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ARTICLE INFO ABSTRACT

Keywords: Steroid hormones, being potent endocrine-disruptors, are a menace to human health and aquatic life. Herein,
Estrone visible-light induced photocatalytic degradation of estrone (E1) by hexagonal copper selenide (CuSe) nanoflakes
Emerging contaminants has been reported. CuSe was synthesised by a facile and low-temperature (100 °C) co-precipitation method and
ilcliz(t;;?itiysm was characterised. The nanocrystals were of stoichiometric Cu:Se ratio with Se? and Cu in the + 1/+ 2 mixed-

valence state and exhibited laminar, flake-like morphology with a preferred hexagonal close-packed structure
(P63/mmc) having average particle size and thickness of 0.229 + 0.146 ym and 0.05 + 0.02 pm, respectively.
The adsorption isotherms of E1 were linear and the adsorption process was exothermic. The reactivity of E1
under aqueous suspensions of CuSe exposed to visible light exhibited pseudo-first-order kinetics with a rate
constant, k, that varied with initial E1 concentration, light power, catalyst dose, and pH. Particularly, k was
almost constant over the range pH5-9 but substantially increased as pH rose to 11, while light power and catalyst
dose increased k up to a maximum, and the initial concentration reduced k. Surprisingly, CuSe oxidised E1, even
in the absence of light, and leached species that were identified and their time-dependency was determined. We
concluded that the disappearance of E1 by CuSe is attributed to synergetic effects of adsorption, oxidation by
CuSe, and photocatalytic degradation. Supported by liquid-mass spectrometry analysis and molecular chemistry
calculations, we also suggested a possible mechanism for E1 degradation. Thus, hexagonal CuSe nanocrystals can
be a promising candidate for the treatment of endocrine-disrupting chemicals (EDC)-contaminated wastewaters.

Copper selenide

1. Introduction

Since the beginning of global industrialization, endocrine-disrupting
chemicals (EDCs) have emerged as severe contaminants in soil and
aquatic environments posing potential threat to human health and
aquatic biota. These chemicals comprise substances such as steroid
hormones, pesticides, plastic additives, and industrial detergents. They
can interfere with the normal endocrine system of living organisms,
even at very low concentrations (~0.1-10 ng/L) (Pratush et al., 2020;
Adeel et al., 2017), and have been linked to several other diseases such
as neurological disorders, infertility, and increased incidence of cancers
in humans, as well as alteration of reproductive functions of aquatic
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lives, leading to almost extinction of some fish species in certain lakes
(Adeel et al., 2017; Arguello-Pérez et al., 2019). Amongst EDCs, steroid
estrogens have recently gained notable attention, due to their rapidly
increasing concentrations in soil and water all over the world and
extremely high endocrine disruption potency. This is mainly caused by
the increasing tendency of relying on treated wastewater as a means of
water supply resource for irrigation and even for potable use especially
in the regions experiencing severe water shortage (Lian et al., 2021;
Karthik et al., 2022). Both natural (e.g. estrone (E1), 17-p estradiol (E2),
estriol (E3)), and synthetic estrogens (e.g. 17a- ethinylestradiol (EE2))
are commonly found in wastewater treatment plant (WWTP) effluents
and receiving waters (Lian et al., 2021; Weizel et al., 2021). Their
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obvious presence in WWTP effluents and receiving environments is
routed to the inadequate removal of estrogens in conventional WWTPs,
posing potential threats to exposed aquatic species and humans via
intake of affected waters (Amin et al., 2018; Lian et al., 2021; Weizel
et al., 2021). In particular, E1 is considered as a crucial EDC due to its
high estrogenic activity and persists through biological treatment pro-
cesses since it is the metabolite and degradation product of other es-
trogens (Liu et al., 2012). E1 is also commonly detected at much higher
concentrations than its counterpart estrogens in wastewater treatment
plants (WWTP) (Tang et al., 2020).

Several physical, chemical, and biological treatment methods have
been developed in the past few decades for the removal of EDCs but most
of them are not sustainable options (Lian et al., 2021). For instance,
adsorptive removal, coagulation, and biodegradation methods have
been proven to be not stand-alone techniques, hence, less effective for
removing estrogens at trace levels, necessitating the use of cutting-edge
treatment options (Zhang et al., 2022). Membrane technologies
including microfiltration, ultrafiltration, nano-filtration and reverse
osmosis are leading candidates for advanced water treatment but
membrane fouling remains a major drawback for their extensive use
(Fredj et al., 2015).

Photocatalytic degradation of estrones has been considered as one of
the most prominent decontaminating procedures in the aquatic envi-
ronment due to its technological efficacy, sustainability, and environ-
mental friendliness (Perondi et al., 2020). In particular, UV-assisted
TiOg-based photocatalysis has mainly served as a template for estro-
gens decontamination from wastewater mainly due to its chemical sta-
bility, low toxicity, and tuneable physicochemical properties (Cai et al.,
2021; Gabet et al., 2021). Several researchers have investigated the
photocatalytic degradation of estrogens and reported that the estrogenic
activity of E2 was lost concurrently with the initiation of its photo-
catalytic degradation by TiO; suspension under UV irradiation yielding
intermediate products with negligible estrogenic potency (Perondi et al.,
2020). They proposed, as further confirmed by other researchers (Cai
et al., 2021; Gabet et al., 2021), that E2 completely mineralizes to CO5
after complete degradation. (Puma et al., 2010) reported profound
photocatalytic oxidation of a multicomponent mixture of estrogens (E1,
E2, EE2, and E3) in the presence of TiO; suspension under UVC irradi-
ation. However, one of the major drawbacks to TiOp-based photo-
catalysis is linked to its wide energy bandgap (~3.1-3.5 eV) which limits
the utilization of solar spectrum at its maximum (UV accounts for ~4 %
of the total natural light spectrum) thus sparking the need to develop a
visible-light-active efficient photocatalyst. Despite the above reports,
the visible-light induced photocatalytic degradation of E1 is scare
(Mukherjee et al., 2017).

Copper selenide is a unique, significantly eye-catching, visible-light-
active metal chalcogenide that exists in multiple structural forms such as
cubic (CuaSe), hexagonal (CuSe, Cug g7Se), orthorhombic (CuSey), and
tetragonal (CusSep) (Liu et al., 2017). Due to its exceptional structural
features and variable bandgap in the range of 1.4-2.2 eV, it has been
extensively investigated for photocatalysis, solar cells, thermoelectric
convertors, photo-detectors, and in photo-thermal treatment of cancer
cells (Kevorkyants et al., 2022). Recently, Cuy_Se crystals and their
nanocomposites have emerged as effective and efficient
visible-light-responsive photocatalysts for the degradation of toxic pol-
lutants such as dyes, pharmaceuticals (Igbal et al., 2021; Murtada et al.,
2020), and also for hydrogen production by water splitting (Chakraborty
et al., 2020). The state-of-the-art literature search has revealed that no
studies have been carried out on E1 removal by CuSe photocatalyst.

