Journal of the Indian Chemical Society 98 (2021) 100225

Contents lists available at ScienceDirect P

N
CHEMICAL
SOCIETY

Journal of the Indian Chemical Society

ELSEVIER journal homepage: www.editorialmanager.com/JINCS/default.aspx

Transition metal incorporated, modified bismuth oxide (BisO3) nano photo R

Check for

catalyst for deterioration of rosaniline hydrochloride dye as resource for
environmental rehabilitation

Prashant Bhimrao Koli ?, Sachin Girdhar Shinde ™", Kailas Haribhau Kapadnis ,
Anita Parashram Patil ¢, Madhukar Panditrao Shinde ¢, Subhash Dharmraj Khairnar £
Dipti Bhikan Sonawane ©, Raju Shivaji Ingale &

 Department of Chemistry, Karmaveer Abasaheb and N. M. Sonawane Arts, Commerce and Science College, Satana, Taluka- Baglan, District-Nashik 423301, India’

" Department of Chemistry K. V. N Naik Arts, Commerce and Science College, Canada Corner, Nashik 422002, India’®

© Research Centre in Chemistry and P G Department of Chemistry, Loknete Vyankatrao Hiray Arts, Science and Commerce, College, Panchavati, Nashik-422003, India®
d Research Centre in Zoology and P G Department of Zoology, Loknete Vyankatrao Hiray Arts, Science and Commerce, College, Panchavati, Nashik-422003, India’

© Research Centre in Chemistry and P G Department of Chemistry, K.T.H.M. College, Gangapur Road, Nashik, India’

f Nano Chemistry Research Laboratory, G. T. Patil, Arts, Commerce and Science College, Nandurbar, Maharashtra, 425412, India®

8 Department of Physics, MITWPU School of Polytechnic and Skill Development, Shivtirthnagar, Kothrud, Pune, 411038, India”

ARTICLE INFO ABSTRACT
Keywords: The work presented here deals with the fabrication of bare Bi;O3 and modified Bi;O3 photocatalyst. The Bi;O3
Modified Bi,Os catalyst material was modified with selected transition metals Go?", Ni2* with the 1% and 3% atomic weight percent

R-HCI degradation
Environmental rehabilitation
BET

ROS scavenging Study

insitu doping method via co-precipitation strategy. These three catalysts were successfully utilized for the waste
water purification via photocatalytic degradation route. These all fabricated materials were precisely character-
ized by characterization techniques such as XRD, SEM, TEM, BET, IR and UV-DRS. The characterization tech-
niques reveal the successful synthesis of material and effective modification of bismuth oxide lattice. Since,
surface area for modified Bi;O3 was found to be enhanced in comparison to the bare BiyO3 as well as declined
band gap energy for modified BiyOs clearly indicates the successful doping of Co?", Ni2* metals. The bare BiyO3
and modified BipOs catalyst were employed for photocatalytic degradation of cationic dye R-HCl dye. The
modified Bi;O3 found to be excellent over degradation efficiency of R-HCI with almost 97% of dye degradation in
comparison to the bare Bi,O3 Reactive oxygen species experiment demonstrate that the addition of isopropyl
alcohol (IPA), benzoquinone (BQ) and EDTA found to be successful to quench ‘OH, O3 and h™ in photocatalysis
mechanism. Additionally, the modified Bi,O3 was employed for phenol molecule degradation to investigate the
possible excitation of this molecule under visible light irradiation.

1. Introduction of photocatalyst is remarkable journey in the field of photodegradation of
organic pollutants or contaminants for the purification of water [1]. TiOx

In the recent times, semiconductor photocatalysts have been and ZnO based semiconductors are most studied heterogeneous semi-
employed extensively for the environmental remediation. The usability conductor considered as an ideal material for photocatalysis attributed to
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Fig. 1. Characteristics of Rosaniline hydrochloride organic dye.
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Fig. 2. Bismuth oxide (Bi,O3) nanoparticles fabrication by sol-gel strategy.

their abundance, stability, lower toxicity and easy fabrications methods
[2,3]. However, due to their large band gap energy (TiO3 -3.2 eV and ZnO
—3.3 eV) consequently less absorption of UV light and rapid recombi-
nation of electron and hole photo generated charge carriers (e /h™")
impose the scope for the improvement in titania and zinc systems and
searching for other semiconducting photocatalysts [4,5]. Metals and
non-metals doping in semiconductor to improve the effectiveness prac-
ticed all over the world. The transition of ineffective and less effective
metal oxide to useful material is achieved by doping. However, many
workers are focusing on other material effective than the first generation
semiconductors in comparison to the traditional semiconductor photo-
catalyst [6,7].

