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Bisphenol A (BPA) is a refractory pollutant presents in water body that possesses serious threats to living or-
ganisms. To deal with it, we investigate and evaluate the effectiveness of GO@BiOI/Bi,WO¢ composite as a novel
photocatalyst for BPA removal from aqueous solutions under UV-vis irradiation. To enhance its removal for
BPA, the surface of BiOl/Bi,WOs is modified with graphene oxide (GO). This composite is named as ‘GO@BiOI/
Bi,WOg’. Changes in its physico-chemical properties after surface modification with GO are characterized by
XRD, FTIR, FESEM-EDS, XPS, PL, and BET methods. Optimized conditions of BPA degradation by the composite
are determined under identical conditions. Photodegradation pathways of BPA and its removal mechanisms by
the same composite are presented. It is obvious that the GO@BiOI/Bi,WO¢ has demonstrated its potential as a
promising photocatalyst for BPA removal under UV-vis irradiation. About 81% of BPA removal is attained by the
GO@BIiOl/Bi;WOg under optimized conditions (10 mg/L of BPA, 0.5 g/L of dose, pH 7 and 5 h of reaction time).
The oxidation by-products of BPA degradation include p-hydroquinone or 4-(1-hydroxy-1-methyl-ethyl)-phenol.
In spite of its performance, the treated effluents are still unable to meet the maximum discharge limit of < 1 mg/
L set by national legislation. Therefore, subsequent biological processes are essential to maximize its biode-

gradation in the wastewater samples before their discharge into waterbody.

1. Introduction

BPA (Fig. S1), an endocrine disrupting compound (EDCs), is widely
used for making plastic products such as water bottles. Under acidic or
basic conditions, the BPA is easily leached out from BPA-based products
when its ester bonds linkage are hydrolyzed [1]. Due to their wide use,
human exposure to the BPA is unavoidable. So far, its presence in
human body has been detected in urine [2]. Although the dose of its
exposure is quite low, BPA still can cause adverse health effects [3].

In spite of being hydrophobic, the BPA is often detected in aquatic
environment such as landfill leachate [4,5]. Although the pollutant is
present in trace quantity, recently its effluent discharge standards in
wastewater have been regulated. Japan and the US set the BPA effluent

limit of < 2.5mg/L and 0.5 mg/L, respectively, while China set 1 mg/L
as its maximum discharge limit.

Over the past decades, BPA contamination in the environment has
been tackled using various approaches. Fig. S2 reported that the total
number of BPA-related publications has increased by 600% from 1995
to date, while the total articles of water pollution due to the BPA alone
has grown by 550% up to 4397 publications over the same period. By
2019, over 31,769 BPA-related articles have been cumulatively re-
corded in the Thomson Reuter's Web of Science, with 62% of them
having been published over the past decade (2009-2019).

So far, various technologies have been tested to remove BPA from
wastewater like adsorption [6], reverse osmosis [7], advanced oxida-
tion processes (AOP) [8-10], photodegradation [11]. Due to its eco-
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friendly operations, photodegradation has been extensively used to
remove refractory pollutants such as xenobiotic compounds in aqueous
solutions [11].

When a photocatalyst absorbs visible light for generating charge
carriers, photodegradation reactions occur on its active surface through
the formation of -‘OH, which rapidly breakdown target pollutants into
CO,, H,O and smaller oxidation by-products [12]. However, the
drawback of this technology is its high recombination rate of photo-
generated electron-hole pairs (e~, h*) caused by low quantum yields
[13]. To address this bottleneck, new photocatalysts with unique phy-
sico-chemical properties need to be tailored specifically on their surface
with carbon-based materials like GO [14].

Recently, bismuth-containing photocatalysts (like Bi,CrOg, BisWOs,
Bi»Os, BiVO,, BiOI) have gained popularity due to their superiority.
They have not only an ideal band gap of layered structure for electron
migration between conduction band (c;) and valence band (v;) as well
as strong response to visible-light, but also a rapid mobility of photo-
generated charge carriers [15].