Furthermore, E1 is known to be a primary degradation by-product of
other steroidal estrogens making it widely available in a variety of
aquatic environments (Zhang et al., 2022). Nonetheless, correlating the
fundamental stages involved in photocatalytic degradation with the
removal kinetics data is crucial for a comprehensive understanding and
optimization of the process variables involved in E1 decontamination.
Another aspect of E1 photocatalytic degradation that has not received
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enough attention is the need to understand the degradation pathways of
El and pertinent role of the photocatalyst in order to comprehend its
degradation mechanism.

Therefore, the key literature gaps to be considered in this work were
(i) visible-light-induced photocatalytic degradation of E1 (ii) the vari-
ables affecting E1 photocatalytic degradation effectiveness, and (iii)
peculiar role of CuSe toward the degradation mechanism of E1. In this
context, we synthesized visible-light-responsive CuSe hexagonal nano-
crystals through a facile, scalable low-temperature co-precipitation
method, and evaluated its contribution to the degradation of estrone
(E1) for the first time. Nanoflakes of CuSe presented synergetic effects of
adsorption, oxidation, and photocatalytic degradation for E1 elimina-
tion due to their considerably low band gap and enhanced surface area.
Detailed degradation mechanism was also suggested on the basis of
liquid mass spectrometry analysis and molecular chemistry calculations.
Finally, our work shows an effective avenue for a broad range of EDC
removal from wastewater under visible-light illumination.

2. Experimental
2.1. Synthesis of CuSe nanoflakes

All reagents were of analytical grade. An aqueous solution of
CuS040.5H20 (1 mmol, 0.249 g) was added to a moderately brown
coloured solution of powdered Se (1 mmol, 0.079 g) in hydrazine hy-
drate. Stirring of the reaction mixture for 30 min at 20 °C led to gradual
change of the solution colour, from moderate brown to darkest brown.
Further stirring of this reaction mixture at 100 °C for 50 min resulted
into black coloured precipitates of CuSe nanocrystals. After cooling
down to room temperature, the precipitates were collected by centri-
fugation at 5000 rpm for 20 min followed by washing with deionised
water and ethanol several times. The washed precipitates were dried in
vacuum oven (Thermo- Scientific, 3625 A) for 8 h at 60 °C and were
stored in a desiccator for further analyses. A schematic layout of CuSe
synthesis is illustrated in Supplementary Information Fig. S1(a).

2.2. Photodegradation of E1

Catalyst powder (0.5 g/L) was dispersed in 100 mL aqueous solution
of 1 mg/L E1 (details of E1 solution preparation are provided in the
Supplementary Information S1). The dispersion was stirred using mag-
netic stirrer with a polytetrafluoroethylene (PTFE)-coated magnetic stir
bar for about 30 min in dark to obtain complete adsorption-desorption
equilibrium. The equilibrated solution was then irradiated through a
fibre optic light guide (5 mm diameter) fitted to light source (JENA LQ-
HXP 120UV/150.26 C; A = 300-700 nm). The tip of fibre optic was
placed vertically above the solution mixture at a distance of 7 cm in
laboratory-designed photocatalytic reactor (Supplementary Information
S2). Aliquots of E1 solution were collected at regular intervals of time
using sampling syringe (BD, Fisher Scientific) and then centrifuged at
13,000 rpm for 5 min (Eppendorf, 5702) followed by filtering out using
13 mm PTEFE filter (0.45 pm pore size) to completely remove the catalyst
from solution before analysis. We chose this filter because it had the
lowest E1 retention as compared to other types of filters (further details
can be found in Supplementary Information S3).

The concentration of E1 was determined by HPLC (Agilent 1200
series) equipped with an electrospray quadrupole mass spectrometer
(Agilent 6410 series triple quad). The mass spectrometer was operated
in a selected-ion-mode (SIM) with negative ionization. The SIM ion (m/
z) [M-H] for E1 was 269 and the fragmentor voltage was 160 V; pre-
liminary optimised for highest signal. The mobile phase was 50 %
methanol (v/v): 50 % aqueous ammonium hydroxide (40 mM); flow rate
0.4 mL/min; and injection volume 10 pL.
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2.3. Material characterization

Powder XRD pattern was obtained from Bruker D8 Discover X-ray
diffractometer using monochromatic Cu K, radiations at 40 kV and 40
mA. We used DIFFRAC.EVA V4.3 software for diffraction peak in-
tensities collection, peak indexing, unit-cell parameters refinement,
peak integration, background determination, and peak matching. Par-
ticle size distribution in aqueous solution was performed on 3000E
MAL1123 mastersizer (Malvern Instruments) employing dynamic light
scattering (DLS). The Brunauer-Emmett-Teller (BET) surface area was
measured at 77 K using N5 (nitrogen) adsorption/desorption isotherms
on Nova 200e (Quantachrome Instruments, USA) surface area and pore
size analyser. Quantachrome TM NovaWin package was used for data
acquisition and analysis. Catalyst sample was analysed for Spgr, calcu-
lated in the range 0.05-0.30 P/Po after degassing at 125 °C for 12 h
before nitrogen adsorption measurements. Elemental analysis was ob-
tained using JSM-6510LA SEM (JEOL) microscope coupled with EDX
(Oxford instruments) microscope. The morphology and microstructure
of the catalyst were characterized by high-angle annular dark-field
(HAADF), bright field (BF), and high-resolution transmission electron
microscopy (HRTEM) images obtained by Thermo Fisher Talos STEM
equipped with HAADF detector operating with an inner angle of 55
mrad at 200 kV. The incident electron beam convergence angle was 21
mrad. The elemental distributions of sample were characterized by
energy-dispersive X-ray spectroscopy (STEM-EDX) in the STEM (scan-
ning transmission electron microscope). TEM samples were prepared by
dispersing the powder sample in deionized water, sonicating for several
minutes, and drop-casting onto a gold grid coated with an amorphous
carbon film. X-ray photoelectron spectroscopy (XPS) measurements
were obtained via Axis Supra XPS (Kratos Analytical) system equipped
with monochromatic Al-Ka X-ray source (1486.7 eV) and large area slot
mode detector (ca. 300 um x 800 pm analysis areas). Charge neutrali-
zation was done to limit differential charging for each sample, and the
data was calibrated for the C 1 s peak (284.8 eV). Spectra were recorded
with the following settings: dwell time 0.1 s, step size 1 eV, pass energy
160 eV (survey spectra) and dwell time 250 ms, step size 0.1 eV, pass
energy 20 eV (high-resolution spectra). The recorded data were ana-
lysed using CASA XPS software (Version 2.3.12.8). UV-Vis measure-
ments of CuSe were taken from Lambda 365 UV/Vis spectrophotometer
(Perkin Elmer). We ultrasonically dispersed 0.001 g/mL of powdered
catalyst in 20 % dilute ethanol solution for optical absorption
measurements.

