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Synthesis of Highly Active Doped Graphitic Carbon Nitride
using Acid-Functionalized Precursors for Efficient
Adsorption and Photodegradation of Endocrine-Disrupting

Compounds

Adeem Ghaffar Rana,™® Mian Zahid Hussain,'® Nikki Hammond,” Simon Vlad Luca,®

Roland A. Fischer,'” and Mirjana Minceva*"

A highly active non-metallic doped bulk graphitic carbon
nitride (9-C;N,) was synthesized via acid-functionalized mela-
mine decomposition. Specifically, melamine was treated with
acetic acid, sulfuric acid, and phosphoric acid to obtain oxygen,
sulfur, and phosphorus-doped g-C;N, derivatives. Sulfur-doped
g-G3N, exhibited remarkable photocatalytic activity to degrade
two environmentally harmful hormones, 17(3-estradiol, and
17a-ethinylestradiol, due to its narrow energy bandgap and
high surface area. The hormones were removed entirely in 30—

Introduction

Pollution caused by endocrine-disrupting compounds (EDCs) is
a persistent challenge in water treatment.? EDCs pose a health
hazard to humans and animals and are a growing environ-
mental concern.? These compounds can interfere with the
hormone balance in humans and animals and adversely affect
reproduction, sexual development, stress response, and the
body’s overall chemical equilibrium.®’ Exposure to EDCs can
even lead to several human cancers.”! EDCs disrupt the normal
endocrine function by interacting with hormone receptors and
mimicking natural estrogens’ physiological function.”” Among
EDCs, which include both natural and synthetic compounds.”
17p-estradiol (E2) and 17a-ethinylestradiol (EE2) are the most
harmful and persistent natural estrogens” E2 is a natural
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45 min by adsorption in the dark, followed by photodegrada-
tion under visible light (430 nm). Furthermore, the pseudo-
second-order kinetic model fitted the adsorption kinetics well,
and photocatalytic degradation followed the exponential decay
model. LC-MS identified the intermediate products for the
photodegradation of 17[3-estradiol (E2). This study provides a
simple one-step method to synthesize highly reactive metal-
free doped bulk g-C;N, photocatalysts to remove harmful water
pollutants.

hormone in women and is associated with the reproductive
system; on the other hand, EE2 is a synthetic hormone
produced from natural E2 and used as the active ingredient in
some oral contraceptives. Even at low concentrations (ng/L), E2
and EE2 have a solid estrogenic effect. E2 primarily enters the
water systems via human and animal urine; however, the intake
of products such as birth control pharmaceuticals and other
hormonal products used in the dairy industry can cause an
increase in its prevalence as a pollutant in water® E2 is
resistant to typical sewage treatment procedures and fre-
quently gets released back into the water from where it can
enter drinking and surface water.” Given the threats that E2
and EE2 pose to human health,”) a need exists to develop
effective treatment processes to remove these compounds
from water systems.

Advanced oxidation processes (AOPs) are alternative sol-
utions to removing organic pollutants like E2 from aqueous
media.”) Although AOP systems rely on various reaction means
and methods, they all share the common characteristic of
producing *OH radicals. The reactivity of *OH radicals toward
organic molecules, combined with their limited selectivity,
renders them beneficial oxidants for wastewater treatment.”
Indeed, *OH radicals have been observed to play a vital role in
removing and degrading toxic wastewater contaminants into
benign species.”” Among the various AOP processes, photo-
catalysis is one of the promising approaches to wastewater
treatment, as it is cost-effective, highly efficient, and exhibits
low toxicity.”

The reaction kinetics of photocatalysis is affected by multi-
ple factors, including the catalyst’s appropriate energy bandgap
and surface properties, the incident light's wavelength, and the
target compound’'s chemical properties." Although a wide
variety of catalytic materials exist that can be used in photo-
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catalysis, graphitic carbon nitride (g-C;N,) has emerged as one
of the most promising materials for photocatalytic applications
in both environmental and energy-producing processes.'” g-
C;N, is a non-toxic polymeric semiconductor exhibiting high
chemical and thermal stability."” This semiconductor can easily
be synthesized from compounds such as melamine and urea
via the thermal decomposition of nitrogen-rich precursors
under appropriate reaction conditions. The main drawback of
g-G;N, is its limited photocatalytic activity resulting from its low
surface area."” Some techniques like exfoliation improve the
surface area and performance but need additional heat. Metal
doping has become a popular approach to improving the
photocatalytic performance of g-C;N,;'” however, using metals
can be costly and environmentally unfriendly, and it may cause
the catalyst to become toxic. Therefore, developing alternative
strategies for increasing the photocatalytic activity of g-G;N, is
a crucial research goal.