The oxides of bismuth are extensively used in coating due to their
remarkable optical properties. However; it is attracting to many re-
searchers belonging to the environmental catalysis. Main purpose of this
affinity of researchers for bismuth oxide based catalysts is due to its
strength, less toxicity and lower band gap energy (2.8 eV). Moreover,

BiyO3 is a p-type of semiconductor capable of producing appreciable
amount reactive oxidizing species (ROS) like superoxide (037) and hy-
droxide radical (-OH) in the water medium [8,9]. The bismuth oxide
originated catalyst have been reported in many places for their excellent
degradation ability towards organic contaminants like dyes, phenols,
smaller organic molecules and chlorinated aromatic hydrocarbons
[10-12]. However, the Bi;O3 having lower band gap energy and lower
reduction capacity of oxygen drastically maximize the recombination
rate of photo-generated e~ and h™ after absorption of light [13]. Semi-
conductor surface can be improved for the oxygen reduction capacity by
employing variety of strategies among them doping is widely used and
easier option. Significant improvement is evident from many work
related to the modification in TiO and ZnO semiconductors by doping of
suitable metal doping [13,14].

Transition metal modification is extensively reported in the case of
TiO2 and ZnO. Moradi et al. [15] have confirmed that the Fe doped TiO»
exhibited efficient photocatalytic performance for the degradation of
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Fig. 3. (a) XRD patterns of the Bi;O3 nanoparticles with different Ni>* and Co®" concentrations (b) The enlarged diffraction peaks of the samples with different Ni**

and Co®" concentrations.

Table 1
The lattice parameters of undoped Bi>Os, 1% and 3% Ni?*, Co?* BiyO3
nanoparticles.

Sr. Catalyst 26 Degree FWHM(B) Crystallite Size (nm)
1 Undoped Bi;O3 36.59 0.575 15.21
36.71 0.171 51.16
40.7 0.327 27.06
41.45 0.355 24.99
Average Crystallite Size 29.61
2 1% Ni*', Co** Bi,03  36.17 1.190 7.34
37.25 0.641 13.65
42.32 1.078 8.26
43.46 1.409 6.34
Average Crystallite Size 8.90
3 3% Ni**, Co*' Bi,03  36.23 1.08731 8.04
37.28 0.54365 16.12
42.35 0.79762 11.16
43.46 0.63604 14.05
Average Crystallite Size 12.34

methyl orange dye attributed its surface property and lower (3.00 eV)
band gap energy. Similarly, Liu et al. [16] used same dopant in ZnO
semiconductor and confirmed the improved photodegradation of meth-
ylene blue dye. The workers credited the efficiency to the reduction of
band gap up to 3.15 eV which is less than pure ZnO. Many such an ex-
amples are reported which suggest the improvement of absorption due to
reduction of band gap energy after doping. The transition metal dopants
form a band near conduction band in a metal oxide and create a conve-
nient path for energetic electron to enter in to conduction band [17,18].
Metal oxides like Bi;O3 promotion of electron is faster due to lower band
gap however, recombination is also rapid [19]. This drawback is coun-
tered by adding dopants which restrict the electron to recombine with
hole. The exact continuum which is formed near conduction band traps
the electron in it and drastically decrees e /h" recombination [20,21].
The dopants can also multi task to increase the strength and reusability of
semiconductor metal oxide with surface improvement and particle size
alteration [22,23]. Due to these peculiarities doping becomes an excel-
lent method for the improvement of less efficient semiconducting ma-
terials. More recently the semiconducting oxide based materials are
design in the form modified material like Bi;WOg [24], ZnSnO3 [25],

Zn0-Sn03-ZnySn0Oy4 [26], PDI/r-GO [27] ZnSnOs/graphene aerogel [28]
etc. are extensively used in the water purification based applications like
photocatalysis, adsorptive removal of drugs, dyes and textiles waste
effluent water and some other prime applications.

The BiyO3 (Bismuth oxide) is very excellent and facile catalyst used in
the various fields of catalysis by the researchers. It has a moderate band
gap (approximately 2.5 eV), good surface area and good thermal stability
that can be worthy points for this material to be used as a photocatalyst.
In broad manner the material undoped BiyOs3 frequently used in various
catalytic process by the researchers. Hence, in this research we tried to
modify the bare BiyO3 by transition metal Co(II) and Ni(II). Due to this
multidoping of transition metals some structural, electronic and surface
area modification can be seen in the Bi;O3 material. Since, the surface
area was observed to be increase from 55.12 m2/g (for bare Bi;O3 ma-
terial) to 80.30 m2/g (for 3% Co?", Ni2* doped Bi;O3 material), addi-
tionally, the energy band gap of the material was also found to be
declined for 3% Co®*, Ni%* doped BiyO3 material (shown in Fig. 10) in
contrast to the bare BiO3 material. Hence, these modifications definitely
found to be excellent in the photo catalytic degradation experiment. So, it
can be say that the modified bismuth oxide is good alternative for these
types of applications. In addition to this, the Rosaniline Hydrochloride
(R.HCI) photocatalysis is not reported with Bismuth oxide catalyst.
Hence, the novelty of this work is can be seen in the form of no reports of
R-HCI degradation with modified bismuth oxide based catalysts. Thus, all
the characteristics changes for modified bismuth oxide in comparison to
the bare bismuth oxide are attributed to successful doping of the tran-
sition metals over the bismuth oxide lattice. Due to tuning in band gap,
enhanced surface area, slight structural modification, successive electron
hole pair generation responsible for effective photocatalytic degradation
of R-HCI (nearly 97%) dye with Co?*, Ni%* doped Bi,O5 catalyst, which
reflects the worthy and novel report for R.HCI dye degradation by
modified bismuth oxide catalyst.

