal
analysis (DTA) between 25 and 800 °C (10 °C min~") under N,
flow. The materials were characterized using X-ray diffraction
(XRD) with Cu-Ka radiation over a 20 range of 5-80° at a step
size of 0.5° s~'. This analysis, conducted on a Bruker AXS diffr-
actometer, evaluated their crystalline structures and phase
composition. The crystallite size was calculated in the diffrac-
tograms using the Scherrer equation (eqn (1)) from the most
intense peak.

kA
D=
pcos @

(1)

where k is a constant associated with the crystal shape (com-
monly 0.89 for spherical crystals with cubic symmetry*'), D
represents the average crystallite size perpendicular to the
diffracting planes, 4 is the wavelength of the X-rays, and 8 is
the Bragg angle.

X-ray fluorescence analysis was performed on a powder con-
tained in a plastic vessel, utilizing a Panalytical EPSILON 3-XL
system. The analysis was conducted at an acceleration voltage
of 10 kV, with a reading duration of 15 min. Fourier-transform
infrared spectroscopy (FTIR) was used to analyze the materials
at a 1 wt% concentration in KBr using a Shimadzu IR Prestige
21™ FTIR spectrophotometer from 4000 to 450 cm™". Textural
properties were assessed using a Micromeritics ASAP 2020 ana-
lyzer at —196 °C, following 12 h of degassing at 200 °C.
Scanning electron microscopy (SEM-EDAX JSM-6490LV JEOL)
was employed to study the morphology, utilizing secondary
electron mode at 20 kV. EDS INCA x-act, Oxford Instruments, a
fully integrated EDS detector, performed elemental chemical
analysis on the samples. A monochromated aluminum Ko
source (1486.6 eV) at 12 kV was used in a K-Alpha Surface

Dalton Trans., 2025, 54, 6896-6909 | 6897


https://doi.org/10.1039/d5dt00154d

Published on 02 April 2025. Downloaded on 3/15/2026 4:47:33 AM.

Paper

Analysis system (Thermo Fisher Scientific) to conduct X-ray
photoelectron spectroscopy (XPS) analysis. The materials’ Eg
was determined using the Kubelka-Munk function, derived
from UV-Vis spectra obtained through diffuse reflectance spec-
troscopy conducted on an Ocean Optics USB 2000 spectro-
photometer. Photoluminescence spectroscopy was carried out
at room temperature on a PerkinElmer LS-55 system, recording
the fluorescence emission in the 380-550 nm range with an
excitation wavelength of 340 nm.

2.4 Photocatalytic activity of bentonite/ZIF-8-derived ZnO
composites

Photocatalytic tests were performed to remove a mixture of
BPA, PPB, and EE2 (5 mg L' each) using bentonite X wt%/
ZIF-8-derived ZnO as catalysts. The experiments used a batch
reactor with 0.5 g L™ catalyst dosage and 150 mL of solution,
stirred continuously under simulated sunlight provided by a
solar simulator (SUNTEST, XLS+ Heraeus, Germany;
200-800 nm irradiation) for 240 min, with samples collected
every 60 min. Before the experiments, the catalyst-solution
mixture was kept in the dark for 60 min to achieve the adsorp-
tion—-desorption equilibrium. Mineralization after 240 min was
assessed by measuring total organic carbon (TOC, Shimadzu
VCSN, China). The degradation of the contaminant mixture
was monitored through gas chromatography with mass detec-
tion 5977B (GC-MS, Agilent Technologies, Santa Clara, CA,
USA), as described in section S1 of the ESL}

2.5 Invitro yeast estrogen screen (YES) assay

The estrogenic potential of the samples was assessed using the
Yeast Estrogen Screen (YES) assay, an in vitro assay involving a
recombinant reporter gene. This method, adapted from
Routledge and Sumpter (1996)** and modified by Gomes et al.
(2023),>® activates the human estrogen receptor (hER) in
Saccharomyces cerevisiae yeast when estrogenic substances are
present. The activated receptor induces the lacZ gene, produ-
cing p-galactosidase, which breaks down chlorophenol red-f-b-
galactopyranoside (CPRG) into chlorophenol red (CPR), result-
ing in a color change from yellow to red. Details of the pro-
cedure are described in section S2 of the ESL}

2.6 Photocatalyst reusability study

The stability of the B15ZnO photocatalyst, which showed the
best mineralization performance, was tested during three
reuse cycles. After each cycle, the catalyst was separated by cen-
trifugation (Thermo Scientific ST16) at 10 000 rpm for 15 min,
washed with bidistilled water and ethanol, and dried at 85 °C
for 12 h. Catalyst surfaces were examined using XRD and FTIR.
Zinc leaching from the material was measured by atomic
absorption spectroscopy (AAS) using a Varian SpectraA 220FS
spectrophotometer.

