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GRAPHICAL ABSTRACT
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Abstract

A few biphasic nano composites containingand f Bi,Oz of varying composition were
synthesized by facile solvothermal method withoging any capping agent and further
calcination. X-ray diffraction, microscopic and spescopic techniques were employed for
characterization of the as synthesized catalysishvwre used as photocatalysts in degradation
of pollutant, Rhodamine B (RhB) dye. The band ghthe nanocatalysts as calculated from tauc
plot varies within 2.35- 2.58 eV foB-form and 2.85-3.19 eV foa-form in the a-f Bi,O3
hetrojunctions. The operational parameters thatuente the degradation process were
optimized. The best catalyst dosage and pH aregl:5 and 4 respectively and the best
concentration of kD, when added is 2 mM for 10 ppm aqueous solution y&. cAmong
different heterojunctions, the best catalyst whiproduced from bismuth nitrate concentration
of 0.05 M, degrades RhB upto 99.6% at pH 4 undérrhih sunlight irradiation. The effects of
addition inorganic salts in RhB dye solution wersoaexamined. The radical trapping
experiments have been applied to explore the imebland main species responsible for
degradation. The identification of degradation pidd of RhB was analyzed and the plausible
mechanistic pathway is drawn from HPLC and HRMSshows that the degradation of RhB
proceeds via initial generation of N-deethylateddorcts followed by ring opening ones, which

indicates the photosensitization induced photogatainechanism of the reaction.

Keywords: a-f Bi,Osz hetrojunction; Solar remediation photo catalytatiaty; Rhodamin B

degradation products; Reaction mechanism



1. Introduction

In heterogeneous photocatalysis, advanced oxidptimress (AOP) has been extensively used as
an eco-friendly, cost-effective and green procesgfoductive degradation of various harmful
organic pollutants [1, 2] and provides solutionwater quality problems. Among the various
AOP, coupling of two semiconductors with differdmand gaps is a well-advocated strategy
which increases the absorption and decreases ¢lotrazl-hole recombination process. Semi-
conductors like TiQ ZnO, BpOs, NiO [3-6] etc are usually used in AOPs. Extengigearch
was done on Ti@due to its high abundance, low cost and good IgtaliHowever high band
gap (& 3.2eV) and poor absorption of sunlight (4-5%) [injit its performance. Therefore
visible light active photocatalyst, #); having lower band gap (2.4-2.9eV) is chosen [8hs
alternative. Among six main crystallographic pobmwhs, o (monoclinic), B (tetragonal),y
(cubic bcc),6 (cubic face centred}, (orthorhombic),m (triclinic), the first one is stable at low
temperature, the last one at high temperature dahdr are metastable state [9]. A few
researches on photocatalytic activityoef Bi,Oz heterojunctions are summarized in Tablel [10-
17] and illustrate their importance. The table shdhat the degradation efficiency of the toxic
and carcinogenic dye, Rhodamin B (RhB) in natunalight was presented by only two previous
works [12, 15]. In our previous work [12], the dadence of synthesis temperature on the
compositiona-f Bi,O3 nano heterojunction and synergistic effect on degtion of RhB ovea

or B Bi»Os3 in sunlight were studied and the maximum efficiem@s found to be 99.7%. In the
present paper, we synthesize differesft Bi,Os heterojunctions by varying molar concentration

of the precursor bismuth nitrate, studied theirtpbatalytic activity, optimize some degradation



Table 1. Summary of recent relevant works, synthesis andoglatalytic degradation of various

dye ona-f Bi,O3 heterojunction catalyst.

S | Synthesis| Surfactant /| Crystalline | Morphology | E¢eV) | Photocatalytic activity Referen

N | route additive phase e

0

1. | Solvo- Ethylene a andp Mixture of 2.57 500W Xe lamp, 96.9% Y. shi et
thermal | glycol Bi»O3 spheres, degradation of 1a- al., 2017
method sheets and ethynylestradiol in 24 min. | [10]

nanoparticles,

2. | Solid - a andp - 2.8 9W UV light, 80% T. A.
state Bi»O3 degradation of RhB in 210 | Gadhi et
reaction, min. al., 2016
annealed [11]
at 650°C,
2h

3. | Hydrothe | Glycerol a andp Budding 2.35@), | 99.7% degradation of RhB inK. K.
rmal Bi20s flower a, 2.78@) | nhatural sunlight in 180 min atbera et
method spherical pH 3. al., 2018

[12]

4. | Hydrothe | L-lysine Selective | Nanoflakes 2.85 500W xenon lamp RhB Chen

rmal alp degradation rate 90% in 5h | et.al,
2011
[13]

5. | Solvother| Ethylene a andp Nano spheres 2.7&( | 1000W Xe lamp, Xiao

mal glycol Bi»O3 Acetaminophen degradation et.al
_ 2.366) | yate93% in 180 min 2013

Calcined [14]