This study aims to enhance the activity of g-GN, in
removing harmful estrogenic compounds from water systems
without adding metals to the catalytic system. To achieve this
goal, melamine was functionalized with non-metallic elements
such as sulfur (S), oxygen (O), and phosphorus (P) to obtain the
synthesized doped g-C;N, species. The activity of the doped
catalysts was tested for degradation of 17f3-estradiol and 17a-
ethinylestradiol in an aqueous solution using adsorption in
dark and photodegradation in a stirred glass reactor under
irradiation with an immersion LED lamp. The extent of EDC
photodegradation was determined by analyzing the concen-
tration of the hormones in the water solution at regular time
intervals using high-performance liquid chromatography
(HPLC) technology.

Results and Discussion
Photocatalyst characterization

The crystalline structures of the undoped g-C;N, (BCN) and S,
O, and P doped g-C;N, (SBCN, OBCN, and PBCN) samples
synthesized after decomposition of acid-treated melamine

were determined based on the powder X-ray diffraction (PXRD)
patterns reported in Figure 1a. BCN, OBCN, and SBCN catalysts
exhibited the characteristic peaks of g-C;N, at about 26 of 27.3°
and 26 of 13.1°. From the (002) plane, the high-intensity peak is
due to the typical interlayer stacking of conjugated aromatic
systems like g-C;N,. Moreover, a minor peak due to the (100)
plane is ascribed to repeated units of tri-s-triazine."""'? The
PXRD peak intensities of BCN and OBCN are almost the same,
while in the case of SBCN, the peak intensity is slightly lower.
Although no peaks due to phosphorus were observed in PBCN,
the intensity of the g-C;N, PXRD characteristic peaks has
decreased, indicating the reduction in the crystallinity of this
material. Indeed, the presence of large amounts of phosphorus
in the catalyst can be assumed to cause an enhancement of
laying spacing."® During the poly-condensation of acid-treated
precursors, the loss of lattice C or N centers leads to a change
in the crystalline structure, which inhibits the growth of g-C;N,
crystals.® In addition, the PXRD patterns of PBCN comprised
(see inset in Figure 1a) an extremely broad (002) peak, and the
relative intensities of both peaks massively decreased com-
pared to BCN. This broad peak is due to the significant
phosphorus content, indicating that the growth of g-GN,
crystals is inhibited by introducing phosphoric acid."

The FTIR spectra were recorded to determine the prepared
samples’ doping extent. The FTIR spectra of the doped and
undoped g-C;N, samples are presented in Figure 1b. The peaks
observed between 1650 and 1242 cm™ can be attributed to
the stretching vibration modes of the C—N bond and the
aromatic (=N heterocyclic species in repeated units of tri-s-
triazine.'>' Additionally, the sharp peak appearing at 813 cm™
in the spectra of BCN, OBCN, and SBCN is due to the breathing
mode of the s-triazine ring system. Still, this peak was almost
absent in the FTIR spectrum of PBCN, which indicates that tri-s-
triazine in this catalyst undergoes a drastic modification.

On the contrary, the broad-band visible in the 3100-
3500 cm™' wavenumber range in the spectra of all four
catalysts can be attributed to the vibration modes of the OH
group from adsorbed water molecules and the stretching
vibrations of N—H bonds from residual amino groups. In the
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Figure 1. (a) PXRD and (b) FTIR spectra of BCN and doped OBCN, SBCN, and PBCN.
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PBCN spectrum, a broad peak between 1250 and 800 cm™' was
identified due to the vibration modes of PO,*~ groups."® Also,
the intensity of the spectra of PBCN is low compared to BCN.
This observation can be ascribed to a modification in the
chemical structure of tri-s-triazine due to the presence of P in
the catalyst, and this result was in good agreement with PXRD
data (Figure 1a). In the SBCN spectrum, no prominent peaks
attributable to moieties containing S were observed, probably
due to the low sulfur content in the structure of this species.
The BCN and OBCN have shown similar FTIR spectra. The results
of the further characterization performed in this work are
graphically presented only for the doped g-C;N, catalysts The
complete characterization results of undoped g-C;N, are
presented in our previous work."