2.7 Study of photogenerated reactive oxygen species (ROS)
and charge carriers

A scavenger study explored the role of photocatalytically gener-
ated reactive oxygen species (ROS) and charge carriers. The
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reactive oxygen species HO" and O, were evaluated using tert-
butanol** and p-benzoquinone,>>* respectively. The role of 2*
was determined using formic acid.’’ To degrade the EDC
mixture, 5 mmol L™ of each tested scavenger was added in a
1:50 molar ratio, and the EDCs were analyzed by GC-MS in
SIM mode.

3. Results and discussion
3.1 Photocatalyst characterization

The thermogravimetric analysis of ZIF-8 (Fig. 1Sat) showed a
first weight loss of approximately ~3% related to the evapor-
ation of water and solvents retained in the material structure.
At temperatures above 400 °C, a second weight loss (12.64%)
occurred, associated with the transformation of ZIF-8 to ZnO,
as evidenced by an exothermic peak in the DTA analysis of the
material at 450 °C. At higher temperatures, the MOF showed a
pronounced reduction in weight, attributed to the decompo-
sition of the organic ligands in the material.*® Similar results
have been reported in previous studies.>**°

The TGA graph of the raw bentonite (Fig. 1Sbf) showed a
first weight loss (14%) from 85 °C to 200 °C, which was related
to the removal of physically adsorbed water on the material
surface.” It coincided with the endothermic peak at 85 °C in
the DTA curve. The material exhibited another weight loss
(2.35%) from 405 to 500 °C, resulted in the formation of some
metal oxides such as MgO.*> Above 600 °C, another mass loss
(1.61%) occurred, which was linked to the dehydroxylation of
the silicate framework.?

Table 1 shows the chemical composition of natural and
treated bentonite at 550 °C, determined by X-ray fluorescence
analysis. Small amounts of TiO,, V,0s, Cr,03;, MnO, and NiO
(less than 2%) were present in the materials. In natural bento-
nite, ZnO (0.024%) and ZrO, (0.062%) were detected in addition
to the oxides described above. It was observed that Fe,O; was
present at a high percentage (17.09% and 14.46% for natural
and treated bentonite, respectively). These oxides could posi-
tively influence the degradation of the EDC mixture during the
photocatalytic process.** Furthermore, Fe,O; may add acidity to
the composite surface, affecting contaminant adsorption and
potentially enhancing the degradation efficiency.'®

The diffractogram of natural bentonite (Fig. 2St) showed
that peaks at 26 values of 19.75°, 27.95°, 35.02°, and 61.55°
correspond to montmorillonite, while the peaks at 20.87° and
36.63° are reflections of SiO, and quartz, respectively, present
in small quantities in the sample.*® According to a previous
study, the main mineralogical components of bentonite were
montmorillonite (>90%), with small amounts of plagioclase,
cristobalite, kaolinite, calcite, and quartz.*® Fig. 1a displays
the XRD patterns of the prepared materials, including calcined
bentonite. The bentonite treated at 550 °C exhibited a diffrac-
togram similar to natural bentonite, confirming its high
thermal stability, as previously verified by thermogravimetric
analysis. The XRD pattern of ZIF-8 confirmed the crystalline
structure of the MOF, as shown in Fig. 1a. The diffractogram

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5dt00154d

Published on 02 April 2025. Downloaded on 3/15/2026 4:47:33 AM.

Dalton Transactions

Table 1 Chemical composition of the raw and calcined bentonite samples
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Material MgO AlL,O; SiO, P,05 SO; K,O CaO

TiO, V,05 Cr,O3 MnO Fe,O; NiO BaO ZnO  ZrO,

Raw bentonite 1.42 15.46 59.64 0.73 0.29 0.25 2.64
Calcined bentonite 1.55 16.35 61.96 0.59 0.22 0.24 2.37

Results are expressed as % by weight of oxide.
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Fig. 1 (a) XRD and (b) FTIR analysis of natural bentonite, calcined bentonite, ZIF-8, ZIF-8-derived ZnO and the composites bentonite-X%/ZnO (X =

5, 15 and 25%).

displayed peaks at 26 values of 7.32°, 10.35°, 12.68°, 14.65°,
16.42°, 17.99°, 21.08°, 24.43°, 26.63°, and 29.61°, corres-
ponding to the planes (011), (002), (112), (022), (013), (222),
(114), (233), (134), and (044), respectively.”® The ZIF-8-derived
ZnO showed peaks related to the wurtzite crystalline phase
(JCPDS 01-089-0511).%” In the case of the composites, the diffr-
action patterns presented peaks characteristic of ZnO derived
from ZIF-8. In contrast, a small peak at 26 = 26.60° corre-
sponded to the most intense reflection of bentonite, which
increases as the incorporation percentage of bentonite during
the synthesis of ZIF-8 rises.