2.4. Reaction by-products

Determination of the by-products was made using direct-injection-
electrospray ionisation (ESI) LC/MS/MS analysis in negative mode.
The mass spectra were collected with a scan range m/z 50-500. The
mass spectrometry analysis was supported by computational chemistry
calculation using Gaussian 16 W with Gaussian view 6.1 for all the
quantum chemical calculations. The geometries of studied molecules
were optimised using hybrid Density Functional Theory (DFT), B3LYP,
with the 6-31 G(d,p) basis set. Active sites were determined by Fukui
functions calculated based on Mulliken atom charges determined by
Gaussian analysis (Liu et al., 2014a; Lu and Chen, 2012). The Fukui
functions (f) are widely applied to examine the electrophilic, nucleo-
philic, and radical reactions (Dwinandha et al., 2022; Rokhina and Suri,
2012). According to Fukui’s theory, the electron rich areas of the
molecule are more susceptible to electrophilic attack, whereas the
electron poor areas are more prone to nucleophilic attack. In this study,
the radical susceptibility of E1 was determined according to the radical
Fukui function index, f°, estimated by Eq.1. The large value of f at a
particular site of the molecule implies high reactivity of that site with the
radical.
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N+1)—g(N—-1
fo _ q( ) 5 q( ) 1)
where q denotes the Mulliken charge and N the number of electrons in

the molecule. The Mulliken charge was calculated by Gaussian.
3. Results and discussion
3.1. Catalyst characterization

3.1.1. Structural analyses

Powder XRD pattern of CuSe nanocrystals (Fig. 1a) illustrates char-
acteristic peak pattern of CuSe (COD-9000063, space group P63/mmc).
Diffraction peaks positioned at 26.03°, 26.54°, 28.01°, 31.11°, 41.03°,
45.29°, 46.02°, 49.98°, 53.83°, 54.76°, and 56.54° are indexed to (100),
(101), (102), (103), (006), (008), (107), (210), (108), (201), and (216),
respectively. In addition, the diffraction pattern shows a strong (006)
diffraction peak as compared to the standard pattern (102) indicating
that the synthesized catalyst has crystalline orientation towards <001>
direction (Liu et al., 2014b). These results also indicate that the syn-
thesized material has perfectly crystallized into a single-phase, stoi-
chiometric CuSe with lattice constants a (=b) =3.94A and
c =17.25 fo\, which is in corroboration with previous studies (Liu et al.,
2014b). Fig. 1b illustrates EDX elemental mapping and chemical
composition (inset) of the synthesized sample revealing the phase-pure
formation of copper selenide having Cu/Se ratio close to 1:1, as pre-
dicted by XRD and is equivalent to the ratio of Cu:Se used in the prep-
aration of the catalyst.

We further verified the elemental composition and chemical states of
the constituent elements by performing XPS analysis. The elemental
survey spectrum, as illustrated in Fig. S2, indicates the presence of
copper and selenium elements confirming phase purity of the synthe-
sized material. The presence of trace amounts of oxygen could be
attributed to adsorbed atmospheric oxygen. The high-resolution core-
level spectra of Cu (2p) (Fig. 1¢) show a distinctive doublet with Cu 2p3,
2at 932.2 eV and Cu 2p; 2 at 951.2 eV suggesting Cu (I) or Cu (0). These
binding energies nicely matched with the previously reported values in
the literature (Wang et al., 2014; Xu et al., 2015; Yang and Hsiang,
2018b). The satellites usually associated with Cu (II) are minimal,
although peak deconvolution suggested some Cu (II) is present, with a
side peak in the Cu 2p3,, present at 933.9 and 954.3 eV in Cu 2p; /2,
which is close to the reported values (Liu et al., 2011; Riha et al., 2011).
Nonetheless, Cu 2p (I) and Cu 2p (II) were found to be 60.2 % and 39.8
%, respectively in the synthesized sample. These observations confirmed
the presence of Cu in + 1/+ 2 mixed oxidation states in all the com-
positions which might be attributed to surface oxidation. However, the
associated Cu Auger kinetic energy of 917.4 eV suggests the surface Cu is
predominantly Cu (I) (Xu et al., 2015; Zhang et al., 2011). Fig. 1d reveals
the Se (3d) spectra of synthesized sample showing strong primary peaks
at 54.8 and 55.7 eV for Se 3ds,2 and Se 3d3,s, respectively,(Yang and
Hsiang, 2018a; Zhang et al., 2010) with a small side peak at 59.4 eV that
is attributed to some surface SeOy (Naumkin et al., 2012). The sample
surface was partly oxidized, as indicated by the presence of oxygen
(Fig. S2) due to the readily oxidizing nature of copper-containing com-
pounds (Singh et al., 2018); besides, the sample synthesis and processing
has been taken place in air. XPS measurement reveals the oxidation
states of Se and Cu in the synthesized sample as —2, + 1, or + 2,
respectively.

3.1.2. Morphology, microstructure, and surface area

The morphological investigations of synthesized catalyst are pre-
sented in Fig. 2a—f. The SEM images of as-synthesized catalyst sample
(Fig. 2a—c) reveal a hexagonal, flake-like surface morphology with an
average particle size of about 0.229 + 0.146 um and thickness of 0.05
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Fig. 1. Structural analyses of CuSe nanoflakes (a) Powder X-Ray diffractogram, (b) elemental mapping (EDX), (c-d) High resolution XPS Cu 2p and Se 3d region
spectra of Cu,_,Se prepared at different reaction temperatures. Panel (c) corresponds to Cu 2p spectra containing the raw spectrum and peak fits for Cu 2p species
(Cu2ps,2, Cu2py » for both Cu™ and Cu?") and satellite peaks of Cu®". Panel (d) corresponds to Se 3d containing the raw spectrum, peak fits for Se species (Se 3ds,s,

Se 3ds/5) and intermediate selenium oxides.

+ 0.02 pm. Fig. 2d demonstrates a wide range of particle size distribu-

tion ranging from nanometre to micrometre with the most abundant
sizes are in the range 100-200 nm. TEM images (Fig. 2e-f) demonstrated
laminar morphology and preferred hexagonal shape of CuSe flakes. The
crystals aggregated together when drop-cast on the TEM grids, thus their
size distributions were difficult to acquire, but the size generally falls in
the range of tens of nanometers to several micrometres for the synthe-
sized sample. The obtained HRTEM images in Fig. 2e confirm that the
CuSe crystals have a hexagonal closed packed (hcp) structure that can be
indexed by the hexagonal CuSe structure (P63/mmc) (Criddle and
Stanley, 2012). The interplanar spacing of crystal planes marked by
pairs of yellow lines were measured to be in the range 3.30-3.40 A,
which correspond to the (1010) planes of bulk CuSe (Peiris et al., 1998;
Criddle and Stanley, 2012). The elemental distributions of Cu and Se
from the EDX signal mapping results (Fig. 2f) demonstrate that both Cu
and Se dispersed homogeneously in the crystals, which further confirms
the formation of single-phase copper selenide nanostructures.

Particle size distribution analysis from dynamic light scattering
performed on the samples dispersed in aqueous solutions yielded a wide
particle size distribution with 90 % of particles have sizes < 802 nm
while the average particle size was 171 + 0.2 nm, which corroborates
with the SEM findings. The BET analysis revealed that synthesised
catalyst had a BET surface area of 11.0 m%/g and was a non-porous

material since both the external surface area and the measured BET
area were equivalent (Supplementary Information S4).

