A

;aiﬁ‘éf‘ﬁ- . UNIVERSITA
| ” S AI-,,:{]_‘O %1 ) &l DEGLI STUDI
%" DITORINO

T

i

'y

i

AperTO - Archivio Istituzionale Open Access dell'Universita di Torino

Hydrothermal preparation of B-TiO2-graphene oxide ternary nanocomposite, characterization
and photocatalytic degradation of bisphenol A under simulated solar irradiation

This is the author's manuscript

Original Citation:

Availability:
This version is available http://hdl.handle.net/2318/1769215 since 2021-01-26T16:57:45Z

Published version:
DOI:10.1016/j.mssp.2020.105591
Terms of use:

Open Access

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

(Article begins on next page)

03 May 2024



The published paper (https://doi.org/10.1016/].mssp.2020.105591) is available at this website:
https://www.sciencedirect.com/science/article/abs/pii/51369800120315237?via%3Dihub



https://doi.org/10.1016/j.mssp.2020.105591
https://www.sciencedirect.com/science/article/abs/pii/S1369800120315237?via%3Dihub

Hydrothermal preparation of B-TiO»-graphene oxide ternary
nanocomposite, characterization and photocatalytic degradation of
bisphenol A under simulated solar irradiation

. d, = , .( . ; : , . = , - , . - : :
[lknur Altin™ ", Xianzheng Ma ”, Vittorio Boffa”, Emin Bacaksiz ©, Giuliana Magnacca“

* Department of Chemistry, Faculty of Science, Karadeniz Technical University, 61080, Trabzon, Turkey

¥ Center for Membrane Technology, Department of Chemistry and Bioscience, Aalberg University, Fredrik Bajers Vej 7H, 9220, Aalborg, Denmark
© Department of Physic, Faculty of Science, Karadeniz Technical University, 61080, Trabzon, Turkey

d Dipartimento di Chimica and NIS Interdepartmental Centre, Universita di Torine, Via P. Giuria 7, 10125, Torino, Iraly

ARTICLE INFO ABSTRACT

Keywords:

Graphene oxide

Boron doped TiO-

Solar induced photocatalysis
Solar simulator

Endocrine disrupting chemical

Boron-doped TiO; decorated on graphene oxide photocatalysts (denoted as GO@B-TiO2) were prepared for the
effective photocatalytic reatment of bisphenol A (BPA) from water under simulated solar light. To prepare
GO@B-TiO; nanocomposites, B-TiO2 was initially synthesized via a sol-gel procedure and subsequently deco-
rated on graphene oxide at 70 "G, by a facile hydrothermal method. Characterization results show that B-TiO»
particles are anchored on the surface of graphene oxide successfully. Their photocatalytic efficiency could also be
adjusted by changing the ratios between B-TiO. and GO. The opimum GO loading is 2 wt%, at which
GO@B-TiO, nanocomposite photocatalyst could achieve the best BPA degradation percentage of 47.66%
compared with B-TiO» materials (18.78%) after 240 min of solar irradiation. The dominant reactive oxygen
species (ROS) formed during the photocatalytic abatement of BPA were determined to be O3 and "OH. The
presence of carbonate and chloride induced moderate inhibitory effect on GO@B-TiO: (2 wt% GO), while bi-
carbonate and nitrate displayed only minor effect towards photocatalytic degradation of BPA. Based on these
results, the as-prepared nanocomposites may be used as efficient and promising photocatalysts in secondary
treatments to degrade recalcitrant contaminants in water exploiting the visible-light region of the full solar
spectrun.

1. Introduction reported that BPA has some embryotoxicity and teratogenicity that may

increase the risk of ovarian cancer, prostate cancer, asthma and leuke-

With the rapid development of technology and economy, various
contaminants have been discharged into the environment in recent de-
cades. As a results, the safety of fresh water has become a global concern
[1,2]. Endocrine disrupting compounds (EDCs) and their degradation
products in water sources can be considered as contaminants of
emerging concern (CECs), which adversely affect the environment and
the human health. Indeed, EDCs are able to disrupt the activity of hor-
mones by mimicking their chemical structure and blockage the cell re-
ceptors in the body [3]. Bisphenol A (2,2-bis (4-hydroxyphenyl)
propane, BPA), a well-known endocrine disrupting chemical and highly
toxic compound, is widely used in the production of polycarbonate
polymers. Its concentration can range from ng L' to pg L 'level in
groundwater, surface water, and wastewater systems [4,5]. It was also
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mia even in low concentration [6]. Even though some conventional
methods such as coagulation, sedimentation, biodegradation have been
applied to remove BPA, this pollutant still remains at trace level con-
centrations (ng L~ 1) in the treated water [7]. As BPA cannot be
removed/degraded thoroughly via conventional water treatment tech-
nologies, more efficient, sustainable and cost effective water treatment
techniques are required to remove CECs such as BPA. Among the
available strategies, semiconductor-mediated photocatalysis, which can
function under solar energy to degrade many harmful organic contam-
inants from wastewater without generating toxic products, is taken into
consideration as an encouraging alternative remediation method
[8-11].