Among the Bi-based photocatalysts, both BiOI and Bi,WO¢ are
popular due to their efficient photocatalytic activities [16]. The Bi,WOg
has a band gap of 2.8 eV, while the BiOI has a shorter band gap (1.8 eV)
[17] that enables the latter to rapidly generate electrons and holes
under visible light irradiation. A preliminary study reported that a
BiOI/Bi;WOg exhibited higher photocatalytic activities than did in-
dividual BiOI and/or Bi,WOg¢ during photodegradation of Brilliant Red
[18]. However, the short band gap of the photocatalyst led to a high
recombination of its electron-hole pairs that inhibit its photocatalytic
activity [19,20]. To mitigate the impacts caused by this limitation, the
Bi-containing photocatalyst needs to be impregnated with another
material that has unique capability of reducing the recombination rate
of its hole-electron pairs and capturing photogenerated electrons.

Recently, GO has become popular due to its unique physico-che-
mical and electronic properties. It has a high surface area and strong
mechanical properties that could be used to enhance light absorption
intensity and light absorption range of a semiconductor [21-23]. Its
surface consists of oxygenated functional groups such as —OH, C—O
and =COO- that could be involved in separating photogenerated car-
riers of a semiconductor and prolonging the lifetime of its electron-hole
pairs.

So far none has reported the applicability of the GO doped with
BiOI/Bi,WOg for BPA removal in contaminated water. In order to fill
this research gap, we investigate the effectiveness of GO@BiOl/Bi,WOg
composite as a novel photocatalyst for BPA removal from aqueous so-
lutions under UV-vis irradiation. To enhance its removal for target
pollutant, GO that has high surface area and excellent mechanical
strength was applied to modify the surface of BiOI/Bi,WOe. With re-
spect to its novelty, it is the first attempt to use a hydrothermal method
in synthesizing ‘GO@BiOl/Bi,WOg¢’. This new photocatalyst has ad-
vantages including simple operation, rapid fabrication and high yield.

Changes in its physico-chemical properties after surface modifica-
tion with GO were analyzed by an X-ray diffractometer (XRD), Fourier
transformation infrared (FTIR), field emission scanning electron mi-
croscope-energy dispersive spectroscopy (FESEM-EDS), X-ray photo-
electron spectros-copy (XPS), photoluminescence spectra (PL spectra),
and Brunauer-Emmett-Teller (BET) methods. Optimum conditions of
BPA degradation by the GO@BiOl/Bi,WOg4 composite were determined
under identical conditions. The photodegradation pathways of BPA and
its removal mechanisms by the same composite under UV-Vis irradia-
tion were also elaborated.

2. Materials and methods
2.1. Materials

Both BiNO35H,0 and Na,WO42H,O were obtained from Xilong
Scientific (China). Ethylene glycol (EG) was supplied by Sinopharm
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Chemical (China), while BPA (Table S1) was provided by Aladdin
Industrial Co. (China). One g of BPA was dissolved in 1 L of C,HsOH as
a stock solution, while its working solutions were freshly prepared.
Natural graphite powder, provided by Macklin Technology (China),
was used to prepare GO using a modified Hummers method [24].

2.2. Methods

2.2.1. Synthesis of GO@BIOI/Bi,WOgs composite

The GO@BiOl/Bi,WOs was prepared by a solvothermal method
[16]. After dissolving both BiNO35H,0 and KI into EG solution, the
mixture was mechanically stirred for 30 min at ambient temperature.
Simultaneously, Na,WOg2H,0 was dissolved into the same EG solution
by adding it dropwise into the mixture, and then kept it stirring for 3 h
until a homogenous mixture was formed. Subsequently, the mixture
was transferred to a hydrothermal reactor. After heating it at 453 K for
24 h and cooling it down at ambient temperature overnight, the product
was washed with ultrapure water, dried at 353K in an oven and
grounded. This was called as ‘BiOl/Bi,WOg composite’ (w/w = 1:1).

To synthesize GO@BiOI/Bi,WOg, both one g of the BiOI/Bi,WOg¢
composite and 0.10g of GO were dispersed into 50 mL of deionized
water and then ultrasounded for 1.5h. After they were completely
mixed, the mixture was transferred into a hydrothermal reactor and
heated at 433K in an oven for 4 h. After cooling it down at ambient
temperature, the mixture was centrifuged at 6000 rpm for 20 min. The
resulting solid was repeatedly washed with ultrapure water and dried at
353 K. After grinding it into powder, the GO@BiOI/Bi,WO¢ was col-
lected and stored in a desiccator for further use. For its comparison to
the GO@BiOI/Bi,WOg, both the Bi,WOg and the BiOI/Bi,WOg com-
posite were also freshly prepared under identical conditions using the
same solvothermal method.