3.1.3. Optical properties

To analyse the optical properties of as-synthesized copper selenide,
we obtained room temperature UV-Vis absorption spectra, as shown in
Fig. 3. It is evident from Fig. 3 that a broad absorption peak appears in
the wavelength range of 400-700 nm for the catalyst. The band gap
value of the catalyst was calculated by fitting Tauc’s relation (Eq.2).
(Mukherjee et al., 2017)

ahv = A(hv — E,)" (2

Where a is absorption coefficient, A is constant, E, is bandgap, hov is the
photon energy and n is the exponent which determines the type of the
electronic transition causing absorption, n = 1/2 for direct band-band
transition.

The inset of Fig. 3 depicts a calculated bandgap value of 1.60
+ 0.01 eV for CuSe, suggesting visible-light responsive nature of the
photocatalyst. This bandgap value nicely matches with the previously
reported values for CuSe nanomaterials in the literature(Liu et al., 2017,
2015). It is known that bulk CuSe possesses narrow band-gap energies
with both indirect and direct bandgap energies in the range of 2.1-2.3
and 1.0-1.4 eV, respectively (Liu et al., 2015; Wang et al., 2016). The
slight decrease in direct bandgap of the as-synthesized CuSe catalyst
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Fig. 2. (a) Low-magnification (b) high-magnification (c) lateral view SEM images of CuSe hexagonal flakes (d) Particle size distribution histogram (e) Typical
HAADF, BF and HRTEM images of the CuSe. The inserted values show the interplanar spacing of the crystal planes that are marked by pairs of yellow lines. (f) Typical
HAADF image and corresponding elemental distributions of Cu (red), Se (yellow) and hybrid, for CuSe.

indicates red-shift which is most likely due to surface effects and defects 3.2. Adsorption of E1 on hexagonal CuSe nanoflakes

formation (Shi et al., 2013). Similar observations have also been re-

ported by (Liu et al., 2017). The adsorption capability of the synthesized catalyst was evaluated

by investigating the thermodynamics and extent of E1 adsorption. We
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Fig. 3. Room temperature UV-Vis absorption spectrum of CuSe nanoflakes dispersed in dilute ethanol; Inset: Tauc plot for CuSe nanocrystals.

performed a series of adsorption experiments at different temperatures
and adsorbent dosages. The results showed a linear relationship between
the equilibrium adsorption uptake (g.) and the solution concentration
(C.) at all the working temperatures (15-35 °C) as described by Eq. 3
(Honorio et al., 2018). This linear equilibrium relationship is a plausible
result, due to dilute concentrations (initial solution concentration
1 mg/L) used in this study and is in line with previously published data
(Ben Fredj et al., 2015). The K-values were then correlated to solution
temperatures using Van’t Hoff equation (Eq. 4) and free Gibbs energy is
given by Eq. 5 (Honorio et al., 2018).

9. = KC, 3
AS AH
Ln(K)==2—-=2 4
n(K) = =~ 27 “
AG = — RTLn(K) = AH — TAS )

Where, C, and g, are equilibrium concentration of E1 in solution and
adsorption uptake of E1 at equilibrium, respectively; K is equilibrium
constant of adsorption; AS, AH, and AG are the adsorption entropy,
enthalpy, and Gibbs free energy respectively; R is the ideal gas constant
(R=8.314 J/K/mol); and T is the absolute temperature (K).

We obtained the thermodynamic parameters (i.e., AS, AH, and AG)
by plotting the natural logarithm of adsorption constant K against the
inverse of the working temperatures (Eq. 4). As can be seen in Fig. S3
(Supplementary Information), a good fit of the experimental data with
the model was obtained (R? =0.968). According to Table S2 (Supple-
mentary Information), negative values of AH and AS demonstrate the
exothermic nature of adsorption and decreased randomness at the
adsorbent surface upon uptake of E1 from aqueous solution, respec-
tively. The spontaneity of adsorption is supported by negative values of
AG, while these values become more negative at low temperature sug-
gesting the feasibility of adsorption at lower temperatures, which is in
line with the fundamental theories of adsorption. Moreover, the
magnitude of the heat of adsorption (|JAH|< 63 kJ/mol) indicates that
the adsorption of E1 on CuSe nanocrystals tends to be between phys-
isorption and chemisorption processes (Wilcox, 2012). The obtained
thermodynamic values are comparable to those reported by other re-
searchers for the adsorption of estrone (Honorio et al., 2018).

We have also evaluated the kinetics of E1 adsorption onto CuSe and
found that the adsorption rate was initially rapid until about 30 min,
whereafter, it gradually evolved to reach a plateau at about 90 min
(Fig. 4). To further examine the adsorption kinetics of E1 onto CuSe, the
widely used pseudo-first-order (PFO) and pseudo-second-order (PSO)
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Fig. 4. Adsorption of E1 on CuSe (Initial E1 conc. Cy =1 mg/L; catalyst dos-
e=0.5 g/L; neutral pH and 20 °C).

adsorption kinetic models, which are shown by Eqs. 6 and 7 (Honorio
et al., 2018), respectively, were employed to model the experimental
data and determine the model parameters by fitting.

q = q.(1 —exp(—kit)) (6)
2
qkyt
=_feo 7
T= 15 gkt 2

Where g and g, are the adsorbent uptake concentrations in mg/g at time t
and at equilibrium, respectively (mg/g); k; and k, are the PFO and PSO
adsorption rate constants in min! and g/(mgmin) respectively.

PFO was found a suitable model to fit the data better than PSO as
demonstrated by a lower sum of the absolute values of the residual er-
rors, e;, (Fig. 4). The values of parameters k; and g, for PFO were
0.037 min™! and 1.44 mg/g, respectively and the values of k, and g, for
PSO were 0.031 g/(mg.min) and 1.63 mg/g, respectively. The value of
k; obtained in this study is about three times higher than that obtained
by (Elias et al., 2021) for the adsorption of E1 onto nutshell activated
carbon and is about 12 times higher than E1 adsorption on electrospun
nanofibers reported by (Yasir et al., 2021) but is less, by about 5times,
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than that reported for multi-walled carbon nanotubes (Prokic et al.,
2022).

3.3. Photocatalytic activity under visible-light irradiation

Using CuSe nanoflakes as photocatalyst, we performed photo-
catalytic degradation studies on E1 solution under visible-light irradia-
tion. The samples were stirred for about 30 min in dark followed by
exposure to light for 180 min. In addition, we evaluated in control ex-
periments, the photolysis of E1 (i.e., degradation of E1 without catalyst)
and the adsorption of E1 on the catalyst in dark, as shown in Fig. 5a. It
was noticed that E1 did not degrade under the Hg-Xe lamp irradiation
(120 W) in the absence of catalyst (Fig. 5a), which is in agreement with
the reported literature which showed negligible extent of E1 photolysis
under UVA-visible light (Han et al., 2012). Fig. 5a also reveals that the
catalyst adsorbs E1 in dark followed by saturation in ~90 min while
significantly degrades E1 to ~90 % under visible-light irradiation. The
extent of degradation gradually saturates however, does not reach the
complete degradation till 180 min

The reaction kinetics of photocatalytic degradation of E1 can be
obtained using the Langmuir-Hinshelwood model. At low concentra-
tions, the model can simply be described by a pseudo-first order-reaction
kinetics leading to Eq. 8 (Reddy et al., 2020) after integration.