45@c for

3h

6. | Liquid Ethylene B anda Sheet like a(2.84), | 91% RhB degrades in 4 hrs| Qiu et.
phase glycol Bi,O3 nano particle | B(2.77) | under sunlight al, 2011

microwav




e [15]
reaction,
calcined
300c for
5 hrs
Hydrothe | Benzyl a andp Sheets, 2.71@/p | 300W Xe lamp, Rhodamine| Hou et.
rmal alchol Bi,O3 nanowires, ) B degradation rate 98% al, 2013
) nanocrystal (o/pcomposite) and 859 ( | [16]
Calcined 2.480) Bi,0s) in 60 min.
300c for
5 hrs
Electrospi| Poly(ethyle | Mixture of | Electrospun | 3.4 8W UV lamp,76% RhB , Brezesin
nning ne-co- a andp fiber mats excellent photocatalytic ski et.al
butylene)- | Bi»O3 activity. 2010
block- [17]
poly(ethele
ne oxide) di
block
copolymer,
calcined
400°c

parameters like pH, effective catalyst dosage itaideand the effect of addition of,8, and

inorganic salt like C] NOs, SQ,, CH;COQO in sunlight. The degradation intermediates of RhB

by a-B Bi,O3; photocatalyst in natural sunlight were also iderdi with assistance of high

resolution mass spectroscopy (HR-MS) and high pedoce liquid chromatography (HPLC)

study.

2. Methods

2.1 Synthesis of Bi,O3 hano crystal

All chemicals were analytical reagent grade andl wgighout purification. In this experiment;




B Bi,Os; heterojunctions were synthesized by a facile hygnoghal method. In a typical
synthesis, 0.02 (M) Bismuth nitrate pentahydrat€NB3)s, 5SH,O] was dissolved at first in 50
mL glycerol with sonication for 1 h followed by cstant stirring for 3 h. Then it was transferred
into a 100 mL teflon-lined stainless steel autoelasealed and heated at 4@Cor 4 h. The
system was then cooled at room temperature angribguct obtained by filtration, washed
several times with distilled water and ethanol &ndlly dried in vacuum desiccators at room
temperature. Other catalysts were prepared by amgrige precursor concentration from 0.02
(M) to 0.3 (M) keeping other procedure same. Thexprsor concentrations are taken 0.02 (M),
0.03 (M), 0.05 (M) and 0.3 (M) and the correspogdimoducts are coded as S1, S2, S3 and S4.

The reaction of glycerol with bismuth nitrate i©8hm in the Scheme 1[14].

Scheme 1
H,OH
Bi (NOy)3, 5H,0
T oy —>  Bi-OCH,CHOHCH,0-);+ H,0 + HNO;

Heat

H,OH

Bi,O3 + Glycerol

Glyceral 273 4

Scheme 1. Synthesis of BOs.
2.2 Sructural characterization

X ray powder diffraction (XRD) study was carriedtousing a difractomter (Bruker D8
Advance) equipped with a Cukradiation source\é 1.5418A generated at 40 KV and 40 mA).
The morphologies of obtained materials were ingedty a field emission scanning electron
microscopy (FESEM, INSPECT F50 FEI), transmissidecteon microscopy (TEM), high-

resolution transmission electron microscopy (JENM®HRTEM, JEOL, Japan, operated at



200KVv), selected-area electron diffraction (SAEDHeanergy dispersion X ray spectroscopy
(EDX). The ex- situ Fourier transform infra-red sfpescopy (FTIR) of synthesized materials
were carried out using spectrophotometer (PerkimeEl SN-74514, spectrum RX1 and
resolution 4 cnf). Absorption spectra were recorded using a moded3¥ UV-visible
spectrophotometer (Jasco, Japan) within the wagtiemange of 400-600 nm. Nitrogen
adsorption and desorption experiment was carried/7aK in a NOVA 2200e, Quantachrome
Instruments, USA, specific surface area and pae analyzer. In this measurement, the samples

were first degassed under vacuum condition fore@ #23 K. The surface charge of,8 was

characterized by Zeta potential analyzer (Zetasiaeo ZS (Malvern,UK) at §Q;cattering angle

with a He-Ne Laser{= 632.8nm)
2.3 Photocatal ytic experiments

The photocatalytic activities of the synthesized3inano particles were carried out by photo
degradation of Rhodamine-B under sunlight. 100 nill® ppm of aqueous suspension of
Rhodamine B containing 0.5 glof Bi,O3 nano particles agitated by a magnetic stirrer (500
rpm) in the dark to make the dye- adsorbed catatythie well dispersed state in the solution.
Then it was exposed to sunlight and 4 mL solutiaas withdrawn at every 15 min interval,

centrifuged and filtered. The residual dye soluticas analyzed spectrophotometerically and the
changes in the concentration of Rhodamine-B wesemied from its characteristics absorption
at the wavelength of absorption maximum, 554 nm.k&ep the consistency in irradiation of

natural sunlight all the photocatalytic experimentse intentionally performed between 11.00
a.m. to 2.30 p.m. in consecutive sunny days dufiegruary and March, 2018 (Jadavpur,

