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Abstract: A novel visible— light driven photocatalyst, BIMN\Ox was synthesized by ethylene glycol—citrate sol+gele
and microwave- assisted calcination. The phocatags characterized structurally by X-ray powdéiraktion (XRPD) and
simultaneous thermogravimetric—differential theruaalysis (TG—DTA). Its optical and surface projesrtvere determined by
means of UV-vis absorption spectrophotometry ai B nitrogen adsorption isotherm measurementseotisgly. The
photocatalytic efficiency of BIMNVOX.x system wasvestigated by applying the pseudo first- ordeetica model to the
photocatalytic degradation reaction of crystal @ipICV dye in aqueous solution under visible ligadiation. Thep
(orthorhombic) —-BIMNVOX phase, space group Acamibitbd the highest photocatalytic degradabilitgigating that the
photocatalytic efficiency of BIMNVOX catalyst is sgentially enhanced by the increased number ofysatactive sites,
irrespective of the kind of phase stabilized amlihcreasing photoabsorption ability with Mn dopeontent. Moreover, the
possible photocatalytic degradation mechanism oéags CV dye solution under visible light irradiativas also proposed.
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1. Introduction

Dye pollutants released with industrial wastewater an studied for photocatalytic and photochemical appions
important source of environmental concern. Orgayies are because of its thermal stability, facile synthekig; cost and
widely used in industrial processes and domestivibes, the low toxicity (Zhang et al. 2006). However, besa of its
leading to esthetic pollution, eutrophication, gedturbations relatively high band—gap, T¥k)3.2 eV) is activated only by
in aquatic life [1,2]. Crystal violet (CV) is a méer the ultraviolet light with wavelengths shorter than 38% [6,7],
triphenylmethane family of dyes that has severdugtrial  which severely limits its commercial applicatiom feater and
and biological applications. This large family issed wastewater treatment. Hence, many researches hese b
extensively in a variety of industrial process, niny are devoted to find, design and optimize efficient ssonductor
also known to have carcinogenic and mutageniphotocatalysts with maximum absorption thresholds
properties[3,4]. Advanced oxidation processes (AQRwe (minimum band gaps) that effectively accelerate the
been proposed and widely investigated for thehotocataltyic degradation of organic dyes, wheadiated in
photodegradation of organic dyes in industrial wastters. the visible light region.

Semiconductor mediated photocatalysis has beerdftube Very recently, a layered perovskite— type\BiO,; oxide
potentially advantageous, as it costs less mondydaes not and its metal- doped analogues, designated as B

create secondary contamination [5]. Among known BizMe'xV} Os5-(5-1)x/2 ; 1=Me oxidation state) belonging

semiconductor photcatalysts, TiChas been extensivel . . .
P y L y to the Aurivillius family, have attracted considelaattention
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due to their interesting propriety, such as in fiacu geometry in the range of %268 < 8¢ with an increment of
polymorphic structure and stability [8,9,10], vedpw 0.05 at scantime of 0.8 sec/increment. The unit cell
electrical conductivity below 308C [11], reasonable scale— parameters were refined using afiPert Plus software
electronic and ferroelectric contribution at low pdot program. The average crystallite size was calcdlftem the

concentrations [12,13], and remarkably narrow bgay with  giffraction line broadening via the Scherrer equrati

a potential visible light photocatalytic efficiendii4,15].

BIMEVOX materials, such as BIALVOX, BIGAVOX [14] D= 0894 1

and BINIVOX [16] have shown enhanced photocatalytic " Bcosd (1)

degradation of some organic dyes in the visiblesperange

as a consequence of band gap narrowing of the dopethereD is the crystal size in nmj} is the Cuk radiation

photocatalysts. wavelength 4=1.54060A) B is the half-width of the peak in
In the present paper, we report a novel visiblghtldriven  radians and is the corresponding diffraction angle.

photocatalyst, BIMNVOXx BizMn§('V)V1_X05_5_(X,2) for the The thermal decomposition of xerogel and the polyhic
photodegradation of organic dyes in industrial westiers, A Structure were investigated by thermogravimetric  —
series of BIMNVOXx was synthesized by et|.W|enedn"ferentlal thermal analy5|s_(TG—DTA) u3|_ngla HBr_EImer
glycol—citrate sol-gel route and the resulting Vdawin thermal analyzer at a heating rate of@min™, running up
containing xerogels were calcined by the microwaeating 0 1000C with an air flow rate of 30 ml mih a—alumina was
using a modified domestic microwave oven. Theused as a reference material. The microwave- adsist
photocatalytic properties of the BIMNVOX catalyst were decomposition of xerogel as a function of calcioatime was
then investigated on the photodegradatiorCyfdye under also followed by the X-ray powder diffraction.

visible light irradiation.