The crystallite size of bentonite decreased from 48.52 nm to
43.73 nm after calcination at 550 °C (see Table 2). The compo-
site materials had a larger crystallite size than ZIF-8-derived
ZnO, but their size decreased with increasing bentonite incor-
poration during synthesis. This is likely due to the prepared
materials’ larger surface area.

The FTIR spectra of the materials are shown in Fig. 1b.
Natural bentonite displayed vibration bands at 3697.69,
3622.47, 3437.29, and 3221.26 cm™" related to kaolinite, mon-
tmorillonite, water, and water strongly bound to the surface
(or adsorbed) of the montmorillonite.*® The peaks at 1635.70

Table 2 Values of crystallite size, surface area, pore size, and Eg4 of the materials

Material Crystallite size” (nm) Specific surface area (m” g™") Pore size (nm) Eq (eV) C content?
Raw bentonite 48.52 88.44 4.71 — —
Calcined bentonite 43.73 68.64 5.79 — 14.24
ZIF-8 50.59 1399.67 2.11 — 70.53

ZnO 24.45 7.88 15.06 3.22 23.37
Bentonite-5%/Zn0O 31.61 10.03 13.31 3.23 —
Bentonite-15%/ZnO 26.76 24.65 9.86 3.24 24.58
Bentonite-25%/ZnO 25.27 27.67 14.98 3.25 —

“The XRD plane in parentheses corresponds to the most intense peak to estimate the crystallite size. > Content determined by XPS analysis.

This journal is © The Royal Society of Chemistry 2025
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and 1033.88 cm ™" were related to the deformation vibration of
water between octahedral layers and the Si-O vibration. Other
low-intensity bands at 1093.56 and 798.56 cm ™" confirmed the
presence of Si-O in the quartz structure. Additionally, bands
corresponding to the Si-O-Mg and Si-O-Al bonds were
observed at 692.47 and 518.87 cm ™%’

The FTIR spectrum of ZIF-8 showed two bands at 3134.26
and 2929.87 cm™!, corresponding to the symmetric C-H
stretching.”® The material also exhibited the C=N stretching
vibration bands at 1585.48 and 1444.68 cm™". Bands produced
by in-plane bending movements within the imidazole ring
were observed between 1350 and 950 cm™'. At 759.95 cm™,
the characteristic band for out-of-plane bending movements of
the imidazole ring was observed. The vibration band at
420.48 cm™" was related to the Zn-N stretching of ZIF-8.%° In
ZnO, the FTIR spectrum displayed a strong band at
451.34 cm™, associated with the Zn-O stretching vibration.*'
For the synthesized composites (B5ZnO, B15ZnO, and
B25Zn0), a band at 3630.03 ecm™" attributed to the presence of
montmorillonite and adsorbed water (O-H stretching) on the
surface of the materials was observed. These materials also
showed a band at 1035.82 cm™?, related to the Si-O vibration
from bentonite; this band increased in intensity with the
increased percentage of bentonite incorporated during the syn-
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thesis of ZIF-8. Furthermore, an intense band at 443.62 cm™*
from Zn-O stretching vibration was observed.

Nitrogen physisorption analyses revealed the textural pro-
perties of the obtained materials (Fig. 3St). The natural and
thermally treated bentonite at 550 °C exhibited specific surface
area values of 88.44 and 68.64 m”> g ', respectively, with type
IV adsorption isotherms, characteristic of mesoporous
materials. Table 2 shows that the thermal treatment at 550 °C
decreased the surface area of bentonite due to the collapse of
the layered structure, confirmed by thermogravimetric ana-
lysis, which indicated a weight loss of 19.3%. In the case of
ZIF-8, it presented a type I adsorption isotherm corresponding
to a microporous material (2.11 nm) with a high surface area
(1399.67 m”> g~*),*" which was transformed into ZnO (7.88 m?
g~") upon thermal treatment at 550 °C, as confirmed by XRD
and FTIR studies (Fig. 1). During the synthesis of ZIF-8, an
increase in bentonite led to a rise in the composite materials’
surface area from 10.03 to 27.67 m> g~ ', as shown in Table 2.

The SEM images of the materials are shown in Fig. 2.
Bentonite showed irregular sheet morphology (Fig. 2a), accord-
ing to a previous study.*” However, during thermal treatment
at 550 °C, the bentonite morphology collapsed into a more
compact structure (Fig. 2b), decreasing its surface area
(Table 2). In Fig. 2c, ZIF-8 presented a rhombic dodecahedron

N W

J
oY 1 um

[ sic 7, |- deaavd]
_ :

v

.