2.2.2. Characterization of photocatalyst

The resulting GO@BiOIl/Bi,WO, was characterized by an X-ray
diffractometer (Rigaku, Japan) using Cu Ka radiation that operated at
40kV and 30 mA at 10°/min from 5° to 80° [25,26]. Their BET specific
surface areas were tested using a N, adsorption-desorption isotherm
analysis at 77 K (ASAP2020, US). The FTIR spectra of the same pho-
tocatalyst were recorded on an IS50 (Thermo, US) in the range of
4000-400 cm ! with a resolution of 0.2cm™!. Changes in its mor-
phology were observed using a FESEM-EDS (Sigma, Germany). The
elemental composition of the samples was identified by an X-ray pho-
toelectron spectroscopy (Thermo Escalab, UK). The photoluminescence
(PL) spectrum was analyzed using a Fluorescence Spectrophotometer
(model F-7000, Hitachi, Japan).

2.2.3. Photodegradation experiments

About 0.7 g of the GO@BiOI/Bi,WOs was mixed with 300 mL of
BPA with its concentration ranging from 5 to 25 mg/L. After 1 h of dark
reaction, there was no BPA removal by the photocatalyst in the solu-
tion, indicating that an equilibrium between the former and the latter
was established [27,28]. The system was placed in an airtight photo-
reactor under Xenon illumination (500 W) and continuously stirred to
undergo reactions. The scheme of the photodegradation reactor is
presented in Fig. S3.

2.2.4. Chemical analysis of BPA

After treatment, 5 mL of the suspensions were collected periodically
for chemical analysis of the remaining BPA concentrations. The pollu-
tant's absorbance intensity was determined using a UV-vis spectro-
photometer (model UV-1800, Shanghai, China). The maximum ab-
sorption wavelength of BPA was at 278 nm [29]. The removal efficiency
of BPA 1(%) was calculated based on the Eq. (1):

(%) = [(co — ce)/co] X 100% (€D

where ¢y and c, represents the initial and the final concentrations of
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Fig. 1. SEM analyses of various photocatalysts.

BPA after UV-Vis irradiation, respectively.

2.3. Statistical analysis

Under identical conditions, all of the photodegradation experiments
were carried out in duplicate. The obtained data were presented as an
average value of the replication with their variation coefficients
of < 5%. All statistical analyses were conducted using SPSS 25.0
Windows version. The differences were statistically significant when
p < 0.05.

3. Results and discussions
3.1. Characterization of composites

3.1.1. SEM

Changes in the morphology of the composite after the introduction
of GO on its surface were examined by using SEM. The SEM images of
the individual Bi,WOs, BiOI, BiOI/Bi,WOe hybrid and GO@BiOl/
Bi,WOg composites are presented in Fig. 1.

Fig. 1 shows a nanoplate-like structure of the Bi,WO, sample. This

reveals that the nanoplates were stacked together through a layer-by-
layer manner to form disc-shaped architectures. This finding was in
agreement with those reported by Zhang et al. [30] and Wang et al.
[31], who also found that the synthesized Bi,WOg had microdisk
morphologies.

The BiOI consisted of many nanosheets that appeared like a
blooming flower with a smooth surface [32-34]. Although the Bi,WOg
and BiOI particles were mixed and uniformly distributed during the
synthesis of the BiOI/Bi,WO¢ composite, its morphology changed since
the BiOI occupied the surface of the nanosheet that covered the Bi,WOg
particles. The short distance of the two semiconductors promoted an
efficient separation of photogenerated electron-hole (e~, h*) pairs,
thus improving their photocatalytic activities [35].

Based on its SEM analyses (Fig. 1), the wrinkled structure of the
GO@BIiOI/Bi,WO, composite appeared on the GO surface because the
spherical BiOI particles and the Bi,WOg nanoplates were also deposited
on the same GO surface. The results confirm those of previous study
undertaken by Hojamberdiev et al. [16], who found that the hier-
archical structures of the Bi,WOg and BiOI particles could be found on
the rGO surface. Their structure might contribute to the reactive site of
the composite during photodegradation of the BPA.