2. Materials and methods

All the chemicals in this research are AR grade, purchased from Loba
Chemie Mumbai and used without further purification. Chemicals used
are bismuth nitrate pentahydrate (Bi (NOs)3.5H20), cobalt chloride
hexa-hydrated (CoCly.6H20), Nickel Chloride hexahydrate (NiCls.
6H30), Rosaniline Hydrochloride dye (R-HCI), citric acid, sodium
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Fig. 4. FE-SEM images of bare Bi,05 (a, b); 1% Ni**, Co** doped Bi,Os (c, d) and 3% Ni**, Co®* doped Bi,O3 nanoparticles (e, f).

sulphate, Ammonia, double distilled water.
2.1. Synthesis of Bi;O3 nanoparticles by sol-gel route

Bismuth nitrate and citric acid were used for the preparation of BizO3
are of AR grade 4.65g of Bi(NO3)3.5H20 dissolved in 50 ml concentrated
nitric acid and it was mixed with 1.92g of citric acid (0.01 mol) in 1:1 M
ratio (Bismuth nitrate and citric acid). Since there was no precipitation
during mixing, the pH of solution not varied. The above solution stirred
for few minutes and then sol formed. The sol solution was heated to
100 °C on water bath for 3-4 h; yellowish gel was formed after evapo-
ration of water. Direct heating decomposed this gel. The gel initially
started to swell and filled to the beaker producing a foamy precursor.
This foam consists of homogeneous flakes of very small particle size and
after calcinations for 5 h at 550 °C. Yellow powder of bismuth oxide was
obtained. After sonication 2.3g of bismuth oxide nanoparticles were
isolated [29,30] (see Fig. 1).

The Schematic of sol-gel synthesis of Bi;Oj3 is as shown in Fig. 2.

2.2. Synthesis of 1% Co?*, Ni2*t incorporated bismuth oxide (BizO3)
nanoparticles by co-precipitation method

In 50 ml of double distilled water 0.01 M of bismuth nitrate was
added, then 25 ml of 0.07 M sodium sulphate was taken in a separate
beaker, both these solutions were mixed. To this cumulative solution of
bismuth and sodium sulphates the, stoichiometric, calculated amount of
dopant concentration of transition metals Co%*, Ni%* precursors was
added. The whole solution then stirred at room temperature for 45 min.
Then 0.01 M sodium hydroxide solution was dropped in the solution with
constant stirring on magnetic stirrer. After complete addition of NaOH
(50 ml), a black colored precipitate was obtained, which was filtered,
dried and calcined in muffle furnace at 400-500 °C for 4 h. Gray colored
Co%*, Ni2* doped Bi,O3 nanoparticles were recovered from silica cruci-
ble on next day [31,32].
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Fig. 5. (a, b, ¢) TEM images of Bi,O3 nanoparticles TEM images, (d, e, f) TEM images and SAED pattern of 1% Ni?*, Co%* doped Bi>O3 nanoparticles, (g, h, i) TEM 3%

Ni2*, Co?" doped Bi,O5 nanoparticles.

2.3. Synthesis of 3% Co?*, Ni?t incorporated bismuth oxide (BizO3)
nanoparticles by co-precipitation method

(The same method as mention in section 2.2 was used to prepare 3%
Co%*, Ni?* incorporated Bismuth oxide (Bi;O3) nanoparticles. Only the
dopant ratio of cobalt and nickel was altered to 3% (atomic weight %)
3. Results and discussions
3.1. Characterization techniques

The X-ray diffraction (XRD) study of the fabricated material BisO3

and 1%, 3% Co?", Ni®" modified Bi,O3 was characterized by using D8
advance Bruker AXS GmbH (Germany),Bragg's scanning angle varying

from 10-80°. The surface morphology and topographic properties, sur-
face characteristics were investigated by means of Field emission scan-
ning electron microscope (FE-SEM), model number S-4800 type II high
technologies corporation, Japan. While the elemental composition of the
fabricated materials Bi,O3 and 1%, 3% Co?*, Ni?* modified Bi,O3 was
investigated by using energy dispersive x-ray spectroscopy (EDAX)
spectrometer model number X-Flash detector 5030, make Bruker AXS,
GmbH, Germany. The lattice morphology, crystalinity, surface properties
were investigated by means of high resolution transmission electron
microscope (HR-TEM), model number Jeol/JEM, having 200 kV opera-
tional range, LaB6 electron gun with lattice resolution of 0.14 nm and
point resolution 0.23 nm provides additional selected area diffraction
pattern (SAED) information. Additionally, the material was characterized
by Brunauer-Emmett-Teller (BET) study with Ny adsorption-desorption
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Fig. 6. EDS image of Pure Bi,O3 nanoparticles (a); 1% Ni%*, Co?* doped Bi»O3 nanoparticles (b); 3% Co?*, Ni%+ doped Bi»O3 nanoparticles (c).

experiment to investigate the surface area of the fabricated materials by
Quanta chrome Autosorb 1C BET Surface Area & Pore Volume Analyzer.
The optical and band gap properties were analyzed by using ultraviolet
differential reflectance spectroscopy (UV-DRS) equipment model UV Vis
NIR Spectrophotometer Agilent Cary 200 nm-3000 nm. The metal oxide
vibrational frequencies were investigated by means of Fourier transform
infra-red spectroscopy (FT-IR).