2.3. Optical and Surface Properties of Photocatalyst

2. Experimental The optical band— gap energids)(for the photocatalyst
_ series were estimated from UV-vis absorption spectr
2.1. Catalyst Preparation collected on a Shimadzu Scan UV-vis spectrophotemet

Analytical grade  Bi(N@)s.5H,0 NHVO;  and (UV-1240) at room temperature in the wavelength eang

Mn(NOs),.4 H,O were used as starting materials. Stoc 00_7E0 nm. 'Il'he (arect band—dgap enehrgybwag caitlia
solutions of the starting materials (0.1 M) werepared by rgm t € wave eng_t corres_ponzlngl;g the band-gige e
dissolving an accurately weighed amount of corradpm absorption () using equation (2) [17]:

material in deionized water. A 0.2 M citric acidwg®n used 1240

as chelating agent was prepared in deionized watbrdene EEV)s — (2)
: : . A (nm)

glycol mixture at a volumetric ratio of 3:1. A 0N NH; ab(g)

solution was also used for adjusting pH.

The starting materials solutions were mixed atlametric
ratio of 2:x: (1) = Bi: Mn: V with citric acid solution to form
sol solutions. The ratio of citric solution to tbtaetal ions
was set at 1.5:1. The pH of resulting sol solutiovere
adjusted tdT7 by adding ammonia solution. The sol solution
were then heated at 8Dunder constant stirring for two hrs to
form visible gel. Wet gels were further dehydraitedn oven
at 9(5’CI for 12 hrs to remove excess water and obtairddrie, 4 Photocatalytic Activity Measurements
xerogels.

The xerogel was thoroughly mixed in an agate mddar A 250-ml aqueous solution of CV dye (5 x M) at pH
further homogenization and then divided into twouaq ~10.0 (adjusted with diluted agueous solution of;Ntd
portions. The first portion was thermally calciniaca muffle  H,SO,) was placed in a 450 ml — photoreactor equippeid avi
furnace at 55 for 6 hrs, while the second portion ismagnetic stirrer. Before photocatalytic reactiorg02mg
subjected to a microwave—assisted calcination fomih in a  powdered sample of the photocatayst was dispensibe idye
modified microwave oven operated at a frequency2.db aqueous solution. The resulting suspension was then

Surface area measurements were performed by nitroge
adsorption— desorption isotherm at 77 K on an
Autosorb—1(Quantachrome) adsorption apparatus. The
adsorption data were collected in the nitrogeniglgstessure
éP/PO) range of 0.01-0.99. The specific surface ar&sy)(
expressed in ffg, were calculated by
Brunauer—-Emmett—Teller (BET) method.

GHz. magnetically stirred in the dark for 25 min to reathe
o adsorption—desorption equilibrium. The visible tighith
2.2. Srructural Characterization of Photocatalyst wavelengths greater than 400 nm using a 300-W iXp laas

The stabilized phases and crvstallite sizes fothmsized irradiated perpendicularly to the surface of solutat affixed
P y distance between the visible source and the suidhatye

samples of photocatalyst were determined by theay)-r . e .
powder diffraction (XRPD) patterns obtained from asolutlon (25 cm). At specific time intervals (10mhiabout 5

Rigaku/Max—B X—ray diffractometer using Ni—filterelK, ml— aliquot of the reaction mixture was withdraworh the
radiation. The diffraction beams were collectechgsa 426 photoreactor and then filtered to separate thdysatesidues.
The concentrations of dye versus irradiation timerew
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determined by measuring the maximum absorbangg=690
nm) using a Shimadzu UV-vis spectrophotometer (L246).
The photocatalytic activity of the BIMNVOX.catalyst as a
function of composition for the dye photodegradativas
investigated using a pseudo first— order kineticeto

In(G /Cy)= _kapp t 3)

BIMNVOX.x photocatalyst doped with varying Mn
concentration. It can be noted that no significant
polymorphism occurs in the substituted system with
increasing Mn content upto< 0.10. For compositions with

= 0.10, the singlet indexed 220, shows the existeot
orthorhombic B—BIMNVOX phase of higher symmetry
having space groupcam[19]. However forx > 0.13, the
tetragonaly'-BIMNVOX.13 phase, space groupl/mmmis

whereC, andC; are the initial concentration and concentratiorstabilized as clearly evidenced by the convergesfcéhe

at time,t of CV dye solution, respectively akgh, denotes the
apparent first— order rate constant.

