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Abstract: This study prepares a novel phosphorene (PN) and loads it onto TiO2 to fabricate PN-TiO2

and effectively photodegrade the hydrophobic environmental hormone 17β-estradiol in aqueous
solutions. The effect of the PN on degradation efficiency is systematically investigated. It is observed
that the doping of TiO2 with PN significantly enhances its photocatalytic and adsorption properties
compared with that in the absence of PN; that is, the addition improves the adsorption capability of
the composite. The optimal PN weight content is found to be 0.5%. The performance of the PN-TiO2

photocatalyst in degrading E2 is around 67.5%. However, its photodegradation efficiency gradually
decreases when the PN content is further increased. This optimal PN content directly suggests
synergistic interactions affecting the photodegrading efficiency. Compared with other PN-based
photocatalysts mentioned in the literature, this PN-based material possesses striking advantages,
such as higher energy efficiency, greater removal capacity, and superior cost-effectiveness. Further,
the decrease in the biotoxicity of the water after treatment is evident in observing the development of
zebrafish embryos. The studies of the catalyst performed on the zebrafish show that it results in a
higher mortality rate at 96 h with a superior hatching rate and healthy fish development. In summary,
the prepared PN-based materials exhibited promising photocatalytic capabilities for the removal and
biotoxicity reduction of 17β-estradiol in aqueous solutions.

Keywords: PN-oxide hybrid; photocatalysis; 17β-estradiol removal; zebrafish embryos

1. Introduction

For decades, environmental hormones (EHs) have been used extensively to augment
agricultural production for exponentially growing population needs. However, although
these hormones provide some benefits, they inevitably pose a serious threat to human and
wildlife health. In fact, some studies have suggested that EHs have a negative impact on
the reproductive systems, nervous systems, and immune systems of organisms, leading
to slow and malformed development, decreased sperm counts, poor sperm motility, and
increased cancer risks [1–3].

Regarding environmental hormones, 17β-estradiol (E2) is a typical steroid estrogen
used significantly for the reproduction of aquatic organisms even at extremely low concen-
trations. Biegel et al. [4] reported that this estrogen caused the stripes of male crocodiles
to be transformed to that of female crocodiles as well as causing the crocodiles to exhibit
female-like reproductive behavior. Diamante [5] also observed that zebrafish embryo
underwent some changes, including curved body axis, yolk-sac edema, and pericardial
edema, after treatment with E2. Angus [6] reported that high dosages of E2 led to the
death of juvenile fishes in water bodies. Consequently, considerable attention has been
paid to the development of techniques for the removal of E2, e.g., biodegradation [7–9], ion
exchange [10,11], adsorption [12,13], and photocatalysis [14,15].
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Although biodegradation could facilitate the decomposition of E2 into inorganic matter
to some extent, the applications of biodegradation are still limited due to the long period
of degradation and the strict conditions for bacterial growth. Bimetal-organic framework-
derived nanotubes and cellulose aerogels have also been studied as photocatalysts for
peroxymonosulfate activation [16]. By contrast, ion exchange and adsorption technologies
are incapable of degrading E2.

Compared with these methods, photocatalysis is popularly regarded as the most
appropriate method for E2 removal due to its high removal efficiency, shorter degradation
period, and decomposable intermediates. In the photoreaction process, light irradiates
the semiconductor to cause the excitation of electrons from the valence band (VB) to
the conduction band (CB), creating positively charged holes (h+) and negatively charged
electrons (e−) available for photochemistry. This process also accelerates the photocatalysis
process, where a catalyst promotes secondary photoreactions due to the formation of the
strong oxidizing capabilities of holes and the reduction potentials of electrons [16].