3.2. X-ray diffraction (XRD) study

In order to investigate the phase structure, the XRD patterns of pure
and doped BiyO5 with different Ni>™ and Co?' concentrations were
analyzed. As a representative example XRD pattern of undoped Bi;O3 and
Ni2* and Co?* doped Bi03 is shown in Fig. 3(a). The results indicate that
the phase structure changed upon doping. The dopant can enter the BisO3
lattice either interstitially or it can act as substitution impurity. In the
present case the ionic radius of Ni%" and Co** is (70 p-m.) and that of
Bi®* is (103 p.m.). The ionic radius of Ni®" and Co®" (70 p.m.) are
significantly smaller than the Bi>* therefore, it is difficult for the Ni%*
and Co?* to act as surface impurity, but it may be present in the inter-
stitial position in BipOj3 lattice. The average crystallite sizes of pure and
doped Bi»O3 nanoparticles were determined by Debye Scherer formula
Equation (1) [33].

094
" BCosh

(€Y

Where D is the crystallite size, K the shape factor, the wavelength, the
diffraction angle and is the full width at half maximum (FWHM). How-
ever, the peak intensity decreased slightly with the increasing Ni** and
Co?* doping (Fig. 3(b)), indicating magnification in the crystallite size of
the 3% Ni?*, Co?* doped sample. This was further confirmed by FWHM
values at the 20 = 36.17, 37.25, 42.32, 43.46 and 36.23, 37.28, 42.35,
43.46 (Table 1) for 1% and 3% Ni2™ and Co®>" doped BiyO3 samples,
which decreased for the 3% Ni%*, Co>" doped Bi,O3 sample respectively.
The two theta data obtained for more intense peaks can be assign to the
reflection of (200), (114), (212), (115) hkl planes for the 26 values
mention earlier. According to the data obtained the JCPDS cart number
01-075-4627 match scan data is matches for the bismuth oxide nano-
particles with orthorhombic lattice and space group of Pbnb. Table 1
displayed the mean crystallite size of fabricated materials which was
estimated by the FWHM of the XRD peaks using the Debye-Scherer
equation. It can be seen from the table that the crystallite size was found
to decrease with increasing the dopant concentration of Ni%* and Co*"
respectively [34].

7Zn0-Sn0,-Zn,SnOy
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Fig. 7. (a) FT-IR spectra of bare Bi,Os, (b) 1% Co?", Ni*>" doped Biy0s, (c) 3% Co?*, Ni*" doped Bi 0.

3.3. Morphological study

The pure and Ni%*, Co?* doped Bi;O3 nanoparticles morphology were
examined by FE-SEM analysis technique and the results are as shown in
Fig. 4 (a)-(f). FE-SEM images of pure Bi;O3 nanoparticles (Fig. 4 (a)-(b))
point out toward the agglomeration occurred due the electrostatic
attraction among the particles and shows irregular morphology of
nanoparticles [35]. However, 1% Ni2*, Co?* doped BiyO3 sample shows
the highly compact nanorods like morphology with sharp edges (Fig. 4
(c)~(d)). While in case of 3% Ni2*, Co?" doped BiyO3 sample revels the
spherical morphology with highly rough surface area (Fig. 4 (e)-(f)).
From the above observation of FE-SEM images of samples it can conclude
that the Ni**and Co?' induced the morphological changes in BiyOs
nanoparticles as the concentration of dopant changes from 1% to 3%.
Consequently, such alteration in the morphological structure of doped
Bi»O3 nanoparticles provides large and rough surface area, which is
essential for the effective photocatalytic applications [36].

Fig. 5, represents the TEM images of undoped and doped BiyO3
nanoparticles. The crystal morphology, surface properties and nano-
particle dimensions can be examined from the study of transmission of
electron microscopy. The TEM images and SAED pattern of undoped
BiyO3 nanoparticles is as shown in Fig. 5 (a)-(i), which shows the varied
size of nanoparticles, agglomerated with almost spherical in dimensions.
Figure c, f, i represents the selected area diffraction pattern (SAED) for
undoped BiyO3, the bright dark spots represents the crystalline nature of
fabricated bismuth oxide nanoparticles. The dark bright rings appeared
in the SAED pattern shows the polycrystalline nature of all the fabricated
materials. Similarly, the TEM images of 1% Ni2*, Co?" doped BiyO3 is as
shown in figure d—e and 3% Ni%*, Co>" doped Bi,03 is as shown in figure
g-h. The images reveal the cubic arrangement of fabricated bismuth
oxide nanoparticles. While the dark bright spot in SAED image of f and i
indicating crystalline nature of 1% and 3% Ni**, Co?" doped BiyO3
nanoparticles. The TEM data obtained for bismuth oxide nanoparticles is
in good agreement with the XRD and reported data [37,38].