Heterogeneous photocatalysis method has been widely discussed for
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Scheme 1. Schematic stoucture of graphene-based material for degradaton
of BPA.

dye degradation, air remediation, water disinfection and decomposing
of organic pollutants in the literature [12-14]. Briefly, when TiO, is
illuminated with appropriate UV light (A > band-gap of TiO:) electron
(ece) and positively charged hole (hyg) pairs are generated and they can
produce ROS such as OH', O; and H,O, on the surface of the TiO,
catalyst. These oxidizing agents can decompose contaminants of
emerging concern (CECs), including endocrine disrupting compounds,
which transform into CO,, H»O and by-products [15].

Ti0, semiconductor is widely used because it is considered one of the
most efficient photocatalysts, with sustainable properties such as non-
toxicity, chemical stability and photo-durability [16,17]. Moreover,
TiO,-based photocatalysts have been shown to be able to mineralize
many CECs, included BPA [18-21]. However, the wide band gap energy
(~3.2 eV) and the rapid electron-hole recombination limit the usage of
pristine TiO; in photocatalytic applications. Moreover, when irradiated
with solar radiation, its quantum yield is usually low, as it has almost no
response to visible light, which hamper TiO, application to real-scale
systems [22,23]. Many methods, such as doping or co-doping and
combination with other narrow band gap semiconductor materials, have
been used to increase the photocatalytic efficiency of TiO, under visible
or sun light irradiation [24]. For instance, doping with foreign atoms
such as B, N and F could boost the efficiency of TiOs-based photo-
catalysts under the visible light by reducing their band gap energy, thus
making them suitable for exploiting sunlight for the abetment of CECs in
water systems [25-27]. Boron ions substitute oxygen in the TiO, lattice.
Hence, by doping with boron 2p states with oxygen 2p ones, the valence
band (VB) energy edge of the TiO; semiconductor is slightly red-shifted.
Therefore, B-doping can be used to decrease the band gap energy of TiO,
and obtain high photocatalytic performance under visible light or sun
light irradiation [25].

Even after the changes mentioned above, the photocatalytic activity
of Ti0, is still restrained by its low specific surface area and aggregation.
Since the photocatalytic phenomena happen on the surface of photo-
catalysts, the adsorption of the contaminants at the surface of TiO3 in the
aqueous phase is a key parameter [28]. Recently, a widespread method
applied for increasing the activity of catalysts was the immobilization of
TiO> or other semiconductor nanomaterials on a co-adsorbent nano-
structure surface such as metal organic framework, ceramic, alumina,
zeolites and carbon-based materials [29,30]. Various research reports
have focused on the immobilization of TiO, in carbonaceous materials
containing activated carbon, carbon nanotubes and graphene [31,32].
In particular, graphene has attracted considerable attentions due to its
high electronic carrier mobility, outstanding surface, and particular
optical properties [33,34]. Various graphene-semiconductor nano-
structured photocatalysts have been reported to enhance the activity of
the semiconductor suppressing the aggregation of semiconductor
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particles [35,36]. Also graphene oxide was used as co-catalyst and
support for semiconductors [21,37,38]. Synergistic interaction of the
graphene-based material and the semiconductor, can facilitate different
steps of the photodegradation process: (i) it can red-shift the range of
light absorption for a better exploitation of the solar light; (ii) the excited
electrons can be quickly transferred sp®-hybridized carbon network,
thus hindering electron-hole recombining; (iii) the graphene-based
material can adsorb pollutants close to the photocatalytic centers, e.g.
by mn stacking (Scheme 1).

In a study published by Han et al. [37] nitrogen on sulfur co-doped
reduced graphite oxide (NS-rGO) had been prepared for anchoring of
CdS. The photocatalytic activity of the nanocomposite had been evalu-
ated for hydrogen production and 4-nitrophenol (4-NP) reduction into
4-aminophenol under visible light (300 W Xe lamp, A > 420 nm). The
authors reported that 4-NP was degraded completely with CdS/5%
NS-rGO after 6 min photocatalytic reaction. They reported that the
nanocomposite had higher photocatalytic efficiency than pure CdS
(62%). In another study, Xu et al. [21] investigated the preparation of
Ti®" and oxygen vacancies (Ti’'/0,) self-doped TiO, and its mixing in
rGO nanocomposite (TiO2.,/rGO) using hydrothermal caleination
method. They studied the photocatalytic efficiency of the hybrid cata-
lysts for the degradation of BPA (2.5 mg L) and achieved a significant
improvement in photocatalytic efficiency of nanocomposite compared
to pure TiOs.y or pure TiOa under visible light (light intensity = 2000 +
10 W m2). In conclusion, the embedding of semiconductors in
graphene-structures and doping can introduce synergistic effects
improving the harvesting of the solar spectrum, the adsorption ability,
and the efficiency of electron-hole separation and transfer processes of
TiO, photocatalysts. As a consequence, this approach can allow pro-
ducing high-efficient photocatalytic materials which can be used in
scale-up applications.

