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Abstract Two different phases of bismuth silicate
nanofibers [Bi,SiOs and Bis(SiO4);] were synthesized
using electrospinning technique. BS nanofibers were tested
for the photocatalytic degradation of methyl orange and
safranin O dyes. Different phases of BS affect the pho-
todegradation efficiency of nanofibers. Impressive
enhancement in photocatalytic efficiency and BET surface
area of Biy(SiO4); was observed over Bi,SiOs. A speedy
reduction in dyes concentration was attributed to the rapid
formation of oxygenated radicals by the capture of elec-
trons and holes, generated in the BS nanofiber by UV
irradiation. Therefore, the photocatalytic mechanism was
elucidated using impedance spectroscopy at room temper-
ature. The lower impedance value of Bis(SiO4); nanofibers
had improved high-efficiency charge transfer capability.
The cycling efficiency (30 times) and recovery character-
istics pointed out that Bi4(SiO4); nanofibers photocatalysts
had high constancy, resilience, and regeneration ability.

Keywords Biy(SiO4); nanofibers - Crystal phases -
Electrospinning - Photocatalytic activity

< S. S. Batool
sitwatnaqvi@comsats.edu.pk

Micro and Nano Devices Group, Department of Metallurgy
and Materials Engineering, Pakistan Institute of Engineering
and Applied Sciences (PIEAS), P. O. Nilore, 4650 Islamabad,
Pakistan

Department of Physics, COMSATS Institute of Information
Technology, Park Road, Chak Shahzad, 44000 Islamabad,
Pakistan

Centre for Climate Research and Development (CCRD),
COMSATS Institute of Information Technology, Park Road,
Chak Shahzad, 44000 Islamabad, Pakistan

Introduction

Water sanitation from hazardous compounds is considered
as the most important research in Photocatalysis technique
(Tassalit et al. 2011; Xie et al. 2016). These days, many
heterogeneous semiconductor photocatalysts are being
focused due to their low electron—hole pair recombination
rate (Lang et al. 2014). In all these materials, bismuth-
modified photocatalysts have gained remarkable attention
for its promising photocatalytic applications (Bagwasi et al.
2013; Liu et al. 2015a, b). The reduction in size of the
photocatalyst to nanoscale reduced the probability of
recombination of photogenerated electron hole pairs (You
et al. 2016). This may be due to rapid influx of carriers to
the active sites on the surface. Therefore, numerous studies
have been dedicated to semiconductor nanocrystals as
photocatalyst (Ghoreishian et al. 2016; Lv et al. 2016).
Unfortunately, spherical nanocrystals can easily agglom-
erate. Therefore, these types of nanocrystals have low
photocatalytic efficiency. On the basis of these realities,
one-dimensional semiconductor oxide nanostructures, e.g.,
nanofibers are superior contestants for photocatalytic
application (Jung et al. 2015; Yasin et al. 2015; Yousef
et al. 2016).

Photocatalysis of semiconductors is significantly influ-
enced by their surface nature (Mao et al. 2015). In order to
avoid electron hole recombination, it is necessary to have
photogenerated electrons and holes available on the surface
of catalysts (Gomathi Devi and Kavitha 2016). Bismuth
silicate (BS) material is found in different crystalline
structure with different phases, e.g., Bi,SiOs5 and Biy(-
SiOy4)3. This crystalline arrangement is dependent on
working conditions, mainly on calcination temperatures.
The structural analysis has revealed that Bi,SiOs is a
metastable phase among BS materials. These meta-
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stable states are considered as the temporary energy traps
(Denisova et al. 2014). In some conditions, electrons
trapped in these states recombine with easily available
holes and does not contribute to the degradation of toxic
organic compound. Some of the metastable Bi,SiOs
nanostructures have shown the low degradation efficiency
as compared to other BS phases (Manivel et al. 2010;
Zhang et al. 2011). Moreover, photodegradation efficiency
is also affected by the crystallinity (Wang et al. 2014). In
this paper, the effect of different phases of BS nanofibers
on photodegradation of toxic organic dyes is investigated.
The cyclic efficiency and recovery characteristics of these
nanofibers are also discussed. All the experimental work
was done at Pakistan Institute of Engineering and Applied
Sciences Islamabad, Pakistan.