Ln (%) =kt (8)

Where, Cyp and C; are solution concentrations at times t =0 and ¢t,
respectively, and k is the degradation rate constant (min') which was
determined by linearly fitting the quantity In (Cy/Cy versus time t; its
value was found to be 0.013 min™ and R? was 0.9905.
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Fig. 5. (a) Photolysis, adsorption, and CuSe photocatalytic degradation of E1
(Initial E1 conc. Cy = 1 mg/L; catalyst dose = 0.5 g/L; neutral pH and 20 °C)
(b) Schematic-layout of processes taking place at the interface of CuSe nano-
flakes and E1 in the solution in the absence/presence of light irradiation.
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To obtain insight into the photodegradation process, Fig. 5b illus-
trates the schematic layout of the reaction mechanism. Generally, for
undergoing photo-induced reactions, the hexagonal CuSe must absorb
incident visible-light energy comparable to its bandgap (1.60 eV)
resulting in the excitation of valence band (Vg) electrons (e-) to the
conduction band (Cg) whereby leaving behind positively-charged holes
(h") in the Vj, as illustrated in Fig. 5b. These photo-generated electron/
hole pairs oxidise the adsorbed species such as water on the surface of
copper selenide nanocrystals producing hydroxyl radical (*OH) and
oxygen radical (03). These reactive oxygen species not only react with
each other but most importantly participate in the degradation of
estrone (E1) into intermediates, as shown by following reactions (Egs.
9-16), which is in-line with previously reported literature (Ali et al.,
2018; Chen et al., 2019; Liu et al., 2017; Mkhalid, 2016). Indeed, the
mechanism of photocatalytic degradation of organic molecules in water
involves several adsorption-reaction-desorption steps (Turchi and Ollis,
1990; Srinivas et al., 2019). The adsorption and desorption steps are
governed by diffusion processes while the oxidation reactions are initi-
ated by oxygen and water adsorbed on the photocatalyst through in-
teractions with the positive holes of the valence band h™ to generate
hydroxyl radicals that react with the organic molecules either in the bulk
solution or on the surface of the catalyst (Egs. 9-16).

Light absorption:

visiblelight

CuSe CuSe(hyy +ecp) 9
Charge carrier recombination:

hiy + ecg—heat (10)
Adsorption step:

El + CuSe==CuSeE an

Charge-carrier trapping:

CuSe(hyy) +H,0—~H" + o OH (12)
CuSe(eqy) + 0,—0;" 13)
CuSeEl + hjy=CuSeE1" a4

Hydroxyl radical reactions:

E1+ eOH— Products (15)

CuSeE1 + eOH— Products (16)

The significant photodegradation of E1 by CuSe nanocrystals can be
attributed to enhanced light absorption capability and increased sepa-
ration of e-h pairs in this catalyst, as reported by other researchers (Gao
et al., 2016; Ghosh et al., 2016; Liu et al., 2017). These findings reveal
that the presence of a CuSe catalyst can effectively cause the photo-
catalytic degradation of E1, confirming the role of CuSe in the photo-
degradation of E1.

3.3.1. Dependent factors of photodegradation performance of the catalyst

For understanding the detailed catalytic performance of E1 photo-
degradation, the influence of various experimental variables including
catalyst dose, initial E1 concentration, solution pH, light intensity, and
solution temperature on the extent of photodegradation was investi-
gated, as shown in Fig. 6(a-e). We tested the photocatalytic degradation
of E1 at initial concentrations (Cp) in the range of 0.5-2.0 mg/L while
keeping the catalyst dose constant at 0.5 g/L (neutral pH and 20 °C). An
inverse relationship was noticed between the extent of photo-
degradation and initial E1 concentration (Cp) as illustrated in Fig. 6a.
These findings perfectly corroborate the reported literature on photo-
catalytic degradation of estrone (Han et al., 2012). Indeed, for a
four-fold increase in concentration from 0.5 to 2 mg/L, the photo-
catalytic rate constant was reduced by nearly half from 5.3 x 102 to
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3.3 x 10 min™! (Fig. 6a inset). This reduction in the rate of degradation
might be explained by the increased number of molecules to degrade as
the initial concentration of E1 increased whilst the generation rate of
reactive species (e.g., *OH) remained constant since the intensity of light
remained constant. In addition, as the initial concentration increases,
the surface of catalyst becomes more saturated, which could also reduce
the generation of the oxidative species by blocking a portion of the
catalyst surface area being accessible to photons (Han et al., 2012).
Therefore, by increasing the initial concentration of estrone, the rate of
photocatalytic degradation decreases.

1

80

The influence of irradiated intensity on the photodegradation of E1
was determined by performing experiments at different light intensities
adjusted to power values of 30, 60, 90, and 120 W by the dimming knob
of the light source; the other conditions were Cy (E1) of 1 mg/L, catalyst
dose of 0.5 g/L, and neutral pH. Fig. 6b clearly shows that the rate of
photocatalytic degradation increases with increasing the irradiation
light intensity, which is obviously due to the availability of a greater flux
of photons as the light intensity increases. However, such an increase of
the photocatalytic reaction rate constant, k, is limited to a saturation
value at high light intensity (120 W) indicating that the reaction is
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completely limited by its intrinsic kinetics. At high light intensity, all the
active sites of the photocatalyst are permanently active due to the high
photon flux and the catalyst behaves like an ordinary heterogeneous
catalyst (Bloh, 2019). However, below the saturation light power
(P < 90 W), the reaction rate constant presents half-order dependency
with light intensity (Fig. 6b inset), which is in good agreement with the
literature (Mills et al., 2015). According to these results, an irradiation
power of 60 W was selected for further photodegradation studies.

The effect of catalyst dose on the extent of degradation was deter-
mined, as illustrated in Fig. 6¢, by testing different catalyst dosages 0.1,
0.5, and 0.75 g/L using irradiation power of 60 W, and Cy (E1) of 1 mg/
L. Fig. 6¢ shows a characteristic pattern of the variation of extent of
degradation with catalyst dose, i.e., photodegradation increases with
increasing the catalyst dose. At the lowest catalyst dose (0.1 g/L), E1
barely degrades up to 60 % after 180 min, while it degrades more than
82 % by increasing the catalyst dose to 0.50 and 0.75 g/L within the
same time. A further increase in catalyst dose to 1.0 g/L (figure not
shown here) resulted in a decrease of E1 degradation, which could be
due to a reduced light transmission in the solution that was noted by
visual observation as well that the solution became a thick slurry at the
catalyst dose of 1.0 g/L. The effect of catalyst dose on the photocatalytic
rate constant is shown in Fig. 6¢ inset. As the catalyst dose increased, the
rate constant reached a saturated value at about 0.75 g/L, which is in
agreement with a fundamental photocatalytic kinetics study reported by
Bloh (2019). The direct dependence of the extent of E1 photo-
degradation on catalyst dose could be attributed to the fact that an
appreciable amount of photocatalyst in the solution provides enhanced
contact sites between the catalyst and E1(Han et al., 2012). However,
increasing the catalyst dose beyond a certain optimum dose results in
the light penetration becoming too weak, which will limit the efficiency
of the photocatalytic process (Kumar and Pandey, 2017). In this study,
we found that a catalyst dose of 0.5 g/L was a plausible dose to carry out
further evaluations of the photocatalytic degradation of E1.