Kolkata, India). Besides a digital lux meter (LX11Q) is used to measure time dependent light



intensity of natural sunlight from which averagkinhination is obtained. The photo catalytic

degradation was calculated as follows:
% Photocatalytic degradation = {{C)/Co}x 100

Where G is the initial absorbance andt@e absorbance of the sample after irradiatiorifoe t

minute.
2.4. Trapping Experiment

The method of trapping experiment is the same ¢opttotocatalytic degradation experiments;
only difference is the addition of different scagers. In this experiment we used 2 mM of
different scavengers like Parabenzoquinone (BQ@prispyl alcohol (IPA) and Sodium-EDTA

(N&EDTA) as'O,, ‘OH and h trappers respectively.

3. Result and discussions

3.1 Characteristics of Bi,Oz nano particles

Fig. 1 illustrates the XRD patterns of as-prepa&chples. The sample S1, S2, S3 exhibits peaks
having @ (/degree) values at 28.00, 30.18, 32.90, 42.16405362.93, 68.56, 78.35
corresponding to (201), (211), (220),(320), (332R2), (432), (314) planes of tetragoial
Bi»O3 respectively [JCPDS NO 78-1793] and the peaksnga®(/degree) at 23.92, 29.36,
35.09, 47.33, 54.67, 56.56 can be attributed 1d.),1(311), (210), (420), (014), (240) planes of
monoclinic a-Bi,O3 respectively [JCPDS NO 72-0398]. XRD pattern reedrdor sample S4
contains peaks at62(/degree) values of 30.18, 32.90, 39.72, 42.162%5362.23, 64.63
corresponding to the (211), (220), (320), (4022203 (422), (520) planes of tetragoaBi>O3

[JCPDS NO 78-1793] and peaks ét\alues of 23.92, 27.12, 37.83, 44.71, 46.13, 486112,



70.72 for (11), (112), (12), (510), (040), (041), (104), , (061) planesmainoclinic a-Bi,Os3
[JCPDS NO 72-0398] respectively. The size of ciiista of the samples was measured using
the Debye-Sherrers equation [18]. From XRD datacasmcluded that our synthesized samples
were the mixtures af andp phases of B3 with various compositions and with crystalliteesiz
in the range of 6-42 nm. The composition of heterofion with different/a phase is also a
function of molar concentration of the precursablE 3 presents the relative ratio of intensity of
one dominant peak d¢f at B = 32.90 (corresponding to 220 plane) to another signifigaeak
intensity ofa at B = 27.10 (corresponding to 112 plane) for different synihed samples. The
data reveal that the relative increase @ivera phase continues up to concentration limit of 50
mM of the precursor. At higher concentration of NBlj;); like 300 mM, the heat rejection is
relatively slow during cooling of autoclave and shiheo form which is more stable at higher
temperature predominates. Notably, pu@ndp form can be obtained by the calcinationwf
Bi,O; at 400C and 250C respectively in hydrothermal method [12]. Thu® ttrelative
composition ofa and B in a-p Bi,Os; heterojunctions can be monitored by changing the

concentration of the precursor in the hydrothersyathesis.
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Fig. 1. The XRD patterns of four (S1-S4}p Bi,Os; heterojunctions synthesized at different

concentration of precursor.

Fig. 2 a, b and c. demonstrate the FESEM imageS10fS3 and S4-B Bi,O; composites
respectively. From Fig. 2 it is seen that the Sthlgat contains the mixture of nano sphere of
diameter 24 nm and nano rod like structures wittragye 126 nm lengths and 40 nm breadths.
S3 catalyst displays nano flake like structurescivldare made by spherical particles of average
diameter 28 nm. S4 catalyst shows the budding fidike morphology. The representative EDS
spectrum of some parts of S1 (Fig. 2d) confirmsftiimation of B}Os in the photo catalysts as

Bi and O atom are present in the ratio of 2: 3.06.

Elements | Atom%
Bi 2.86
4.38

—Cuka

400 300 600 700 SO0 900 1000



Fig. 2. The FESEM images of (a) S1 (b) S3 (c) S4 photbesitald) EDX image of

representative-f Bi,O3; heterojunction.

The TEM images of S3 catalyst (Fig. 3a and b) iaichat the catalyst is composed of porous
nano flakes of BO3. The average size of the pores as determined bglibgram is about 4.04
nm. The HRTEM image presented in figure 3c displingslattice spacing of 0.31 nm and 0.37
nm corresponding to the inter planner spacing 6i)2fp and (11) ofa Bi,Os; which further
confirm a phase junction between Bi,Os; and B Bi,Os. Selected-area electron diffraction

(SAED) profile (Fig. 3d) exhibits alseandp planes matched with the XRD results.