3.4. Energy dispersive X-ray spectroscopy (EDS) study

To explore the exact elemental composition of synthesized undoped
Bi;O3 and doped BiyOs; samples were examine by the EDS analysis
technique as shown in Fig. 6 (a)-(c). Fig. 6 (b)-(c) clearly indicates the
exact elemental composition around the 1% Ni?*, Co>" doped Bi,O3 and
3% of Ni%*, Co?* doped BiyO5 samples respectively. The EDS examina-
tion confirmed the successful synthesis of undoped Bi,O3 and doped
Bi»O3 nanoparticles with no other addition peak, which reveals the pu-
rity of synthesized undoped Bi»O3 and doped Bi;O3 samples [39].

3.5. FT-IR analysis

The Fourier transform infrared spectrum (FT-IR) of the pure and
doped BiyO3 sample was analyzed and represented in Fig. 7. The metal
oxide bonds are always lie in the range of 200-1000 cm ™! therefore, the
low absorption vibration mode observed at wave number of 393.41 cm ™!
due the presence of Bi-O bond of BizO3 [33]. While the absorption band
around 1057 cm ™! is may be recognized due to the different type of vi-
bration of BiyO3 interactions. However, the absorption band observed at
2345.44 cm™! is due the symmetrical and asymmetrical stretching fre-
quency of CO, molecule absorbed from the atmosphere [40-42].

3.6. Brunauer-Emmett-Teller (BET) study

Surface area is an important parameter for the important applications
such as surface adsorption like chemisorptions or physisorption. In the
present study the prepared catalysts were subjected for BET study. The
figure of BET Ny adsorption-desorption curves for undoped BixO3, 1%
Co%", Ni?* doped BiyOs, 3% Co?*, Ni>" doped Bi,Os is as depicted in
Fig. 8. While important parameters obtain from BET isotherm such as
BET surface area (Sggt), pore volume (Vp), and pore diameter (Dp) is as
represented in Table 2. The data mentioned in Table 1 confirms the
surface of doped catalyst is enhanced in case of 1% Co?*, Ni* doped
Biy03, 3% Co?", Ni2" doped BiyOs. The surface area was observed to be
17.16 m?/g, 60.86 m?/g, 75.30 m2/g for undoped BiyOs3, 1% Co>*, Ni%*
doped Biy03, 3% Co?*, Ni2* doped BiyOzadsorbents respectively. The
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Fig. 8. BET N, adsorption-desorption curves a) bare BiyOs, b) 1% Co?t,
Ni?*doped Biy03, ¢) 3% Co*", Ni** doped Bi,O3 catalysts.

Table 2
BET surface area, pore volume, pore radius of undoped Bi>O3, 1% Co?t, Ni%*™
doped Biy03, 3% Co>*, Ni** doped Bi,05 catalysts.

Prepared Material Surface Area Pore volume Pore radius R?

(m?/g) (cc/g) ()
Undoped Biy03 55.12 0.352 70.56 0.9992
1% GCo?*, Ni%* 68.86 0.004 37.02 0.9999
doped Biy03
3% Co**, Ni%* 80.30 0.042 33.43 0.9999
doped Bi,03

Journal of the Indian Chemical Society 98 (2021) 100225

probable reason for enhanced surface area in case of doped adsorbent is
attributed to doping of more metal ion concentration in comparison to
the undoped bismuth oxide adsorbent. During the catalysis study it also
observed that due more surface area towards the 3% Co?*, Ni®" doped
Bi;O3 the more dye was adsorbed on this catalysis and hence the
degradation by this catalyst was maximum in contrast to the undoped
BiyO3 [43,44]. By drawing the isotherm, it is found that the isotherm
belongs to type IV isotherm category with reference to the BDDT system
which is a typical characteristic of porous materials.

3.7. Zeta potential report

In most of the chemical reactions, the surface charges are very pro-
voking groups for the reactant to get active participation in the surface
reactions. Since, surface reactions are proceeds via chemisorption or
physisorption. Hence, both these phenomena are greatly influenced by
surface charges over the smaller particles like nanoparticles in aqueous or
any other media. Most of the nanoparticles can develop positive or
negative charges due to their colloidal dispersion properties. The small
positive or negative charges can be predicted by zeta potential report.
The technique deals with the appropriate medium in which nanoparticles
are present in the disperse medium. The techniques determine the min-
ute charges present over the nanoparticles. According to research the
charge present over the nanoparticles in turn gives stability of nano-
particles in the particular medium. Fig. 9 a-c showing the zeta potential
report for undoped BiyO3, 1% Co®", Ni%*doped Bi,05 and 3% Co?*, NiZ*
doped BiyOs nanoparticles of —19.1 mV, 0.047 mV and —5.77 mV
respectively. The variation in zeta potential digits affects the stability of
bismuth oxide nanoparticles. The zeta potential values obtained for all
the bismuth oxide nanoparticles implying their good stability in aqueous
medium [45].