Fig. 2 SEM images and EDS analysis of (a) bentonite, (b) calcined bentonite, (c) ZIF-8, (d) ZIF-8-derived ZnO, (e) B5ZnO, (f) B15ZnO and (g)

B25ZnO.
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with a smooth surface and truncated corners featuring hexag-
onal face morphology, consistent with the recently reported
study.”! In the case of ZnO derived from ZIF-8, this material
exhibits a morphology similar to the ZIF-8 precursor. However,
the structure was contracted due to thermal treatment increas-
ing the pore size from 2.11 to 15.06 nm (Table 2). These
results aligned with previous studies where ZIF-8 obtained via
a hydrothermal route was calcined at 500 °C for 2 h.*? In the
composites (Fig. 2e, f and g), a morphology similar to that of
ZnO was observed, intercalating with bentonite sheets, particu-
larly noted in the B25ZnO material.

According to the EDS analysis, natural bentonite contained
C, O, Si, Mg, S, and Ca elements.*® In the case of calcined ben-
tonite, only C, O, Si, and Fe were detected. For ZIF-8, Zn of the
metallic center of the MOF and C, O, and N, which comprise
the binding agent 2-methylimidazole, were detected. For the
bentonite-X wt%/ZnO materials, Zn and O were present. Si was
also detected in materials with 15 and 25% incorporated ben-
tonite, increasing from 2.73% to 5.37% wt.

The XPS full scan spectra of the individual materials and
the B15ZnO composite are shown in Fig. 4S,7 confirming the
presence of the elements in the synthesized materials. The
deconvolution of the Zn region in ZIF-8 (Fig. 3a) showed two
peaks at 1044.28 eV (Zn 2p,;,) and 1021.28 eV (Zn 2pz,).** A
small peak at 1022.98 eV indicated the presence of the Zn-O/
Zn-OH bond.* This peak results from the partial hydrolysis of
ZIF-8 due to a water molecule attack. The Zn-N coordination
bond in ZIF-8 partially decomposes during hydrolysis. First,
the bond to the 2-methylimidazole ligand breaks, and sub-
sequently, a hydroxyl is coordinated to zinc and a proton to
the nitrogen in the ligand, resulting in an increase in the
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oxygen content due to the formation of a Zn-O bond.*® In the
Zn 2p spectra of ZIF-8-derived ZnO, two peaks were observed
at 1044.18 eV (Zn 2p,,) and 1021.08 eV (Zn 2p;;,), which
correspond to the oxidation state Zn>".*” Additionally, the peak
corresponding to Zn 2pz,, was deconvoluted into two signals at
1021.68 eV and 1020.88 eV, which can be attributed to the Zn-
0-Zn and Zn-O bonds on the surface of the material.*® In the
case of the B15ZnO material, the peaks corresponding to Zn
2p12, and Zn 2pj,, shifted towards higher binding energy
values compared to ZnO, suggesting a decrease in the electron
density of Zn in the composite acting as the electron donor."*
This can be attributed to the surface-binding interaction
between ZnO and metal oxides in bentonite, which causes
electron transfer from ZnO to these species.*

The O 1s spectrum in ZIF-8 (Fig. 3b) showed a peak at
531.18 eV, which was deconvoluted into two peaks located at
531.08 and 532.18 eV, associated with the C-O and -OH/C-O-
C bonds, respectively.® The peaks in the deconvoluted O 1s
spectrum of bentonite corresponded to the O-M bond (532.08
eV) and O*>  (531.18 eV).”' The deconvolution of the O 1s
region in ZnO presented two peaks at 529.88 eV (O-Zn) and
531.38 eV (oxygen vacancies), formed because of thermal
treatment.'">® These peaks slightly shifted towards higher
binding energy values due to the decrease in the electron
cloud density near these bonds. This effect is caused by incor-
porating bentonite into the material, which increases the
oxygen vacancies or defects.”® Thus, incorporating bentonite
into the ZnO lattice increased the peak intensity of oxygen
vacancies to 49.05% of the atomic percentage compared to
44.39% for ZnO. This indicated that the composite exhibited
more oxygen defects than ZnO. These oxygen vacancies play a
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Fig. 3 High-resolution XPS spectra of (a) Zn 2p for ZIF-8, ZIF-8-derived ZnO and B15Zn0O, and (b) O 1s and (c) C 1s for ZIF-8, ZIF-8-derived ZnO,

calcined bentonite and B15ZnO.
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crucial role in enhancing the photocatalytic performance.'">*