N, adsorption- desorption isotherm measurements warged out to evaluate the specific
surface areas, pore volumes and the average paralisiributions of the as prepared samples.
The BET surface area (ni') of S1-4 samples was found to be 19.6, 11.5, 48d 4.24 and
Barrett-Joyner-Halenda (BJH) desorption analysesi® composites exhibit that the least value
of average pore-diameter (2.68 nm) is obtained #8ramong all the synthesized materials. The
highest surface area (11.5 times than S4 catalyst)largest total pore volume (0.108°gH)

and the smallest pore diameter (2.68 nm) of S3ysdtérable 2) could supply more surface
active sites and make transport easier leading tenhancement of photocatalytic performance.
According to the Brunauer-Deming-Deming-Teller (BDDclassification, the isotherms (
Fig.4a) can be categorized as Type IV hysteresip ladicating the formation of mesoporous
materials [16, 19-20]. Fig.4b provides the Poree gistributions of as-synthesizedp Bi,O3

heterojunctions (S1-S4).
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Table 2. BET surface areas, total pore volume aedmpore size of synthesized catalysts.

Semiconductor

Surface area gr),
mZg—l

Total pore volume
(Votal), Cn"?g_l

Average pore
diameter (nm)

S1 19.6 0.046 2.78
S2 11.5 0.026 2.76
S3 49.1 0.108 2.68
S4 4.24 0.008 2.88

8 10 12

14



Fig. 5 illustrates the FTIR spectra of differenp Bi,Os heterojunctions (S1-4). The band at 850
cm*is attributed to the symmetrical stretching vitwatBi-O bond of the Bi@species [12, 21]
and the band 768 choriginates from the metal oxygen vibration [22heTband at 1558 chis
related to the vibration of the residual hydroxgdyp (BLOs—OH) [23] and the weak broad band
centered around 3322 &ris possibly due to the stretching vibration of Gséhd of very small
number of adsorbed 4 molecules [24, 25]. The band at 1386, 1287 arfd lehi'can be
related to the C-O stretching vibrations and —Cerding vibration of the adsorbed ethanol [26,
27]. The band at 921 chis the characteristic stretching vibration of Bil@nd in strongly

distorted BiQ@ octahedral units [28].
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Fig. 5. FTIR spectra of synthesized3 Bi,Os; nano hetero-junctions (S1- S4).

The optical properties of synthesize@ Bi,Oz are followed by UV-vis absorption spectroscopy.



Absorbance

The order of absorbance of the heterojunctions3s>SS1 > S2 > S4 where corresponding
profiles are exhibited in the Fig. 6a. Table 3 mgdhat S1- S2- S4 size increases, surface area
decreases and absorbance decreases. Greater absab&3 is due to highcontent. In earlier
report we find that the absorbanceBdBi,Os is enhanced in the visible light region compaied t
a Bi;O3 [29]. The band gap energyBvas evaluated using Tauc plot as done in ouripusv
work [12]. The plot of ¢hv)® vs hv for each composite exhibits two different slopésthe
tangents from which the bandscofindf phases of B3 are obtained as depicted in Fig. 6b and
Table 3 respectively. The band gap varies 2.35-ar%8 2.85- 3.19 fop anda phases ir-f

Bi»,O3; heterojunctions respectively. The obtained band galpes are consistent with the

previous results [12, 16, 25- 31].

(@) (b)
12 60
0.3 —S1 50 —2
9 | 40
N—; 6 >30
i 320
0.2 3 10
0 0
) X } 15 3.0 45
15 30hy 45 b
100
0.1 6
. 80
. 4 —S3 EGO S4
S )
K=
0.0- g 2 g
LJ LJ LJ L) o 20
200 400 600 800 0
Wavelength (nm) 15 3.0 45 23 4 5 6
hv hv

Fig. 6. (a) UV-vis spectra of S1-S4 photo-catalysts. (bv]* vs hv profiles of S1-S4 photo-

catalysts for the determination of band gap energy.



3.2. Influence of reactant concentration

The size of synthesized ) nano particles has also great dependence on tleemation of
Bi(NO3); solution in the hydrothermal synthesis. Fig. 7respnts the variation of particle size
with concentration of reactant. From the Fig. Tsitseen that average particle size gradually
increases from 6 nm to 42 nm when concentratioreattant changes from .02 (M) to 0.3 (M).
In general, when concentration the reactant was tlevsynthesized particles are accumulated in
different localized zone and agglomerate as glydsrbighly viscous [32]. As the ratio bismuth
nitrate: glycerol increased, accumulation of péticwas greater causing agglomeration and

higher particle size.

