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Abstract

The environmental problem caused by wastewater containing hexavalent chromium (Cr(VI)) is of great interest and photo-
catalytic technology has recently been recognized as a suitable method for dealing with wastes containing Cr(VI). In this
study, boron carbide (B,C) powders were synthesized through a carbothermal reduction process using a polymer precursor,
polyvinyl borate (PVB), and boric acid. The synthesized B,C powders were studied as a photocatalyst for the removal of
Cr(VI) from aqueous solutions under visible light irradiation. The effects of the B,C seed crystals and the Ni catalyst on the
crystal purity as well as the Cr(VI) photoreduction efficiency of the prepared B,C powders were studied. B,C, synthesized
in the presence of both the B,C seed crystals and the Ni catalyst, resulted in improved crystal purity, leading to an enhance-
ment in the Cr(VI) photoreduction efficiency. The highest Cr(VI) removal rate of 65.1% was obtained. While the irradiation
distance did not affect the Cr(VI) photoreduction efficiency much, the highest Cr(VI) removal was obtained with the visible
light source (141 klux). The Cr(VI) removal rate was increased approximately 1.4 times with B,C powders synthesized in
the presence of both the B,C seed crystals and the Ni catalyst. In addition, the effect of various parameters like the intial pH,
Cr(VI) concentration and photocatalyst concentration on the Cr(VI) photoreduction efficiency of B,C was examined. Within
the scope of examining the recyclability of the prepared photocatalyst, the Cr(VI) removal rate of B,C decreased from 65.1
to 52.4% after four consecutive cycles of Cr(VI) photoreduction experiments.
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1 Introduction

With the rapid increase in the human population in the last
century, energy and environmental problems are becoming
more prominent [1]. The earth is getting worse every day
due to the continuous production of large volumes of solid/
liquid/gas waste. Especially, the pollution of water resources
has become one of the most prominent environmental pol-
lution problems. Heavy metals like Cr, Hg, Ni, Pb, Cu, Mn
and Ni are mostly found in industrial wastewaters discharged
from metal mining, electrolysis, electroplating, smelting,
refining, pharmaceutical and paint industries [2, 3]. The
specified heavy metal ions are known as the most toxic
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inorganic pollutants both in soil and aquatic environments
[3]. If the heavy metals mentioned are discharged freely into
the environment within the industrial wastewater, they can
be a serious source of pollution in water resources. Water
contaminated with the heavy metals can cause denaturation
and inactivation of enzymes and proteins in living cells,
leading to serious damage to living things [2].
Environmental problems caused by Cr(VI) in wastewater
have received more attention as Cr(VI) is both toxic and
carcinogenic [2]. Most of the conventional Cr(VI) removal
methods such as biological reduction [4], ion exchange [5],
adsorption [6], electrocoagulation [7], chemical precipita-
tion [8] and membrane filtration [9] suffer from the similar
problems like high cost, low efficiency, complexity of the
treatment process and the resulting secondary pollution. The
photoreduction process has been considered as an alterna-
tive technique for the Cr(VI) removal. Highly toxic Cr(VI)
ions can be reduced to less toxic Cr(III) ions using the pho-
toreduction technique [10]. Although many semiconductors
such as TiO, [11], B,S; [12], CuO [13], CdS [14], ZnO [15],
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Zr0, [16], g-C;N, [10] and metal-organic framework [17]
have been studied for the Cr(VI) photoreduction reaction,
there is no study on the Cr(VI) photoreduction using B,C
as a photocatalyst.

Compared to mentioned photocatalysts, B,C is more sta-
ble and environmentally friendly. To provide high photo-
catalytic activity, the conventional photocatalysts must be
doped with noble metal atoms. The noble metal atoms form
defect states between the conduction and valence band of
the photocatalyst. The specified defect states act as trap-
ping centers for the photoexcited electron or hole, leading
to a suppression in the recombination of the photoexcited
charge carriers and enhanced photocatalytic activity [18,
19]. The noble metal atoms also increase the amount of light
absorbed [19]. B,C has been known as an efficient photo-
catalyst under visible light without any noble metal dopants.
B,C has a relatively narrow band gap and exhibits a strong
visible light response. B,C can be a good alternative to the
conventional semiconductor photocatalysts due to the men-
tioned features [20]. Apart from its photocatalytic property,
B,C is a diamond-like ceramic material with a high melt-
ing point, wear resistance, hardness and chemical stability.
In addition, B,C exhibits superior properties such as low
density, high strength and high temperature resistance. B,C
has been used to produce wear resistant objects, hard coat-
ings, light ceramic armor and cutting tools resistant to high
temperature operations [21, 22]. B,C is also an important
construction material for aerospace applications [23].

B,C in powder form can be synthesized by various tech-
niques such as carbothermal reduction [24], ball milling
[25], chemical vapor phase reaction [26], magnesiothermal
reduction [27], pressureless sintering [28] and spark plasma
sintering methods [29]. Among the specified techniques, the
carbothermal reduction has received great attention due to
its simplicity, low cost, high efficiency and large-scale pro-
duction characteristics [30]. In the carbothermal reduction
method, boric oxide is reduced by carbon to obtain B,C
powders [24]. However, the B,C synthesis reaction mecha-
nism is still unclear because of the lack of sufficient studies
on this topic. In addition, the requirement of high process
temperature, the difficulty of the process control and the
purity of the resulting product are challenging issues to be
overcome during the B,C synthesis through the carbother-
mal reduction [24, 30].

