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Abstract: Pure BiVO, and three TiO,/BiVO, composite photocatalysts with
Bi3":Ti*" mole ratios of 1:1, 2:1 and 4:1 were readily synthesized, for the first
time, using a one-pot hydrothermal procedure for the photodegradation of cipro-
floxacin. Conducting the hydrothermal reaction in a basic medium yielded
single-phase scheelite monoclinic polymorphic BiVO, (ms-BiVOy) in the com-
posite samples. Microstructural analysis showed spherical TiO, nanoparticles
with an average grain size of 120 nm embedded on the surface of BiVO,4 nano-
plates. The optimized composite exhibited a ciprofloxacin photodegradation
reaction rate constant about 3.8 times higher than that of the pure BiVO, sample.
This significant enhancement is attributed to the formation of a TiO,/BiVO, het-
erojunction, which promotes efficient charge separation. This research expands
the knowledge on designing of BiVO,-rich composites (with Bi>": Ti*" mole ratio
> 1:1) via heterogeneous junction engineering to enhance photocatalytic activity
beyond that of pure BiVO,. The research also provided a perspective on using
the BiVO,-rich composites as effective photocatalysts for degradation of anti-
biotics in aqueous media under visible-light irradiation.

Keywords: photocatalysis; semiconductor; heterojunctions; antibiotic residues;
hydrothermal.

INTRODUCTION
Over the last years, the widespread use of antibiotics in veterinary and human
medicine has resulted in an increased risk for water contamination, as they are treat
even at trace concentrations.!2 Particularly, it is estimated that many tons of antib-
iotic residues are released into the environment in Southeast Asia annually.3 The
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World Health Organization (WHO) typically reports that pharmaceutical concen-
trations in surface waters, groundwater and partially treated water were below 0.1
ug L1 and concentrations in treated water were generally below 0.05 pg L-1.4 The
emerging environmental issue relating to antibiotic residues not only threatens
public health but also compromises the effectiveness of the drugs themselves (i.e.,
contributing to antibiotic resistance). Among the quinolone antibiotics class, cip-
rofloxacin (CFX) is widely utilized due to its broad-spectrum activity against many
pathogenic bacteria. After medication, CFX can be partially broken down by met-
abolism in human or animal bodies and largely excreted in its pharmacologically
active forms.5-¢ Therefore, practical and economical processes are urgently
required to reduce the CFX antibiotic discharge into the environment.

To overcome this environmental challenge, various processes have been applied
to degrade or remove contaminants, including adsorption, photocatalysis, biodeg-
radation and electrochemical treatment.” While conventional treatments like fil-
tration and coagulation/flocculation/sedimentation require subsequent procedure
to treat the pollutants, other current techniques such as membrane, ozonation and
Fenton process often bring weakness in the high costs of installation, investment
and operation.!-8:9 Consequently, photocatalytic semiconductors based on the adv-
anced oxidation process (AOPs) are highly recommended. This technology is rec-
ognized largely as one of the most low-cost, sustainable and environmentally
friendly approaches for wastewater treatment.10-13