In present study, an effective two-step procedure was used to prepare
B-doped TiO, decorated on GO. B-TiO, was first synthesized via sol-gel
method and subsequently decorated on GO by facile hydrothermal
process to prepare GO@B-doped TiO: ternary heterojunction photo-
catalyst. The catalytic activity of the prepared materials was examined
towards the degradation of BPA under the solar light. The prepared GO
was combined with B-TiO» with a loading of 0.5, 1, 2 and 5% by mass
(hereinafter defined as 0.5GO@B-TiQ2, 1GO@B-Ti02, 2GO@B-TiO2
and 5GO@B-Ti0,, respectively). All the samples were deeply charac-
terized in order to determine the main features of the composite mate-
rials. In addition, some more accurate analyses were carried out on the
best photocatalyst (namely 2GO@B-TiOz) in order to evidence the
molecular behaviors affecting its activity in the photocatalytic reaction.
The same sample was also tested in more complex matrices containing
inorganic ions or humic acid in order to assess the behavior of the system
in a more real situation (simulated natural water). Moreover, major
oxidizing species were also investigated. Reusability of the material was
also evaluated for moving to scaled-up applications.

2, Experimental
2.1. Chemicals and materials

Titanium (IV) isopropoxide (99%), absolute ethanol, H3BO3 (99%),
HCI (36.5%), Hy50, (95%), NaNO; (99%), KMnO, (99%), H,0, (35% in
water), NaOH (98%), NaNOs (99%), NaCl (99.5%), Na:SO; (99%),
NapCO; (99%), humic acid sodium salt, acetonitrile (HPLC grade,
99.9%), bisphenol A (97%), isopropyl alcohol (99%), benzoquinone
(98%), ethylenediaminetetraacetic acid disodium salt dehydrate (99%),
and terephthalic acid (98%) were purchased from Sigma-Aldrich.
Graphite powder was bought from Kropfmuhl GmbH, Hauzenberg,
Germany. Model solutions were prepared with deionized water (re-
sistivity > 18 MQ cm), which was obtained by a dedicated laboratory
purification system.
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Scheme 2. Schematic of the preparation process of GO@B-TiOa.

2.2. Synthesis of B-TiO2 nanoparticles

The pristine B-TiO, was synthesized using a sol-gel procedure with
some modifications [39]. First, 8.4 mL titanium (IV) isopropoxide was
dissolved into 20 mL ethanol (mixture A). The mixture was left stirring
vigorously for 2 h. Then, 130 mL ethanol containing 0.22 mL cone. HCI,
0.5 mL water and 0.44 g H3BO; (which is equal to 1% of TiO, mass) was
added dropwise to mixture A and the resulting mixture was kept stirring
overnight to yield a wet gel. The above gel mixture was dried at 80 °C for
12 h. After drying process, the final product was calcined at 450 °C for 4
h. Finally, the product was collected from furnace and keep using for
further usage.

2.3. Synthesis of graphene oxide (GO) material

Graphene oxide was prepared by graphite powder through a
modified Hummers' method [40,41]. Briefly, commercially graphite
powder (2 g, Graphit Kropfmuhl GmbH) was mixed with 92 mL of
H,80, (98%) in a flask and NaNO; (2 g) was added slowly and then
stirred for 20 min in an ice bath till it cooled down (—~0 °C). Subse-
quently, 12 g of potassium permanganate (KMnOs) was gradually

added with constant stirring for 30 min. The reaction temperature was
kept at 35 °C and stirred for 1 h in water bath. After continuous stirring
the reaction mixture was heated up to 90 °C in the silicon oil bath and
140 mL of water was added slowly to the mixture left mixing for a
further 1 h. Finally, after cooling to RT the mixture, 400 mL of H,O
were added and 14 mL of 30% H;O; were then added dropwise, turning
the mixture color into light yellow. After that, the final product was
collected, washed with distilled water and centrifuged (10,000 rpm,
10 min 20 °C). Washing and centrifugation procedures were repeated
five times. Finally, GO powder could be obtained by drying in a vac-
uum freeze dryer at —44 °C.