Within the scope of the carbothermal reduction method,
B,C can be synthesized in powder form by using a polymer
precursor through an exothermic reaction at relatively low
temperatures [31-33]. In this context, Shawgi et al. (2017)
synthesized the precursor polymer, polyvinyl borate (PVB)
through the cross-linking reaction between polyvinyl alco-
hol and boric acid. After the heat treatment (~ 700 °C) of
the precursor polymer, B,0; and amorphous carbon phases
are formed. With the continuation of the heat treatment
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(C1100°0C), B,C was obtained through the carbothermal
reduction of the B,0; phase [34]. In a different study, Kaki-
age et al. (2011) synthesized the PVB precursor polymer,
including the B-O—C bond structure along its chain struc-
ture, through a dehydration reaction of boric acid and poly-
vinyl alcohol. The heat treatment of PVB led to the forma-
tion of the B,05-carbon phases and then the B,C structure
at 1100-1300°C by the carbothermal reduction reaction
[35]. Similarly, the heat treatment of PVB to form the B,C
nanocrystals was reported by Yanase et al. and Mondal and
Banthia [32, 33]. According to the studies from the litera-
ture, it is required to increase the heat treatment temperature
above 1300 °C to obtain high crystal purity. High tempera-
tures are required to activate the B,O; and carbon phases to
form nucleating points and to grow on the nucleating points
through the carbothermal reaction to form large crystallites
[36]. B,C structures with low crystal purity were obtained
at 1000-1100 °C. Different approaches have been applied
in the literature to increase the crystalline purity of B,C. da
Rocha and de Melo [36] tried to synthesize B,C nanocrys-
tals from boric acid and amorphous carbon by carbothermal
reduction reaction at 1750 °C. To increase the crystal purity
of the product, B,C seed crystals (0-5 wt%) were added
into the reaction medium of B,C. The B,C seed crystals
provided an increase in the crystal purity and a decrease in
the nanocrystalline particle size [36]. Apart from the speci-
fied study, Aghaie et al. utilized the magnesiothermal reduc-
tion route to synthesize B,C in powder form at 1050 °C and
the addition of the B,C seed crystals (2 wt%) enhanced the
crystal purity [27]. In a different study, Yan et al. tried to
increase the crystal purity by using metal catalysts such as
(Fe, Co, Ni, Cu, and Zn). Among the metal catalysts tried,
the Ni catalyst seemed to be effective to obtain mesoporous
nanocrystals with high purity and surface area at 850°C
[37].

In the present study, B,C in powder form was obtained
from the heat treatment of a polymer precursor, PVB, pre-
pared though the condensation reaction of boric acid and
polyvinyl alcohol. The B,C seed crystal and the Ni catalyst
were utilized to improve the crystal purity of the as-prepared
B,C. The Cr(VI) photoreduction efficiency of the B,C sam-
ples was investigated. The effect of the B,C seed crystals
and the Ni catalyst on the Cr(VI) removal rate was studied.
There is no study in literature on the Cr(VI) photoreduction
efficiency of B,C.

2 Experimental
2.1 Materials and methods

For the synthesis of boron carbide (B,C), the precursor
polymer, polyvinyl borate (PVB), was first synthesized
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through the dehydration reaction of polyvinyl alcohol
(PVA) and boric acid with a PVA/boric acid ratio of 4.2/1
(mol/mol). A certain amount of PVA (2.47 g) was dis-
solved in 50 ml of distilled water at 80 °C. At the same
time, a certain amount of boric acid (according to the
4.2/1 mol ratio of PVA/boric acid) was dissolved in 50
ml of distilled water in a separate beaker. Then, the boric
acid solution was added to the PVA solution and mixed at
80°C. A gel structure formed within a few minutes after
the boric acid solution was mixed with the PVA solu-
tion. The as-prepared gel was dried in an oven at 120 °C
and then it was ground to powder. The powder sample
was heated in a furnace at 1100 °C with a flow of Argon.
Hence, pure B,C in powder form was obtained [32]. To
increase the crystal purity of the obtained product, B,C
seed crystals (0-5, wt%; 40—-60 nm) and nickel catalyst
(Ni(NO,),-6H,0) (0-5, wt%) were added into the PVA
solution prior to mixing with the boric acid solution [32,
36]. The same process steps applied to prepare the pure
B,C particles were also followed to prepare the B,C par-
ticles synthesized in the presence of the B,C seed crystals
and the Ni catalyst. In addition, the final product was kept
under stirring in concentrated HNOj; solution for 1h and
rinsed with distilled water to separate the Ni catalyst from
B,C (Fig. 1). The samples synthesized in the presence of
2.5 or 5 wt% B,C seed crystals were named as B,C(2.5,0)
or B,C(5,0), respectively. In addition, the samples pre-
pared in the presence of 5 wt% B,C seed crystals and
2.5 or 5 wt% Ni catalyst were named as B,C(5,2.5) or
B,C(5.5), respectively.
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2.2 Structural, morphological and optical
characterization

Fourier-transform infrared (FTIR) spectroscopy of the
B,C samples was characterized using a Bruker IFS 66/S
model spectrophotometer. The instrument utilized in X-ray
diffraction (XRD) analysis was an Ultima IV model X-ray
diffractometer manufactured by Rigaku. A QUANTA
400 F model field emission scanning electron microscope
(FE-SEM) was used to investigate the particle morphol-
ogy of the B,C samples. The specific surface area and the
pore structure of the B,C samples were examined using
the analysis of N, isotherms collected using a Autosorb-6
model analyzer (Quantachrome Corporation) according to
the Brunner—-Emmett-Teller (BET) method and the Barret-
Joyner-Halender (BJH) method, respectively. The UV—-Vis
absorption spectroscopy of the B,C samples was character-
ized using a Genesys 10 S model UV-Vis spectrophotometer
(Thermo Scientific).