The deconvolution of the C 1s region in ZIF-8 (Fig. 3c) showed
peaks at 283.98, 284.78, 285.88, and 287.28 eV, corresponding
to the C-C, C-O, C-N, and C-OH bonds, respectively.” In the
case of ZnO, two peaks were found at 284.48 and 285.38 eV,
corresponding to the C-C, C-O, and C=0 bonds.>> The XPS
analysis of the C 1s region of calcined bentonite showed peaks
at binding energies of 283.78, 284.48, 285.18, 286.18, and
288.88 eV, related to C-metal, C-H, C-C, C-O, and CO;>~
bonds, respectively.’® In the composite, the peaks observed at
283.68, 284.58, 285.28, and 288.98 eV correspond to the C-
metal, C-H, C-C, and CO;>~ bonds, respectively. The C-metal
signal peak could be related to carbon doping into ZnO and
other metal oxides identified in bentonite.>”

The N 1s spectrum (398.48 eV) in ZIF-8 (Fig. 5St) was
deconvoluted into two peaks located at 398.38 and 399.38 eV
corresponding to the N-Zn bond,*> and N=C bond.>* The N
1s XPS spectrum with a low signal-to-noise ratio was observed
in the B15Zn0O sample. The fitted peak at 399.7 eV was related
to the nitrogen species in the N-Zn-O bond, which confirmed
the doping of nitrogen atoms into the ZnO lattice.*”

The E, values of the synthesized photocatalysts were calcu-
lated from the Tauc plots (Fig. 4a). The E, of ZnO derived from
ZIF-8 was 3.22 eV, higher than the values reported (3.10 eV)."
The bentonite incorporated during the ZIF-8 synthesis did not
modify the E, values of the composites (3.23-3.25 eV, Table 2).
The montmorillonite-TiO, composite prepared using a 10:1
(montmorillonite : TiO,) ratio showed that montmorillonite
slightly modified the E, value of TiO, from 3.12 to 3.04 eV in
the composite material.>®

Fig. 4b shows the photoluminescence spectra of the pre-
pared materials in the 380-550 nm range. The broad peak
observed at approximately 397 nm results from the direct
recombination of the free excitons. The blue-green lumine-
scence at 461 and 485 nm arises from the radiative recombina-
tion of the photogenerated h* with the e~ trapped by the
oxygen vacancies. Incorporating bentonite into ZIF-8-derived
ZnO reduced the photoluminescence intensity of the compo-
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(a) The Kubelka—Munk function F(R) vs. energy (eV) and (b) photoluminescence spectra of the synthesized materials.

sites compared to pure ZnO. This result indicated that the ben-
tonite/ZnO materials present a lower e /A" recombination rate
than ZnO, attributed to the increased surface oxygen vacancy
defects.>*>°

3.2 Photocatalytic activity evaluation of bentonite/ZnO

Materials prepared from the incorporation of 5, 15, and
25 wt% natural bentonite during the synthesis of ZIF-8 and
subsequent calcination at 550 °C were evaluated in the degra-
dation of the PPB, BPA, and EE2 mixture (5 mg L', each)
under simulated solar light for 240 min.

3.2.1 Effect of pH on the photocatalytic degradation of the
EDC mixture. The effect of solution pH in the range of 4 to 10
on the photocatalytic degradation of the PPB, BPA, and
EE2 mixture using B15ZnO materials was evaluated. The pH of
the contaminant solution influenced the surface charge of the
photocatalyst.® Fig. 5a shows that the degradation was
enhanced at pH = 7 (neutral) compared with the results at pH
4 and 10, achieving the highest mineralization (61.26%) and
degradation (86.42% (PPB), 72.47% (BPA), and 98.63% (EE2)).
It has been reported that the pzc (point of zero charge) for
ZnO is 9.2.°" In contrast, the reported value for the bentonite-
ZnO composite prepared by the precipitation method using
ZnCl, as an inorganic precursor and montmorillonite was
8.4,°> so the degradation of the EDC mixture is favored at
neutral pH because the catalyst’s surface was positively
charged.®® On the other hand, the PPB (pK, = 8.5), BPA (pK, =
9.8-10.4), and EE2 (pK, = 10.33) molecules exist in a non-dis-
sociated form at pH = 7. Thus, adsorption is favored at a pH
value lower than the pK, of the EDCs, where the photocatalyst
surface is positively charged. On the other hand, at pH values
higher than pzc (pH > pzc), the ZnO surface is negatively
charged, increasing the repulsion between the pollutant mole-
cules and the catalyst particles, and decreasing the photo-
catalytic efficiency.®*

3.2.2 Effect of bentonite incorporated into ZnO and
control test for the photocatalytic elimination of the EDC
mixture. The photocatalytic experiments with ZIF-8-derived
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Fig. 5 (a) Effect of pH on the photocatalytic performance of B15ZnO,
and (b) degradation and (c) mineralization of the EDC mixture by photo-
lysis, adsorption, and photocatalysis with ZIF-8-derived ZnO, calcined
bentonite, and the composite materials (0.5 g L™ of catalyst, 5 mg L™* of
the PPB, BPA, and EE2 mixture at pH = 7).