The solution pH is a crucial parameter that affects the photocatalytic
degradation of a pollutant in the aquatic environment (Mukherjee et al.,
2017). The experiments were conducted at different pH values of 3, 5, 7,
9 and 11 using an irradiation power of 60 W, Cyp (E1) of 1 mg/L and
catalyst dose of 0.5 g/L. The results presented in Fig. 6d show that
maximum photodegradation (98 %) occurs at pH 11, while a marginal
increase in degradation was observed as pH raised from 3 to 9 (~80 %).
The effect of pH is observed when we plotted the photocatalytic rate
constant versus pH (Fig. 6d inset), which shows a slight increase in the
rate with increasing pH up to 9 followed by a sharp rise at pH 11. These
results are similar to those reported by (Coleman et al., 2000) for E2.
This trend of pH effect could be attributed to enhanced photo-
degradation of E1 at alkaline pH since the molar absorption coefficient
of E1 at alkaline pH (9.26 %x10° cmM! at 298 nm) is about five times
higher than that at acidic pH (1.85 %x10% em™™) (Hurwitz and Liu,
1977). Moreover, as the pH increases, the hydroxyl ion concentration at
the active sites increases thereby increasing the production of hydroxyl
radicals. However, the point of zero-charge (pzc) of the catalyst was
found at pH 6.4 (Supplementary Information Fig. S4), which implies that
the surface of CuSe is deprotonated to a negative charge at pHs higher
than pzc. Thus, the increase in pH up to 9 favours the repulsion of hy-
droxide ions while giving less competition for the active sites to attract
E1, which has a neutral charge because its pKa is ~ 10.4 (Hurwitz and
Liu, 1977). This compromise between two competing mechanisms could
explain the plateaued value of the rate constant as pH increased to 9. A
further increase in pH to 11 results in significant deprotonation of E1
(~80 % of E1 is deprotonated; Supplementary Information Fig. S5). As
E1 deprotonates and becomes negatively charged, its repulsion with the
catalyst becomes significant implying that hydroxide ions become more
favourably attracted to the surface of the catalyst, given their high
concentration (1 mM) compared to E1 (<0.003 mM). This would then
result in high concentrations of hydroxyl radicals attacking E1. In
addition, the deprotonation of the OH group in E1 would also increase
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the reaction rate with free radical species (O’shea and Cardona, 1995;
Schaefer et al., 2020; Vo et al., 2021).

The temperature dependence on photocatalytic degradation of E1
was investigated by performing experiments at different temperatures in
the range 15-30 °C using irradiation power of 60 W, Cy (E1) of 1 mg/L
and catalyst dose of 0.5 g/L. It is evident from Fig. 6e that during the
adsorption in the dark (i.e. —30 min<t < 0), the extent of E1 removal
increased as the temperature reduced, which agrees with the discussion
presented on the effect of temperature on the adsorption isotherm.
However, during the photocatalytic degradation phase (i.e.,
0 <t < 180 min), an increase in temperature increased the degradation
rate of E1. The pseudo-first order-reaction rate constant, k, was deter-
mined at different temperatures used and its change with temperature
was described using the Arrhenius equation; k = kgexp (-Eo/RT) (Bloh,
2019). A plot of Ln (k) vs the inverse of temperature (1/T) is shown in
Fig. 6e. The pre-exponential factor, kg, and the activation energy Ea
were determined from the slope and intercept of the line Ln(k) vs 1/T
and their values are 4.03 x 10° min™ and 68 kJ/mol, respectively. This
value of E, is about three times higher than typical activation energies
reported for other photocatalytic reactions (Acedo-Mendoza et al., 2020;
Bloh, 2019; Qin et al., 2020), which implies that the temperature effect
is more prominent with CuSe. Therefore, this study shows that the
photocatalytic degradation of E1 by CuSe is a temperature-dependent
reaction implying that increasing the reaction temperature increases
the rate of the reaction (Bloh, 2019).

3.3.2. By-products of estrone photocatalytic degradation reaction and
possible mechanism

To aid the understanding of the photocatalytic degradation mecha-
nism of estrone using CuSe, we conducted liquid mass spectrometry
analysis (ESI-negative) of samples collected at different reaction times
using scans in the range 50-500 mass/charge ratios (m/z). Although by-
product formation was expected during light exposure, it was remark-
able that during adsorption in the dark, new m/z signals, apart from m/z
269 for E1, appeared and evolved. This indicates that chemical reactions
take place even in the dark and the results are discussed next.

3.3.2.1. Fate of CuSe catalyst. Selenium has a distinct natural isotopic
distribution made of six stable isotopes including 743e(0.89 %), 7°Se
(9.37 %), 77Se(7.63 %), 85e(23.77 %), 8°Se(49.61 %), and #2Se(8.73 %),
which can be detected in mass spectra by a unique isotope envelope
pattern dictated by these masses. Having done experiments to evaluate
whether Se species are distributed in solution, peaks centred around m/z
112, 113 and 129 were detected. These m/z values and the isotopic
pattern surrounding them correspond to specific isotopic signatures of
SeOy, HSeO5, and HSeOs, respectively (Table S3 and Fig. S6 C&D).
According to Fig. S6C, it is remarkable that the aqueous solutions that
contained E1 and the catalyst showed strong signal patterns for SeO; (*)
and HSeO3 (), while the solution of catalyst in water only (without E1)
shows extremely low signal for these species (Fig. S6B). This suggests
that these Se species are produced as a result of the adsorption of E1 on
the catalyst surface. As expected, isotopic patterns of the Se species were
not shown in E1 aqueous solution without a catalyst (Fig. S6A). Fig. S6D
shows that after exposure of E1 solution to light in the presence of
catalyst for 60 min, a new pattern of Se species centred around 113
(labelled +) appeared, which is assigned to HSeO3 (Table S3 and
Fig. S6D (4)). The change in peak areas for the most abundant m/z
values 112, 113 and 129 corresponding to the species SeO,, HSeO3, and
HSeO3, respectively, were then plotted versus the reaction time
(Fig. S7). During adsorption in the dark (i.e., the time from —30 min to
0 min for all experiments and up to 180 min for the experiments
El + catalyst in dark, Fig. S7), peak areas of the three m/z values
increased with time, indicating that these Se species were forming in
solution at levels, according to their peak areas, in the order SeOs
> HSeO3 > HSeOs.
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To identify whether these Se species have contributed to the degra-
dation of E1 in a homogeneous solution, samples were filtered after
30 min dark adsorption to remove the catalyst particles and were then
exposed to light. As shown in Fig. S7(m/z 269) (experiment:
El + catalyst for 30 min then filtered), the change in peak area after
filtration of the catalyst remained unchanged while the peak areas for
the three Se species also remained unchanged with time (experiment:
El + catalyst for 30 min then filtered) indicating that these species do
not contribute to the oxidation of E1 in homogeneous solution (i.e., in
the absence of the solid catalyst). However, in the co-presence of E1 and
catalyst, the peak areas of the three Se species increased with time, with
the increase being more significant under photocatalytic conditions (i.e.,
El + catalyst+light) than under dark conditions (i.e., E1 + catalyst in
dark).