Monoclinic bismuth orthovanadate (BiVOy,), an n-type semiconductor, widely
recognized as a promising solar-driven photocatalyst due to its narrow band gap
(2.4 eV). BiVOy4 exhibits outstanding features: nontoxic nature, high stability
towards photocorrosion, low production cost, relatively strong oxidation properties
for the decomposition of organic pollutants and its promising application as a
photoanode material for water splitting. Nevertheless, the performance of the
single component BiVOy is still restricted by the fast recombination of photoin-
duced carriers (electron/hole pairs).14-17 To date, various alternative strategies
have been investigated to overcome limitation of BiVQy, including cocatalyst
loading, construction of heterostructures, and substitution of the metal cation or
anion.!8-22 For the research approach of constructing heterostructures, BiVO4 was
assembled with another semiconductor to form a heterojunction that can signi-
ficantly reduce the combination and speed up the separation rate of photogenerated
charge carriers.23-25 To couple with BiVOy to form these heterostructures, one of
the most frequently-used semiconductors that serve as a second component is
anatase titanium dioxide (TiO;) — a well-known photocatalyst with the band gap
value of 3.2 eV to benefit its high chemical stability, and excellent photocatalytic
activity.26-30 Although numerous researches on TiO,/BiVO4 photocatalytic com-
posites have been reported, an optimized synthesis procedure has not been estab-
lished. In addition, most published synthesis procedures of these photocatalytic
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composites usually involve multi-steps, and to date, only limited number of one-
pot approaches have been described in the literature.28:30 Ly et al. applied one-pot
hydrothermal procedure to synthesize TiO/BiVO4 nanocomposites with
Bi3*:Ti*" mole ratios less than 0.2:1.28 The photocatalytic efficiency of 60 % for
photodegradation reaction of rhodamine B over the optimized sample after 4 h of
visible-light irradiation. For TiO,/BiVOy4 system, to the best of our knowledge,
TiO,-rich composites were studied the most,19-26-28.30 while only one work focus-
ing on BiVOy-rich composites with Bi3*:Ti4" mole ratio equals to or over 1:1 was
reported.2® However, the effects of Bi3*:Ti*" mole ratio on the photocatalytic effi-
ciency of BiVOy-rich composites were not studied systematically by Drisya et al.
for they only investigated Bi3*:Ti#" mole ratio value of 1:0.6. This might originate
from the fact that these researches focused mainly on improving Vis-photocatalytic
performances of TiO; via designing TiO;-based composites, in which BiVOy
played role as a dopant or a minor component, rather than hindering the fast recom-
bination of photoinduced electron-hole pairs, the main drawback of the pure
BiVQy, via designing BiVO4-rich composites. In other words, the design of a het-
erogeneous junction to enhance photo-induced charge separation and consequently
improve the photocatalytic performance of BiVOg4-rich composites containing ana-
tase as a minor component for photodegradation of antibiotics in general and CPX
in particular, has not been mentioned yet.

Hence, this research aimed to synthesize TiO2/BiVOg4 semiconductors with
Bi3*:Ti4" mole ratio equals to or greater than 1:1 using hydrothermal method in a
basic medium, and their photocatalytic activities were determined by the degrad-
ation of CPX antibiotic in aqueous solution under visible-light irradiation.

EXPERIMENTAL PROCEDURE
Synthesis of photocatalysts

All the reagents were of analytical grade and used without any further purification. Typic-
ally, 1 mmol Bi(NOj3);-5H,0O (Acros) and a certain amount of TiO, (Sigma—Aldrich) were
dissolved in 2 mL of 4 M HNOj solution, while 1 mmol NH,VO; (Sigma—Aldrich) was dissol-
ved in 10 mL double distilled water at 80 °C. The two solutions were mixed and transferred into
a 120 mL Teflon®-lined stainless-steel autoclave. The pH of these mixtures was adjusted to 11
by addition of 12 mL of concentrated NHj; solution (25 %). Subsequently, the autoclave was
filled with double distilled water up to 75 % of its capacity. The sealed autoclave was heated at
180 °C for 24 h under autogenous pressure. After undergoing hydrothermal treatment, the pre-
cipitated solids were collected and washed with double distilled water until reaching a neutral
medium. Finally, the yellow precipitates were obtained after drying naturally in air.

For the synthesis of the pure BiVO,, the same synthesis procedure was performed except
that no TiO, was added. The three composite products were denoted as 1TiO,/4BiVOy,
1TiO,/2BiVO, and 1TiO,/1BiVO, corresponding to the sample with the Bi*:Ti*" mole ratios
of 4:1, 2:1 and 1:1, respectively.



4 DANG et al.

Characterization methods

The crystalline phases of the as-synthesized samples were determined by using an X-ray
diffractometer (XRD, D8 Advance, Bruker). The synthesized samples were also characterized
by field-emission scanning electron microscopy (FESEM, Hitachi S-4800), high resolution
transmission electron microscopy (HR-TEM, Jeol 2100), and diffuse-reflectance UV—Vis spec-
trometry (DR-UV—Vis, Jasco V670).