2.3 Characterization of the Cr(VI) photoreduction
performance

The Cr(VI) photoreduction experiment was carried out in
a 100 ml beaker at room temperature. The Cr(VI) solution
(20 mg/1 K,Cr,0; solution) was prepared by dissolving 1 mg
of K,Cr,05 in 50 ml distilled water. 25 mg of the B,C sam-
ple was added to the as-prepared Cr(VI) solution and kept
in the dark for half an hour to establish an adsorption-des-
orption equilibrium. After the adsorption-desorption equi-
librium was achieved, the Cr(VI) solution was exposed to the
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Fig. 1 Schematic diagram for the synthesis of B,C powders
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visible light irradiation (380-750 nm, 300 W). The reaction
system was ventilated with air to prevent overheating of the
Cr(VI) solution. To examine the effects of the light source on
the photoreduction efficiency, UVC (254 nm, 30 W), UVA
(340 nm, 12 W) lamps and natural sunlight (June—August,
11.00-14.00) were also used as alternatives to the visible
light lamp. The distance between the visible light lamp and
the solution was kept as 10 cm. In addition, to examine the
effect of the radiation distance, the distance between the vis-
ible light lamp and the Cr(VI) solution was changed to 5 and
15 cm, respectively. The intensity of the incoming light was
measured using a lux meter (CEM DT-1308). At a certain
time interval (20 min), a sample was taken from the Cr(VI)
solution and the Cr(VI) concentration was determined using
the diphenylcarbazide (DPC) spectrophotometric method
[38]. The Cr(VI) concentration was determined by UV—Vis
spectrophotometer (Genesys 10 S, Thermo Scientific). The
photoreduction efficiency of Cr(VI) was calculated using the
absorption data of the Cr(VI)-diphenylcarbazide complex at
543 nm according to the following equation [24, 38]:

Photoreduction efficiency (%) = (Cy — C,)/Cy X 100% (1)

In addition, the conformity of the Cr(VI) photoreduction
reaction to the pseudo-first-order kinetic model was investi-
gated using the following equation [24, 39]:

In(C,y/C,) = kt @

where C, and C, correspond to the initial and the final con-
centration of the Cr(VI) solution, respectively [24, 39]. The
reaction rate constant (k) was determined from the slope
of the In(Cy/Ct) vs. time graph from 0 to 120 min. Scaven-
ger experiments were conducted to verify the active mobile
charge carrier for the Cr(VI) photoreduction and study the
possible photoreduction mechanism of Cr(VI) on B,C. For
this purpose, potassium persulfate (1 mM) and ammonium
oxalate (1 mM) were introduced into the Cr(VI) solution
of B,C(5,2.5) to capture the photogenerated electrons and
holes of B,C, respectively. To study the effect of the ini-
tial pH of the Cr(VI) solution, the current pH of the Cr(VI)
solution was adjusted to 4 and 10 by using 1 M HCI solu-
tion and 1 M NaOH solution, respectively. The effect of the
initial Cr(VI) concentration on the Cr(VI) photoreduction
efficiency of B,C(5,2.5) was studied by changing K,Cr,0,
concentration of the solution to 10 and 30 mg/1, respectively.
Also, to examine the potential effect of the photocatalyst
concentration on the Cr(VI) removal rate, the B,C(5,2.5)
concentration was adjusted to be 0.1 and 1.0 g/, respec-
tively. To examine the recyclability of the prepared pho-
tocatalyst, the B,C(5,2.5) sample was separated from the
Cr(VI) solution following the photoreduction experiment.
It was then rinsed with distilled water, dried and reused for
another Cr(VI) photoreduction experiment.
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3 Results and discussion
3.1 FTIR analysis

During the heat treatment of the polymer precursor, PVB,
micron-sized B,0; particles dispersed in an amorphous
carbon phase was obtained. The following reaction step at
which the B,C phase is formed is the carbothermal reduction
of boron oxide (3) [35]:

2B,0; + 7C « B,C + 6CO ?3)

The FTIR spectrum of B,C(0,0) illustrates characteristic
peaks of B,C at 570 and 547 cm™!, attributed to the C-B—C
bending vibrations (Fig. 2a) [35]. The same spectrum exhib-
its characteristic peaks at 644, 715, 884 and 1194 cm™,
which were assigned to the B—C stretching vibrations [40,
41]. The presence of the peaks of B-C and C-B—C bonds
confirms the successful conversion of the polymer precursor,
polyvinyl borate, to B,C through the carbotermal reduction
of B,0; [35, 40]. In addition, there are transmittance peaks
at 3210, and 1742 cm™!, which were attributed to the stretch-
ing vibrations of —OH and C=0 bonds, respectively [40,
42]. The peaks at 1449 and 1379 cm™! were assigned to the
stretching vibrations of B—O bonds at the B,C surface [41,
42]. The polymer precursor, PVB, was synthesized through
the condensation reaction between boric acid and PVA to
form B—O-C bonds on its chain structure. The absence of
the peaks at 1287 and 1130 cm™!, belonging to the stretching
vibrations of B—-O-C bonds, might also confirm the success-
ful conversion of PVB to B,C [42].