3.8. Ultra-violet diffuse reflectance spectroscopy (UV-DRS) study

The synthesized multi-doped Bi,O3 were subjected to UV-DRS. The
spectra are given in Fig. 10. Shows appreciable activity in the UV-Vis
range which is an important factor with respect to photocatalytic activ-
ity to harness large amount of light energy [46]. The undoped BiyO3
shows highest absorption at 391 nm while Go?* and Ni?* shift the ab-
sorption maxima towards red shift. The 1% Co®" and Ni?" multi-doped
Bi,O3 shows 428 nm and 3% Co®" and Ni?* concentration enable the
material to absorb in the range of 447 nm which is attributed to the
UV-vis absorption range [47]. The introduction of photosensitive dop-
ants like Co and Ni improve the optical property of the Bi;O3 and it has
affected the band gap energy of the synthesized materials. The band gap
energy of the synthesized materials is calculated by equation (2) [48].
The yielded Tauc plots from all the UV-DRS spectra shows band gaps
within the range of 2.35 to 2.20 eV and the minimum band gap energy is
displayed by the 3% Co®", Ni%* multi-doped Bi;O3 nanocrystalline ma-
terial. The minimum band gap can be a significant factor to enhance the
photocatalytic efficiency of the 3% multi-doped BiyO3 since, more
amount of electrons will produce thereby producing more number of
ROS's in to the reaction mixture [49].

a-(h)-=C-(hv— Eg)"? ®)

Where, a is the absorption coefficient, 4v is photon energy in eV and C is
constant. The of a Tauc's plot is the energy intercept of (ahv)? vs. hv gives
Eg (Band gap energy) for direct transition (m=1).

4. Photocatalytic activity

The photocatalytic degradation of R-HCI dye was carried with the
help of Quartz Glass Immersion photocatalytic reactor equipped with
400-W Mercury vapor lamp equiped with double jacket quartz immer-
sion well, magnetic stirrer and chiller for water circulation and
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Fig. 9. Zeta potential Distribution curve of undoped Bi,O3 nanoparticles (a); 1% Ni%*, Co?* doped Bi»O3 nanoparticles (b); 3% Ni%*, Co?* doped Bi,O3 nano-

particles (c).

maintaining constant temperature. The overall changes in dye concen-
tration were recorded with the help of Jasco V-730 Double beam spec-
trophotometer in the range of 300-800 nm. The pH of the photocatalytic
experiment were adjusted and recorded with the assist of digital pH
meter make Lab India equipped with a glass electrode. The pH meter was
previously standardized with the help of buffer capsules of pH 4, 7, 9, and
12 ranging from acidic to the basic condition.

The photocatalytic degradation was calculated using the following
equation (3).

Co — Ct

%D = X100 3)

Co is initial concentration and C; is the concentration at time t [50].

4.1. Effect of pH

The pH is one of the most important parameter to study the photo-
catalytic efficiency of the synthesized material. The pH controls surface
reaction adsorption and generation of ROS in to the reaction mixture
[51]. The undoped 3% multi-doped Bi>O3 was chosen for the detection of
effect of pH on the photocatalytic degradation of R-HCl in aqueous phase.
The pH was varied from 2 to 12 with the help of 0.1 N HCl and NaOH
solution. The catalyst 0.3 mgL™ catalyst was loaded and the mixture was
then subjected to stirring for 1 h to attain the adsorption desorption
equilibrium and subjected to visible light irradiation thereafter. The ef-
fect of pH was almost similar in case of both the catalyst however, R-HCl
being a cationic dye certainly played an important role to show catalytic
activity in the range of slightly higher pH (pH 8) as compared to the bare
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Fig. 10. UV-DRS followed by Tauc plots of bare Bi;Os, 1% Ni*>", Co®>" doped Bi,O3 and 3% Ni?*, Co>" doped Bi,O3 nanoparticles.

BiyOs. This is attributed to the charges on the catalytic surface since, the
catalyst attain negative charge on the surface in acidic pH range the dye
molecules got easily attracted towards the surface. The enhancement of
these negative charges may be due to the presence of dopants in to the
BiyOs3 crystal [52]. The combination of effective adsorption and photo-
catalysis overall increased the degaradtion capacity of the synthesized
material in case of 3% multi-doped BiyOs. The acidic pH favors the
adsorption but restrict the generation of large amount of ROS in aqueous
medium hence the pH around 7 to 8 favoured the photocatalytic degar-
adtion of R-HCl cationic dye [53,54]. The degaradtion efficiency of the
multi-doped catalyst was greater than the undoped one at pH 8 and the
pH range from slightly acidic then neutral to mild basic favours the
degaradtion. However 3% multi-doped catalyst displayed higher effi-
ciency at pH 8 attributed to the higher generation of ROS's which perform
the function of degaradtion by photo Klobe reaction [55]. The effect of
pH study is as depicted in Fig. 11.

4.2. Effect of initial dye concentarion

The influence of initial concentration of the dye for the degradation
process is important and by carrying out the study one can calculate the
initial rate of reaction and simultaneously rate constant of the reaction
[56]. The initial dye concentrations of the R-HCl were varied in the range
10-40 mgL. The degradation efficiency was found out to be inversely
proportional to the initial dye concentration. The time-concentration
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profile for degradation of R-HCI is depicted in Fig. 12.

The rate of degradation decrease from 96 to 44% in 120 min as the
initial dye concentration was increased from 10 to 40 mgL™. This
observation is due to the interception of photon from light to reach the
surface of catalyst, moreover the number of dye molecules increasing
with concentration of dye have less number of active sites on catalyst
surface and more of them are present in the bulk than on to the catalyst
surface restrict the surface reactions as well as the penetration and in-
crease the reflection of light [57,58]. The efficiency of the synthesized
material especially the 3% multi-doped Bi,O3 is appreciable up to
30 mgL ! in 120 min of irradiation.