Fig. 2. EDS microanalyses of GO@BiOl/Bi,WO¢ composite.
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Fig. 2 presents the elemental composition of the GO@BiOl/Bi,WOg
composite using EDS analyses. The result indicated the presence of C, O,
Bi, W, with their composition of 23, 14, 19 and 44% (w/w), respec-
tively. The C content on the surface of the sample confirmed the ex-
istence of GO, indicating that the GO was successfully doped into the
BiOI/Bi,WOg composite [36]. The Iodine composition in the composite
was negligible due to the low content of the sample. Alzamly et al. [32]
found that the amount of iodine was directly related to the loading of
BiOlI into the composite.

3.1.2. XPS

The elemental compositions of the GO@BiOI/Bi,WO¢ composite
were further characterized by an XPS (Fig. S4). All elemental signals of
the GO@BIiOl/Bi,WOg composite were detected in the XPS spectra and
their results were compatible and consistent with those of EDS analyses.

Fig. S4-a illustrates the spectra of the GO@BiOI/Bi,WO¢ composite
and demonstrates the presence of C, Bi, O, W, and I elements in the
sample. The peak at 159.3 eV in Fig. 4S-b corresponded to the Bi 4f of
the same sample (Fig. S4-b), while the binding energies of W 4f and I
3d, respectively, are 35.7 and 619.2eV, corresponding to the wo+
[37,38] and/or the I™ [39]. The findings were in agreement with the
results reported earlier by Sriwichai et al. [36], who found the presence
of Bi** with its corresponding binding energy.

3.1.3. XRD

To understand their respective structural differences in terms of
crystallinity, the crystaline structures of all types of the photocatalysts
(Bi;WOg, BiOI, BiOl/Bi,WOg and GO@BiOI/Bi,WOg composite) were
analyzed by using XRD tests (Fig. 3).

Fig. 3 presents that all of the photocatalysts have strong and sharp
diffraction peaks, which indicates their high level of crystallinity. Some
diffraction peaks could be indexed to the orthorhombic phase of the
Bio,WOg (PDF card 26-1044, JCPDS), while the other peaks were sui-
table to the tetragonal phase of the BiOI (PDF card 10-0445, JCPDS).
This suggests that the synthesis of the individual Bi,WOg and the BiOI
formed the crystallinity of the composite.

With respect to the Bi,WO¢/BiOI composite, Fig. 3 shows that its
diffraction peaks matched well with the orthorhombic phase of the
Bi,WOg. However, there were neither separate peaks of the BiOI nor
impurities found in the Bi,WOg/BiOI composite. This reveals that the
BiOI might be completely integrated into the Bi,WO¢/BiOI composite
during its synthesis. This finding is in agreement with that of previous
study carried out by Wang et al. [40] found that the diffraction intensity
of the BiOI was relatively low, while the strong diffraction of the
Bi,WOg peaks led to the disappearance of the characteristic peaks of
their composite.

In addition, the broad diffraction peaks of the GO were not present
in the XRD patterns of the composite. Theoretically, the XRD spectra of
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M GO@BIOI/Bi, WO,
;; ‘A\_ﬂﬂjkA__*A_\‘,Jx«___.ﬁ»
=
= BiOI/Bi, WO,
=
5] *
= bl
— i . §
AN @ BiOI
- - \ \
e MIN N
v v v Bi,WO,
v v Vv v
0 15 30 45 60 75 90

2 theta (Degree)

Fig. 3. XRD patterns of various photocatalysts.

Materials Science & Engineering C 108 (2020) 110420

Bi, WO /BiOI

Transmittance (%)

O-H

W-O (I-O)
1 1 1 1 1 1 1
400 800 1200 1600 2000 2400 2800 3200 3600 4000

Wavenumber (cm™)

Fig. 4. FTIR spectra of various photocatalysts.

the GO sheets in sharp diffraction peaks should be present at 10°
[41,42]. This could be due to the presence of the high-intensity dif-
fraction peaks of the Bi,WO¢/BiOl composite that suppressed GO's
peaks [16].

3.1.4. FTIR

To understand the chemical structures of all the composites syn-
thesized, their FTIR spectra were examined and analyzed. Their results
are presented in Fig. 4.