B,C(5,0) was synthesized in the presence of the B,C
seed crystals (5 wt%). Compared to B,C(0,0), there was a
significant increase in the intensity of transmittance peaks
seen on the FTIR spectrum of B,C(5,0) (Fig. 2b). In particu-
lar, the increase in the intensity of the transmittance peaks
observed at 547, 715, 884 and 1194 cm™! showed that the
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Fig.2 FTIR spectrum of a B,C(0,0), b B,C(5,0) and ¢ B,C(5,2.5)
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B,C structure was better formed in the presence of the B,C
seed crystals. Unlike B,C(0,0), there is a transmittance peak
on the FTIR spectrum of B,C(5,0) at 1231 cm™ !, attrib-
uted to the icosahedral vibrations of B,C [43]. B,C(5,2.5)
was synthesized in the presence of the Ni catalyst (2.5 wt%)
in addition to the B,C seed crystals (5 wt%). Compared to
B,C(0,0) and B,C(5,0), the increase in the intensity of char-
acteristic transmittance peaks of B,C at 547, 644, 884 and
1194 cm™! is important in terms of the purity of the as-
prepared product and the success of the synthesis reaction
(Fig. 2c). The B-C bond structure of B,C might grow more
successfully in the presence of both the B,C seed crystals
and the Ni catalyst.

4 XRD analysis

On the XRD diffractogram of B,C(0,0) (Fig. 3a), there are
diffraction peaks at 21.9°, 23.4°, 31.8°, 34.9°, 37.8°, 39.1°,
53.4°,61.7°, 63.6°, 64.5°, 66.6°, 70.3°, 71.2°, 71.7° and
75.3°, which can be indexed to (003), (012), (110), (113),
(021), (113), (205), (303), (125), (018), (220), (131), (223),
(312) and (306) planes of the rhombohedral B,C phase
(JCPDS No. 26-232). According to Fig. 3a, B,C crys-
tal phase is presented with trace amount of amorphous
carbon phase and B,0; crystal phase. The broad peak
seen in the diffraction angle of 20-30° on the XRD spec-
trum of B,C(0,0) was attributed to the amorphous carbon
phase and the diffraction peak at 27.8° was attributed to
the B,0Oj; crystal structure [35]. According to the literature,
the heat treatment of the polymer precursor, PVB, between
600-700° C leads to the formation micron-sized B,0; par-
ticles dispersed in an amorphous carbon phase. Further heat
treatment above 1100°C results in conversion of the B,05
and carbon phases to the B,C structure through the carboth-
ermal reduction reaction [35]. The sharp diffraction peaks
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Fig.3 XRD diffractogram of
¢B,C(5,2.5)
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seen on the XRD spectrum of B,C(0,0) indicated the crys-
tallinity of the product prepared in the absence of the B,C
seed crystals and the Ni catalyst (Fig. 3a). On the other hand,
the diffraction peaks belonging to the B,0; and amorphous
carbon phases indicated that not all of the reactants were
converted to the B,C structure.

When the B,0; phase is in contact with the amorphous
carbon phase, the reaction starts with the nucleation step,
which is based on the activation of reactants. Then, the as-
prepared nuclei start to grow through the chemical reaction
of the reactants. At relatively low temperatures, a few nuclei
can be formed, leading to formation of large crystallites.
Increasing the nucleation points results in the formation of
many small crystallites [36]. In addition, a catalyst can lower
the activation energy of the nucleation step, leading to the
formation of a highly crystalline structure with small crys-
tallites in a short time [37]. According to Fig. 3, the inten-
sity of the diffraction peaks seen on the XRD spectrum of
B,C(5,0) and B,C(5,2.5) was higher than that of B,C(0,0).
Both the B,C seed crystals and the Ni catalyst appear to
improve the crystallinity of the as-prepared B,C. In addition,
both the B,C seed crystals and the Ni catalyst might favor to
the formation of the nucleation points, giving rise to smaller
B,C crystallites. The B,C crystal purity of the as-prepared
product was estimated using the peak intensity ratio (4) [35]:

B,C crystal purity (%) = Igsc/ Igsc + Ic + Igrn3x100
“
where I, is the main peak intensity of B,C (20 = 37.8°),
I is the peak intensity of the amorphous carbon phase (20 =
26°) and I,; is the peak intensity of the B,O; crystal struc-
ture (20 = 27.8°) [35]. According to the peak intensity ratio,
the crystal purity of B,C(0,0) increased from 34.4 to 42.8%
and 55.2% with B,C(5,0) and B,C(5,2.5), respectively.
The mean crystallite size (Dp) of B,C(0,0), B,C(5,0) and
B,C(5,2.5), calculated using the Scherrer equation (5), was
found out to be 31.11, 28.77 and 28.71 nm, respectively.

Dp = (0.94 1) / ( Cosh) )

where Dp is the mean crystallite size, A is the X-ray wave-
length, B is the full width at half maximum intensity of the
main diffraction peak and 0 is the Braggs’ angle [44].