Materials and methods

In this study Bis(SiO4); nanofibers used for photocatalytic
application were synthesized using electrospinning tech-
nique.  Polyvinylpyrrolidone  (PVP, M, = 130k),
tetracthoxysilane (TEOS), acetic acid (CH3;COOH), and
ethanol (C,HsOH) were used as initial materials. Bismuth
acetate was used for synthesis of Bis(SiO4); nanofibers.
Solution 1 was prepared by 13 % PVP/ethanol and 13 %
TEOS/acetic acid. For second solution, 1 g of bismuth
acetate [Bi(C,H30,)3;] was dissolved in 1 mL of N,N-
dimethylformamide (DMF) in a capped beaker. The mix-
ture was stirred for 30 min, then solution 1 was gradually
added into solution 2. After being stirred for 90 min, the
final solution was loaded into a syringe. High voltage
(10 kV) was applied between the tip of the needle and
collector plate (Batool et al. 2013; Hussain et al. 2014). As-
spun BS nanofibers were collected on an aluminum foil
placed on a conducting collector plate. These nanofibers
were annealed at 500 and 600 °C for 6 h in a furnace. The
annealing at 500 and 600 °C yielded Bi,SiOs and Biy(-
Si0,4); nanofibers, respectively. The photocatalytic activity
of BS nanofibers was investigated by measuring pho-
todegradation of MO and SO. The structures of both dyes
are shown in Fig. la. An experiment was done using a
homemade photoreactor. High-pressure mercury lamp
(250 W) of 311 mW/cm? was used for irradiation. The
whole experiment was carried out at ambient conditions.
Distance between solution and lamp was 10 cm. During the
experiment, an aliquot of 3 mL solution was strained out
after each 10 min. Drained sample was centrifuged and
filtered using filter paper (0.5 um). Samples for photocat-
alytic measurements were prepared by adding the 1.5 g of
BS nanofibers to 12.5 mmol/L of MO and SO dye solu-
tions. The pH of dye solution was regulated using 0.1
molar solution of sodium hydroxide and hydrochloric acid
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and was regularly monitored. The efficacy of dye removal
by photocatalyst was confirmed for different pH values,
dye concentration, catalyst dosage, and contact time.
Absorbance of standard dye solutions for each dye con-
centration was determined by means of UV-visible spec-
troscopy at their specific wavelengths (464 nm for MO and
525 nm for SO). Working curve based on absorbance and
concentration was fine fitted by the regression equation
A =9.9C + 0.0046 for MO and A = 0.1215C + 0.0001 for
SO dye, where ‘A’ is the absorbance and ‘C’ is the dye
concentration. A correlation coefficient was R* =~ 0.999.
The color removal efficiency of all dyes is given by (Chen
et al. 2012):

n (%) =S 100 (1)

Co

Here C, is initial dye concentration and C; is dye con-
centration after time ‘# min. Schematic presentation of
recycling photocatalytic activity of BS nanofibers is shown
in Fig. 1b.

Results and discussion

The nanofibers annealed at 600 °C are of Biy(SiO,4); phase,
as reported in a previous study are also presented in this
manuscript for comparison (Batool et al. 2014). However,
the nanofibers annealed at 500 °C have Bi,SiOs phase as
shown in Fig. lc. The pattern matches with the JCPDS,
card No. 075-1483. Inset in Fig. 1c shows the SEM image
of Bi,Si05 and Biy(Si04)3 nanofibers. The Bi,SiO5 has an
orthorhombic crystal system and strong peaks appeared at
20 = 11.65° and 20 = 24.05° which can be associated
with (2 0 0) and (1 1 1) planes, respectively. If we further
heat treat the nanofibers at 600 °C, the crystalline peaks
related to Biy(SiOy4); phase of the BS system with JCPDS
Card No. 080-1596 has been observed (Batool et al. 2014).
The Bis(SiOy4); has cubic phase. It also has few peaks of
bismuth silicon oxide that can be removed by further
heating the sample at higher temperatures (Imran et al.
2014).