Photocatalytic properties

The photocatalytic activities of the studied composites were estimated by the degradation
of ciprofloxacin (CPX) solution (0.5 ppm) at room temperature under visible-light irradiation.
Typically, 0.025 g photocatalyst was added to 100 mL the antibiotic solution in each experi-
ment. The solution was stirred for one hour in dark for reaching of adsorption-desorption equi-
librium. The suspension was then irradiated by a visible-light source provided by a 100 W
halogen lamp with the center wavelength of 700 nm from a distance of 20 cm. At certain interval
times (30, 60, 90 and 120 min) during irradiation, 5 mL of the tested solution was taken out and
was then filtrated with 0.22 uym membrane prior to concentration determination by using a LC—
—MS/MS system (ACQUITY UPLC H-class/Xevo-TQ, USA).

The photocatalytic degradation efficiency was calculated by the following equation:

Hzlooﬁ €))
C

0

wherein: Cj is the initial concentration of CPX (without any photocatalyst); C, is the remaining
concentration of CPX in the solution at time ¢ / min after irradiation.

RESULTS AND DISCUSSION

Crystalline structure

From XRD diagrams (Fig. 1), it can be confirmed that the monoclinic scheelite
structure of BiVO, (ms-BiVOy4) was successfully synthesized for all studied
samples, namely, pure BiVOy, 1Ti02/4BiVOy, 1Ti0,/2BiVOy4 and 1TiO»/1BiVO;4.
Particularly, diffraction peaks at 26 values of 18.65, 18.98, 28.94, 30.54, 34.49,
35.22 and 39.78° are corresponding to (1 1 0), (01 1), (-1 3 0), (04 0), (20 0),
(002)and (2 1 1) lattice planes of monoclinic scheelite structure of BiVO4 (JCPDS
card No. 14-0688), respectively. Moreover, the doublet peaks at 26 values of
around 18.5 and 35° can be a useful mark to distinguish a monoclinic scheelite phase
and a tetragonal scheelite phase of BiVOy.3!

The result indicated that, by carrying out the hydrothermal synthesis procedure
in basic medium, the monoclinic scheelite structure was controlled to grow as a
unique crystalline phase of BiVO, and the coexistence of monoclinic scheelite and
tetragonal zircon, as reported previously, was avoided.32 In another word, the
formation of tetragonal zircon phase, a thermodynamically stable polymorph of
BiVOy4 under the acidic medium of hydrothermal synthesis reaction, was totally
inhibited.

In addition, for all XRD patterns of TiO,/BiVO4 composite samples, a set of
diffraction peaks at 2625.6, 38.3 and 48.8° were detected, indicating the existence
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of anatase TiO, (JCPDS card No. 21-1272).33 Furthermore, no other impurity was
found in all investigated samples, similar to those published for TiO,/BiVO4 com-
posites.28-30 The intensity of anatase TiO; increased monotonously as desirable
with the TiO, content in the composite samples when the Bi3*":Ti4" mole ratio
decreased from 4:1 to 1:1. It is also worthy to note that by the coupling with anatase
TiO; to form photocatalytic composites, the calculated lattice parameters of the
monoclinic scheelite BiVO,4 existed in pure BiVOy, 1TiO/4BiVOy4, 1TiOy/
/2BiVO4 and 1TiO»/1BiVO,4 samples were almost unchanged as tabulated in Table 1.

+ Monoclinic BIVOy
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Fig. 1. XRD patterns of pure 9+BiVO, and TiO,/BiVO, composite samples.

Intensity, a.u.

TABLE I. The calculated lattice parameters () of pure BiVOy,, 1TiO,/4BiVOy,, 1TiO,/2BiVO,
and 1TiO,/1BiVO, samples

Lattice parameters

Sample

alA b/ A c/A Bl°
Pure BiVO, 5.194(2) 11.699(2) 5.090(1) 90.38(1)
1TiO,/1BiVO, 5.195(1) 11.701(3) 5.089(2) 90.37(2)
1TiO,/2BiVO, 5.194(3) 11.700(2) 5.091(3) 90.38(2)
1TiO,/4BiVO, 5.194(1) 11.700(1) 5.092(2) 90.38(1)
Microstructures

To investigate the morphology of the synthesized TiO,/BiVO4 composite, the
1TiO»/4BiVO4 and 1TiO,/1BiVO,4 samples were subjected to SEM observation
as examples. The SEM image of the composite material, as shown in Figs. 2 and
3, reveals the presence of spherical-like TiO, nanoparticles with the average grain
size of 120 nm embedded on the surface of BiVOy4 in contrast to that of the pure
BiVOyq. This agrees well with the statement given for XRD patterns. For both cases
of pure BiVO4 and TiO»/BiVO4 composites, the BiVO4 nanoplates with average
width of 200 nm and length of 300 nm are observed.
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IMS-NKL 5.0kV 4.9mm x50.0k SE(M)

(b)
Fig. 2. SEM images of: a) pure BiVO, and b) 1Ti0,/4BiVO, samples.