5 N, adsorption-desorption study

Figure 4 illustrates N, adsorption and desorption isotherm
curve for B,C(0,0), B,C(5,0) and B,C(5,2.5). The Bar-
ret-Joyner—Halender (BJH) curve of the samples is also
shown in Fig. 4, revealing that all of the samples exhibited
relatively narrow pore size distribution, and mesopores were
generated on the samples. Also, all of the samples exhibit a
type IV isotherm [45]. According to BJH curves, the mean
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Fig.4 N, adsorption—desorption isotherm (Inset plots exhibit the BJH pore size distribution) for a B,C(0,0), b B,C(5,0) and ¢ B,C(5,2.5)

pore size of B,C(0,0), B,C(5,0) and B,C(5,2.5) was found
out to be 2.25, 2.25 and 2.75 nm, respectively. In addition,
the pore volume of B,C(0,0), B,C(5,0) and B,C(5,2.5) was
calculated as 0.087, 0.025 and 0.026 cm?/g, respectively.
While no significant effect of the B,C seed crystals and the
Ni catalyst was observed on the mean pore size of B,C—a
significant reduction in the pore volume was observed with
B,C synthesized in the presence of the B,C seed crystals
and the Ni catalyst. The BET analysis of the B,C samples
indicated surface area values close to each other. The sur-
face area was found out to be 14.0, 16.5 and 13.7 m2/g for
B,C(0,0), B,C(5,0) and B,C(5,2.5), respectively.

A typical Cr(VI) photoreduction reaction consists of three
steps. First, the photocatalyst absorbs the incoming light.
Then, the photoexcited charge carriers are generated in the
bulk of the photocatalyst and they transfer to the photocata-
lyst surface. Finally, the photoexcited charge carriers react
with the Cr(VI) ions adsorbed on the photocatalyst surface
[46]. Therefore, an enlarged surface area and pore diam-
eter are advantageous in terms of the Cr(VI) photoreduc-
tion performance. A photocatalyst with an enlarged surface
can absorb more Cr(VI) ions on its surface, leading to an
increase in the amount of reactive sites on the photocata-
lyst. Yin et al. [46] studied the effect of the specific surface
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area on the Cr(VI) photoreduction rate. When the specific
surface of the prepared photocatalyst increased from 19.3
to 34.5 mz/g, the Cr(VI) removal rate increased from 86.3
to 99.1% [46]. In another study, Challagulla et al. [47] also
obtained an enhancement in the Cr(VI) removal rate with
an enlarged surface area. The composite photocatalyst com-
pletely reduced Cr(VI) 40 min earlier when the specific sur-
face area of the photocatalyst was enlarged from 11.9 to
32.6 m?/g [47]. No significant difference was observed in
the surface area values of the B,C photocatalysts produced
within the scope of this study. Therefore, the effect of the
specific surface area on the Cr(VI) photoreduction efficiency
of B,C was expected to be negligible.

6 Morphological analysis

According to the FE-SEM images of B,C(0.0), B,C crystal
structures were formed in the range of 1-10 pm (Fig. 5a).
Besides the B,C crystal structures, there are also layers
thought to belong to the amorphous carbon phase, indicat-
ing that not all of the amorphous carbon phase was con-
verted to the B,C phase at 1100° C without using the B,C
seed crystals and the Ni catalyst. The FE-SEM images of
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Fig.5 FE-SEM images of
a B,C(0,0), b B,C(5,0) and
¢B,C(5,2.5)
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B,C(5,0) and B,C(5,2.5) are similar to each other. Unlike
B,C(0,0), there are more crystal structures in the range
of 1-5 pm on the FE-SEM images of both B,C(5,0) and
B,C(5,2.5) (Fig. 5b, c). Especially, more homogenous and
smaller crystal structures were obtained with B,C synthe-
sized in the presence of both the B,C seed crystals and the
Ni catalysts (Fig. 5c). The B,C seed crystals might act as
additional nucleating points during the carbotermal reduc-
tion reaction between the carbon and B,0O; phases, leading
to the formation of smaller and more crystal structures. In
addition to the B,C seed crystals, Ni catalyst might lower

WD |

sp 10 pm
3.0 [10.5 mm| METU CENTRAL LAB

| wD

10 pm
|10.5 mm| [

CENTRAL LAB

the activation energy of the nuclei formation, resulting in the
formation more smaller B,C crystals.

7 UV-visible absorption study

Figure 6 shows the UV-Vis absorption spectrum of the as-
prepared samples. All of the B,C samples exhibited strong
absorption in both the UV light region (225-350 nm)
and the visible light region (600-800 nm), which might
be assigned to the mid-gap energy states of B,C. The
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Fig.6 UV-Vis absorption spectrum of a B,C(0,0), b B,C(2.5,0)
¢ B,C(5,0), d B,C(5.,2.5) and e B,C(5.,5)

specified mid-gap energy states might induce both the
deep level and indirect inter-band transitions [48]. The
light absorption ability is important in terms of the forma-
tion of the photogenerated charge carriers and the related
Cr(VI) photoreduction reaction. The incoming light must
be absorbed by B,C to excite its valence band electrons to
the conduction band to generate the photoexcited electron-
hole pair. There is no significant difference in the UV-Vis
absorption spectrum of the samples. Considering the light
absorption ability, all of the B,C samples seem to be suit-
able for the Cr(VI) photoreduction study in the wavelength
range of 200-800 nm.