2.4. Synthesis of GO@B-TiO2 composite

GO@B-Ti0, composite photocatalysts were prepared by a hydro-
thermal method with pH control at ambient temperature. A certain
amount of GO (which is equal to 0.5, 1, 2% of TiO, mass, respectively)
was first dispersed into H,O by ultrasonication for 1 h and pH of the GO
suspension was adjusted to 5 with 0.1 M HCI or 0.1 M NaOH solutions.
Also 250 mg B-TiOs was dispersed into H>O (10 mL) and sonicated for
1 h. B-TiO, and GO suspension were mixed together, kept sonicating
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Fig. 1. Optical band gap energies of B-TiO; and composites.
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Fig. 2. Raman spectra of B-TiO; (inset), 0.5GO@B-TiO: (a), 1GO@B-TiO: (b), 2GO@B-TiO: (c) and 5GO@B-TiO. (d).

for 1 h and stirring overnight to get GO@B-TiO, composites. Finally,
the resulting product was dried in a vacuum oven at 70 °C for further
usage (Scheme 2). In this way, we obtained a series of x%GO@B-TiOz
by adjusting the mass ratios of GO to B-TiO, (x = 0, 0.5, 1, 2 and 5).
The color of modified samples (0.5GO@B-TiO,, 1GO@B-TiO,,
2GO@B-Ti0: and 5GO@B-Ti02) were changed from white to gray and
dark gray, compared with B-TiO3 (Scheme 18).

2.5. Characterization of GO@B-TiOz composite

The physical and chemical properties of the as-prepared catalysts
were examined by different techniques. Powder X-ray diffraction (XRD,
PANanalytical Empyrean diffractometer) of the composites was carried
out using CuKua radiation. Surface morphology were analyzed by FIB-
SEM Tescan S9000G operating in the range 3-10 keV. The surface
components were determined by X-ray photoelectron spectroscopy
(XPS, PHI 5000 Versa Probe spectrometer with an Al-Ka radiation
source). UV-vis diffused reflectance spectra (DRS) were carried out by a
UV-VIS-NIR spectrophotometer (Shimadzu UV-3600 Plus). Raman
spectra of the composites were recorded on (Renishaw/Invia). Photo-
luminescence (PL) spectra were determined on a fluorescence spectro-
photometer (Cary eclipse).

2.6. Photocatalytic experiments

BPA was used to evaluate the photodegradation activity of the
composites using a double-walled high borosilicate glass cell under solar
simulator. The simulated solar light was produced by a 300 W xenon
lamp (1000 W m~2 light intensity, model LS0306, LOT Quantum Design,
GmbH) and the calibration of the equipment was carried out with a 5i
reference solar cell (Model LS0042, ReRa System, Netherlands) before
photocatalytic experiments. The reaction temperature was maintained
at 25 + 0.1 °C using a thermostatic bath (HAAKE K20). For a typical test,
40 mL of BPA (10 mg L") solution was introduced in the photoreactor
and 40 mg photocatalyst (to obtain the final concentration of 1 g L)

was added into the reaction cell. The obtained slurry was sonicated for 5
min to get homogeneous dispersion of photocatalyst, dissolved oxygen
and BPA and then the mixture was constantly stirred magnetically
during the experiment. The pH values before and after experiments were
rather stable at approximately pH 5. Before the light irradiation, the
solution mixture containing the catalyst was stirred for 1 h to establish
adserption/desorption equilibrium. During the degradation process, the

5GO@B-TIOz
5 2GO@B-Ti0:
s
2
2 1GO@B-TiOz
: ﬁ
=
I Y __0.5GO@B-Ti0z
e GO
B-TiOz
[ v v v [ v v | v 1
20 40 60 80 100

20

Fig. 3. XRD patterns of the composite samples compared to the signals of pure
GO and B-TiO..
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suspension were sampled at regular intervals of time and centrifuged for
10 min at 5000 rpm. Finally, the centrifuged liquid filtrated using sy-
ringe membrane filter (0.45 pm) was analyzed on HPLC and the sepa-
rated catalyst was simply washed with distilled water and kept to
perform reusability tests, then reused in a new photocatalytic cycle
under the same degradation conditions. The effect of anions on photo-
catalytic treatment efficiency of BPA was examined on the best photo-
catalyst recognized during the photocatalytic tests by introducing

NaNOj, NaCl, Na>S04 and Na,COs, respectively. In order to simulate
more realistic water, we evaluated also the influence of humic acid
presence on the degradation yield. To determine the formation of
different ROS during the photocatalytic reaction, ethylenediamine tetra
acetic acid (EDTA, a hole scavenger), benzoquinone (BZQ, a O3- radical
scavenger) and isopropyl alcohol (an 'OH radical scavenger) were
added. In addition, the terephthalic acid (TA) PL probing technique was
performed to determine the formation of 'OH by the solar light