Compared to the case of commercialized TiO, precursor, the shape and average
grain size TiO, nanoparticles existed in TiO,/BiVOy4 composite are almost unch-
anged, suggesting the inhibition role of basic medium on grain growth of TiO»
(Fig. 3).34

IMS-NKL 5.0kV 4.7mm x20.0k SE(M)

(a) (b)
Fig. 3. SEM images of :a) commercialized TiO, precursor and b) 1TiO,/1BiVO, composite.

To investigate further the microstructure of as-synthesized samples, the HR-
-TEM image and its corresponding FFT pattern of 1TiO;/1BiVO4 composite
sample were presented in Fig. 4a and b, respectively. Two lattice fringe spacings
0f 0.292 and 0.467 nm with an interfacial angle of 66.5° that are assigned to (0 4 0)
and (0 1 1) lattice planes of ms-BiVOy, respectively, were observed in both HR-
-TEM image and its corresponding FFT pattern. At the same time, two other lattice
fringe spacings of 0.347 and 0.469 nm that formed an included angle of 68.3° were
interpreted respectively as (0 1 1) and (0 0 2) lattice planes of anatase TiO; phase.
These calculated results indicated obviously that the investigated 1TiO»/1BiVOy4
contained both ms-BiVOy4 and anatase TiO, particles. Moreover, as shown in Fig.
4a, the direct contact between ms-BiVOy4 nanoplates and anatase TiO, nanopar-
ticles was observed, suggesting the formation of heterojunction between them.



PHOTOCATALYTIC DEGRADATION OF CIPROFLOXACIN 7

-BiVO4 (04 0)

VO, (011)

. Anatase (011)

(b)
Fig. 4. a) HR-TEM image and b) its corresponding FFT pattern of 1TiO,/1BiVO, composite
sample.

Diffuse-reflectance (DR) UV—-Vis spectra

From the spectra received by DR UV—Vis measurements as shown in Fig. 5,
a derived Tauc’s plot was then depicted in Fig. 6 that showed the relationship
between /v (the energy of the light) and (a1v)2, where « was the absorption coef-
ficient of the material. Based on extrapolating the linear region in Fig. 6, the band
gap (Eg) values of synthesized photocatalysts were estimated to be 2.43, 2.42 and
2.44 eV, corresponding to the 4:1, 2:1 and 1:1 composite samples, respectively.
The results showed the absorption feature of the composite materials and the pure
BiVOy as well (E = 2.42 eV), in visible region, did not have a significant differ-
ence. Therefore, to conclude which as-prepared material was exhibiting the best
photocatalytic activity, it was necessary to perform further photocatalytic tests with

—— Pure BiVO,

—— 1Ti0,/4BIVO,
—e—1Ti0,/2BiVO,
—v—1TiO,/1BiVO,

Absorbance, a.u.

0.2

0.0 ;

Fig. 5. Diffuse-reflectance UV—Vis spectra
%00 400 600 a0 of pure BiVO, and BiVO,/TiO, com-
Wavelength, nm posites.
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(ah\')z / (e\")2

2 24 26

Pure BiVO,
—4— 1TIO,/4BIVO,
—e— 1Ti0,/2BiVO,

v— 1Ti0,1BiVO,

hv/eV

28

30 Fig. 6. Tauc’s plots of pure BiVO, and
BiVO,4/TiO, composites.

the analyte (i.e. ciprofloxacin (CFX)). However, the band gap values of around 2.4
eV suggested that photocatalytic experiments should be performed under visible-
light irradiation.