The Tauc plots exhibited in Fig. 7 were derived from
the UV—Vis absorption spectrum of the samples using the
following formula (6):

(ahv)* = A(hv —E,) ©6)

where a is the optical absorption coefficient, A is a constant,

hv is the photon energy of the incoming light and E, is the
optical band gap energy [49]. Based on the extrapolation of
the curve on the Tauc plots (Fig. 7), the optical band gap
energy of B,C(0,0), B,C(2.5,0), B,C(5,0), B,C(5,2.5) and
B,C(5,5) was 2.15,2.10, 2.10, 2.05 and 2.05 eV, respec-
tively. Although the B,C seed crystals and the Ni catalyst
enhanced the crystal structure and lower the mean crystallite
size, they did not have a determinant effect on the optical
band gap energy. The optical band gap energy of the samples
was roughly the same.

8 Photocatalytic activity

Figure S1 illustrates the absorption changes of the Cr(VI)-
diphenylcarbazide complex during the photoreduction reac-
tion in the presence of B,C(0,0) under four different light
sources (UVC, UVA, natural sun light and visible light).
When the light sources were compared, a greater decrease in
the peak intensity of the absorption spectrum was detected
under visible light. The measured intensity of the light
sources for UVC, UVA, natural sun light and visible light
was 450 lux, 220 lux, 101 klux and 141 klux, respectively.
Both the natural sun light region (12.4 eV —1.2x 107> eV)
and the visible light region (1.5-3.1 eV) seemed to be more
suitable for B,C(0,0) in terms of the light absorption ability
(Eg=2.15eV). The highest value in terms of the light inten-
sity was obtained with the visible light source. A reduction
in the absorbance at 543 nm on the plot of absorption vs.
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Fig.7 Tauc plots for a B,C(0,0), b B,C(2.5,0) ¢ B,C(5,0), d B,C(5,2.5) and e B,C(5,5)
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Fig.8 The Cr(VI) photoreduction rate in the presence of B,C(0,0)
under a UVC, b UVA, ¢ natural sunlight and d visible light irradia-
tions

wavelength reflects the Cr(VI) photoreduction on the sam-
ple. Then, it was utilized as a measure of the Cr(VI) pho-
toreduction efficiency. The Cr(VI) photoreduction efficiency
was found out to be 4.1, 31.1, 50.0 and 56.9% with B,C(0,0)
under UVC, UVA, natural sunlight and visible light sources,
respectively (Fig. 8). This finding revealed that the Cr(VI)
photoreduction efficiency of B,C is highly dependent on the
light intensity and the wavelength range of the light source.
When the natural sun light and the visible light lamp were
used, B,C could absorb more of the incoming light due to
its relatively narrow optical band gap. The amount of the
incident photons absorbed by B,C is important to obtain an
enhanced Cr(VI) photoreduction efficiency [50]. The high-
est Cr(VI) photoreduction efficiency was obtained under the
visible light source. Hence, it was utilized as the light source
in the following parts of the Cr(VI) photoreduction study.
The effect of the light intensity on the Cr(VI) photoreduc-
tion efficiency was studied by changing the distance between
the light source and the Cr(VI) solution. Figure S2 exhib-
its the absorption changes of the Cr(VI)-diphenylcarbazide
complex during the Cr(VI) photoreduction reaction with
B,C(0,0) when the distance between the visible light lamp
and the Cr(VI) solution was kept at three different values.
Reducing the distance between the light source and the
Cr(VI) solution from 15 to 10 cm caused a decrease in the
peak intensity of the absorption spectrum. However, reduc-
ing the irradiation distance from 10 to 5 cm caused a slight
increase in the peak intensity of the absorption spectrum
(Figure S2). The light intensity is inversely proportional
to the square of the radiation distance. As the radiation
distance increases, the light intensity decreases [51]. As
expected, decreasing the distance between the light source
and the Cr(VI) solution from 15 to 10 cm and 5 cm increased
the light intensity from 39 klux to 141 lux and 262 klux,
respectively. On the other hand, the photocatalytic activity
of semiconductors varies for different intensities of light.

The Cr(VI) photoreduction rate increases with increasing the
intensity of the light at a low light intensity (0-25 klux). The
Cr(VI) photoreduction rate depends on the square root of the
intensity of the incoming light at an intermediate light inten-
sity 32 klux). A high-intensity light irradiation reduces
the Cr(VI) photoreduction rate due to the promotion of the
photoexcited electron-hole recombination [52]. When the
distance between the light source and the Cr(VI) solution
was reduced from 15 to 10 cm and 5 cm, the Cr(VI) removal
rate for B,C(0,0) changed from 53.1 to 56.9% and 55.5%,
respectively (Fig. 9). Changing the radiation distance from
15 to 10 cm slightly enhanced the Cr(VI) removal rate, indi-
cating that the light intensity changed within the intermedi-
ate light intensity range. On the other hand, reducing the
radiation distance from 10 cm to 5 cm slightly regressed the
Cr(VI) photoreduction rate, indicating that the light intensity
reached to the high-intensity light region. Thus, the radiation
distance of 10 cm, providing the highest Cr(VI) removal
rate, was utilized in the following parts of the Cr(VI) pho-
toreduction study.