Fig. 4 depicts that both the BiOl/Bi,WOg4 and the GO@BiOI/Bi,WOg
composite possessed absorption bands ranging from 400-1000 cm ™%,
attributed to the Bi—O and the W—O stretching, respectively [43,44].
The characteristic absorption peaks at 580 cm ™! and 1385cm ™! are
assigned to the stretching vibration of the W—O and the W-O-W, re-
spectively, while the peaks at 485 cm ™! and at 725 cm ™! belong to the
Bi—O stretching vibration [45,46]. The peak at 1620 cm ™! corresponds
to the C=C stretching of the GO, while the broad band at 3420 cm ™" is
ascribed to the O—H stretching vibration of the water molecules in the
samples [24,47,48]. It is also observed from Fig. 4 that the peak width
of the GO@BiOI/Bi,WOe composite became broader as the bands (I-O,
W—O0) of each starting compound (BiOI, Bi,WO¢) appear to have an
almost overlapping position.

Overall, the results of the FTIR analyses suggest that the GO@BiOl/
Bi,WOg composite have functional groups that include BiOI, Bi,WOg as
well as GO. This indicates that its synthesis process was complete.
Hence, the composite could be tested as a photocatalyst for promoting
BPA removal.

3.1.5. Photoluminescence spectra (PL)

PL emission intensity results from the recombination of free charge
carriers and this corresponds with photocatalytic performances [49,50].
Therefore, this method was applied to determine the photoinduced
charge separation and migration efficiencies of photocatalysts.

Fig. S5 presents the photoluminescence (PL) spectra of the pure
Bi,WOg, the BiOI/Bi,WO¢ and the GO@BiOI/Bi,WO¢ samples. As de-
picted in Fig. S5, the PL spectrum of the Bi,WOg suggests a high photo-
induced charge recombination rate due to its intrinsic properties. The
PL intensity of the BiOl/Bi,WOgs composite was lower than that of the
pure BioWOg. This result indicates that the conjunction of BiOI and
Bi,WO¢ promotes an efficient separation of the photoinduced charge
carriers and prolongs its life, thus improving their photocatalytic ac-
tivities [51].

In addition, the PL spectra of the GO@BiOI/Bi,WOg¢ had the lowest
emission peak intensity. This suggests that the synthesis of the com-
posite effectively promoted the photogenerated charge separation and
migration of charge carriers during photodegradation reaction. Xu et al.
[51] reported that semiconductors with lower PL intensities tended to
exhibit higher photocatalytic activities due to their lower charge
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recombination rate.

3.1.6. BET

Surface areas of composites contribute to their removal perfor-
mance during photodegradation of target pollutants. Therefore, it is
necessary to analyze their porous properties and surface areas by using
N, physisorption measurement [16]. Fig. S6 represents the typical N,
adsorption-desorption isotherms of pure Bi,WOg, individual BiOl, BiOl/
Bi,WOs and GO@BiOl/Bi,WOg composite. Their specific surface areas
calculated by the BET method (Sgpr) are also presented in the same
figure.

Changes in the N, adsorption-desorption isotherms of all the com-
posites show identical type II isotherm according to the IUPAC's clas-
sification. This testifies an adsorption of N, on a non-porous or mi-
croporous adsorbent with strong adsorbate-adsorbent interactions [52].

While the average pore size of the GO@BiOI/Bi;WOg was 28.62 nm,
the calculated Sggr values of individual Bi,WOg, BiOI, BiOI/Bi,WOg
and/or GO@BiOIl/Bi,WOs composite are 11.52, 51.59, 23.81 and
22.79 m*g ™!, respectively (Table S2). The Sgrr of GO@BiOI/Bi,WOg
composite was lower than that of the BiOI because the Bi,WOg particles
loaded on the composite had a small specific surface area that affected
its Sggr by reducing its porosity. Therefore, the pore size of the samples
contributes to the change in the composite's BET surface areas [53,54].
The bigger the pore size of the composite is, the larger its BET surface
area is. The results also confirmed the findings reported earlier by
Hojamberdiev et al. [16], who found that the Sggr values of the GO@

BiOI/Bi,WOg composite usually ranged between 20 and 25 m*g~1.