Photocatalytic activities

Photocatalytic activities of as-synthesized samples were evaluated according
to the degradation of CFX. These experiments included the photocatalytic deg-
radation of only CFX solution without any photocatalyst; ciprofloxacin and pure
BiVO4 (CFX+BiVQy); ciprofloxacin and 4:1 composite (CFX+1TiO2/4BiVOy);
and CFX and 1:1 composite (CFX+1TiO,/1BiVOy). The photocatalytic degrad-
ation efficiency, after that, was illustrated in Fig. 7.

100

80 |

60 |

Degradation (%)

20

Dark
a2 '/F

Vis irradation

~-m-CFX

~@—CFX + BIVO,
—&—CFX + 1TIO/4BVO,
—w—CFX + 1TIO/1BIVO,

Photocatalysis time (min)

Fig. 7. Photocatalytic degradation efficiency
of ciprofloxacin with and without the as-pre-
pared photocatalysts under irradiation using
a 100 W halogen lamp.

The results showed that after 120 min under visible-light irradiation, while
CFX was degraded only 32 % in the activity of pure BiVOy, but it was decomposed
75 and 80 % by 1TiO2/4BiVQy4 and 1TiO,/1BiVOy, respectively. Thus, similar to
the previous works, the composite materials were visible-light photoactive with
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their photodegradation efficiency obviously twice as high as that of the pure
BiVOy sample.!923.28 The existence of a heterojunction formed between BiVOy4
nanoplates and embedded 120 nm spherical-like TiO, nanoparticles can probably
be attributed to this significant improvement in ciprofloxacin photodegradation
efficiency of the studied TiO,/BiVO4 composites with respect to that of the pure
BiVOQy4. Also, it can be derived from Fig. 7 that, after reaching of adsorption-
desorption equilibrium, the CFX adsorption percentage of pure BiVO,4 and 1TiOy/
/4BiVOy4 samples was around 7 % and was almost the same while that of 1TiO5/
/1BiVOy4 sample was higher (17 %). That can be explained by the fact that, the
1TiO,/1BiVO4 sample possessed the higher amount of spherical-like anatase TiO;
nanoparticles, with relatively high specific surface area (of around 10 m2/g), than
pure BiVO,4 and 1TiO,/4BiVO4 samples. In addition, the kinetics of the CFX
photodegradation reactions over pure BiVO,4 and 1TiO,/1BiVOy4 samples was also
investigated. The obtained results indicated that the CFX photodegradation reactions
over these two samples can be described by the first-order kinetic equation (Fig. 8):

In(Cy / C,) = kt )

where Cy is the initial CFX concentration, C; is the CFX concentration at reaction
time ¢, and k is the observed first-order rate constant. The photodegradation
reaction rate constant of 0.00899° min~! calculated for the 1TiO,/1BiVOy4 sample
was about 3.8 times higher than that of the pure BiVOy4 sample (0.00235° min~!)
(Fig. 8, the inset).

Photocatalyst k(103.min") R? v
151 o cFx+Bivo, 235 0.96
v CFX+1TiO,1BiVO, 8.99 0.96
~ 1.0}
Q
o
2
1=
© 051
. Fig. 8. The dependence of In(Cy/C,) on
0.0 : t f } t i the visible-light irradiation time of the
- -30 0 30 60 90 120 optimized 1TiO,/1BiVO, and the pure
Photocatalysis time (min) BiVO, samples.

From m/z values obtained from LC-QTOFMS spectrum for the photodegrad-
ation of CFX over the optimized 1TiO,/1BiVO,4 sample under visible-light
irradiation, two major possible intermediate products, denoted as CFX1 and CFX2,
were detected (Table II). The ion at m/z 314.1 can be assigned to the dehydration
of the CFX to produce CFX1.35 The quinolone moiety of the CFX was attacked
by the produced *OH radicals, leading to a decarboxylation process to form CFX2
with m/z value of 288.1.3¢ Based on these data, a CFX photocatalytic degradation
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pathways under visible-light irradiation was proposed as shown in Scheme 1.36.37
Accordingly, in a first step of the photodegradation reaction, CFX2 was formed as
an intermediate product from the CFX under visible-light irradiation. By increasing
the photocatalytic reaction time further, CFX2 was degraded into smaller sub-
stances. The photocatalytic reaction was completed when all available intermedi-
ate products of photodegradation reaction were mineralized into HyO and CO; as
final compounds.36-37