The chemical composition of the OBCN, SBCN, and PBCN
samples was investigated using X-ray photoelectron spectro-
scopy (XPS). Notable, the XPS elemental survey spectra of the
samples (Figure S1) confirmed the presence of C, N, and O in all
samples. The C/N ratio in PBCN is lower than in OBCN and
SBCN; P in PBCN is 21.32 atomic % pointing to the possible
reason behind the observed reduction in C and N contents in
the sample. Remarkably, S present in SBCN is only 0.16 atomic
%. This observation is because CH,COOH and H,SO, were
removed during the heating and sublimation of melamine.
However, phosphorous is not entirely removed from the g-C;N,
structure as PO,>~ cannot be decomposed entirely at mela-
mine’s decomposition temperature (550 °C).1"”

The C 1s and N 1s XPS spectra were recorded to investigate
the interaction between C and N atoms. The deconvoluted C 1s
XPS spectra of the doped samples (Figure 2a) exhibited two
strong peaks appearing at 285 and 288 eV, which can be
assigned to the standard (C—C) carbon bonds and sp?
hybridized carbon (N-C=N) in triazine rings.'""® Two low-
intensity peaks observed at 286 and 289 eV can be assigned to
the amino-functional groups (C—NH,) and the carboxyl group
(O—C=0) bound to the surface of g-C;N,, respectively."'®'¥ |n
the case of PBCN, the intensities of C 1s peaks were
substantially lower than their counterparts observed for SBCN
and OBCN, which indicates that the C atoms might have been
replaced by P atoms in the chemical structure of g-C;N,.*” The
deconvoluted N 1s spectra (Figure 2b) exhibited three prom-
inent peaks at around 398.4, 400.2, and 401.2 eV for OBCN and
SBCN with varying intensities. The strong peak at 397.8 eV
corresponds to the triazine rings’ sp” hybridized nitrogen atom
bound to carbon (C—N=C). The other two peaks of medium
intensity appearing at 400.2 and 401.2 eV can be assigned to
the presence of tertiary N in N—(C); units and amino functional
groups (NH, or NH), respectively.!''82"

The O 1s spectrum of OBCN reported in Figure 2c includes
peaks at 532.7 and 535.7 eV, corresponding to the O—C—N/C-0O
bonds and adsorbed moisture, respectively.””’ Notably, decon-
volution of the S 2p spectrum of SBCN reported in Figure 2d
indicated the presence of three peaks at 163.9, 165.1, and
168.9 eV. The peak at 163.9 eV can be assigned to the C-S
bond formed due to the substitution of lattice nitrogen with
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Figure 2. High resolution deconvoluted XPS spectra of (a) C 1s (b) N 1s (c) O 1s (d) S 2p, and (e) P 2p for catalysts OBCN, SBCN, and PBCN.
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sulfur. The weakest peak was at 165.4 eV, which was regarded
due to N-S bonds resulting from replacing lattice carbon with
sulfur. The most substantial peak was centered at 169.3 eV,
indicating that SO,>~ was present in SBCN.'>*? The P 2p
spectrum of PBCN (reported in Figure 2e) includes peaks at
133.6 and 1328 eV, attributed to P—C and P—N bonds,
respectively."”?