Fig. 5. FIB-SEM images of a) B-TiO;, b) GO and ¢) 2GO@B-TiO..

irradiated photocatalyst. The remaining amount of BPA was calculated
as Cy/Cg, in which C; was the residual BPA concentration and C, was the
initial BPA concentration. The value of kinetic rate constants was eval-
uated considering the residual BPA concentration over the scheduled
time intervals during the photocatalytic process; the data were fitted by
the pseudo-first order model using the following equation:

o

[«
In(—) =kt I$))

The apparent rate constant k (min ") is the slope of the fitted curve of
In(C,/C,) versus reaction time.

The control experiments were carried out in the absence of light or
without photocatalysts to evaluate BPA photolysis. Duplicate tests were
performed for each experiment, and the relative standard deviation was
found generally less than 5%.

2.7. Analytical methods

The residual BPA concentration was analyzed through the high
performance liquid chromatography (HPLC, Dionex with Chromeleon
6.80 software) equipped with C18 column (Kinetex EVD-C18, 4.6 mm x
150 mm, 5 pm) and UV detector (DAD). The conditions were acetoni-
trile/water (60,40, v/v) at a flow rate of 1.0 mL min~' as eluent and the
230 nm of detector wavelength.

3. Results and discussion

3.1. Structural and morphological analysis

The light absorption capacities of B-Ti0O, and 2GO@B-Ti0O, were
examined using UV—vis diffuse reflectance spectroscopy (DRS). As dis-
played in Fig. 1, neat B-TiO- (black curve) showed a strong absorption
edge in the UV region at wavelength shorter than 400 nm, indicating
B-TiO, is near visible UV-light response catalyst, while 2GO@B-Ti0,
showed a broad absorption in the visible region and its absorption
extended up to 500 nm. It indicated that the addition of GO enabled the
photoactivition of the composite under the visible-light irradiation. The
band gap energies (E;) of B-TiO, and GO@B-TiO, composites were
calculated from Kubelka-Munk equation [42]:

FR) = (I-R)*2R (2)

Where R is the diffuse reflectance. According to this equation, the
optical band gap energy can be calculated by plotting the F(R)® vs. the
energy in electron volts and then extrapolating the linear part of the
curve to F(R)* = 0. The E, values were found as 3.10, 3.06, 3.06, 3.02
and 2.90 eV for B-TiOs, 0.5G0@B-TiO,, 1GO@B-TiO,, 2GO@B-Ti0,
and 5GO@B-Ti0; catalysts, respectively. In addition, a decrease in the
band gap of GO@B-TiO, is due to hybridization between C 2p and O
2p orbitals which forms an impurity energy level above the valence
band [43].

The presence of GO and B-doped TiO, is also confirmed using Raman
analysis results. Fig. 2 shows the typical peaks of GO@B-TiO, at 396
em”! (Byg), 516 cm™! (Ayg) and 639 em ™! (E;) corresponding to the
vibrations of B-TiO, [44,45]. In addition, D and G bands at 1356 em™!
and 1587 cm ™', characteristic of GO and attributed to the sp® and sp” in
plane vibrations of bonded carbons [46], were observed in GO@B-TiO,
composites.

The crystal phase composition of all catalysts was investigated using
XRD, whose results were reported in Fig. 3. All materials are crystalline
and show the anatase form of TiO, with the typical peaks at 25.3°, 37.8°,
48.0°, 54.0°, 55.0°, 62.7°, 68.9°, 70.3" and 75.1°, which were ascribed
to the (101), (004), (200), (105), (211), (204), (116), (220) and (211)
planes, respectively [47]. The typical peak of GO at 10.7° was not
monitored in the XRD patterns of GO@B-TiO, catalysts, likely because
the amount of GO in GO@B-TiO; hybrid composites is quite limited, or
because a large fraction of GO sheets in the composite is intercalated by
B-TiO, nanoparticles and aggregate in a disordered pattern. The in-
tensity of XRD patterns of all materials is nearly similar. The crystalline
sizes of B-TiOa, 0.5GO@B-Ti0., 1GO@B-TiO., 2GO@B-TiOa,
5GO@B-Ti02 were calculated by the Scherrer equation [48] from the
broadening of (101) reflection as 14.04, 14.50, 15.44, 14.04, 14.05 nm,
respectively. In all cases a nanometric dispersion of the B-TiO, particles
is observed, and this is expected to favor a good interaction GO@B-TiO2
and a consequent enhanced photoactivity of the composite, higher in the
case of 2GO@B-TiO, and 5GO@B-Ti0, which present the smaller
crystalline domains.