3.2. Photocatalytic activity

Previous work, in agreement with our findings, indicates that the
dark reaction lasts between 0.5-1h [27,28]. After the adsorbent and
the adsorbate have sufficient physico-chemical interactions in the so-
lution, an equilibrium state between the amount of the BPA adsorbed
and that of the BPA still present in the solution is established. After 1 h,
there was no longer BPA removal by the adsorbent. As a result, the final
concentration of BPA was the adsorbate's equilibrium concentration
and 1h was the optimum time after which there was no longer BPA
removal.

3.2.1. Comparison of BPA photodegradation by various composites

Fig. 5 shows the degradation performance of BPA using individual
Bi,WOs, BiOI/Bi;WO¢ and GO@BiOl/Bi,WOg composite under UV-vis
irradiation, respectively.

Under the same conditions (BPA concentration: 10 mg/L, 0.5 g/L of
dose, pH9), during the 5h of UV-vis irradiation, the Bi,WOg4 and the

100 -
BPA concentration: 10 mg/L;
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80 - reaction time: 6 h
‘ . S— ¢
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Fig. 5. Performances of various photocatalysts for BPA photodegradation.
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BiOI/Bi,WOe composite exhibited a relatively low BPA removal of 47%
and 50%, respectively. This could be due to less UV light utilization and
low quantum efficiency of the two photocatalysts. After introducing the
GO into the surface of the BiOI/Bi,WO¢ composite, the BPA removal by
the GO@BiOI/Bi,WO¢ composite has substantially improved up to 73%
under identical conditions. Therefore, this composite was selected for
subsequent studies.

The improvement of BPA removal by the GO@BiOI/Bi,WOg com-
posite could be due to the synergistic effects between the surface of GO
and the BiOI/Bi,WO¢ composite through combined adsorption and
photocatalysis. In this composite, each material has its own function.
The BiOl/ Bi,WOg composite is capable of enhancing its quantum ef-
ficiency and improving light harvesting efficiency for promoting rapid
oxidative reactions of BPA through the formation of *OH, while the GO
provides specific surface areas that act as active sites for adsorption
purposes [55,56].

3.2.2. Effect of initial pH on BPA removal by GO@BiO/BiWOg

In water treatment applications, pH affects the extent of target
pollutant's removal by the surface of a photocatalyst because its active
sites are dependent on the concentration of H* or OH™ in aqueous so-
lutions [57]. After the selected photocatalyst was determined based on
the results in Fig. 6, a series of studies was conducted to determine the
optimum pH for BPA removal by the composite by varying the solution
pH from 3 to 11.

As depicted in Fig. 6, after 1h of reaction, with its initial con-
centration of 10 mg/L, about 0.5 g/L the GO@BiOI/Bi,WO¢ composite
attained a maximum BPA removal of 80% at pH 7. This optimum pH
was used for subsequent photodegradation studies.

It is important to note that a weak acidic pH range from pH5 to
pH7 was more effective for BPA removal by the composite than an
alkaline pH. This could be attributed to the surface charge density of
the composite and the electrostatic charge of the BPA anions at varying
pH values. At acidic pH ranges, a weak acid like BPA with pKa = 9.60 is
dissociated at pH > pKa [58] and present in its molecular form, while
the composite has negative charges due to the GO. As a result, attractive
columbic forces occurred between the negative charge of the photo-
catalyst and the protonated BPA.

On the other hand, in basic conditions (pH > 8), the BPA molecules
are deprotonated (pH > pHp,) firstly at pH8 and secondly at pH9,
respectively, where BPA%~ and HBPA ™ represent major anionic species
[591.

BPA?~ + H* — HBPA™ pKa = 10.42 @)
BPA?~ + 2H* — H,BPA pKa = 20.05 3
100
| BPA concentration: 10 mg/L;
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Fig. 6. Effects of pH on BPA degradation by GO@BiOI/Bi,WOsg.
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Fig. 7. Effects of dose on BPA degradation by GO@BiOI/Bi,WOs.

Under alkaline environment, the BPA molecules are ionized to
mono- or divalent anion after deprotonation. Consequently, this results
in electrostatic repulsions between the increasingly ionized adsorbate
molecules with their negative charge and the negatively charged sur-
face of the photocatalyst, leading to a lower BPA removal by the
composite during photodegradation [60].