TABLE II. Major m/z values and chemical formula of possible intermediate products detected
by LC-MS/MS for the photodegradation of ciprofloxacin under visible-light irradiation

No. Intermediate product mlz Possible chemical formula

1 Fj@\)%i 332.1 Cy7H,gFN;05
OH
|
|/\N N

N A
CFX

2 i 77 314.1 Cy7H;7FN;0,
yeed
()
|

z

a L

CFX1
o
F

3 :©\)‘j 2881 C|6H18FN30
K\N N

HNJ

CFX2
Visible-light o @
\ B I
l "" ‘ OH
N SN
CFX £—
I ‘OH
0
e
L]
N <~ °N
. -‘
CFX2
l Scheme 1. Proposed reaction pathways and intermediate pro-
ducts generated in the photodegradation reaction of ciproflox-

Further photodegradation  acin under visible-light irradiation.

In Fig. 9 the recyclability testing results of CFX over the optimized 1TiO,/
/1BiVOy4 sample for three recycling photocatalytic runs under visible-light
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irradiation are shown. The results illustrate that the photodegradation efficiency
decreased slightly to 79.2 and 78.8 % for the second and third cycles, respectively
from the value of 80 % for the first cycle. The CFX photodegraded species existing
on the composite’s surface might block the photoactive sites, leading to this slight
decrease in photodegradation efficiency. This implied that our optimized TiO,/
/BiVO4 composite sample can be reusable with high photocatalytic stability.

90

80 80% 79.2 % 78.8 %
g7
=
2 60
2
& 50-
w
5 40 4
B 30
o
2 20
S 10/
. Fig. 9. Photodegradation recyclability test of cipro-
1% run 2% run 31 run floxacin over the optimized 1TiO,/1BiVO, sample
Number of cycles under visible-light irradiation.

Similar to the previous studies,27-38:39 the photocatalytic activity-enhancing
mechanism for CFX photodegradation in aqueous medium under visible-light
irradiation over the BiVO4-rich composites containing anatase as a minor compon-
ent can be proposed as follows.

1) The incident light was absorbed mainly by the Vis-photoactive BiVOg4
component of TiO2/BiVO4 composite, leading to the generation of photo-induced
pairs electron-hole pairs:

hv + ms-BiVO, — hyg +ecp (3)

2) Via the heterojunction formed between ms-BiVOy4 nanoplates and TiO;
nanoparticles, the photo-induced electrons in the conduction band of anatase TiO;
were transferred to that of BiVOy4 while holes in the valence band of BiVO4 were
transferred to that of anatase TiO, under visible-light irradiation (Scheme 2).

3) The photo-induced charge transfer via heterojunction led to the increase in
lifetime of electron-charge separation of the TiO»/BiVO,4 composites. This transfer
was supposed to depend on the Bi3":Ti4" mole ratio of this photocatalytic compo-
site. The highest photocatalytic efficiency was found for the composite with the
highest Bi3*:Ti*" mole ratio of 4:1 while the pure BiVO4 sample exhibited the
fastest photo-induced charge recombination due to the absence of a charge trans-
ferring process. The further increase in TiO5 to decrease Bi3™:Ti4" mole ratio down
to 1:1, however, lowered the composite’s photocatalytic activity. This was pro-
bably due to multiple trapping of photo-induced charges.35
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4) At the composite’s surface, the dissolved oxygen in aqueous medium was
oxidized by photo-induced electrons to active free radical species such as O3~ and
*OH:

e +0, >05 “4)

Oy +H " +e” - *OH+H (5)

5) The electron donors (H>O) reacted with photo-induced holes at the com-
posite’s surface to produce *OH:

h* +H,0 — *OH+H" (6)

6) The photo-induced holes and other freshly-produced free radicals like 05,
*OH, etc. oxidized the surface-adsorbed CFX (CFX,4) molecules to form photo-
degraded species like CO,, H>O and other by-products:

CFX,q +h™/*OH/05 — CO, +H,O + other by-products (7)

*0, + CFX => Products

7 )
Anatase |  BiVO, | }
Eg =3.2eV | Eg =2.44¢V | Visible light source

h* h*

*OH + CFX => Products

Scheme 2. The proposed photocatalytic mechanism of 1TiO,/1BiVO, sample for CFX
photodegradation under visible-light irradiation.