Given the photocatalytic results, a deep characterization of the sur-
face feature was carried out by XPS only on the best photocatalyst,
namely 2GO@B-TiO,. Strong photoelectron peaks of B (1s), Ti (2p), C
(1s) and O (Is) were monitored on the XPS survey spectrum (Fig. 4a),
indicating the expected composition of the composite material. The two
peaks of Ti 2p, reported in Fig. 4b, confirmed the presence of Ti 2p;,»
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Table 1

Kinetic constants and PD efficiencies of catalysts.
Process Catalyst BPA k(xi0™® R® PD*at4 h

load (gL7')  (mgL'") min") (%)

Photolysis - 10 0.4 0.773 8.1
B/TiO2 1 10 0.7 0.936 158.5
0.5G0@B/Ti0- 1 10 1 0.916 25.4
1GO@B/TiO 1 10 1.6 0.975 35.8
2GO@B,/TiO- 1 10 2.3 0.955 47.6
5GO@B,/TiO- 1 10 1.7 0.985 33.6

* PD: Photocatalytic degradation.

(458.0 eV) and Ti 2p; 2 (463.8 eV) chemical states with spin orbital
splitting of 5.8 eV, typical of Ti*" oxidation state in octahedral config-
uration, compatible with the anatase structure. No evidence of Ti®**
species is evidenced in the spectrum, even if boron is expected to induce
the reduction of TiO» surface [49]. Bls XPS signal of GO@B-TiO2
composite, reported in Fig. 4e¢, can be fitted by two components. The
strongest peak at 190.6 eV is associated with boron that is possibly
interstitially weaved in the TiO. structure with Ti-O-B structure [50].
The second peak at 192.6 eV is related to B-O-B groups, typical of
H;BO; or B,O; and low energy peak at 189.6 eV is related to boron
incorporated into the TiO, lattice through occupying O sites to form
O-Ti-B bond [51]. Su et al. also reported that the peak at 189.6 eV might
be related to B-Ti in TiB2 [52] The extension of these domains is ex-
pected to be very limited as no XRD signals of crystalline H;BO; or B,O5
were observed in Fig. 3. The O 1s XPS spectrum (Fig. 4d) confirms the
presence of only two types of oxygen, namely Ti—O-Ti and Ti-O-B at
529.6 and surface hydroxyl groups at 531.6 eV [51]. Finally, the signal
in the Cls XPS region is due to carbon impurities and can be fitted by
two components, namely at 286.08 eV, assigned to partially oxidised
carbonaceous moieties (C-O bonds) [53], and at 284.6 eV, corre-
sponding to C-C bonds, which was used for calibrating the charging
effects (Fig. 4e).

The surface morphology of pure B-TiO,, GO and 2GO@B-TiO2
nanocomposite was analyzed by FIB-SEM (Fig. 5). The white arrows in
Fig. 5c evidence TiO, particles both in dispersed and aggregated form.

3.2. Evaluation of photocatalytic activity of nanocomposites

In order to evaluate the photocatalytic performance of the synthe-
sized B-TiO; and GO@B-TiO2, BPA was used as a model organic
pollutant in aqueous solution and its degradation was followed under
the simulated solar light at ambient conditions. Control experiments (in
the dark and without photocatalysts to evaluate BPA photolysis) were
carried out under the same conditions. The effect of GO amount on the
photocatalytic abilities of the GO@B-TiO2 nanocomposites was evalu-
ated. As illustrated in Fig. 6a, the adsorption removal efficiencies of BPA
over the B-TiOs, 0.5GO@B-TiOz, 1GO@B-TiOs, 2GO@B-TiOs,
5GO@B-TiOz (experiments in the dark) were 5.30%, 8.30%, 9.02%,
12.00% and 1.63%, respectively. The maximum removal percentage by
adsorption was obtained for 2GO@B-TiQ, sample (12.00%). Compared
to the B-TiO; photocatalyst, the graphene-supported boron doped TiOz
exhibited higher adsorption ability, probably because GO allows
increasing the specific surface area of the composite materials (the
nominal specific surface area of GO is ~2600 m” g') favoring the
interaction with the BPA molecules. Nevertheless, when the amount of
GO increases too much (i.e. in the presence of 5GO@B-TiOz), the hy-
drophilicity of the GO layers surrounding the B-Ti0O, nanoparticles,
repulses the hydrophobic BPA molecules hampering an efficient inter-
action via adsorption.