ZnO incorporating 5, 15, and 25 wt% of bentonite for the
degradation of the EDC mixture (Fig. 5b) showed that the
B5ZnO material exhibited slightly higher activity (PPB: 85.45%,
BPA: 75.51%, and EE2: 97.38%) compared to B15ZnO (PPB:
86.42%, BPA: 72.47%, and EE2: 98.03%) and B25ZnO (PPB:
75.46%, BPA: 78.14%, and EE2: 95.26%) composites. For the
control tests, degradation values with ZnO (PPB: 91.77%, BPA:
76.62%, and EE2: 90.32%), treated bentonite at 550 °C (PPB:
10.46%, BPA: 21.10%, and EE2: 56.80%), photolysis (PPB:
0.3549%, BPA: 3.92%, and EE2: 25.74%), and adsorption (PPB:

This journal is © The Royal Society of Chemistry 2025
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2.39%, BPA: 15.70%, and EE2: 11.58%) were lower than the
results observed by photocatalysis. In previous studies, the
Gd,WOe/ZnO supported on 15% bentonite synthesized by a
hydrothermal procedure showed the highest degradation
efficiency in ciprofloxacin and bisphenol A, allowing 97.9 and
98.3%, respectively, within 60 min.®®

The TOC abatement of the EDC mixture (Fig. 5c) showed
that the highest mineralization was exhibited using the
B15ZnO composite (61.26%), which may be related to the low
photoluminescence intensity, indicative of a low e /h" pair
recombination rate. Compared to B15ZnO, lower percentages
of mineralization were obtained with B5ZnO and B25ZnO
materials, 39.63% and 25.62%, respectively. On the other
hand, the TOC removal values for ZnO, bentonite treated at
550 °C, and the photolysis and adsorption processes were
50.94%, 11.00%, 5.84%, and 19.27%, respectively. The high
mineralization percentage exhibited by the B15ZnO composite
can be related to a low-toxicity effluent.®®

3.3 Photocatalytic pathway degradation of the EDC mixture
solution using B15Zn0O

The intermediates generated during the degradation of the
EDC solution at pH = 7 using the B15ZnO material were identi-
fied through GC-MS analysis, as shown in Fig. 6. During PPB
degradation, compound I (m/z 210.04) was detected, whose
detection may be related to intramolecular coupling at high
concentrations.”” Compounds II (m/z 120.04) and I (m/z
210.04) were also detected, possibly due to radical attacks. In

O~
m/z 182.09 H HO e O s
0o OH (VID) OH
o) m/z287.20
I b av
m/z2 1(0.)04 ¢ o~ m/z206.16 %)
(1) l l
/(12) 01 l m/z210.04 VD O« OH
m/z .
Oy OH O O 0
OH
HOJ\V/KOH \AOH (VIIT)
m/z73.03 m/z 165.03
0 O m/z103.00 : HO SO

TR T
Lower molecular mass by-products

Acetic acid

HO Yy 0002

|

CO, + H,0

Fig. 6 Photocatalytic pathway degradation of the PPB, BPA and
EE2 mixture solution using B15ZnO at pH = 7.
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the degradation of BPA, 2,4-di-tert-butyl phenol (IV, m/z 206.16)
was detected, which has been previously identified in the photo-
catalytic degradation of this pollutant.®® Another by-product
identified was malonic acid (V, m/z 103.00) and propionic acid
(VI, m/z 73.03), which may form from the attack of the HO"
radical on the bond of the benzene ring and the C-C bonds
between the isopropyl and benzene ring.®® For EE2, testosterone
by-product (VIL, m/z 287.20) was identified, indicating the oxi-
dation of the phenolic group in EE2.”° The detection of ter-
ephthalic acid (VIII, m/z 165.03) indicates the breakdown of the
hormone’s structure as a result of radical-induced cleavage.
During the degradation of the three EDCs, acetic acid (m/z
62.02) was observed, indicating the opening of the aromatic
rings and the formation of lower molecular weight by-products.