The BET surface area and pore size distribution of the
undoped and doped g-C;N, samples were determined from
their N, adsorption/desorption isotherms. In general, a high
surface area can provide more active sites for the reactants,
resulting in the high efficiency of the catalytic process. As can
be seen from the data reported in Figure 3, the curves obtained
for the OBCN, SBCN, and PBCN samples are type IV isotherms
with H3 hysteresis loops. These curves are characteristic of
mesoporous materials, and they stem from the difference in
the curvatures of the meniscus during adsorption and
desorption with a capillary condensation. The pore radius
ranges between (1.5 and 4.5 nm), which confirms the presence
of mesopore in the structure. The values for the BET surface
area of BCN, OBCN, SBCN, and PBCN were calculated to be 11,
11, 46.9, and 38 m%g, respectively. As presented in our
previous work, the undoped g-C;N, has shown a similar
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adsorption-desorption isotherm, hysteresis loop, and pore size
distribution to doped g-C;N, and BET surface area of 10 m%/
g." As expected, BCN and OBCN have similar surface areas.
Indeed, the surface area of SBCN and PBCN was manifold
higher than that of the non-doped catalyst (BCN). Hence a
superior catalytic performance could be expected for the SBCN
and PBCN compared to BCN and OBCN due to the availability
of active sites for substrate adsorption and photoreaction. The
Scanning electron microscopy image of the SBCN sample is
reported in Figure 3d. It shows that the sulfur-doped g-C;N,
exhibits a stacked structure.

UV-vis absorption spectra were recorded to gather evidence
on the optical absorption and calculate the energy bandgaps
of the doped g-C;N,. The absorption spectra of OBCN, SBCN,
and PBCN samples are reported in Figure 4a, and their Tauc
plots are reported in Figure 4b. All three catalysts exhibited
absorption in the visible region, and the absorption edge of
OBCN was observed at around 473 nm. However, the spectra of
SBCN and PBCN exhibited a blue shift for this absorption to
462 and 440 nm compared to OBCN, respectively. The energy
bandgaps of the synthesized catalysts were calculated from
their respective Tauc plots." As can be seen from Figure 4b,
the energy bandgaps were 2.48, 2.53, and 2.65 eV for OBCN,
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Figure 3. BET surface area and particle size distribution (shown in inset) of (a) OBCN, (b) SBCN, and (c) PBCN; (d) SEM image of the SBCN catalyst.
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Figure 4. (a) UV-vis absorption spectra and (b) Tauc plots of OBCN, SBCN, and PBCN.

SBCN, and PBCN, respectively. In our previous published study,
the bandgap of undoped bulk g-C;N, was determined to have
a value of 2.58 eV.'"" The narrow bandgap of OBCN and SBCN
compared to bulk g-C;N, can be ascribed to the incident light
reflections in the structure, which increase the effective path
length for light absorption. Meanwhile, a small amount of S
and O can affect the electronic structure of g-C;N, to narrow
the bandgap.”” In the case of PBCN, the bandgap is wider than
undoped bulk g-C;N, because of the high amount of P present
in the structure. A large amount of impurity present in the
structure can affect the electronic structure of the catalyst in
such a way that it shows a blue shift and a large bandgap.”®
The H;PO, in melamine does not undergo complete decom-
position during the heating and sublimation of melamine, so a
large amount of P is present in the structure of the catalyst.'”*

Adsorption and photocatalytic performance of the catalysts

As described in the experimental section, the hormone
adsorption experiments were performed in the dark. The results
of the kinetics study of 17[3-estradiol adsorption are reported in
Figure 5. All three photocatalysts, OBCN, SBCN, and PBCN,
exhibited similar adsorption patterns; for simplicity, only the
data collected for SBCN are reported here as a representative
case for all studied catalysts. The adsorption kinetics curve of
17B-estradiol is presented in Figure 5a. As shown in Figure 5a,
predominantly adsorption took place in the first 5 min of the
contact between 17f3-estradiol and the photocatalyst. After
15 min, there was only a minor change in the hormone
concentration in the solution. Namely, after 60 min, 63 % of the
17pB-estradiol was removed, while after 180 min, 66% (not
shown in Figure 5a). The fast adsorption in the first 5 min can
be associated with the hydrophobicity of 17p-estradiol (octa-
nol/water partitioning coefficient, log K., of 4.01).2”

Three different kinetic models were used to analyze the
adsorption data: pseudo-first-order (Eq. (4)), pseudo-second-
order (Eq. (5)), and Elovich kinetic model (Eq. (6)). A comparison
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of the experimental and calculated data is presented in
Figure 5 (b-d). The fitted model parameters are summarized in
Table S1. The pseudo-second-order kinetic model showed the
highest correlation coefficient value (R*=0.999) for the adsorp-
tion of 17f-estradiol on SBCN, demonstrating that it is the best
fitting model for this system. According to this model, the
equilibrium adsorption capacity (q.) is 17p-estradiol on SBCN
33.38 mg/g. Elovich’s kinetic model exhibited a higher R?
(0.904) value than the pseudo-first-order (0.471) model.”®