Figure S3 shows absorbance changes of Cr(VI)-diphenyl-
carbazide complex in the presence of the B,C samples. The
absorbance of the Cr(VI)-diphenylcarbazide complex with
B,C(2.5,0) and B,C(5,0) was lower than that of B,C(0,0).
In addition, the absorbance of the Cr(VI)-diphenylcarbazide
complex with B,C(5,2.5) and B,C(5,5) was lower than that
of the remaining samples. Figure 10 illustrates the Cr(VI)
photoreduction rate of the samples under the visible light
irradiation. The Cr(VI) removal rate by B,C(0,0), B,C(2.5,0)
and B,C(5,0) were 56.9, 58.7 and 59.4%, respectively.
According to the XRD analysis, the crystal purity of B,C
increased with the B,C seed crystals, added into the reac-
tion medium during the polymer precursor synthesis. A low
crystal purity is expected to form structural defects, behav-
ing as active sites for the recombination of the photogen-
erated charge carriers. A high crystal purity can promote
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Fig.9 The Cr(VI) photoreduction rate in the presence of B,C(0,0)
with different radiation distance between the visible light source and
the Cr(VI) solution: a5 cm, b 10 cm and ¢ 15 cm
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the transfer of the photoexcited electron-hole pair from the
center of the semiconductor to the surface, where the Cr(VI)
photoreduction reaction takes place. Hence, a high crystal
purity is important in terms of an enhanced photocatalytic
activity [53]. The improvement in the Cr(VI) photoreduction
efficiency with B,C(2.5,0) and B,C(5,0) was attributed to
the improvement in the crystal purity. The Cr(VI) removal
rate by B,C(5,2.5) and B,C(5,5) were found out to be 65.1
and 63.9%, respectively. According to the XRD analysis,
the crystal purity of B,C also increased with the Ni catalyst,
added into the reaction medium with the B,C seed crystals
during the polymer precursor synthesis. The reason for the
enhancement in the Cr(VI) removal rate was also attrib-
uted to the increase in the crystal purity of B,C with the
Ni catalyst. The highest Cr(VI) removal rate was obtained
by B,C(5,2.5) (Fig. 10). A control experiment was also
conducted with B,C(0,0) to check both the oxidant effect
of the Cr(VI) ion source, K,Cr,0,, and the surface adsorp-
tion effect of Cr(VI) on the photocatalyst. For this purpose,
the Cr(VI) photoreduction experiment was performed in
the dark in the absence of the visible light source. Accord-
ing to Figure S4, the Cr(VI) removal rate in the presence
of B,C(0,0) decreased from 56.9 to 4.0% within 120 min
when there was no visible light irradiation. Compared with
the oxidant effect of K,Cr,0, and the surface adsorption
effect of Cr(VI) on the photocatalyst, it was observed that
the photoreduction effect was more dominant in the removal
of Cr(VI) from the aquatic solution.

The reaction rate constants, derived from Figure S5, are
shown on Table 1. According to Table 1, the addition of
the B,C seeds crystals into the reaction of medium of PVB
increased the reaction rate. In addition, the Cr(VI) photore-
duction rate increased with the addition of the Ni catalyst
into the reaction medium. The reaction rate constant for
B,C(5,0) was almost 1.2 times higher than that of B,C(0,0).
When compared with B,C(0,0), an almost 1.4-fold increase

@ Springer

Table 1 Adjusted parameters Sample k (min~!) R2

of the pseudo-first order kinetic

model B,C(0,0) 0.0078  0.959
B,C(2.5,0) 0.0087 0.8891
B,C(5,0) 0.0090  0.8547
B,C(5,2.5) 0.0105 0.8571
B,C(5,5) 0.0096 0.9410

was obtained by B,C(5, 2.5) in the reaction rate constant.
The reaction rate constants resulted in high R? values close
to 1, indicating that the Cr(VI) photoreduction data were in
agreement with the pseudo-first-order kinetic model.

Upon exposure to the visible light, electrons in the
valence band of B,C are excited to the conduction band,
leading to the formation of the photoexcited holes in the
valence band and the photoexcited electrons in the conduc-
tion band (7).

B,C + hv - e+ h* @)

The photogenerated electron-hole pairs move to the
surface of B,C. Electrons reaching the surface of B,C can
reduce Cr(VI) to Cr(IIT). The reduction reaction of Cr(VI)
to Cr(IIl) in a neutral reaction medium is expected to occur
according to the following reaction (8) [54]:

Cr,05” + 14H' 4+ 6e~ —» 2Cr’* + 7H,0 ®)

According to the normal hydrogen electrode (NHE), the
reduction potential of Cr2072_ to Cr (IIT) is 1.33 eV. The
redox potential of the Cr2072_/Cr (III) couple is more positive
than the conduction band potential of B,C (Fig. 11) [54, 55].
According to NHE, the reduction potential of O, to the super-
oxide radical (-O?7) is —0.33 eV. This value is also more posi-
tive than the conduction band potential of B,C (Fig. 11) [56].

0, ’oz 2.0
cr(VI) cram
AU g R\ &
e U 1.0 E
BsC ¢
% 012
e 1043
I~
h* 2.0

Fig. 11 Proposed photoreduction mechanism of Cr(VI) on B,C
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Due to the indicated potential difference, O, molecules can
also be reduced with the photogenerated electrons of B,C (9).

®

On the other hand, the photogenerated holes cannot oxidize
H,0 molecules to the hydroxyl (-OH) radical (10) since the
H,0O/-OH redox potential (2.27 eV) relative to NHE is more
positive than the valence band potential of B,C (Fig. 11) [55,
56].