3.2.3. Effect of photocatalyst's dose on BPA degradation by GO@BiOI/
Bi,WOg

To investigate the effects of dose on BPA degradation by the pho-
tocatalyst, the dose of the GO@BiOI/Bi,WO¢ composite was varied
from 0.4 to 0.7 g/L under optimized conditions (BPA concentration:
10 mg/L, pH7.0, and 5h of reaction time). Fig. 7 shows that 0.5 g/L
was the optimum dose of the composite that attained the highest BPA
degradation of 81% under the same conditions.

The BPA removal by the photocatalyst was enhanced from 65% to
81% with its increasing dose from 0.4 to 0.5 g/L. An optimum dose of
the composite would maximize not only the surface area of the pho-
tocatalyst, but also the number of its active sites for producing OH
during UV-vis irradiation [55]. However, an excessive dose of the
composite could be counter-productive to the BPA removal because of
the increasing mass transfer of resistance and light shielding effects that
inhibit the photodegradation rate under UV-Vis irradiation [61].

GO@BiOl/Bi,WO, composite
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Therefore, it is important to use 0.5 g/L as the optimum dose to attain a
maximum BPA removal by the composite.

3.2.4. Photodegradation mechanisms of BPA by GO@BiOI/Bi,WOg

To understand its removal mechanisms, Fig. 8 illustrates the BPA
photodegradation by the GO@BiOl/Bi,WOg composite. Under UV-vis
irradiation, electrons (e~) and holes (h*) are generated on the surface
of GO@BiOI/Bi,WO¢ (Egs. (4)-(5)). The electrons are trapped on its
surface that subsequently separate the charge carriers [62,63].

After both the BiOI and the Bi;WOg absorb photons individually,
electrons excite from valence band (v) to conduction band (c3), re-
sulting in the generation of photogenerated holes (h*) in the valence
band (v;) and photogenerated electrons (e ) in the conductive band
(cp). Due to the internal electric field [25], the A" in the v, of the
Bi,WOg migrates to the v;, of the BiOI, while the e~ in the c; of the BiOI
move to the corresponding c; of the Bi,WOs.

Since the Bi,WOg has a band gap of 1.8 eV, while the BiOI exhibits a
longer band gap of 2.78 eV, Li et al. [64] and Moniz et al. [65] found
that the electron migration in the composite during the BPA photo-
degradation was attributed to the p-n heterojunction formed by the p-
type BiOI and the n-type Bi,WOg that also promote separation of (e,
h*) pairs. The h* might be ensnared by surface-adsorbed OH™ to
generate *OH, while the e™ might be entrapped by the adsorbed O, on
the surface of the composite to generate *O,~ that subsequently reacts
with the target pollutant.

The BPA molecules, adsorbed on the surface of the photocatalyst,
are then oxidized due to photogenerated holes (h™) and subsequently
generate oxidation by-products. The electrons (e ) react with O, on the
surface of the composite to produce *OH (Egs. (6)—(9)). Part of the BPA
molecules are oxidized by *O, ", while the other was degraded by *OH
into smaller and more biodegradable oxidation by-products, CO, and
H,O (Eq. (10)).

The overall mechanisms of BPA removal by the GO@BiOI/Bi,WOg
are proposed as follow:

GO@BiOl/Bi, WO, (hv) — GO@BiOI/Bi,WOg (e~ + h*) @

BiOI/Bi, WO (h*) 5)

H,0 —» H' + OH" (6)

GO@BIiOI/Bi,WOg (e7) + 05 — 05 )
Electron(e)

BPA Oxidation
by-products

band-gap
1.8 eV

Hole(h*)