4.3. Effect of catalyst dose

The photocatalytic activities of R-HCl with different multi-doped
catalyst dosages are shown in Fig. 13. It is found that the catalytic ac-
tivity of all the synthesized materials was directly proportional to the
catalyst loading and the highest degradation was shown by 3% multi-
doped catalyst. When the 3% Ni2", Co?>" doped BiyO5 catalyst loading
was 1 mgL ™! the efficiency was 68% and increased 96% at 4 mgL ™!
further the catalytic efficiency remain fairly constant and no more
remarkable activity was observed. This observation attributed to the
increase in catalytic surface up to 4 mgL~! and afterwards excess of
catalyst leaded to the higher scattering rate of light due to the saturation
of catalyst in the 100 ml dye solution [59-61]. The optimum catalyst
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Fig. 12. Effect of dye concentration for the degradation of R-HCl by 3% Ni?*, Co®>" doped Bi,O3 nanoparticles.

concentration for the degradation of 100 ml, 10 mgLlof pH 8 R-HCl
solutions was 4 mgL~! which is a minimum quantity and again increases
the effectiveness of catalyst for large scale applications.

4.4. Comparision of nanocatalysts

The catalyst are compared for the degradation 100 ml of 10 mgL™*
dye with 4 mgL ™! bare and both multi-doped BiyOj catalyst loading at pH
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8. The effect of comparison is depicted in Fig. 14 (a). The 3% nano-
catalyst proved most effective in comparison. This is attributed to the
generation of ample amount of ROS like ‘OH and O3 in the reaction as-
sembly for the degradation of dye molecules. The generation of large
number of electron and holes took place due to the addition of two
dopants. The dopants do not allow to recombine with the holes [62-64].
The most effective catalyst for the complete degradation of R-HCl was 3%
multi-doped BizO3 with contact time of 120 min attributed to its lower
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Fig. 14a. Effect of contact time on the degradation of R-HCl by bare Bi;Os, 1% and 3% Ni?*, Co®* doped Bi,O5 nanoparticles.

band gap energy and higher efficiency to absorb the light energy and
generation of highly oxidizing ROS's which is fairly suitable for the
economic and large scale point of view to perform efficient dye degra-
dation process [65]. The continuous color fading of R-HCl dye by 3%
multi-doped photocatalyst is given in Fig. 14 (b).

The reaction kinetics of R-HCI dye degradation was calculated using
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equation (4) [66].

In C; /Cy = kt (©)]

Where, Cy is the initial dye concentration and C; is the dye concentration
at time t respectively. In Fig. 14 (c) the linear appearance of the plot of In
(C/Cop) (concentration ratio) vs the irradiation time (t) confirms the first-



P.B. Koli et al.

Journal of the Indian Chemical Society 98 (2021) 100225

B BiQ,
{ ® 1%Ni", Co”Bi0,
A 3% Ni”, Co™ Bi,O,

. A
R =0.9875

Time (min)

v T v ¥ v T
90 120 150

Fig. 14b. First-order rate kinetics for the degradation of R-HCI by bare Bi»O3, 1% and 3% Ni2+, Co?* doped Bi,O3 nanoparticles.

0.9

0.1

0.0 dmy ——
400 450 500

700

600
Wavelength (nm)

550 650

Fig. 14c. Continuous color fading of R-HCI by 3% Ni%*, Co®>* doped Bi,O3 nanoparticles. (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)

order rate kinetics of the R-HCI dye degradation. The rate constant K, for
bare BiyOs, 1% and 3% Ni?*, Co?" doped BiyO3 where found out
9.8 x 1072,10.9 x 103 and 16.8 x 10~2 min~! respectively confirming
the efficiency of 3% nanocatalyst attributed to the percentage of

transition metals [67,68]. The linear coefficient (R2) of the three plots for
R-HCI dye removal are 0.9753, 0.9945 and 0.9895 for bare, 1% and 3%
Ni2t, Co?" BiyO3 respectively. The R? value for the 3% multi-doped
Bi»03 indicate good fit and strong first-order reaction kinetics [69].

13
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Fig. 15. LC-MS analysis of degraded Rosaniline dye sample by 3% Co**, Ni?>* doped Bi,O3 nanocatalyst.

4.5. LC-MS analysis of degraded dye sample

The analysis of degraded rosaniline dye sample was carried out to find
degradation pathway of the dye molecules by LC-MS method. The
degraded dye water solution was multi extracted in dichloro methane to
transfer all the organic metabolites in organic phase. The extracted
dichloro methane is then subjected to the LC-MS analysis [70]. The re-
sults obtain showed a lot of small molecular fragments in the LC-MS
spectra confirmed the conversion of larger dye molecules in to smaller
organic functionalities [71]. The larger mtabolites were present in
smaller concentration again confirmed the efficient degradtion of rosa-
niline dye by the 3% Co®", Ni2* doped Bi,O3 nanocatalyst. The frag-
ments related to m/z 337 confirms the dye molecule without
fragmentation with highly oxidised m/z = 264 fragment depict the
oxidation process by ROS. The m/z = 182, 105, 77 confirm bezophe-
neone, o-amino toluene and benzene formed during the degradation
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process eventually end up in to less toxic inorganic species like CO2, HyO
and NHj [72,73]. The LC-MS analysis proves the efficient and highly
oxidizing degradtion of the dye due to the highly generated ROS in the
water samples. The LCMS analysis of degraded dye R-HCl is as depicted
in Fig. 15.