The photocatalytic performance of synthesized photocata-
lysts for hormone degradation was investigated. First, a
photolysis experiment was conducted without a catalyst (Fig-
ure 6a) to determine whether these hormones undergo self-
degradation in visible light. There was almost negligible
degradation during the photolysis reaction. All other experi-
ments were performed in the presence of the catalysts. The
homogeneous dispersion of the catalyst was ensured by
sonicating the reaction mixture (i.e., the mixture comprising
the water solution of the hormones and the catalyst) and by
stirring it for 15 min (an optimal time chosen after initial
adsorption experiments) in the dark. The reaction time starts as
soon as the light is turned on; only an adsorption process takes
place up to that moment.

As shown from the data reported in Figure 6a, the sulfur-
doped SBCN sample demonstrated the highest adsorption and
photodegradation with almost complete removal of 17(3-
estradiol in 45 min; over the same period, 86% removal was
achieved with BCN, 88% with OBCN, and 64% with PBCN.
From this amount, 63%, 59%, 57 %, and 55% of 17f3-estradiol
were removed by adsorption on SBCN, BCN, OBCN, and PBCN,
respectively. For BCN and OBCN, a relatively lower surface area
limits the adsorption and, subsequently, the photodegradation
of the 17f-estradiol. BCN and OBCN have shown almost the
same activity because of the similar nature confirmed by XRD,
BET, and FTIR. Notably, PBCN exhibited negligible photo-
degradation, and with this catalyst, the 17f3-estradiol was
removed primarily by adsorption. The observed poor perform-
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Figure 5. (a) Adsorption kinetics of 17(3-estradiol with 0.1 g/L SBCN and 5 mg/L pollutant concentration; (b) pseudo-first-order model, (c) pseudo-second-order

model, and (d) Elovich model, pH 7, temperature 25 °C.

ance of PBCN may have to do with the fact that P atoms had
replaced the structural C and N atoms, and there is a large
amount of residual PO,*” species in the catalyst, which
suppressed catalytic activity.

Different amounts of catalyst were used further to inves-
tigate the kinetics of the photocatalytic degradation reaction.
For this study, SBCN was selected as the best performing
catalyst, and its concentration in a 17f-estradiol aqueous
solution varied between 0.05 and 0.2 g/L. The 17(-estradiol
removal curves are presented in Figure 6b. The photocatalytic
degradation efficiency increases with the amount of catalyst
because the number of active sites increases with the increase
of the catalyst."” However, it should be noted that complete
17p-estradiol removal was achieved in 45 min with 0.1 and
0.2 g/L of SBCN catalyst.

In the following, adsorption followed by photodegradation
was also carried out for 17a-ethinylestradiol with the 0.1 g/L
SBCN catalyst. As can be seen from Figure 6c, the 17a-
ethinylestradiol was also entirely degraded and removed from
water in 45 min. Notably, the photodegradation of 17a-
ethinylestradiol was even faster than that of 178-estradiol. This
observation is due to the presence of unsaturated triple bonds

ChemistrySelect 2022, 7, €202201909 (6 of 11)

in 17a-ethinylestradiol, which readily undergo oxidation to
produce less harmful products. This study can provide an initial
base, but optimizing the amount of catalyst should be
performed to save the cost for other hormonal pollutants
selected. The chemical structures of both compounds are
reported in Table S2.