Figure 1d shows the N, adsorption—desorption iso-
therms of Biy(SiO4); and Bi,SiOs nanofibers. In case of
Bi4(SiO4)3, a plateau is observed which indicates that this
material is mainly microporous in nature. While in Bi,;SiO5
the plateau is not clearly obtained, which represents the
widening of pores. Both types of nanofibers show a type IIb
isotherm (Fig. 1d) and presence of type H4 hysteresis loop
which indicates the simultaneous presence of mesopores
and micropores (Zhang et al. 2014). BET values of surface
areas (Sggr) for Biy(SiO4); and Bi,SiOs nanofibers are
shown in Table 1. The value of Sggr of the Bi,SiOs
(237 m?/g) is lower than that of Bi4(SiO4); (495 m?/g). The
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Table 1 BET N, adsorption analysis of BS nanofibers dosage are kept constant. The photodegradation of MO is
Samples BET surface Micropore Total pore hlgher 11? acidic media (pH 4) e.lnd decreases with a.ln
area (m%g) volume (t-plot) volume increase in pH of the solution. This may be due to avail-
(em®/g) (em®/g) ability of OH ™ ions in alkaline media. These ions generate
— a negative effect on the surface of nanofibers. As a result,
Bi,S105 237 0.025 0.18 . .
. the negatively charged surface repels the electron rich dye,
Biy(Si0,); 495 0.096 0.25

larger surface area of Biy(SiO,4); attributes to the contri-
bution of both micropores and external surface areas. The
total pore volume is higher for Biy(SiO4)3 (0.096 cm’/ g) as
compared to that of Bi,SiO5 (0.025 cm3/g), respectively.
Photocatalytic efficiency of the BS system as a function
of pH, intensity of light, dye concentration, and catalyst
dosage for MO and SO is studied. Both phases of BS
system show almost similar trends for each parameter. But
Biy(SiO4); nanofibers has presented the better pho-
todegradation efficiency as compared to Bi,SiOs nanofi-
bers catalysts. Therefore, Fig. 2 only shows the results
related to Biy(SiO4); nanofibers photocatalyst. Figure 2a
shows change in photodegradation efficiency of Biy(SiOy,);
nanofibers as pH of the solutions is varied from acidic to
alkaline media (4-12). In this case, all other factors such as
concentration of dye, light intensity, and photocatalyst

and we get negligible photodegradation in higher pH val-
ues (Laaz et al. 2016). The photodegradation of SO is
higher at neutral pH 7, but in alkaline and acidic media
photocatalytic activity of BS system is low. This activity of
dye elimination could be due to presence of H' ions in
acidic media and may challenge the SO ions for the
adsorption sites of BS nanofibers photocatalysts. Therefore,
in this media the approach of dye molecules to the catalysts
is restricted (Liu et al. 2015a, b). After acidic media, the
nanofibers surface turn into negatively charged surface due
to accessibility of OH™ ions. These OH™ ions produce OH'
radicals after combining with the holes of nanofibers
photocatalyst. So the alkaline media up to a certain limit is
considered responsible for good photocatalytic degradation
efficiency (Bansal et al. 2015). In very alkaline media, it is
examined that photocatalytic efficiency again decreases.
This is due to maximum adsorption of dyes on the surface
of photocatalyst. This may block the incident light to
approach the surface of photocatalysts for further
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Fig. 2 Effect of a pH. b Intensity of light. ¢ Dye concentration. d Catalyst dosage on degradation efficiency of Bis(SiO,4); nanofibers

generation of electron hole pairs. Therefore, it is concluded
that for SO, pH 7 is good for the photocatalytic experiment.

So as to explore the consequence of light intensity
variation on photocatalytic activity of BS nanofibers,
degradation of MO and SO dyes was investigated using
light intensity from 101 to 311 mW/cm?. For this purpose,
250-W mercury lamp was placed above the dye solution at
14, 13,12, 11, 10, 9, and 8 cm. All solutions were kept in a
beaker of 8 cm diameter to the core of light source. The
effect of light intensity on degradation efficiency is
depicted in Fig. 2b. These results tell that photodegradation
rate of both dyes increases linearly with increasing the light
intensity up to 311 mW/cm? A further increase in light
intensity does not contribute to photocatalytic activity. This
linear increase in degradation rate with an increase in light
intensity can be clarified on the basis of excited molecules
(Yu et al. 2002). As light intensity on the surface of BS
nanofibers increases, availability of electron for excitation
increases. Hence, additional electron hole pairs are pro-
duced on photocatalyst surface and may be available for
degradation of dye molecules (Im et al. 2008).

To study the effect of dyes concentration on photocat-
alytic activity of BS nanofibers, the concentration of dyes
varying from 10 to 200 mg/L is selected. The results are
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graphically shown in Fig. 2c. It can be clearly seen from
the results that up to 100 mg/L, the photodegradation
efficiency of BS nanofibers increases with increase in dye
concentration. This may be due to accessibility of more dye
molecules present in the solution (Im et al. 2008). These
dye molecules cause excitation. Due to this excitation,
inter-system crossing occurs, which increases the degra-
dation efficiency. The additional amount of dye in the
solution acts as a filter for the incident light intensity to
reach nanofibers surface under the same condition.
Therefore, the rate of photocatalytic reaction decreases (Yu
et al. 2005).