BPA Oxidation
by-products

Fig. 8. Removal mechanisms of BPA using GO@BiOI/Bi,WO¢ composite.
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Table 1
Comparison of removal performance by different photocatalysts.
Target pollutant Hybrid photocatalyst Concentration (mg/L) Dose (g/L) pH Reaction time (min) Removal efficiency (%) References
BPA GO@BIiOI/Bi,WOg¢ 10 0.5 7 300 81% Present study
AgsP0,/LaCoq 5Big 503 10 0.5 NA® 40 87% [74]
rGO/silica/zirconia 10 0.4 7 90 87% [75]1
Agl/BiOI 10 25 NA® 120 92% [76]
BiOI/BiOCl 20 1 7 60 97% [73]
Ag/BiOIl/rGO 0.01 1 NA® 80 100% [72]
4-Cp? GO/CDots?/BiOI 20 1 NA® 180 98% [77]
Cr(VI) rGO/BiOl/ZnO 10 0.7 3 180 92% [78]
Mo TiO2/WO3/GO 20 0.02 7 120 74% [29]
MB* BaTiO3/GO 5 0.5 9 180 95% [54]

Remark: 4-CP* 4-chlorophenol MOP: Methyl orange MB®: Methyl blue CDots®:
07 + H* > «HO, ®)
GO@BIiOI/Bi,WOg (h*) + OH™ — «OH 9
BPA + (h*,»03,*OH) — Oxidation by — products — CO, + H,0 (10)

Due to its large surface area, the GO not only contributes to the
migration of charge carriers, but also prolongs the lifetime of photo-
generated carriers, leading to the formation of free radicals for photo-
catalytic degradations of BPA [66]. It is important to determine oxi-
dation by-products including hydroquinone or 4-(1-hydroxy-1-methyl-
ethyD-phenol during BPA removal, as previous studies reported
[67-71].

Fig. S7 presents the photodegradation pathways of BPA by the GO@
BiOI/Bi,WOg4 composite under UV-vis irradiation. After BPA is indis-
criminately attacked by the *OH, this reaction generates intermediate
products such as succinic, fumaric and oxalic acids before being mi-
neralized into CO, and H,O. Their free electrons may be involved in the
transfer of 4-isopropyl group or benzene ring of the BPA, resulting in
the formation of phenol, hydroquinone and/or 4-(1-hydroxy-1-methyl-
ethyl)-phenol, respectively, as confirmed by Sharma et al. [71] and
Molkenthin et al. [70], respectively.

3.3. Comparison of various BPA degradation studies

To justify its feasibility as an effective photocatalyst for removal of
refractory pollutants, the degradation performance of BPA by the GO@
BiOI/Bi,WOg composite is evaluated and compared to those of previous
studies. To compare their performance fairly, comparative studies are
presented with respect to pollutant's concentration (mg/L), photo-
catalyst's dose (g/L), optimum pH, reaction time (min) and removal
efficiency (%).

Table 1 presents a summary of composites such as Ag/BiOI/rGO,
AgsP0O,4/ LaCoq sBig 503, BiOI/BiOCl, Agl/BiOl and rGO/silica/zirconia
used as photocatalysts for BPA removal. About 1 g/L of Ag/BiOl/rGO
could attain a complete removal of BPA with its concentration of
0.01 mg/L after 80 min [72], while 97% of BPA degradation with its
concentration of 20 mg/L was achieved using BiOI/BiOCl after 60 min
[73]. Under the same BPA concentration of 10 mg/L, the [13] BPA
removal by AgsP0O,4/LaCog sBio 503, rGO/ silica/zirconia, and/or Agl/
BiOI photocatalysts were 87%, 87%, and 92%, respectively [74-76].

Under optimized conditions of 10 mg/L of BPA concentration, 0.5 g/
L of dose and pH 7, 81% of BPA removal was achieved. Since its treated
effluents still could not meet the maximum discharge standard of < 1
mg/L set by China's regulation, further activated sludge are necessary
to complete the biodegradation of the remaining oxidation by-products
of BPA in the effluent samples.

4. Conclusions

This work has demonstrated that the BiOI/Bi,WOs composite is
promising and applicable for BPA removal only after it was doped with

carbon nanodots NA®: not available.

the GO. About 81% of BPA removal was attained by the GO@BiOl/
Bi,WO¢ photocatalyst under optimum conditions (10 mg/L of BPA
concentration, 0.5g/L of dose, pH7 and 5h of reaction time). The
oxidation by-products of BPA include p-hydroquinone or 4-(1-hydroxy-
1-methyl-ethyl)-phenol. In spite of the composite's promising perfor-
mance, its treated effluents were still unable to meet the maximum
discharge standard of lower than 1mg/L set by local legislation.
Therefore, subsequent biological processes are required to complement
the biodegradation of BPA.
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