A possible mechanism for the formation of Se species would involve
the formation of SeO; in the presence of oxygen in water which further
aids the catalytic oxidation of E1. The surface oxidation of the catalyst
has already been evidenced by XPS results (Fig. S2; and Section 3.1.1).
Few studies on water splitting oxygen/hydrogen evolution reactions
(OER/HER) have theorized that metal chalcogenides are prone to form
an amorphous (oxy) hydroxide surface layer in the oxidative environ-
ment which upon oxidation leaches out the non-metal components such
as Se, S, P, etc. (Wygant et al., 2018). The porous (oxy) layer formation is
the leading cause of high photocatalytic performance of metal chalco-
genides because it increases the surface area and provides enhanced
active sites for catalytic activity (Jin, 2017; Noh et al., 2019; Wygant
et al., 2018). SeO, will then oxidise E1(Mlochowski et al., 2003) to
generate Se(OH),, which has an m/z 113 [M-H], while E1 gains an ox-
ygen atom (i.e. m/z 285). Both m/z masses were detected in the mass
spectrometry analysis, even during adsorption in the dark, which jus-
tifies the mechanism suggested. SeO, also hydrolyses to form HzSeO3
which is a di-acid with the pKa values 2.46 and 7.3. As the pH of the
solution was around 6, dissociation of HySeO3 to HSeO3 should be the
dominant species (Supplementary Information Fig. S8), which agrees

Fate of estrone (E1)

Process Safety and Environmental Protection 172 (2023) 1-15

with the mass spectrometry results (m/z 129). The equations repre-
senting these reactions are shown in Fig. 7.

3.3.2.2. Pathways of E1 oxidation. In photocatalysis, electron-hole pairs
are formed on surface of the photocatalyst. Due to their lack of electrons,
the valence band holes are powerful oxidants capable of attacking
organic molecules either directly (i.e., electron transfer from the surface-
bound substrate to the holes) or indirectly via formation of reactive
oxygen species (ROS) such as hydroxyl radical (*OH), superoxide radical
anion (03%), or hydroperoxyl radical ("OOH) (Chong et al., 2010; Hoff-
mann et al., 1995). Amongst the reactive species formed, *OH is the most
potent radical that drives the oxidation reactions with rate constant
values ranging from 108 to 10! Ms. It reacts according to three
possible mechanisms including electron transfer, H-abstraction, and
radical addition reaction (Buxton et al., 1988); electron-transfer re-
actions are uncommon. Since the activation energy for the hydrogen
abstraction reaction is generally much higher than that for radical
addition (Li et al., 2020), the preferred reaction mechanism is thus
radical addition, which leads to the formation of hydroxylated mole-
cules. When addition reactions are not favoured, due to steric hin-
derance for example, *OH may also react by H-abstraction.

As E1 was degraded (Supplementary Information Fig. S7, m/z 269),
the liquid mass spectrometry analysis revealed the formation of products
with characteristic m/z values of 285, and 267, where their peak areas
increased with the reaction time as shown in Fig. S8 (m/z 285 and 267,
Supplementary Information). The m/z 285 represents an increase of 16
in molecular mass implying hydroxylation of E1 molecule with a loss of
a hydrogen atom while the m/z 267 represents a loss of two hydrogen
atoms from E1. According to the maximum values of Fukui index (f°) for
radical reactions, the preferable sites of radical attack are the carbon
atoms of the hydroxylated aromatic ring at the positions, order of
preference, C1g >Ci9 >C17 >Cyp >C16 >Ci4 (Supplementary Informa-
tion Fig. S9). Similar results have also been obtained by other studies for
the degradation of 17-p estradiol, which has a similar molecular

Fate of CuSe photocatalyst

(i) CuSe+E1——» (CuSe)q,+(Se0,),

(x= trace amounts)

(ii) Hz0 + Se0; + H-C-C=C- (E4) —® HO-C-C=C- (E4) + Se(OH),

(i) Hj0 + Se0,——» H;Se0; === HSeOy + Se0:*

H2Se03 = HSeOy ;pK;=2.46
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Fig. 7. Proposed E1 oxidation pathway by CuSe photocatalysis.
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structure as E1 (Mai et al., 2008; Rokhina and Suri, 2012). Based on the
computational and mass spectrometry analyses’ results, a mechanism
for E1 photocatalytic degradation by CuSe is suggested and is shown in
Fig. 7.

The dispersion of CuSe in E1 aqueous solution triggers a series of
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catalytic redox reactions that are enhanced by visible-light irradiation,
comprising primarily the formation of trace amounts of SeO, and HSeO3
due to partially leaching out of the catalyst (Fig. 7 (reactions # i-iii) and
as described in Section 3.3.2.1). The presence of ROS, in addition to
selenium isotopic suspension (Fig. 7 (reaction ii)), expedites the
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Fig. 8. (a) Recyclability of CuSe catalyst for photocatalytic degradation of E1 under visible-light irradiation for four consecutive cycles; (b) XRD of regenerated
catalyst (¢) SEM micrograph of regenerated catalyst; scale bar is 0.5 um, (d) corresponding EDX elemental mapping and composition; (e) Comparison of photo-

catalytic degradation of E1 with CuSe and TiO, (P25).
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hydroxylation of estrone into catechol estrone namely 2-hydroxyestrone
(2-OHE1) shown in Fig. 7 as product A. The attack of E1 could also lead
to the destabilization of the aromatic ring due to oxidation followed by
the formation of another reaction by-product namely 1,4-estradiene-
3,17-dione (product B in Fig. 7) (Ohe et al., 2000). These oxidative
by-products are reported to have a less estrogenic effect than E1 (Pereira
et al., 2011; Xu et al., 2021) which further decompose into low molec-
ular weight intermediates upon extended photocatalytic degradation.

3.3.3. Catalyst recyclability and comparison with a benchmark
photocatalyst (TiO2)

Generally, the practical applicability of a catalyst depends upon its
economic feasibility which relies amongst other aspects on its recycla-
bility efficiency. Therefore, we investigated the recyclability of the
catalyst for E1 photodegradation for four cycles by observing its
degradation extent. The catalyst was retrieved after each experiment
that lasted for 60 min, washed with a mixture of ethanol and water
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followed by vacuum drying and reused for four consecutive cycles. It
was observed that the catalyst remained active in degrading E1 for four
cycles, as illustrated by Fig. 8a, though with some reduction in degra-
dation efficiency. Further, the regenerated catalyst was characterized for
its structural properties to confirm its stability.

The corresponding XRD pattern, as shown in Fig. 8b, reveals that the
crystal structure CuSe is retained after degradation. The diffraction
peaks which include (100), (102), (006), (210), (108) are perfectly
indexed and matched with the standard pattern (COD-9000063). The
regenerated catalyst retained the hexagonal geometry of the crystallites
as depicted in Fig. 8c. Additionally, the elemental mapping and chemical
composition (Fig. 8d) authenticated the single-phase copper selenide
structure. The sample was partly oxidized, as indicated by the presence
of oxygen (Fig. 8d) due to the readily oxidizing nature of copper-
containing compounds (Singh et al., 2018) besides, the sample synthe-
sis and processing have taken place in the air. Similar observations are
reported for the photocatalytic activity of CupO by (Singh et al., 2018).