Fig. 6a shows the catalytic activities of prepared photocatalyst in
BPA degradation by means of simulated solar-light driven photo-
catalysis. BPA is known to be almost recalcitrant to degradation: only
8.10% photolysis in 4 h, but the degradation ratio increased significantly

in the presence of the catalysts. After 240 min of irradiation, the
degradation of BPA with 2GO@B-TiO, (47.66%) is higher than that
reached with pure B-TiO, (18.78%). The photocatalytic degradation of
BPA as a function of irradiation time in the presence of 0.5GO@B-TiOa,
1GO@B-TiO2, 2GO@B-TiO2, 5GO@B-TiO2 and B-TiO, was observed
to follow the pseudo first order degradation kinetic law (Fig. 6b and )
and the kinetic constant values were summarized in Table 1. These
values have the same magnitude but they are lower than the kinetic
constants reported in literature for the degradation of BPA by the
benchmark P25 (Evonik, Essen, Germany) TiO, photocatalyst under
simulated solar light [54-56] Nevertheless, the trend of the kinetic
constants of the new photocatalysts follows the trend observed for the
adsorption (it increases from 0.5G0@B-TiOz up to 2G0@B-TiOz, then
decreases, the smallest value obtained for B-TiO, sample), indicating an
important role played by the direct interaction photocatalyst-substrate
occurring at the material surface via adsorption. Moreover, the photo-
catalytic activity is strongly influenced by: i) B doping and ii) graphene
oxide presence. For what concerns the foster point, it was reported that
the B doping into TiO, can enhance BPA photodegradation since the
recombination of the electron-hole species formed by the hybrid are
better hampered than neat TiO, under irradiation [57]. For the latter
point, as observed in Fig. 1, GO modifies the B-TiO, band gap (the
electron rich two dimensional m-conjugated graphene oxide suppresses
electron/hole recombination events due to its good electron conduc-
tivity [57]). The band gap of 3.10 eV observed for B-TiO, sample be-
comes 3.02 eV for the 2GO@B-TiO,: this allows a more efficient
interaction of the material with the visible part of the solar light. Finally,
the decrease of photocatalytic activity shown by 5GO@B-Ti0- sample
can also be explained considering that the light cannot penetrate easily
through the GO sheets and cannot activate properly the formation of
reactive species by B-Ti0a [58].

The reaction solution pH has a moderate effect on the adsorption of
BPA to the surface of the catalyst. The point of zero charge (pH,,.) value
of GO@B-TiO, was reported as 6.2 and catalyst surface is positively
charged at pH < pHypz., whereas it is negatively charged at pH > pHpz.
[53,59]. In aqueous solutions, BPA is present in several forms, namely,
undissociated molecules (BPA), HBPA~ and BPA?~, with pKa, and pKa,
values of 9.6 and 10.2, respectively [60]. Basing on these information,
the appropriate pH for an effective BPA degradation with GO@B-TiO: is
expected to be around pH 5, as BPA is undissociated and not charged,
whereas the catalyst (the pH is slightly lower than pH_.) is only slightly
positive, so the interaction can occur easily. At higher pHs the interac-
tion (negative BPA form-negatively charged photocatalysts and GO)
becomes repulsive, at pH lower than 5 the materials become more and
more positive and the interaction with the non-charged molecule de-
creases as well. Therefore, all experiments were performed at pH 5.

3.2.1. Effect of water matrix

Since widespread inorganic ions such as nitrate, chloride, carbonate
and bicarbonate (C,: 2 mM for all anions) are found in natural water
bodies, the effect of these ions on the photocataytic degradation of BPA
was investigated. For the sake of simplicity, only the effect on the best
photocatalyst (2GO@B-TiQ2) was considered. Fig. 7 shows the anions
cause different inhibitory effects on the degradation of BPA. The lack of
activity follows the order of carbonate - chloride = bicarbonate ~ ni-
trate. After 4 h of simulated solar light irradiation the corresponding
photocatalytic degradation efficiencies became 28.30%, 33.68%,
40.87% and 42.70%, respectively, starting from 47.66%. Their corre-
sponding k walues are compared in Table 1S. The more plausible
explanation for this behavior may be that the anions have been con-
verted into radical forms less reactive than the hydroxyl radical, and
they hampered the adsorption of BPA by occupying the positive charge
catalyst surface [61]. Also, these anions could act as a scavenger for
hydroxyl radicals. Therefore, the degradation of BPA will be restricted in
the presence of the anions. Their effects on photocatalytic degradation
can be associated with specific conditions such as the reaction system,
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the type of pollutant and the type of the photocatalyts, and so on [62].