O,+e - -0

According to the band potential of B,C and the reduction
potential of the Cr(VI)/Cr(IIl) couple, it was estimated that
only the photogenerated electrons are effective in the pho-
toreduction reaction of Cr(VI). Scavenger experiments were
also conducted to verify the active mobile charge carriers for
the Cr(VI) photoreduction. Potassium persulfate and ammo-
nium oxalate were added separately to the Cr(VI) solution
as electron-hole scavengers. With the addition of potassium
persulfate as an electron scavenger, the Cr(VI) photore-
duction rate of B,C(5,2.5) reduced from 65.1 to 50.9% in

H,0 + h* - .OH + H* (10) 120 min under visible light (Fig. 12a), revealing the signifi-
cance of the photoinduced electrons in the Cr(VI) photore-
duction. On the other hand, the introduction of ammonium
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Fig. 12 Effect of a electron (e7) and hole (h*) scavengers, b the ini-
tial pH of the Cr(VI) solution, ¢ the initial Cr(VI) concentration of
the solution, d the initial photocatalyst concentration, e recyclability

of the photocatalyst on the Cr(VI) photoreduction rate of B,C(5,2.5)
under visible light irradiation
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oxalate as a hole scavenger into the Cr(VI) solution enhances
slightly the Cr(VI) removal rate of B,C(5,2.5) from 65.1 to
68.4% in 120 min under visible light (Fig. 12a). The trapping
of the photogenerated holes by ammonium oxalate might
suppress the recombination of the photoinduced electron-
hole pairs. Hence, more Cr(VI) ions could be reduced with
the photogenerated electrons of B,C [1].

The initial pH of the Cr(VI) solution has a significant
effect on the Cr(VI) photoreduction reaction. To reveal the
effect of the initial pH of the Cr(VI) solution, the current
pH of the Cr(VI) solution was changed to about 4 and 10
with HCI or NaOH, respectively. When the initial pH of the
Cr(VI) solution was 4, the Cr(VI) photoreduction rate of
B,C(5,2.5) increased from 65.15 to 71.9% within 120 min
(Fig. 12b). On the other hand, the Cr(VI) photoreduction
rate of B,C(5,2.5) decreased to 58.0% when the initial pH
of the Cr(VI) solution was 10 (Fig. 12b). It was reported by
that the acidic environment was beneficial for the adsorption
of Cr(VI) by the photocatalyst, while the alkaline environ-
ment was not favorable for the adsorption of Cr(VI) [1]. In
addition, the reaction mechanism studies exhibited that the
acidic environment was also beneficial for the photoreduc-
tion of Cr(VI) [1].

In order to study the effect of the initial Cr(VI) concen-
tration on the photoreduction efficiency of B,C, K,Cr,0,
concentration of the solution was changed to 10 and 30 mg/1,
respectively. By reducing the K,Cr,0, concentration of the
solution to 10 mg/l, the Cr(VI) photoreduction efficiency of
B,C(5, 2.5) increased slightly to 67.1% (Fig. 12c¢). In con-
trast, increasing the K,Cr,0; concentration of the solution
to 30 mg/1 slightly reduced the Cr(VI) photoreduction effi-
ciency to 63.2% (Fig. 12c¢). In dilute solution, an increase
in the light intensity reaching the photocatalyst surface is
expected. When the photocatalyst concentration is kept con-
stant, a higher rate of the incoming light can be absorbed by
B,C in a dilute solution, leading to an increase in the charge
carrier density required for the Cr(VI) photoreduction. In
this respect, the reduction in the Cr(VI) photoreduction effi-
ciency with the increase in the initial Cr(VI) concentration
can be attributed to the low absorption of the incident light
by B,C(5,2.5).

According to Fig. 12d, the Cr(VI) photoreduction effi-
ciency enhanced with increasing the photocatalyst concen-
tration, which was attributed to the fact that an increase
in the photocatalyst concentration can supply more active
sites for the Cr(VI) photoreduction reaction [2]. When the
B,C(5,2.5) concentration was adjusted to be 0.1 and 10 g/l,
the Cr(VI) photoreduction efficiency changed to 35.1 and
72.5%, respectively. The recyclability of B,C was also stud-
ied. The Cr(VI) removal rate of B,C(5,2.5) reduced from
65.1 to 52.4% after four consecutive cycles of the Cr(VI)
photoreduction experiments (Fig. 12e). The slight decrease
in the Cr(VI) photoreduction efficiency might be assigned to

@ Springer

the residual Cr(VI) and Cr(IIl) ions adsorbed on the active
sites of the photocatalyst [57].

9 Conclusion

B,C powders were successfully synthesized and applied
for the Cr(VI) removal from aqueous solution using the
photoreduction process. The results of the Cr(VI) removal
experiments revealed that visible light was more effective in
the Cr(VI) photoreduction process. The presence of the B,C
seed crystals and the Ni catalyst might increase the nucleat-
ing points during the crystal growth and results in the forma-
tion of smaller crystallite structures with high crystal purity.
The crystal purity of the as-prepared product influenced the
Cr(VI) photoreduction efficiency. Within the scope of the
present study, the potential for use of B,C as a photocatalyst
was studied, and the Cr(VI) photoreduction efficiency of
B,C, prepared in the presence of the B,C seed crystals and
the Ni catalyst, was enhanced. The photoinduced electrons
exhibited the active role in the visible light driven photore-
duction of Cr(VI). The Cr(VI) photoreduction efficiency of
B,C decreased about 13% after four cycles within 120 min.
The acidic solution medium was beneficial for the Cr(VI)
photoreduction. Higher Cr(VI) removal was obtained when
the initial photocatalyst concentration was increased and the
initial Cr(VI) concentration was decreased.
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