Photocatalyst dosage also affects the photocatalytic
efficiency of BS nanofibers. For this purpose, the amount of
catalysts is varied from 0.1 to 1 g remaining all other
parameters constant. The consequences are presented in
Fig. 2d. We can see from the curve that increase in cata-
lysts dosage causes an increase in photodegradation effi-
ciency until the saturation point come. After the saturation
limit, the degradation efficiency dramatically decreases
with further increase in catalysts dosage. Surface area of
photocatalyst is increased, when we increase the catalysts
amount. Therefore, rate of photoreaction increases (Kansal
et al. 2007). Even though, a further amount of catalyst in
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Table 2 Comparison of photocatalytic performance of BS nanofibers with different nanocompounds for degradation of organic dyes

Catalysts Catalyst structure Photodegradation (%) Time (min) Degradation rate References

La- and B-doped BiVO, Nanoparticles 98.4 60 0.075/min Min et al. (2013)
BiOCl1/Bi4Ti301, Nanofibers 91 40 - Zhang et al. (2015a, b)
0.1 g B Bi,O3 Nanocomposite 94.3 50 0.004/min Iyyapushpam et al. (2015)
TiO»/MoS, Nanocomposite 95 60 2.304/h Zhang et al. (2015a, b)
Bi-modified SiO,/Bi,SiO5 Powder 28 90 0.1877/h Police et al. (2013)
BiVO, Microtubes 90 200 0.06464/min Ying et al. (2015)
Biy(Si03)4 Nanofibers 80 80 0.273/min Present work

Bi,SiOs5 Nanofibers 60 80 0.149/min

solution will increase the number of active sites for pho-
tocatalytic reaction. Subsequent to saturation point, addi-
tional amount of catalyst dosage does not take part in
exposed surface area for photocatalytic reaction. It will
merely enhance the nanofibers concentration beneath the
beaker. Due to these thick layers of flakes, light may not
penetrate through the solution and resist further absorption
of photons, which reduces the photodegradation rate due to
light dispersion and screening (Madhu et al. 2007). The
transaction between aforementioned two contrasting phe-
nomena is an outcome of a more favorable catalyst dosage
for the photocatalytic reaction. The optimum catalysts
dosage for this experiment is 0.6 g.

We investigated the photodegradation efficiency of the
Bi,SiOs and Biy(SiO4); nanofibers for removal of MO
and SO dyes. The data are shown in the Fig. 3. The pH is
adjusted to 4.0 for MO suspension and 7.0 for SO sus-
pension. Change in pH value throughout the experiment is
negligibly small. The degradation of MO and SO is in the
order of Bi,SiOs5 < Biy(SiO4); under the experimental
condition used. Insets of Fig. 3a, b show the digital
camera photographs demonstrating the change in color
with time for MO and SO, respectively. In case of Bi,.
SiOs nanofibers photocatalyst, degradation efficiency is
60 % for MO and 70 % for SO in 120 min. But for the
case of Biy(SiO4); nanofibers photocatalyst, the degrada-
tion rate increases for both dyes, 80 % for MO and 92 %
for SO in the same time slot. The above results show that
the photocatalytic activity of Biy(SiO4); nanofibers is
perceptibly better than that of Bi,SiO5 nanofibers photo-
catalysts. Therefore, we can say that Biy(SiO4); nanofi-
bers photocatalyst has universality for the degradation of
different organic dyes. The photocatalytic reaction can
also be considered as a photoelectrochemical process
(Zhang et al. 2013). The results can be proved by impe-
dance spectroscopy of the same material (inset of
Fig. 3c). The radius of the arc on the Cole-Cole plot of
the Biy(Si04); nanofibers is smaller than that of Bi,SiOs
nanofibers. This means that the former has improved

high-efficiency charge transfer capability (Dong et al.
2014). This phenomenon favors detain of H,O, molecules
to capitulate hydroxyl radicals (OH) for decaying toxic
dyes (Huang et al. 2013). Furthermore, the result is also
supported by the large surface area of Biy(SiO,4); nano-
fibers (495 mz/g) as compared to Bi,SiOs nanofibers
(237 m?/g). Large surface area of photocatalysts also
plays an important role in enhancing the photodegradation
efficiency (Kim et al. 2014).