404

304

204

Particle size / nm

0.0 0.1 0.2 0.3
Bi(NO3)3 concentration (mol/lit)
Fig. 7. Effect of precursor concentration on the average sf the synthesized particles which
are obtained by heating hydrothermally at tempeeat80C for 6 h, all other parameters being
unchanged.
4. Photocatalytic experiment of Rhodamine-B

4.1 Effect of irradiation time

To evaluate the photocatalytic activity of syntiaesia-g Bi,Os; photocatalysts, the degradation

of RhB are performed upto 180 min under sunligtite Tegradation profiles of S1, S3 and S4



catalysts are exhibited in Fig. 8 a, b and c respdyg. The plot of c/g versus time in Fig. 8d

exhibits 84.4, 80.2, 89 and 31.2 % degradation bB Rnd associated rate constant of the

reaction in miff, are 0.194, 0.133, 0.02037 and 0.00201 for S1, ®and S4 catalysts

respectively.

Table 3. Synthetic, physiochemical and kinetic parametengaobusa-p Bi,Oz heterojunctions.

Catalyst Bi(NQ)sconcentration Relative Average Band gap | % Rate
taken (mM), reaction | peak intensity crystallite (eV) degradation | constant
temperature and time| ratio ofp at | size (nm) of RhB in (k/min™)
of reactions are 180 | (26 =) 120 min
and 4 h respectively in32.90anda
each case. phase having

20 at 27.10

S1 20 1.89 6 2.53f), |84.42 0.01944
3.15 @)

S2 30 2.18 9.7 2.48[), |80.24 0.0133
3.12 @)

S3 50 3.72 20 2.35ff), |89.01 0.0208
2.85 @)

S4 300 0.46 42 2.58()), |31.27 0.00201
3.2 @)
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Fig. 8. UV-vis spectra of RhB degradation at different timeervals using (a) S1

(b) S3 (c) S4 catalysand (d) Plot C/Co versus time for pure dye and &lc&alysts [RhB]
=1x10° M, [catalyst] = 0.5 g/L. and Al = 490x100 lux.

The degradation rate is the highest for S3 catalygdt 10 times greater than S4 catalyst. This is
due to the higlg/a ratio, lower size and lower band gap in S3 catatgenpared to S4. The
degradation rate also slightly decreased for S2pewed to S1 catalyst because of greater size of
the later. From Fig. 8a and b, it is shown thatgpectral maximum shifted to 554 to 496 nm
gradually after 60 min irradiation in sunlight atiek color of the solution changed from red to

colorless. The decrease in absorbance and hypsoichshift in absorption spectra is due to



breaking down of RhB structure and step by stepetbglation respectively [33, 34]. The
influence of degradation parameters like catalgsiade, pH, addition of @, and inorganic salt

in presence odi-B Bi,O3(S3) catalyst are discussed below.
4.2 Effect of solution pH

The degradation was studied in the pH range 2-i® @) and adjusted by addition of strong
HCI and NaOH solutions. The figure shows that Stlgst (0.2 g[') degrades RhB dye (10
ppm) upto 94% in 60 minute at pH 4. The rate canigid (?) values (mift) are 3.26, 6.28, 5.14,
2.84,1.71 and 1.67 at pH 2, 4, 6, 8, 10 and 12aas/ely. It reveals that the degradation is very
poor at both very low and high pH. At very low pHgreased concentration of @hight act as a
scavenger of hand OH radical [10]. At very high pH, the holes may dlesorbed by OHons
producingOH radical which otherwise engages to produg®x&nd decomposition of dye [12].
The rate constant values exhibit a maximum at @8 4vident from the lower inset of figure 9a.
The surface charge of the,Bg nano particles was determined by Zeta potentigsmement.
For its measurement #; suspensions (0.1 ) were prepared and the pH was adjusted
between 1-10 using 1 mol LitNaOH or HCI solutions [35]. The Zeta potentig] ¢f Bi,Os
catalyst at different pH conditions was measuredédtermine the effect of pH values on the
surface charge of BD;. The change of of S3 catalyst (Fig. 9b) shows an evident decrease
increasing pH values. At pH 2, value{ok 8.17 mV and pH 3 it becomes -9.41mV. The pofnt
zero charge (PZC) of the B); is estimated to be 2.45. At pH (4) > PZC (2.4b)face of B3O3
becomes negatively charged. Therefore, -vely @thBpO; particles facilates the adsorption of
+ vely charged diethylamine group in RhB molecwesng to electrostatic attraction and more
adsorption of RhB dye on the COgart of zwitter ionic RhB dye (since its pKa i4)3.This also

infers that degradation of RhB undergoes via N{ugation mechanism predominantly [36].
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Fig. 9 (a) effect of solution pH on chronodegradatiorRtB. Initial concentration and catalyst
are 1x10 M and 0.2gL*. (b) Effect of pH on the zeta potential of S3 casife in aqueous
solution (T = 25C). (c) Effect of dosages of S3 catalyst on chdagpadation of RhB upto 60
min, initial concentration of which is TM at pH 4.The variation of rate constant with pH and
catalyst dosages is presented at the lower inseadi figure. The average illumination (Al) of
the natural sunlight during the experiment was %800 lux. (d) Degradation profile of RhB in
presence or absence of®4 [dye] =1x10° M, [catalyst] = 0.5 gL}, pH=4, Al= 480x100 lux.,
irradiation time 120 minutes under sunlight. (eJeEf of variation of HO, concentration on
degradation .The lower inset represents appardat ganstant of degradation versusOhbl
concentration in the solution. (f) Plot C/Co versuse for the addition of inorganic salt in the