Among typical catalysts (e.g., TiO2, CeO2, ZnO, SnO2), TiO2 is widely used in the photo-
catalysis process as it is a chemically stable, low-cost, and nontoxic material with promising
reusability [17]. Recently, significant attention has been paid to the heterogeneous doping of
TiO2 to enhance adsorption under visible light irradiation by decreasing its band gap and
preventing the recombination of electrons and holes. However, several investigations have
utilized expensive heavy metals (e.g., Au, Ag, and Pt) as a dopant [18,19], increasing the over-
all cost and pollution risk. Consequently, an environmentally friendly and biocompatible
substitute [20], PN-TiO2, has been proposed for the photo-decomposition of E2.

Regarding novel materials, phosphorene (PN) is a novel two-dimensional (2D) material
with a high current on/off ratio (~104–105) and high electron mobility (~200–1000 cm2V−1s−1)
at room temperature. [20,21]. Thus, it can be used to dope TiO2, to enhance the excitation of
electrons from VB to CB, and inhibit electron-hole recombination, leading to the increased
generation of hydroxyl radicals (·OH). Furthermore, Wang et al. [22] reported that ·OH
and 1O2 can be generated when PN is irradiated with ultraviolet (UV) and visible light,
respectively. This strongly supports the notion of PN as an electrochemically feasible
photocatalyst. Thus, the photocatalytic performance of TiO2 may be improved if it is doped
with PN. In addition, PN possesses a large specific surface area [23] that aids the adsorption
of contaminants onto reactive sites at the surface of TiO2, significantly promoting the
removal of E2.

Previous studies have attempted to employ TiO2 for the photodegradation of E2. It
was found that degradation efficiency increased with increasing TiO2 concentration. The
highest degradation efficiency could be achieved as the TiO2 concentration rose to 0.5
mg ml−1. However, the degradation efficiency would decrease as the TiO2 concentration
ranged from 0.5 to 1 mg ml−1 [24]. Another study achieved 20% removal of E2 at just
60 min of contact time using a TiO2 photocatalyst compared to a ZnO photocatalyst [24].
Very few studies have been conducted to explore the capabilities of a TiO2 photocatalyst
for E2 degradation, hence the need for further studies.

In this study, PN is fabricated to mix with various amounts (0.5% weight, 1.0% weight,
and 3.0% weight) of PN and TiO2 using microwave heating to synthesize PN-TiO2 compos-
ites (e.g., 0.5% PN-TiO2, 1.0% PN-TiO2 and 3.0% PN-TiO2). The degradation efficiencies
of these composites are investigated to quantify the performance of E2 elimination. Al-
though several studies [14,15,24–26] have investigated the degradation efficiency of TiO2
or TiO2-based composites, the removal capacities reported in these studies were still low
and operation inevitably required strong illumination. In this study, only an 8 W UV light
source is used to demonstrate the treatability of effective photocatalysis with cost and
energy-effectiveness. This study exhibits the most representative PN-based hybrid for the
elimination of hydrophobic and refractory pollutants in aqueous solutions [27–31].
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2. Results
2.1. Material Characterization

To confirm the formation of composites through sample characterization, TEM, XRD,
Raman, FT-IR, XPS, and EDX analyses were performed. The surface morphology of the
crystalline composites could be easily observed from TEM images as indicated in Figure 1.
Figure 1a clearly exhibits the ultrathin film structure of the samples confirmed to be the
characterization of 2D material as it was revealed. Moreover, the electron diffraction
patterns of the selected area as shown in Figure 1b also confirmed the crystalline nature
of the sample. To further determine the thickness of the PN, the AFM characterization
technique was applied through an optical contrast analysis (Figure 2a). The results indicated
that the clear edges of the PN were still sharpened, suggesting that oxidation was unlikely
to have occurred during material preparation. Moreover, the height profile from Figure 2b
showed that the thickness of the PN was approximately 3.0–5.0 nm. According to Liu
et al. [2], the thickness of a single layer of PN is approximately 0.9 nm, suggesting that the
number of sample layers could have been approximately 3–5. This is consistent with the
findings of the TEM.
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To identify the substructure and electronic features of PN and PN-TiO2 composite,
Raman spectra were implemented as shown in Figure 3. The results indicated that three
Raman characteristic peaks of black phosphorous (BP) and PN were displayed at approx-
imately 361 cm−1, 436 cm−1 and 463 cm−1. These peak wavelengths corresponded to
phosphorous. It was confirmed that the second sample prepared was indeed a phospho-
rous homologous substance. An apparent shift was observed for the composite samples at
361 cm−1 and 463 cm−1, indicating a comparatively smaller thickness than that of BP. This
was due to a positive relationship between the extent of the shift and the PN thickness as re-
ported in the literature [1]. There were more and less obvious additional peaks at 144 cm−1