CONCLUSION

Pure BiVOy4 and three TiO,/BiVO4 composite samples with mole ratios of 1:1,
2:1 and 4:1 were readily synthesized at a pH of 11 via hydrothermal method. Under
the hydrothermal conditions, only a single-phase scheelite monoclinic polymorphic
type of BiVO4 (ms-BiVO,) was obtained, and the BiVO4 nanoplates had average
width of 200 nm and length of 300 nm.

Compared to the case of the pure BiVQy, the photocatalytic degradation rate of
ciprofloxacin over the TiO,/BiVO,4 composites was significantly higher, and the
1TiOy/1BiVO4 sample was expected to be the most potential photocatalyst with its
highest efficiency of ciprofloxacin degradation after 120 min under visible-light
irradiation. The enhancement in ciprofloxacin removal of the studied TiO,/BiVOy4
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composites might have originated from the existence of a heterojunction formed
between BiVOy4 nanoplates and embedded 120 nm spherical-like TiO; nanoparticles.

U3BOJ

CHHTE3A TiO2/BiVO4s KOMIIO3UTA ®OTOAKTHUBHOTI HA BUJIJBUBY CBETJIOCT 3A
OOTOKATATUTUYKY JETPAOALINIY LIUITPOPJIOKCALIMHA

THU LOAN DANG!, VU VAN TU?, THI HUE NGUYEN?, DUC VAN NGUYEN?u THI THAO TA!
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Yuct BiVO4 u tpu TiO2/BiVO4 xoMno3utHa doToKaTanusaTopa ca MOJICKAM OZHOCHMA
Bi*:Ti** om 1:1, 2:1 1 4:1 YCHENUHO Cy CUHTETHCAHHU O NPBY MYT IPUMEHOM ,0ne-pot* Xuf-
poTepMaiHe npouenype 3a doToperpagauyjy uunpodioxcanrta. Hssoheme XuaporepMante
peaxuuje y 5asHoj CpefVHU pe3ysITUPAJIOo je CTBapawmeM jefHO(a3HOT MOHOKIMHUYHOT BiVO,
(ms-BiVO4) CTpyKType IIeNHTa Y y30pLHMa KOMIIO3uTa. MUKPOCTPYKTypHa aHalIHu3a nokasana
je ceprune Hanouectuue TiOz, mpoceyHe Benu4MHe 3pHa of 120 nm, koje cy yrpaheHe Ha
NOBPUIMHY HaHomioua BiVOa4. OnTMMHU30BaHM KOMIIO3UT [10KA3a0 je KOHCTaHTy Op3uHe peak-
nuje doTonerpagaudje nunpoduiokcanrdHa Koja je owia oko 3.8 myrta Beha y mopehemy ca
y3opkom yucror BiVOs. OBo 3HauajHO modomiame npunucyje ce ¢opmupamy TiO2/BiVOs
XeTepojenumena koje nocneiryje edukacHo pasfBajalke HaenekTpucawma. OBO HCTpaKUBame
NPOLIMpYje 3Hame O JU3ajHUpamy KommosuTa Ooratux ca BiVOs (ca mMonckum ogHOCOM
Bi’*:Ti** > 1:1) nyTeM WMHKeHEPHUHTa XETEPOTEHHUX CII0jeBa pamy mobosbliama (oToKaTatu-
THUYKe aKTHUBHOCTHU U3HaZ HUBoa yucTor BiVOs. McrpaxuBame je Takole Npyuso nepcrnekTUBy
o xopuurhewy kommnosura doratux BiVO: kao eduxacHux oTokaTanusaTopa 3a jerpagauujy
aHTHOMOTHKA Y BOJIEHUM PacTBOPUMA, MO/l 3pauemheM BUI/BUBOM CBeT/IONhy.

(ITpumbeno 13. jyna, pesupupano 30. jyHa, mpuxsaheno 2. nenemdpa 2026)
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