The photodegradation curves reported in Figure 6 were
well-fitted by an exponential decay model, and by fitting the
said curves with this model, the reaction rate constant (k)
could be calculated utilizing the following equation (1):

C/C — e—kr

5 (M
where C is the concentration of 173-estradiol at irradiation time
t, C, is the 17B-estradiol concentration after adsorption in this
case, i.e, at the beginning of the photocatalytic degradation
reaction, and k is the rate constant. The rate constant k for
SBCN, OBCN, and PBCN were 0.139, 0.046, and 0.008 min~",
respectively. In detail, the decomposition of SO,* during the
heat treatment of melamine contributed to SBCN acquiring a
porous structure, which benefited substrate adsorption and

© 2022 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Figure 6. Photocatalytic degradation curves of (a) 17p-estradiol with doped g-C;N, catalysts with a catalyst concentration of 0.1 g/L; (b) 17p3-estradiol using
different concentrations of SBCN catalyst, and (c) 178-estradiol and 17a-ethinylestradiol at 0.1 g/I SBCN.

increased the accessibility of the active catalytic sites. The
photodegradation curves for the different amounts of best-
performing SBCN reported in Figure 6b fit the exponential
decay model. The values for the rate constant k for the
degradation reactions whereby the SBCN concentrations were
0.2, 0.1, and 0.05g/L were 0.24, 0.139, and 0.042 min~',
respectively.

The re-usability of SBCN was demonstrated by performing
two cycles of hormone degradation after subjecting the
catalyst to thorough washing and drying at 120°C for 12 h. The
degradation efficiency of the catalyst remained unchanged,
and the material remained stable for at least two cycles
(Supplementary Figure S2).

Photocatalytic degradation mechanism

The typical mechanism is given in equations (2)-(8). These
photo-induced charge carriers and radicals eventually lead to
the degradation of pollutants by the reduction and oxidation
processes. The primary intermediates and products of E2 were
analyzed and identified by LC/MS. The identification results are
presented in Table 1. The SBCN can generate electrons e~ and

ChemistrySelect 2022, 7, €202201909 (7 of 11)

holes h* in the conduction and valence band when irradiated
with light to react with the adsorbed hormones on the surface
of the SBCN catalyst. The generated holes can directly oxidize
water or hydroxide ions to hydroxyl radical (eOH). The oxygen
molecules present in the system can accept the electron to
produce the superoxide radical (e0,”). These superoxide
radicals can also produce hydroxyl radicals (eOH). The
generated radicals and holes react with the pollutants to
produce intermediates and products."* The presence of these
ROS, e.g., hydrogen peroxide using g-C;N, was previously
confirmed.?%*

SBCN (photocatalyst) + hv — e” +h*
H,0+h* — -OH + H'

OH™ +h* — -OH

0, + e — -0,

-0,” + 2~ + 2H' — -OH + OH~

© 2022 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Table 1. Degradation products of E2. Table 1. continued

No Molecular m/z Probable structure Ref No Molecular m/z Probable structure Ref
Formula Formula

[28a]

1 CigHOs 335.11

[32]

10 CigHyO, 352.96

[30]

2 CyHpO, 269.14

[30]

11 CygHpOs 365.69

[30]

3 CisHyeOs 288.70

E2/EE2 + ROS — intermediates — products + CO, 7)

4 CHyOs 25117 B E2/EE2 + h* — intermediates — products + CO, (8)

The degradation products formed during the photocatalytic
experiments determined using the LC-MS method described in
the materials and method section are listed in Table 1

[30]

> Cua0s 23691 Conclusion

In summary, undoped and nonmetal sulfur, oxygen, and
phosphorous doped g-C;N, (BCN, SBCN, OBCN, and PBCN) were
successfully synthesized from untreated and acid-treated
melamine. The photocatalytic performance of obtained cata-
62 lysts was tested to degrade two hormones, namely 17(3-
estradiol and 17a-ethinylestradiol, under visible light irradia-
tion. PXRD, FTIR, and XPS analyses confirmed the phase and
chemical structures of g-C;N, and its derivatives obtained by
doping g-C;N, with nonmetals. Among the synthesized g-C;N,
derivatives, sulfur-doped g-C;N, (SBCN) exhibited the highest
photocatalytic activity toward the studied hormones due to its
higher BET surface area and narrower energy bandgap than the
other three catalysts. The hormone adsorption on SBCN was
quick due to the hydrophobic nature of these hormones. The
adsorption was followed by photodegradation under visible
light (430 nm) irradiation. Complete removal of 17f3-estradiol
was achieved in 45 min, and of 17a-ethinylestradiol was
achieved in 30 min. Three kinetic adsorption models were used
to fit the experimental data, and the pseudo-second-order
model was observed to best represent the adsorption of 17§3-
estradiol onto SBCN. The proposed mechanism of the ROS
generation and intermediate products from pollutant photo-
degradation are presented. The nonmetal doping of g-C;N, via
acid-treated melamine modified its energy bandgap and
helped increase the surface area. As a result, it enhanced the

6  CigHyO, 271.15

[30]

7 CigHyOs 285.14

[28a]

8 g0, 287.13

[32)

9 CigHx0, 301.16
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photocatalytic activity to degrade the endocrine-disrupting
compounds from the water.