and 391 cm−1, respectively, in the Raman spectroscopy of PN-TiO2. The two characteristic
peaks corresponded to the typical figure of Raman spectra for anatase, directly indicating
that the TiO2 sample was P25 and the ratio of anatase to rutile was 80/20 [2]. Moreover,
the formation of three signals identified the approximate locations of 361 cm−1, 436 cm−1

and 463 cm−1 in the curve of PN-TiO2 composites, suggesting that PN was successfully
combined with TiO2 [3].
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Figure 3. Raman spectra of BP, PN, and PN-TiO2.

In addition, XRD patterns of the samples were obtained to reveal the crystalline
structure and phase purity of TiO2 (Figure 4). Figure 4 illustrates the apparent peaks for
(hkl) 020 and 040 planes according to JCPDS card no. 47-1626. The results of both the
TEM and AFM confirmed that the PN was prepared successfully. All the relatively high
characteristic peaks in the XRD image of the TiO2 reflected its anatase structure. The
TiO2 used in this study was P25 with anatase at approximately 80%. The absence of the
characteristic peaks of other impurities simply suggests the high purity of the composites
studied.

To observe the changes in the absorption spectra of these four composites with dif-
ferent PN content levels at 0.5% PN-TiO2, 1.0% PN-TiO2, and 3.0% PN-TiO2, a UV–vis
spectrophotometric analysis was carried out at a range between 200 nm and 800 nm (Fig-
ure 5). As indicated in Figure 5, its results directly pointed out that gradually increasing
capacities of adsorption within visible light ranges occurred with the increase in PN con-
tent. Although there was a slight decrease in the adsorption value within UV light, the Eg
value of these composites determined by Equation (1) was still lower, and the order of this
decrease in adsorption was as follows: Eg3.0% PN-TiO2 (2.6 eV) < Eg1.0% PN-TiO2 (2.8 eV) ≈
Eg0.5% PN-TiO2 (2.8 eV) < EgTiO2 (3.0 eV)

Eg = 1240/λ (1)
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where parameter λ is the node value of the tangent of the spectra and X axis.
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Figure 5. UV–vis absorption spectra of PN-TiO2 with various PN content levels.

To explore the characterization of material preparation, the surface morphology of
PN-TiO2 was also studied via SEM (Figure 6a). As the SEM image indicated, the particle
of TiO2 was evenly distributed with nearly no particle aggregation. Figure 6b shows a
typical EDS image of the PN-TiO2 composite. The EDS image showed that the composite
consisted of P, Ti, and O elements. Combining the results obtained from both Figure 6c
and the elemental maps of PN-TiO2, the three elements were completely mixed and P was
successfully loaded onto TiO2.
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and C elements, (d–f) elemental maps of 3% PN-TiO2.