4.6. Detection of ROS by scavenger addition

Reactive oxygen species like ‘OH, O3 and h' participate in the pho-
todegradation in AOP's. The exact effective ROS can be detected with the
help of scavenger or quencher addition during the degradation process.
Addition of isopropyl alcohol (IPA), benzoquinone (BQ) and EDTA to
quench ‘OH, O3 and h™ respectively [74]. As evident in Fig. 16, when
1 mmol of IPA was added into the dye solution, the photodegradation
efficiency was slightly decreased (8.5%) as compared to non-added so-
lution however, after the addition of EDTA and BQ, especially EDTA the



P.B. Koli et al.

Journal of the Indian Chemical Society 98 (2021) 100225

1.0
0.8-
0.6 -
fre)
Q
o)
3) 0.4-
0.24 —8—EDTA
—o—BQ
0.0 —A— IPA
" | =+ No scavenger
1} L T v ] v L) b | - L)
0 30 60 90 120 150

Time (min)

Fig. 16. Radical scavenging experiments for R-HCl dye degradation by 3% Ni%", Co?>" doped Bi,O3 nanocatalyst.

100d 95.74

2+ 2+
B Reusability of 3% Co“ , NI°" BI,,O

gradation
3

N
o
[

%
w
o
[

1 2 3
Number of Cycles

89.97

87.66

4
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photodegradation inhibited significantly 29.71% and 36.41% respec-
tively for BQ and EDTA confirming O3 and h™ the major ROS's in dye
degradation [66,67]. The generation of electrons was the pivotal factor
for the degradation of Rosaniline HCI dye by 3% Co?*, Ni2*™ doped BiyOs3
nanocatalyst. The diagrammatic presentation of radical scavenging
experiment is as shown in Fig. 4.7.
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4.7. Reusability study

The reusability of the catalyst was investigated for four cycles as
mention in Fig. 17. After the first cycle the 3% Ni2*, Co?>" doped BiyOs3
catalyst was filtered (after first cycle) with the help of Whatman filter
paper 41, rinsed with ethanol and water from several time to eliminate
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adsorbed organic matter then dryed in an open air oven at 120 °C for 1h
to eliminate organic impurities. Thereafter the catalyst was transformed
in to the silicon crucible and heated in muffle furnace at 250 °C for 2 h.
The catalyst recovered was subjected to multiple cycles repeating the
procedure for the R-HCI dye degaradtion (100 ml dye solution, 10 mgL ™!
initial dye concentarion and pH 8). The catalytic efficiency of synthesized
nanomaterial decrease by almost 14% up to the fourth cycle which may
be due to the loss of catalyst during filtration, decrease of active sites and
surface area of the reused catalyst [75, 76].

4.8. Phenol degradation study

The fabricated catalysts 1% Ni%", Co?>" doped BiyO3 and 3% Ni%™,
Co%" doped Bi,03 were employed for the degradation study of phenol
molecule to investigate whether the molecule can be excited and
degraded under visible light irradiation. The catalyst dose optimise was
30 mg/L, moderate pH of 7.5 and fixed catalyst loading under visible
light irradiation. The phenol degradation curves for both the catalyst is as
depicted in Fig. 18 a, b, showing very slow degradation of phenol
molecule under UV visible irradiation with the contact time of almost
360 min. The slower degradation phenol molecule over the modified
BiyOs3 is attributed to no successful quenching between phenol and
fabricated catalysts molecules. In addition to this, the increased con-
centration of phenol leads to decrease in degradation efficiency due to
accumulation phenol over the catalyst surface.

5. Conclusions

In summary it can be stated that the catalyst bare BipO3 was suc-
cessfully fabricated by sol-gel route, while 1%, 3%, Co?*, Ni** modified
Bi,O3 material fabricated by co-precipitation method. The various
characterization techniques reveal the successful fabrication of prepared
catalysts. The ultimate use of the prepared catalysts in the wastewater
treatment application proved that the synthesized materials have high
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efficiency for the photocatalytic degradation of cationic dye R-HCl. The
low concentration of modified BioO3 was found to be very effective to
degrade almost 97% of R-HCl dye at 30 mg L™, with slightly alkaline pH.
By analysis technique it was observed that the high efficiency of modified
BiyO3 is due to enhanced surface area, excellent porosity and minimum
band gap energy. These structural and surface modifications over
modified Bi»O3 catalyst makes it an excellent photocatalysis that can be
used in the photocatalytic degradation mechanisms for selected organic
dyes. Thus, successful incorporation of transition metals Co?*, Ni%* over
the Bi;O3 material is highly effective route to modify the metal oxide
based semiconductors.
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