The degradation rate of MO and SO dye aqueous solu-
tions is examined using pseudo-first-order kinetic reaction.
Thus, the following equation is used to discuss their
kinetics:

In(Co/Ct) = kappt (2)

where C, is a concentration of dye prior to photodegra-
dation (mg/L), C, is the dye concentration at reaction time ¢
for decolourization, and k., is the apparent rate constant
(min_l) (Batool et al. 2014). The apparent rate constant
kapp Of the Bi>SiOs nanofibers and Biy(SiO4); nanofibers
for MO and SO dyes is found by fitting the experimental
data (Fig. 3a, b). It can be realized that the values of k., of
the Biy(SiO4); nanofibers for degradation of MO and the
SO are 0.273 (min_l) and 0.409 (min~!), respectively. In
the case of Bi,SiOs nanofibers, the degradation rate is
0.149 (min_l) and 0.301 (min_l), respectively. On the
basis of our results, we describe the mechanism of photo-
catalytic activity of BS nanofibers.

Electron-hole pair is generated in BS nanofibers under
UV irradiation. These photogenerated electrons may react
with the absorbed O, molecules from its surroundings to
form reactive O, . This may suggested that the recombi-
nation is slowed and the generation of O, species is
accelerated. These O,  radicals are the main cause of
enhanced activity of BS nanofibers. The reaction can be
presented as follows:

BS +hv — BS+hjp + e

Electron entrapping

’r @ Springer



Int. J. Environ. Sci. Technol. (2016) 13:1497-1504

1502
a
@[
Biy(SiO3)4
60}
X a0}
=
20f
o} Methyle Orange
0 20 40 60 80 100 120
Time (min)
24
(c) R
8ref Bis(Si0O3)4
— N2
Q 0
9o 1.2 M.
5 Bi,SiO5
0.6}
0.0} Methyle Orange
0 20 40 60 80
Time (min)
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HO + MO/SO dyes — degradation of dye molecules

These radicals are moved into the molecular structure of
dyes (Zhang et al. 2011). The conjugated system of dyes are
dislocated and causes the complete decomposition of MO
and SO in case of Bi4(Si0,4)3 nanofibers photocatalyst. Butin
case of Bi,Si05 nanofibers photocatalyst, small surface area
may affect the complete decomposition of dyes. These
radicals may be the reasons for the oxidation of other organic
compounds (Ullah and Dutta 2008; Mohamed et al. 2016).

Moreover, the cycle procedure of the photodegradation of
MO and the SO is carried out to check the stability and
regeneration capability of photocatalysts. Results are
depicted in Fig. 4. The photocatalytic efficiency of Bi4(-
Si04)3 nanofibers is not apparently lost within 30 cycles.
Reaction time for this experiment was 3600 min. But after
30th cycle the removal efficiency started to decrease. After
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demonstrating the change in color with time for respective dyes.
Kinetic study of ¢ MO and d SO. Inset to ¢ shows the Cole—Cole plot
of Bi,SiO5 and Biy(SiO,4); nanofibers at room temperature

the 30th cycle, color of samples changes from white to dark
yellow (MO) and shocking pink (SO). We then washed the
samples using de-ionized water to remove the adsorbed dyes
after drying the sample for 24 h. The original color of the
samples is retrieved upon undergoing re-calcinations pro-
cess after 10 washes. The photodegradation efficiency of
regenerated samples up to ten cycles is shown in Fig. 4c. Itis
clear from the graph that the degradation efficiency is almost
same as that of fresh sample. It specifies that Biy(SiOy4);
nanofibers photocatalyst holds remarkable stability, dura-
bility, and regeneration capability. Comparison of photo-
catalytic performance of BS nanofibers with different
nanocompounds for degradation of organic dyes are shown
in Table 2.

Conclusion

In summary, we reported the effect of different phases
[Bi4(SiO4); and Bi,SiOs nanofibers] of BS system on
photodegradation of cationic and anionic dyes. It was
confirmed that Biy(SiO4); had improved high-efficiency
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Fig. 4 Cycle procedure of the a MO and b SO
regeneration of catalysts

charge transfer capability than that of Bi,SiO5 nanofibers.
Furthermore, kinetic results was best fitted by the pseudo-
first-order model revealed that Bis(SiO4); nanofibers had a
high degradation rate of 0.273 and 0.409 (min~") for MO
and SO, respectively. Bi4(SiO,4); nanofibers proved to be an
effective photocatalyst.
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