photo catalytic degradation of RhB.
4.3 Effect of catalyst dosage

The optimum value of catalyst dosage obtained bgyshg with various concentration of S3
catalyst from 0.05 gt to 1.5 gl* taking 10 ppm RhB solution at pH 4 (Fig. 9c). The
degradation is achieved by 98% with 0.5'gh 60 min. The rate constantlQ0) values (mit)

are 0.387, 4.44, 5.99, 6.27, 3.23 and 0.578 fo5,000L, 0.2, 0.5, 1, and 1.5 Jlrespectively.
The variation of rate constant with catalyst dosagaresented at the lower inset of figure 9c. It
exhibits initial increase of degradation efficienplausibly because of increasing number of
reaction sites on the catalyst surface. Again dreigses with higher loading is due to the light

scattering effects and self quenching of excitadlgst molecules [37-40].

4.4 The effect of addition of H-O,



The effect of addition of kD, on the degradation of RhB (Fig. 9d) in presenceabélyst under
natural sunlight was also studied. When 1 mL of M i,0, (30%) is added to 100 mL of 10
ppm dye solution, it degrades 99.6% and 89% ingm&s and absence ob®h respectively in
120 min. HO; increases the rate of degradation of RhB by 10.6%e rate constant values are
2.1x10% 1.1x10% 2x10% and 4.4x18 min™ for pure dye, dye with ¥D,, dye with catalyst and
dye with both catalyst and.B, respectively. The rate constant value of the dypresence of

catalyst increases 2.16 times on addition gdHo it.

In order to investigate the effect of,®h concentration on the degradation kinetics, difiere
guantity of HO, is added to the solution keeping other parameiamnstant. Fig. 9e reveals that

the rate constant of the decolonization reactiameases by 32.7% in 60 min with increasing
concentration of kD, from 0.15 mM to 2 mM. This might be due to incread ‘OH radical

concentration on increasing the concentration £Hn the solution.

The increase of ¥, concentration further results in decrease of reaaho¥ color by 20.4%.

Therefore the concentration ob®, kept at an optimum level (2 mM). This might be doehe
fact that at high concentration very reacti@&l radical could be consumed by®3 and results
in the generation of less reacti¥®OH radical which has lower oxidation capabilittean'OH

[41] and as be illustrated by the following Eqs-(B).

H,0,+hy ——» °OH (1)
H202 + .OH H HOZ. + HzO (2)
HO, +'OH —» HM,0+0; 3)

4.5 Effect of inorganic salts



The photo-catalytic degradation may be affectednlayy organic and inorganic species present
in the real industrial waste water. In this stute effect of N@, CI, SQ%, CH;COO ions on
RhB dye was investigated and depicted in Fig. @bnFthe figure, it is seen that the % of
degradation of RhB in presence of NGCI, SO, CH:COO ions are 96.7, 93.6, 81 and 22%
respectively. Notably, % of degradation in abseaot@ny such ions is 88% in 90 min. The
higher degradation efficiency in presence of3sNiOn is due to strong adsorption of nitrate ions
on a-B Bi»O3 surface and production oDH radicals from photo induced aqueous nitrate in

sunlight [42-44] as shown in the Eq. (4) - (7).

NO;+hy ———»  NO, +O “)
‘0" +H,0 » OH + OH (5)
NO; + hy » NO, + OCP) (6)
NO, + OCP) + hy — 3 NO + ‘OH (7)

It has been illustrated in our previous result [f24t the introduction of Cinto the reaction

mixture of degradation causes modification ob@isurface by producing BiOCl which can also
assist the degradation process [11] butddlalso acts a©H radical scavenger by the following
Eq. (8) - (11) [45, 46]. So, the rate in present&€lb decreases little bit compared to that in

presence of N@.

Cl +h* ——— > CI (3)

Cl +OH —» CIOH~ ©)
2CI ——» (Cl, + 2e (10)

Cl, +H,0 ——— > Hocl +crr+H* (11)

For SQ% ions, they are adsorbed in the surface of th®&ind reacts with photo induced holes

(h") to form SQ [47, 48]. This generated sulfate radical also hdfpe degradation process



according to the following Egs. (12) and (13) butalso acts as a holes scavenger. So,

degradation rate decreases compared to nitratetdodde ion.

h* +S07 — 3 50, (12)
SO4" + € (or H,0) —— = S0,% (or SO,> +*OH+H") (13)