2.2. Photodegradation Performance of PN-TiO2
2.2.1. Effects of Different Levels of PN Content

To investigate the photocatalytic efficiency of composites with different levels of PN
content, 0.05 g of TiO2, 0.50% PN-TiO2, 1% PN-TiO2, and 3.00% PN-TiO2 were individually
mixed with 500 mL of 10 ppm E2 solution for comparative study (Figure 7). As Figure 7
indicates, the removal of E2 was significantly improved with an increase in PN content. In
addition, bare TiO2 was observed to be more hydrophilic, leading to the lower adsorption
of E2 on the surface of the catalyst. However, it is observed that the photodegradation of E2
was enhanced for 0.5% PN, but a further increase in the PN content decreased degradation
performance. This may be attributed to the fact that PN as an electron acceptor may prevent
electron-hole recombination caused by TiO2 [31–35]. Moreover, h+ may react with water
and oxygen to generate ·OH to eliminate E2, as shown in Equations (2)–(6). ·OH can also be
generated due to the excitation of PN by UV light [22]. Thus, increased photodegradation
efficiency is shown where PN is doped into TiO2. However, the excessive PN content still
affected the absorption of the catalyst, leading to decreased catalytic activity. This was
confirmed by the UV–vis absorption spectra of PN-TiO2 (Figure 5). Furthermore, it was
also observed that PN could be significantly accumulated when PN content was very high;
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thus, it could not prevent electron-hole recombination. Consequently, the catalytic activity
of the PN-TiO2 composite was attenuated [35].

hv + TiO2 → e− + h+ (2)

h+ + H2O + O2 → ·OH + O2
−· (3)

O2
−· + HO2· + H+ → H2O2 + O2 (4)

e− + H2O2 → OH− + ·OH (5)

h+/·OH + E2→ byproducts (6)
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2.2.2. The Biotoxicity of the Water after Degradation

To evaluate the biotoxicity of the treated water, zebrafish were used as the model
organism. Ten fish in each group were exposed to the clean water (group 1), the wastewater
containing E2 (group 2), and the treated water (group 3), respectively [36]. The hatching
rates, mortality rates, and heart rates were observed to investigate the effects of the water
before and after degradation on the development of zebrafish embryos. Thus, it could be
determined whether the photocatalysis degradation system was effective.

Figure 8 shows that heart rates increased with the development of the embryos in a
natural environment (group 1), which was in contrast to those in the water containing E2
(group 2 and group 3). Heart rates in group 3 were slightly higher in the beginning and
then decreased with time accumulation. This indicates that a certain concentration of E2
may lead to some response within a short timeframe; however, a biotoxicity effect emerged
afterward, causing heart rates in group 3 to decrease at 48–96 h. Furthermore, a significant
decrease was observed in group 2, demonstrating that higher concentrations of E2 have
a negative effect on the metabolic activity of zebrafish embryos and inhibit their growth.
These results correspond with those of Ulhaq [37]. In addition, the difference between
group 2 and group 3 shows that photocatalysis degradation decreased the activity of E2
and its biotoxicity.
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According to Figure 2, zebrafish eggs started to hatch out from the second day, and the
highest hatching rate appeared on the third day. However, there was a significant difference
between the hatching rate of group 2 and those of the other two groups. Furthermore, the
hatching rate in group 2 was significantly lower throughout the whole hatching process,
which demonstrates that a higher concentration of E2 inhibits the development of zebrafish
embryos leading to lower hatching rates, which is consistent with the findings of a report by
Lee [38]. There was also no significant difference between group 1 and group 3, indicating
that the water environment in the two groups was similar.

Figure 3 shows that the mortality rate of embryos became higher in the 3 groups with
the accumulation of time, and the mortality rate was highest in group 2. It can be inferred
that higher E2 concentrations may lead to the higher mortality of zebrafish embryos. A
study by Ren [39] also mentioned that higher levels of E2 (>10 µM) would lead to zebrafish
malformation or mortality. Moreover, it can be observed that the mortality rate of zebrafish
embryos in group 3 was significantly lower than that in group 2 and was similar to that in
group 1, suggesting that the water degradation led to the lower mortality rate of zebrafish
embryos.