3.4 Estrogenicity mitigation evaluation using the YES assay

The estrogenic activity of a mixture containing PPB, BPA, and
EE2 was evaluated through photolysis, adsorption, and photo-
catalysis with B15ZnO and ZnO catalysts. The estrogenic
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Fig. 7 Estrogenic mitigation (E2-EQ) during photocatalytic treatment
using B15ZnO and the controls ZIF-8-derived ZnO and photolysis, up to
4 h of reaction (n = 2 replicates).
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activity was measured using the YES assay and expressed as
estradiol equivalents (E2-EQ in ng L™'). Fig. 6St presents the
positive control (E2) and negative control (Milli-Q water)
curves. The results are shown as E2-EQ (Fig. 7).

The E2-EQ of the aqueous mixture of EDCs (5 mg L™" each)
was 2.90 x 10° + 8.07 x 10* ng L™". In the in vitro YES assay, the
estrogenic response of each compound in the mixture can be
expressed in relative potency, which reflects the affinity of each
compound for the human estrogen receptor (ER).”® In this
context, PPB, BPA, and EE2 compounds showed relative poten-
cies of 5.3 x 107>, 8 x 107%, and 1.15, respectively. These values
indicate that EE2 has a high affinity for the ER, which explains
its higher relative potency in the YES assay. PPB and BPA,
although having low affinity for the nuclear ER compared to
EE2, still contribute to the estrogenic activity of the mixture.
The compounds’ mechanism of action can explain the ER’s
affinity. The low relative potency of BPA can be attributed to its
specific mechanism of action, which predominantly involves
non-genomic pathways.”® This characteristic limits its inter-
action with the nuclear estrogen receptor utilized in the YES
assay, as BPA exhibits a notably low binding affinity for this
receptor.”"’?

The estrogenic activity results indicated that adsorption is
not the primary mechanism for the removal of EDCs in the
investigated catalysts, as this process reduced the E2-EQ value
by approximately 10% for all the catalysts used (B15ZnO and
ZnO derived from ZIF-8 catalysts). Regarding photolysis, a
reduction of about 36% in the estrogenic activity of the
mixture was observed, with the activity remaining constant
after 120 min. These data are consistent with the degradation
results of PPB, BPA, and EE2 obtained after 4 h of photolysis
(PPB: 0.3549%, BPA: 3.92%, and EE2: 25.74%). As shown in
Fig. 8, during the photocatalytic process using ZnO, the estro-
genic activity of the mixture was reduced to E2-EQ values
below the detection limit of the YES assay (LOD = 25.7 + 2 ng
L") after 180 min of reaction. In the case of B15ZnO, estro-
genic activity was significantly reduced, achieving a 98%
reduction in E2-EQ values. Furthermore, based on the degra-
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Fig. 8 (a) B15ZnO reusability study during three cycles, and (b) EDC mixture degradation using B15ZnO in the presence of scavengers under simu-

lated solar light.
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dation results of the mixture’s compounds for this catalyst
(PPB: 86.42%, BPA: 72.47%, and EE2: 98.63%), it was observed
that the reduction in estrogenic activity after treatment with
B15ZnO resulted from the degradation of the compounds and
the absence of estrogenic by-products.

Previous studies have shown that other treatments, such as
UV/chloride and UV/H,0,, eliminated the estrogenicity of a
mixture of bisphenol A, 17f-estradiol, and 17a-ethinylestradiol
at a concentration of 100 pg L™".'® In another study, the
removal of estrogenic activity from a solution of 17f-estradiol
and 17a-ethinylestradiol at 37 pM over 300 min was investi-
gated.”® The electrochemical filter using carbon nanotubes
removed 99.1% and 96.3% of the estrogen mixture in ultra-
pure and wastewater, respectively. In another work, the use of
an advanced oxidation process such as chlorination with ultra-
violet radiation for the removal of bisphenol A, 17f-estradiol,
and 17a-ethinylestradiol demonstrated that by the end of the
reaction, no estrogenic intermediates were formed, reducing
the estrogenicity of the generated effluents within 5 min of
treatment."”

3.5 B15ZnO photocatalyst stability

The stability study of the B15ZnO material was evaluated
during three cycles of degradation of EDCs (Fig. 8a).

This study showed that the material maintained its degra-
dation capacity for the PPB, BPA, and EE2 mixture over three
cycles (PPB: 86.27 to 88.50%, BPA: 72.03 to 72.75%, and com-
plete degradation of EE2 in all three cycles). Additionally, the
amount of Zn leached from the catalyst into the solution was
determined at each cycle’s end to study its photo-corrosion.
The Zn content was 11.52, 13.11, and 13.10 mg L' after the
first, second, and third cycles, representing 2.27%, 2.57%, and
2.58% contained in the material. On the other hand, the Zn
concentration leached into the solution after the first reuse
cycle of ZIF-8-derived ZnO was higher than that of the compo-
site, totaling 16.89 mg L™", representing 3.38% of the material.
This result confirmed that bentonite increased the stability of
the bentonite-supported ZnO photocatalyst compared to ZnO.
The generated effluent using the ZnO-based photocatalysts
was safe for use, as the Zn concentration was below the
maximum permissible limit for wastewater discharged into
receiving water bodies (20 mg L™').”*