But the approach of G3E€OO ion demonstrated the adverse effect. Due to additd
CH3;COONa salt in the solution, the medium becomesckasil degradation decreases which is
discussed in earlier. It also inhibits the formataf OH by the photo-kolbe reaction [49, 50] via

the Eqs. (14)-(16).
4.6 Effect of Scavengers

In order to explore the different species involvaad the main agent responsible for the

photocatalytic degradation of RhB, the reactiofoi®wed in presence and absence of scavenger
of h*, ‘O, and'OH radicals. In the trapping experiments each sugeewas added at equal

concentration in separate experimental solutiomsaioing same composition of dye;® and
catalyst to observe the direct influence of thevengers on the degradation rates. As shown in
the Fig. 10, the degradation efficiency of RhB asirid to decrease rapidly from 98.66% to
19.85% with addition of N&DTA which is a scavenger (trapper) of hole. The &f arresting
the reaction decreases in the order EDTA > BQ >3¥M0 scavenger, indicating that the hole is
the main species for degradation, followed by @nd OH. The apparent rate constant (k)
without addition of scavenger is 0.07414 thand for EDTA k values decreases to 0.00072 min

! Alittle decrease of rate constant for BQ (0.05&%d IPA (0.0682) is observed indicatingis



the main reactive species ar@h ‘OH radicals plays minor role for the rapid degramatbof

RhB.

1.0+ . A S |
) -4A=No0 scavenger
0.8
0.6+
5 .
o 0.44
0.2-
0.0- —— -

0 10 20 30 40 50 60

time (min)

Fig. 10 Effect of different radical scavengers on the ddgtion of RhB oveu-f Bi,Oz under

sunlight.
4.7 ldentification of products of degradation of RhB with a-f Bi,O3; photocatal yst

The RhB and intermediates generated in the phatiatxe process were analyzed with a
JASCO liquid chromatograph (HPLC) equipped a mukirelength detector and crestpak C18S
column in the mixed eluent GBH: H,O = 1:1 by volume. The detected intermediates bGP

are shown in the Figure 11a and b.
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Fig. 11. (a) Identification of the solute components in #odution undergoing photo catalytic
degradation of RhB for different time extents byllP(under sunlight irradiation) (b) Some
parts of profiles of figure 10 (a) (for the solutiandergoes 150 min exposure of sunlight) with

greater resolution to show the dominant products.

Five main components which have retention timesnym.86 (m/z = 443, RhB), 5.82 (m/z =
387, DR), 4.68 (m/z = 387, EER), 3.43 (m/z = 35®)E&nd 2.16 (m/z = 301) have been
identified from the solution subjected to 90 miradiation of sunlight. The absorbance (mAbs)
of the peak obtained at retention time (/min )7a8@l 5.82 decrease and gradually lose m/z
values of 28 and 45 which are the values of anladhyup and one COOH group to form

degraded products as presented in scheme 3. OrseexgdRhB solution to sunlight for 150



minute, destruction of xanthate ring occurs withnfation of mainly adipic acid ( Rt = 11.54
min, m/z = 146), phthalic acid (Rt = 12.89 min, m/466), 2- hydroxyl penta-di-ioic acid ( Rt =
10.56 min, m/z = 148) and 2, 5 di hydroxyl benzadd (R = 14.83 min, m/z = 154). All these
products found from HPLC are well matched with tésults of the other researcher [33, 51]. To
obtain more information about the highly polar mtediates having small molar mass that could
not be identified properly by HPLC, the producte &wrther analyzed by HRMS technique.
Some degradation products from HRMS, having stsigg at m/z 391, 387, 370, 301, 290, 197,
151, 149, 164 are presented in Fig. 12 and schemec®rding to the relevant literature reported
and combining with MS analysis, the peaks at m2.414415.3, 387.3and 359.3 were identified
as RhB and its N-deethylated intermediates namIy,N’-triethyl rhodamine (DER), N, N-
diethylrhodamine (DR), N-ethyl-N-ethylrhodamine @&E and N-ethyl rhodamine (ER)
respectively. Among them, DR and EER are pair @fnisrs [52] and the compounds having m/z
= 370, 301 and 290 are the products of deethyldtibowed by de carboxylation. In our present
study, HRMS provides the solid evidence for therfation N- dethylated products and cleavage
of chromophore structure of RhB. Fig. 8a and bstllates that absorption maxima of RhB dye
shifted from 554 nm to 496 nm (hypsochromic shifthis shift of absorption band was
presumed to result from the formation of a seriebl-dleethylated intermediates in a step wise
manner [53, 54]. The color of the suspension chamggadually from pink to light green during
the progress of the reaction and finally becomdsriess. This indicates that thep Bi,Os
photocatalyst enhances significantly the de- etlofigorocess in comparison to the cleavage of

ring structures [55].
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Fig. 12. HRMS spectra of RhB solution under irradiation @y 0 min (b) 30 min (c) 60 min (d)

210 min.

Scheme 2.