In conclusion, the photocatalysis system was effective for the degradation of E2 and
could decrease the negative effects of E2 on the development of zebrafish embryos.
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3. Discussion
3.1. Comparative Assessment of Degradation Performance

To compare the degradation efficiencies of other materials, the degradation perfor-
mances of similar materials obtained from the literature were adopted (Table 1). Evidently,
the results of this study indicated that the removal rate and photocatalytic capacity of
the model used in our study are promising. Its efficiency with the 10 ppm E2 solution
led to an achievement of 79.5% removal within 3 h, which was a far superior result to
those in reported data [14,15,24,25]. For example, its removal capacity was 39.8 mg/g.
Alvarez-Corena [36,37] reported that degradation efficiency was significantly enhanced
when O2 was added to pure TiO2 for E2-containing wastewater treatment. In addition,
the degradation rate was 0.53 min−1, which is 5–10 times higher than that reported in
other studies. However, O2 was required to be supplied continuously during this process,
inevitably leading to a higher cost for practical applications. Li et al. [38] and Fernandez [39]
reported degradation efficiencies of 99.5% and 90% when Fe-Bi2SiO5 and P25 were utilized
to decompose E2 at 3 ppm and 1 ppm in an aqueous solution, respectively. According to the
Langmuir–Hinshelwood mechanism, these higher efficiencies were likely attributed to the
lower E2 concentration. Consequently, their removal capacities were approximately 5.97
mg/g and 1.80 mg/g, which were around 1/8 and 1/20 times lower than that in our study,
respectively. Moreover, a high-intensity UV lamp was still required to be used in these two
studies and cost-effectiveness problems were still of great concern. Yang et al. [26] used a
20 W UV lamp in their study. FTG (surface fluorinated TiO2/reduced graphene oxide) and
TiO2-RGO (reduced graphene oxide) were prepared to remove 3 ppm of E2 solution, and
their degradation efficiencies reached up to 99.8% and 83.3% in 180 min, respectively. These
efficiencies were higher than that of P25 (74.4%) and of the model in our study (79.5%).
FTG in particular was capable of completely removing 3 ppm of E2 in wastewater in 3 h.
This is possibly due to the vital role of F- in photocatalysis. The adsorption of F− on the
surface of TiO2 improved the crystallization of the TiO2 anatase phase. However, the ·OH
radicals generated on the surface of F-TiO2 were more mobile than those generated on pure
TiO2 under UV irradiation [40]. Further, F- is harmful to the environment and ecosystem,
meaning that a secondary pollutant could be generated without recycling. Furthermore, a
UV lamp of a higher intensity was used in the study, and the removal capacity was still far
lower than our study.

Table 1. Comparison of degradation efficiency and removal capacity of this study with the literature.

Reference Materials C0 (L−1) * Degradation
Efficiency Light Source K1 * (min−1) Removal Capacity *

(mg/g)

[24] Immobilized TiO2 44 µg 45% (180 min) 36 W UV 0.003 0.0132
[37] TiO2 + O2 2 mg 93% (25 min) 100 W UV 0.53 18.6
[15] TiO2-FeZ 1.36 mg 78.1% (90 min) 450 W Xe lamp 0.015 25.3
[26] FTG4 3 mg 99.8% (180 min) 20 W UV 0.035 Unsaturation
[26] TiO2-RGO 3 mg 83.3% (180 min) 20 W UV 0.010 8.33
[26] P25 3 mg 74.4% (180 min) 20 W UV 0.008 7.44
[14] NTT 0.54 mg 65% (150 min) 3300 µW/cm2 UV 0.007 3.51
[38] Fe-Bi2SiO5 3 mg 99.5% (60 min) 20 W UV 0.069 5.97
[39] P25 1 mg 90% (3 h) 64 W UV 0.013 1.8
[25] 4%GO-TiO2 1 mg 48% (60 min) 450 W Xe lamp 0.011 24

This study PN-TiO2 10 mg 67.5% Visible/UV 0.006 67.5

* C0 is the initial concentration; K1 is the first order constant; removal capacity = mass of pollutant (mg)/mass of
material (g).