The signal intensity of B15ZnO diffractograms throughout
the three cycles remains constant (Fig. 7Satf). Additionally,
FTIR spectra of the B15ZnO catalyst after each reuse cycle
(Fig. 7Sbt) showed the bands v(Si-O) and v(Zn-0O) at 1096 and
525 cm™*, respectively, originating from the calcined bentonite
and ZIF-8-derived ZnO. This result indicated that the contami-
nants were not adsorbed on its surface during reuse, allowing
for the availability of active sites for the photocatalytic process
and the generation of reactive oxygen species.

3.6 Study of reactive oxygen species and charge carriers using
B15Zn0O

The study with scavengers of reactive oxygen species and
charge carriers (Fig. 8b) showed that the radicals O,"~ and h*
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were the main species involved in the degradation of BPA, fol-
lowed by HO'. For PPB, " and O, radicals were the species
that contributed the most during the degradation of the EDCs.
For EE2, the primary reactive species were k', followed by HO'
and O, radicals. It has been reported that HO" radicals were
the predominant species in the degradation of tetracycline
using the CuO/ZnO material derived from ZIF-8 and a 300 W
Xe lamp as the light source.” The authors also described that
0, radicals and &’ significantly eliminated the antibiotic. In
another study, the O,"~ radicals and 4" were the main species
involved in tetracycline elimination using ZnO@1In,0; derived
from ZIF-8@MIL-68(In).”® Based on photoluminescence
results and studies with scavengers of reactive oxygen species
and charge carriers, the following mechanism on the photo-
catalyst surface is proposed (eqn (2)-(5)).

Bentonite/ZnO + v — ht + e~ (2)
- . H . e H
(Oz)aq + € — 02 — HOZ — H202 (3)
Hzoz + ec37 — HO’ + HO™ (4)
H,O +h" — HY + HO’ (5)

In the mechanism, the composite is activated with an
energy greater than its bandgap, and %" were formed in the VB of
the material (eqn (2)), which can participate in the degradation of
contaminants, such as PPB and EE2. As demonstrated by scaven-
ger studies, the O, adsorbed on the semiconductor surface
reacted with the e” accumulated in the material’s CB to produce
0, (E = —0.33 eV vs. NHE). In eqn (3) and (4), the generated
0O, radicals may react with water to form H,0,, which simul-
taneously breaks down to yield HO".”” However, ZnO may have a
more positive VB potential than the HO'/OH™ potential (standard
redox potential: +1.99 eV), which would consequently promote
the generation of HO' radicals.”® Additionally, the #* could react
with H,O molecules on the surface of B15ZnO to form HO" rad-
icals (eqn (5)), which also participate in the degradation of con-
taminants.> However, the contribution of HO" is negligible
(Fig. 8b). Additionally, the oxygen vacancies in B15ZnO trapped
the photogenerated e~ in the catalyst, reducing the e/’ recombi-
nation rate in the system. This, in turn, enhanced the photo-
catalytic efficiency for the degradation of EDCs.™

4. Conclusions

The bentonite/ZnO material was synthesized by a microwave-
assisted method and calcination at 550 °C in an airflow
environment. The resulting bentonite/ZnO composites exhibi-
ted reduced crystallite size, increased surface area, carbon/
nitrogen dopants, oxygen vacancies, and a decreased recombi-
nation rate of e”/h’ pairs compared to pure ZnO. Additionally,
small amounts of metal oxides (TiO,, Fe,03, ZnO) in bentonite
enhanced the removal of EDCs.

Mineralization was most effective at pH 7 using the B15ZnO
composite (61.26%), surpassing the performance of ZIF-8-
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derived ZnO (50.94%). The photocatalytic process using
B15ZnO produced acetic acid (m/z 62.02) and lower molecular
weight by-products, indicating the breakdown of the hormone
EE2’s structure. This led to a significant reduction in estro-
genic activity without forming estrogenic byproducts, demon-
strating its effectiveness.

The B15ZnO catalyst maintained its properties over three
cycles of degradation of EDCs. Incorporating bentonite also
inhibited photo-corrosion on ZnO’s surface. Analysis showed
that O,"~ radicals and k" were involved in degrading BPA,
while #” and O, were key in removing PPB. For EE2 degra-
dation, the main reactive species were k', followed by HO" and
O,’” radicals. Thus, the bentonite/ZIF-8-derived ZnO compo-
site is proposed as an alternative ZnO-based catalyst for effec-
tively removing EDCs from aqueous media.
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