Table 1
A compilation of comparative studies of E1 photocatalytic degradation on a variety of photocatalysts.
Photocatalyst Light source details (Type, power, Experimental Degradation kinetics Reference
wavelength) conditions
Zinc oxide (ZnO) Artificial ultraviolet (UVA) Co = 0.6 mg/L ki = 0.074 min™! (0.01 g/L; (Han et al.,
BET surface area 10.7 mz/g; 18 W, (A = 320-400 nm) with a peak V=200 mL t = 45 min, 95 % degradation) 2012)
particle size 100 nm-1 pm intensity at 369 nm pH=4 k; = 0.362 min™ (0.5 g/L;
t =10 min; 95 % degradation)
Solar irradiation clear day from 13:00-13:30 k; = 0.337 min™! (0.05 g/L;
local time (S36°51.179'; E174° 46.177"); t = 20 min; 99 % degradation)
Degusa-titanium dioxide P25 Artificial ultraviolet (UVA) ky = 0.036 min™! (0.01 g/L;
BET surface area 48.6 m?/g; t = 60 min)
Particle size 20-50 nm ky = 0.177 min™ (0.5 g/L;
t = 25 min; 95 % degradation
solar irradiation k; =0.328 min! (0.05 g/L;
t = 20 min; 99 % degradation)
Immobilized porous titania sheets (50 mm UV-LED, 1.67 mW; A = 365 nm Co = 0.004 mg/L; k; = 0.025 min™ (Arlos et al.,
diameter) pH=4 t =120 min) 2016)
99.9 % degradation
Ti coating on TiO, UV-A HP mercury lamp, 125 W Cp = 0.01 mg/L k; = 0.025 min” t = 60 min) (Coleman et al.,
(A = 315-400 nm) 99.9 % degradation 2004)
TiO, film on quartz beads (d= 2 mm) UVA, A = 359 nm, Co=0.1 mg/L ki = 0.058 min™! (Tanizaki et al.,
Power not mentioned t = 30 min) 2002)
90 % degradation
ZnO nanorod arrays (glass substrates of dimension UVA, A = 365 nm, Co = 0.5mg/L k; =not mentioned (Liu et al.,
25 mm x Power not mentioned t = 360 min) 2012)
10 mm x 1 mm) 87 % degradation
TiO,-coated glass rings dimension 5 mm diameter (UVC & UVA lamps, 125 W Cp = 0.02 mg/L k; =not mentioned (Liz et al., 2018)
and 2 mm length V=150 mL t = 60 min)
pH =7 90 % degradation

Degussa P-25 TiO2 powder suspension

Cu,0 nano-cubes
(Particle size 20-30 nm)

Cu,0 nano-octahedra
(Particle size 70-96 nm)

Cu,0 nano-rods
(Particle size 80-112 nm)

CuSe hexagonal nanoflakes (average particle size
and thickness of 0.229 + 0.146 um and 0.05
+0.02 um)

Xe lamp (150 W)

Hg-Xe lamp (60 W)
A = 300-700 nm

dosage=0.2 g/L

ki =not mentioned
t = 60 min)
98 % degradation

Co = 40 mg/L k; = 0.032 min (Mukherjee
V=40 mL t = 45 min) et al., 2017)
Dosage= 0.04 g/L 97 % degradation
pH7 ki = 0.035 min™!

t = 45 min)

90 % degradation

k; = 0.05 min™

t =60 min)

92 % degradation
Cop =1 mg/L adsorption kinetics This study
V=100 mL qe=1.44 mg/g
Dosage= 0.5 g/L ki = 0.037 min™!
pPH7 t = 30 min

Photocatalytic kinetics:
k; = 0.013 min™

t =90 min)

> 90 % degradation

t: time required for E1 decomposition

kq: first-order rate constant

V: volume of the solution

Co: initial concentration of E1

qe: Equilibrium adsorbent uptake concentration
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Furthermore, TiO5 photocatalyst has widely been employed for
photocatalytic degradation of estrogenic compounds and is profoundly
considered as a benchmark for their treatment despite having a wide
bandgap, as shown in Table 1. A compilation of photocatalytic degra-
dation studies of estrone on a variety of photocatalysts is presented in
Table 1, where the remarkable performance of CuSe is observed. A
detailed insight into these listed studies manifests that the E1 photo-
catalytic degradation phenomenon has been, however, inadequately
investigated so far. The oxidative reaction pathways and reaction by-
products of E1 decomposition have been briefly discussed in a few
studies. Overall, visible-light-induced E1 photocatalytic degradation is
barely investigated to date, which reveals a knowledge gap to be
addressed. Nevertheless, CuSe exhibited remarkable degradation of E1
up to 90 % by combining adsorption, oxidation, and visible-light-driven
photocatalysis. To validate and pursue the efficacy of our synthesized
CuSe catalyst, we compared the extent of photocatalytic degradation of
the CuSe catalyst with the benchmark TiO, (P25) photocatalyst under
the same light source, as presented in Fig. 8e. Interestingly, the CuSe
catalyst has shown remarkable enhancement in both dark-adsorption
and photodegradation efficiencies of E1 compared to TiOy photo-
catalyst under similar conditions. The removal of E1 after 30 min of
adsorption in dark by CuSe was 54 % which is significantly higher than
that by TiO; (only 16 %). Upon exposure to light for 180 min, the overall
removal of E1 was 82 % by CuSe but only 22 % by TiOa.

These findings imply that having visible-light activation as well as
oxidation abilities, CuSe could serve as a better option for photocatalytic
degradation of estrone in water. In addition, these experimental findings
have ascertained the novelty of the as-synthesized CuSe photocatalyst,
which could be an ideal candidate for the remediation of estrogenic
pollution and can further be employed for the treatment of related
endocrine disruptors and pharmaceuticals in water.

4. Conclusion

In this study, visible-light-induced photocatalytic degradation of
estrone (E1) by copper selenide (CuSe) nanocrystals was targeted. E1
was not only selected owing to its potent toxicity but also because of its
persistent nature and wide abundance. We have successfully synthesized
hexagonal copper selenide (CuSe) nanoflakes by a facile and low-
temperature modified co-precipitation method. CuSe nanocrystals hav-
ing flakes-like morphology with a bandgap of 1.60 eV exhibited
remarkable degradation of E1 up to 90 % by combining adsorption,
oxidation, and visible-light-driven photocatalysis. The catalyst has
shown enhanced photodegradation in comparison to the benchmark
TiO5 (P25) due to the combined effects it presents and photocatalysis
under visible-light irradiation. Based on the computational and mass
spectrometry analyses, a mechanism for E1 shows that E1 oxidation is
accompanied by oxygen addition and hydrogen abstraction. Moreover,
the synthesized catalyst could be economically feasible since it showed
efficient visible-light activity and enhanced removal of estrone. There-
fore, these findings might prove instrumental in exploring the potential
of hexagonal CuSe photocatalysts in a wide range of pollution remedi-
ation challenges.
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