This study used a PN and PN-TiO2 composite as a photocatalyst. Although the mass%
of the PN was only 0.5% in the composite, its degradation efficiency was more significantly
improved than that of bare TiO2. Furthermore, our use of a UV lamp with very low intensity
(8 W) suggests that this technique is not only cost-effective but also energy-efficient. This
is consistent with the aim of green sustainability and environmental friendliness. The
removal capacity of 39.8 mg/g was still far higher than that reported in the literature
(Table 2). However, the degradation rate still requires further improvement from a kinetic
perspective for overall performance consideration.
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Table 2. PN and PN-based hybrids and their fields of application.

Reference Material Field of Application

[27] PN–GN hybrid Perpendicular electric field
[28] PN–GN hybrid Schottky barrier diode
[29] PN-MoS2 Electric field/solar cell
[30] PN-h-BN Electric field
[22] PN Photocatalysis for DPBF
[31] (more)PN-TiO2 Photocatalysis for dye

This study (less)PN-TiO2 Photocatalysis for 17β-estradiol

PN, GN, BN, and DPBF indicate phosphorene, graphene, hexagonal boron nitride, and 1,3-diphenylisobenzofuran,
respectively.

3.2. Significance of this Study

Recently, a novel 2D material, PN, has attracted considerable attention in studies
owing to its physical, electrical, and chemical characteristics. Most of these studies have
focused on the electrical applications of PN (e.g., solar cells and barrier diodes) [27–30],
and a few studies have investigated its photocatalytic properties (Table 2). In addition,
degradation efficiency [33] and catalyst instability were mentioned when PN was used as a
photocatalyst, as it could readily react with water and oxygen to generate PO4

3− [31,41,42].
In this study, PN was mixed with the commonly used oxide TiO2 to prepare a PN-TiO2
hybrid. The advantages of this hybrid can be summarized as follows: (1) PN exhibited
synergistic interactions with photodegradation due to its inherent photocatalytic properties;
(2) The proposed doping of PN (instead of expensive metals) into TiO2 was biocompatible
and cost-effective; and (3) PN-TiO2 composites were stable, preventing the reaction of
PN with water and oxygen. Lee et al. [31] reported black phosphorus (BP) @TiO2 as a
promising photocatalyst for dye photodegradation. However, the mass content of PN
was very high in this composite, thus increasing the overall cost, since PN is still not
economically feasible compared with TiO2 [42,43]. Regarding synergistic photocatalysis,
PN inhibits electron-hole recombination due to its high electron mobility, improving the
degradation efficiency of the hybrid for pollutant elimination. Moreover, the addition
of PN increased degradation efficiency by 30% in the aqueous phase compared to that
exhibited by bare TiO2. The maximum degradation efficiency was achieved at an optimum
PN content at 1.0% wt. Thus, the overall cost was still far lower than that of the model
reported by Lee [38]. This study indicates the considerable prospects of the fabrication
of other PN–oxide hybrids (e.g., PN-WO3 and PN-CeO2) that may exhibit comparable
photodegradation performance.

4. Material and Methods
4.1. Chemical Reagents

Bulk black phosphorus (BP) was obtained from XFNANO. Model pollutant 17β-
estradiol (E2, purity ≥ 98%) was purchased from Sigma. Nano-TiO2 was provided by
ACROS. Ultrapure hydroelectricity was prepared using the OTUN ultrapure water system
(0R007XXM1, ELGA). Stock solutions of E2 were prepared by dissolving approximately
0.1 mg of E2 in 100 mL of methanol and stirring well for 5 min. The solution was then
maintained at 4 ◦C for further use.