Experimental Section
Reagents and chemicals

Melamine (C3HgNg, 99%) (Alfa Aesar), sulfuric acid (H,SO, 96 %)
(VWR Chemicals), orthophosphoric acid (H;PO,, 85%) (VWR Chem-
icals), acetic acid (CH;O0H), (VWR Chemicals), acetonitrile (C,H;N,
99.99%) (Sigma Life Science), 17p-estradiol (C,gH,,0, 99%) (Sigma
Life Science), 17a-ethinylestradiol (CyH,,0, 99%) (Sigma Life
Science), methanol (Sigma Aldrich) and ultrapure water for HPLC
(Sigma Aldrich) were used as received without pre-treatment.

Synthesis of g-C;N,

g-C3N, was prepared using the published procedure involving the
thermal decomposition of melamine.'? Specifically, a muffle
furnace kept under a static air atmosphere was used to synthesize
g-G;N, from melamine (5 g) in a closed crucible. A 2°C/min heating
gradient was set in a two-step heating process until 450°C was
reached; this temperature was then maintained for 2 h. Subse-
quently, 550°C was set as the final temperature, with a heating
ramp of 2°C/min; the muffle furnace was kept at the mentioned
temperature for 4h. A roughly 50% vyield of bulk g-C;N, was
obtained by conducting this process. The isolated material was
allowed to cool down to room temperature naturally; it was then
weighed and ground up using a mortar and pestle. The as-
prepared g-C;N, was then washed and filtered; it was subsequently
dried overnight in an oven at 80°C.

Synthesis of doped g-C;N,

The non-metallic doped g-C;N, was prepared by treating melamine
with acetic acid, sulfuric acid, and phosphoric acid to achieve
oxygen, sulfur, and phosphorous doping. In detail, melamine was
mixed with a 2 M solution of the relevant acid. The mixture thus
obtained was stirred for 2 h; the mixture was then centrifuged,
washed, and filtered to obtain the relevant doped melamine
sample. The said sample was thus used to prepare the relevant
doped g-C;N, material via the same procedure implemented to
prepare undoped g-C;N,. The undoped bulk sample was named
BCN, and the doped bulks samples were named OBCN, SBCN, and
PBCN, which stood for oxygen, sulfur, and phosphorus-doped g-
GN, respectively.

Characterizations of the catalyst

The N, sorption isotherms recorded to determine the values of the
samples’ Brunauer-Emmett-Teller (BET) surface area, pore size
distribution, and pore volume were determined using an autosorb
°iQ-MP/XR (Nova 4200e), Quantachrome instrument (Germany).
Sample degassing was performed at 120°C for 3 h before the
analysis. The surface area of the catalyst was calculated from the N,
sorption isotherms obtained at —196°C. The Barrett-Joyner-
Halenda (BJH) method determined the samples’ pore size distribu-
tion. A Bruker D8 instrument with Cu Ko radiation (1.54 A) (40 kv,
40 mA), a spin speed of 40 rpm in the range between 3° and 35°,
and a step size of 0.01° was employed to study the crystalline
phases of the synthesized catalysts. A Spectrum, Two FTIR
Spectrometer (PerkinElmer, Switzerland) with a universal ATR
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(UATR Two) cell equipped with a ZnSe single crystal, was used to
collect the Fourier-transform infrared (FTIR) spectra of the samples
in the 400-4000cm™' wavenumber range. The FTIR spectral
measurements were conducted at 4cm™' and 60 scans. X-ray
photoelectron spectroscopy (XPS) showed the samples’ surface
chemical analysis. A Kratos Axis Ultra DLD spectrometer with a
monochromated Al Ka X-ray source operating at 168 W (12 mA x
14 kV) was used to collect the data. Step sizes of 1 and 0.1 eV were
used for the survey spectra, and high-resolution scans were
recorded with pass energies of 160 and 20 eV, respectively.
Ultraviolet-visible (UV-vis) absorption spectra were recorded using
a UV-3600 Plus spectrometer (Shimadzu, Kyoto, Japan) with
medium scan speed using a 20-slit width with three external
detectors in the 200-800 nm wavelength range.