Humic acid (HA) solution was also used to simulate real natural
water. HA is an important natural organic component (NOM), typically
present in surface water, and negatively affecting the physical and
chemical reactions expected during the Advanced Oxidation processes
due to important interferences with the ROS (Reactive Oxygen Species
formed during the photocatalytic processes). Considering that the con-
centration of HA usually varies from 2 to 10 mg L™! in surface natural
water, 5 or 8 mg L™' HA were added to the reaction solution [63]. As
shown in Fig. 8, the presence of HA in the reaction solution slightly
affected the photocatalytic degradation of BPA. In detail, when the re-
action solution is spiked with 8 mg L™' HA and 5 mg L™' HA, BPA
degradation rate decreased from 47.66% to 41.86% and 43.33%,
respectively (the corresponding k values are shown in Table 1S). The
slight activity decrease could be due to: (i) the competitive adsorption of
HA with BPA on the surface of the catalyst that retards the photo-
catalytic oxidation process interfering with the ROS, and (ii) the
decrease of light penetration in the suspension. Based on the above
experimental results containing both ions and HA, photocatalytic
degradation of BPA is expected to be slower in real water samples [64].

3.2.2. Detection of the reactive species

To determine ROS during the degradation process, experiments with
proper scavenging agents were performed over the 2GO@B-TiO- cata-
lyst applying the same experimental conditions described above. The
addition of BZQ causes the capture of active O3 radicals, the addition of
IPA and EDTA causes the elimination of 'OH and h*. As it can be seen in
Fig. 9, the three scavengers affect significantly the BPA degradation
extent. The values of k and photocatalytic degradation percentages are
summarized in Table 18, They indicate that all three radicals contribute
to the photocatalytic activity of 2GO@B-TiO, in the order O5 > OH >
ht.

'OH radical species generation during the reaction process of
2GO@B-TiO, and B-Ti0, was further investigated using the PL probing
technique. As shown in Fig. 10, the PL emission signal in the presence of
2GO@B-TiO: increased significantly increasing the irradiation time
with respect to B-TiO, catalyst. The result indicates that "OH species
were produced under simulated solar light irradiation, but the genera-
tion is faster and more efficient in the presence of 2GO@B-TiO2
composite.

According to the observed results, it can be inferred that the pho-
tocatalytic reaction process of BPA with 2GO@B-TiO, under simulated

solar light irradiation can occur as follows Eqs (3)-(7) [34] and Scheme
3 and Eqgs. (3)-(7) indicate our suggested mechanism for degradation of
BPA under simulated solar light.

GO@B-TiOy + hv (solar light) = e~ cpy + hyg) (3)
CB (e )+ 0,03 (4)
037 + 2H' + CB (e7) — Hy0, (5)
Ha0; + CB (") = OH™ + OH (6)
BPA + ROS — by products (7)

3.2.3. Photocatalytic reusability experiments

Besides the photocatalytic activity, re-use efficiency of the catalyst
was studied in view of a transfer on a large scale of the photocatalytic
operation in water purification technologies. The reusability test of the
2GO@B-Ti02 was performed and the degradation/adsorption removal
of BPA monitored along five successive experiments under simulated
solar light irradiation. After each BPA photocatalytic experiment (240
min), the catalyst was collected after centrifugation and washed with
water. The solid was left to dry at 80 “C overnight and then reused in a
new experiment in the same conditions. The degradation/adsorption
efficiency results obtained after 5 cyles are displayed in Fig. 11. In the
second usage, the activity of the catalyst was slightly reduced, probably
because the by-products produced during the BPA degradation
remained adsorbed at the catalyst surface despite washing. Neverthe-
less, higher degradation activities were obtained in the following cycles,
probably because the adsorbed by-products were degraded for the
prolonged irradiation. In conclusion, 2GO@B-Ti0, nanocomposite was
effective for use in consecutive runs.

After the photocatalytic tests, 2GO@B-TiO catalyst was submitted
to new XRD and Raman analyses (Figs. 1S and 25, respectively). The
crystal phase and the Raman behaviors of the catalyst were not modi-
fied, indicating that the hybrid catalyst was stable during and after the
photocatalytic action.

4, Gonclusions

In conclusion, GO@B-TiO; nanocomposites were prepared using a
two-step procedure, to produce improved B-TiOs-based photocatalysts.
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Several physicochemical techniques were applied to clarify structure
and morphology of the nanocomposites. Among the others,
2GO@B-Ti0, system demonstrated an enhanced efficiency towards BPA
photocatalytic degradation. The inhibitory effect of inorganic anions on
the photocatalytic performance was in order: CO3 ~ Cl > HCO3 ~
NO;.. ‘0, was defined as the primary reactive oxidizing species during
the photocatalysis. No significant reduction in the BPA catalytic activity
was observed during five cycles in the reusability test, showing that the
2GO@B-TiO; catalyst remains stable and performance in time and can
be applied in scale-up processes. The present study could be a useful
basis for field-based testing and applicability of solar light photocatalyst
technology for the treatment of wastewater especially those containing
endocrine-disrupting compounds.
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