Photo catalytic degradation pathway of RhBobf Bi,O3; photocatalyst.
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4.8. Mechanism of photo degradation

There are two possible photo chemical mechanismp:photocatalytic process (b) photo
sensitization process. In photo catalytic procB$d3 can be degraded by direct interaction with
strong oxidizing hole originating from the hybridtion of the Bi 6s and 2p orbital. Our previous

report [12] illustrates how the hole createdoby Bi,O; photocatalyst becomes the main source



of ‘'OH and function as the main degrading species & ®fe. HereOH and Q™ radical help in
the cleavage of conjugated structures (path b)th@nother hand, RhB dye itself can absorb
sunlight and goes to the excited state of dye (RhBriis excited dye can transfer electron to the
CB of a-Bi,03 to form RhE" as the LUMO of RhB and CB efBi,O3 are -1.42 V and 0.33 V
vs NHE [56, 57]. The RhBreacts with adsorbed dye to form deethylated mtsd(path a) by
the photo sensitization process (shown in Fig. Agxin, the adsorbed molecular oxygen on the
catalyst captures electron from the CB of@ito form Q. The oxidant @~ radical reacts with
adsorbed dye to degrade it. The holes in the HOM&tr with adsorbed 4@ to form <OH
radical. It is worth mentioning that the photosémration degradation of RhB occurs commonly
via process involving N-deethylated step compacoephiotocatalytic process [58]. Therefore, de
ethylated products are found in this study indragtihat photosensitization process plays a vital
role in the overall degradation of RhB although hbgtath a and b might be operating
simultaneously. In presence of @ the systema-Bi,O3 is gradually converted to BiOCI in
aqueous medium as observed in our previous sti]y Althougha or B Bi,O3 comprise type 1
semiconductor junction, in situ generation of BiQftdkes thex or B Bi, O3 / BIOCI as type I
junction and thus electrons are accumulated atctireuction band off Bi»Os holes are
accumulated at the valence band of BIOCI, makinfigcéf/e separation of primary charge

carriers. A plausible scheme stating the two pathshown below.



Patha RhB + hv —3 RhB*
RhB* + Bi,0; —3 Bi0s(e) + RhB™
RhB " + Adsorbed dye —» N-deethylated products
Cr
Bi,O3(a/f) —— BiOCl
BBi,O; + hv 20 . BB, B Bi,0; (h")
BiOCI + B Bi,0; (h") — BiOCI (h")  + B Bi,0,

Path b

BiOCI (h*) + RhB/ N-deethyalated products ————  Clevage of structures
BBi03(e) + 0, —» BBLO; + O,
h* +H,0 —» °'OH + H'
02'_/ ‘'OH + RhB —> RhB oxidation products

In our system both nitrogen centre radical pathata carbon centered radical path ‘b’ through
initial formation of Q™ and *OH, occur simultaneously. But it seems thatréactions through

path ‘a’ occur more effectively at the initial séagf first 90 minutes for which the N-deethylated
products are the main intermediates. After 90 neinakestruction of chromophoric structure
through path ‘b’ dominates over path a and finaltier 150 minutes we get small compounds
containing a phenyl backbone like phthalic acid6j]lhthalic anhydride (148), dihydroxy

benzoic acid (154) etc. Since de ethylated prodaretsnainly formed after exposure of radiation
for small time interval (60 min, 90 min) as obtainkom mass and HPLC studies, it may be

inferred that the breaking of ring structure isyeaféer de-ethylation.
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Fig. 13. Plausible charge-transfer mechanism and photoytiatdiegradation of RhB.



5. Conclusion

We have successfully synthesized biphasic hetecopms having various molar ratios efand

B forms of BpOs by changing the concentration of bismuth nitratcprsor in glycerol solution
following facile solvothermal method without calation. The X-ray diffraction and microscopic
studies reveal that the dimension of nanospherenandrod of two different forms produced are
gradually increased with the initial concentratiminthe precursor. The optimum dosage of the
synthesized catalyst, pH and®} concentration for better photocatalytic degradetd 10 ppm
RhB are found to be 0.5 .4 and 2 mM respectively. The efficiency of thedelation by the
besta-B Bi,O; composites increased from 89% at pH 5 to 98% at pH 4 in h@8 under
sunlight illumination. Addition of N©@ and Cl salts increase the photocatalytic degradation of
RhB by 12.1% and 9.0 %, while $0and CHCOO salts decreaskegradation in comparison to
that found without salt addition. These resulteirdtrong adsorption of NOand Clions on the
a-B Bi,O3 surface which seemingly facilates the greater gaioer of OH radicals. The greater
presence of N-deethylated products (DER, EER, DRaRRconfirmed from HRMS and HPLC
techniques, indicates that the degradation maintycgeds via photosensitization induced
photocatalytic mechanism. In this process, RhBatpeluce RhB and "‘OH radical which might
be the main degrading agent. The decarboxylatiah the ring cleavage of RhB were also
observed on irradiation of sunlight for 150 min an@ptimized condition. The main nontoxic
products are adipic acid, phthalic acid, 2- hydtopgnta-di-ioic acid and 2, 5 di hydroxyl

benzoic acid which are again mineralized to,@@d HO on more exposure to sunlight.
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