4.2. Preparation of Phosphorene Nanosheets (PN) and Phosphorene—TiO2 Composites (PN-TiO2)

PN was prepared by exfoliating the bulk black phosphorous in liquid via ultrasonic
treatment. Sequentially, 25 mg of bulk sample was dispersed into 50 mL ethanol (purity
≥ 99.5%) followed by purging N2 to remove residual dissolved oxygen (i.e., crucial step
preventing PN oxidation). Then, the mixture was placed in ice water for 12 h sonication. The
brown suspension was centrifuged at 3000 rpm for 10 min to harvest the supernatant. Then,
the solution was bubbled with N2 for 5 min and then maintained in 4 ◦C for preparation
of PN-TiO2. The supernatant was then dried at 60 ◦C for approximately 8 h to obtain
PN powder. Hereafter, PN content at 0.5%, 1.0%, and 3.0% was used to mix with TiO2,
which was then added to 15 mL DI water. Next, the solutions were well stirred under
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ultrasonication for 1 h and then microwaved (200 ◦C, 400 W) for 30 min. Finally, the
mixtures were dried at 60 ◦C to harvest PN-TiO2 composites (denoted as 0.5% PN-TiO2,
1.0% PN-TiO2, and 3.0% PN-TiO2, respectively). The characterizations of PN and PN-
TiO2 were then implemented via transmission electron microscope (TEM, JEM-F200 "F2",
Taipei, Taiwan), atomic force microscope (AFM, NX7 STinstruments, Taipei, Taiwan),
Raman spectroscopy (DXR3 SmartRaman Spectrometer, Taipei, Taiwan), X-ray diffraction
(XRD, Bruker D2 phaser, Yilan, Taiwan), UV–vis spectrophotometer (Hitachi U-3900, Yilan,
Taiwan), field emission scanning electron microscope (FE-SEM, Jeol IT-100, Yilan, Taiwan),
energy dispersive spectrometer (EDS, Jeol IT-100, Yilan, Taiwan), and elemental maps.

4.3. Photodegradation Reaction

The cylindrical reactor (7 cm diameter and 40 cm height) was used for the treatability
study of photocatalytic degradation. In addition, an 8 W UV lamp (0.55 mW/cm2) and a
tungsten halogen lamp (500 W output power) as sources of minimum energy supply were
equipped to provide sufficient energy to trigger photodegradation process to take place.
Subsequently, 0.05 g of PN-TiO2 was supplemented into 500 mL of 10 ppm E2 diluted
in 2% methanol diluted with DI water. The reaction was first conducted in the dark for
30 min to achieve equilibrium for absorption, and then UV light was switched on to trigger
photocatalysis. All the experiments were conducted at inherent solution pH and 30± 0.2 ◦C
at 300 rpm. The samples were then conducted (without removing photocatalysts) using a
Millipore filter with pore size of 0.22 µm. E2 concentration of samples was analyzed through
high-performance liquid chromatography (HPLC, ThermoFisher, Yilan, Taiwan). The flow
phase was a solution mixture of ultrapure water and acetonitrile in 48:52 volumetric ratio
eluting the pollutant with 1.2 mL/mins of flow rate. In addition to 20 µL of injection
volume and 25 ◦C of column, the retention time was set to 5.5 min for E2.

5. Conclusions

The enhanced photodegradation of 17β-estradiol by phosphorene-basing composites
was reported with the successful preparation of PN and PN-TiO2 photocatalysts through
detailed characterization. The extent of the degradation of E2 reached up to 67.5% with
PN-TiO2 under UV light within 180 min, which was an almost two-fold greater result than
that of bare TiO2. To the best of our knowledge, this study represents the first attempt
to combine PN with other catalysts for the degradation of refractory and hydrophobic
pollutants (e.g., E2). During the reaction process, PN could adsorb E2 onto the surface of
TiO2. The studies of the catalyst performed on zebrafish showed a higher mortality rate at 96
h as well as a superior hatching rate and healthier fish development. Thus, it could facilitate
photodegradation due to the formation of the ·OH radical. In addition, the combination
of e− with h+ could be restrained by PN and could also generate ·OH in combination
with TiO2 to attack E2, which is the reason why the E2 degradation efficiency and removal
capacity of PN-TiO2 were higher than that of bare TiO2. However, some intermediates with
high estrogen activity could possibly be produced during this photodegradation process,
causing a potential threat to aquatic organisms and humans [5].
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