Hormone adsorption and photocatalytic degradation

This study performed two types of experiments: adsorption experi-
ments in the absence of light and photocatalytic degradation in
the presence of light. The experiments were carried out in a
jacketed glass reactor with a maximum working capacity of 120 mL
and placed in a safety cabinet (Peschl Ultraviolet GmbH, Mainz,
Germany). SBCN experiments were performed in duplicates to
ensure the reproducibility of the results. The irradiation for photo-
catalytic experiments was done using a custom-made immersion
LED lamp comprising five individual LEDs (10 W) with a maximum
emission of 430 nm. The photocatalytic reactor setup is shown in
Figure S3.

First, only adsorption experiments in the absence of light were
performed to evaluate the removal of the hormone by adsorption.
The catalyst was suspended in a 5 mg/L hormone aqueous solution
prepared from 1000 mg/L stock solution in methanol and stirred
for 180 min. Samples were taken at regular time intervals and
analyzed with the HPLC. For the adsorption/photocatalytic degra-
dation experiments, the photocatalyst was added to a hormone
aqueous solution in the reactor. The reactor was sonicated for
15 min to ensure the catalyst’s homogenous dispersion in the
solution. Afterward, the solution was stirred for 15 min in the dark
under an airflow (50 mL/min). A sample was taken for analysis to
determine the hormone concentration of the solution after the
adsorption step. Next, the LED lamp was turned on, the photo-
catalytic reaction was started, and samples were collected at
regular intervals. A photolysis experiment was conducted without a
catalyst to verify the extent of self-degradation of 17[p-estradiol
under light irradiation.

The removal efficiency was evaluated by using equation (9):

C,—C,
G

Total removal efficiency (%) = 100 (9)

where C, and C represent the pollutant concentrations at the
beginning of the experiment (t =0) and after a specific time
interval of t, respectively.

The adsorption kinetics of 17f3-estradiol was modeled using
pseudo-first-order, pseudo-second-order, and Elovich kinetic mod-
els [Eq. (10)-(12)1.%7¥ The following equations were used to fit the
adsorption data:

Pseudo-first-order model

In(ge — ;) = Ing. — kit (10)

© 2022 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Pseudo-second-order model

t, 1 t
la. = ka2 . (11)

Elovich equation

a.= ("g)m(ep) + (V) (0 (12

where k, and k, are the rate constants in min~' and g, and g, are
adsorption capacities at equilibrium and at time t in Egs. (10) and
(11), respectively. Notably, the constants a and S in Eq.(12)
represent the initial adsorption rate (mg/g.min) and the extent of
surface coverage of the adsorbent and the activation energy,
respectively.

Analytical methods

The concentrations of 17(3-estradiol and 17a-ethinylestradiol were
determined using a Prominence HPLC system (Shimadzu, Japan)
comprising a binary pump (LC-20AB), a SIL-20 A autosampler, a
DGU-20 A3 degasser, an SPD—M20 A diode-array detector and a
single quadrupole MS (LCMS-2020). The analysis was conducted
employing a Phenomenex (C18, 150 mm x 4.6 mm, 3 um) column
at a fixed flow rate of 0.8 mL/min, using 40% acetonitrile in water
as the eluent; the run time was 10 min (sample injection
volume10 pL; detection wavelength 205 nm). The following MS
conditions were used: dual ion source (DUIS), m/z range 50-500,
negative ionization mode, nebulizing gas flow 2 L min™', drying gas
flow 15L min~', DL temperature 300°C, heat block temperature
500°C.

Supporting Information Summary

Details of the characterization results (Figure S1), stability result
(Figure S2), Details of the reactor (Figure S3), fitting data for the
adsorption models (Table S1), and chemical structure of E2 and
EE2 (Table S2) are provided in supporting information.
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