3. Results and Discussion
3.1. Structural and Polymorphic Properties of Photocatalyst

Figure 1 presents TG-DTA thermogram of BMNVOX.13
xerogel, which clearly shows a two—step thermalaleation,
starting from 77°C and extending upto 44€. Two thermal
events are accompanied with the overall decomposita
small endothermic and sharper exothermic peak whigh
observed at 192C and 449°C, respectively. However, the
first weight loss of the thermal degradationb.d %),
corresponding to the endothermic peak is attributed
elimination of physically adsorbed ammonia and wétem
the xerogel. It is also possible that free ammoniitrate
and ethylene glycol are partially decomposed is $teép. The
second weight loss[d 41.3 %), corresponding to the
exothermic peak is associated with a fast decoriposind
decarbonization of chelating citrate and ethylergcal
[13,18].
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Figure 1. TG-DTA thermogram of as—prepared BIMNVOX.13 xerogel
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The variation of XRPD patterns of the BIMNVOX.13
xerogel with time of microwave—assisted calcinatar?.45
GHz are presented in Figure 2. It can be obserkatl the
xerogel is calcined and well- crystallized undecrwvave
heating for 25 min as clearly evidenced by theterise of a
characteristic singlet diffraction peak 110 aro@ad- 32.5.

Figure 3 present the XRPD patterns of as— syntedsiz

sub—lattice doublet ca.02~ 32.5 into a singlet indexed in
tetragonal cell as (110) av2 32 [20]. It is worthwhile to
appoint that our structural characterization isnbto be in a
perfect agreement with what have been reportetesot the
BIMNVOX system [21].
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Figure2. XRPD patterns of the BIMNVOX.13 xerogel calcinednyrowave
—assisted route at 2.45 GHz as a function of time.

Values of unit cell refinement, average crystalitee and
crystallographic density obtained from fitting d#€tion
patterns are listed in Table 1. It is clear thatghbstitution of
Mn into the BjV,0;; compound causes a dramatic increase in
the unit cell dimensions, accompanied by the saemltin the
overall cell volume. The density and particle simeth are
found to increase slightly with the increase of Mopant
content. This trend is in a good agreement withvdr@tion of
unit cell parameters, and reflecting the positiwetdbution of
Mn substitution to the overall lattice expansionaagsult of
the incorporation of Mn (1V) dopant ions of largenic radius
(0.72 A) into the perovskite vanadate layers in place of
pentavalent vanadium sites (0.54 A) as revealdibef2?2].

DTA thermograms depicts thermal stability of the
BIMNVOX.x system and onset temperature of phase
transitions (Figure 4). The two characteristic @hdomic
peaks clearly seen for the parent compoungl/ 8y, (x=0) as



American Journal of Physical

well as the substituted photocatalyst with compasjik=0.05
are attributed to the consequentp and and—vy transitions
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[23-25]. In addition, the heat flow per unit massh® o—f

Table 1. Refined unit cell parameters, crystallographic siies, average crystallite sizes and specificagfareas of as—prepared BIMNVOX.x photocatalyst

series.
X Unit cell parameters dxrep Average crystallite ~ BET surface area
a(A) b(A) c(A) V(A9 (g e size (um) (mg)
0.00 5.521 5.627 15.293 475.10 6.78 4.12 0.21
0.05 5.611 5.623 15.387 485.47 6.83 4.24 0.19
0.10 5.624 5.633 15.453 489.55 6.97 4.37 0.24
0.13 5.631 — 15.508 491.73 7.12 4.56 0.23

transition is found to be nearly three orders ofgnitude
higher than that of thg—y transition. However, the
B—BIMNVOX.10 photocatalyst shows a single endothermi
peak 469°C, assigned to th@—y transition, while the
occurrence of order» disorder,y—y transition is observed
for they—BIMNVOX.13 phase [25, 26].
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Figure 3. XRPD patterns of as—synthesized BIMNVOX.x phaibcsit
series.
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Figure 4. DTA thermograms of as— synthesized BIMNVOX.x phtdtyst
series.

3.2. Optical and Surface Properties of Photocatalyst
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Figure 5. UV-vis spectra of the BIMNVOX.x photocatalyst.

UV-vis absorption spectra of BIMNVOX .photocatalyst
for various compositions are presented in FigureThe
intrinsic band— gap absorption of,BibO; is clearly seen at ~
559 nm, resulting from the electronic transition®ni
Bi6s/O2porbitals of the bismuthai@i,0,)?* layers (valence
band) toV3d orbitals of the YO, 5> perovskite— like
slabs (conduction band) [14, 15], whef2 represents an
oxygen vacancy in vanadate polyhydra. The absorgitnes
of the BIMNVOXx photocatalysts are found to shift toward
longer wavelengths as the concentration of Mn dbpan
increases. This is without a doubt attributed ® aldditional
contribution ofMn3dorbitals to the conduction band [16] and
increasing oxygen vacancy concentration [24, 27]the
perovskite vanadate layers. The variation of thécapband—
gap energy of the BIMNVOX. catalyst with Mn dopant
concentration is illustrated in Table 2. It cannmed that the
absorption edge of the BIMNVOX system is shifted/dnds
the visible light region with the increasing Mn temnt
compared to the pure Ri,0;;. However this narrowing of
band- gap energies is also accompanied by an sereahe
specific surface area§y), suggesting that the Mn— doping
strategy might play a positive contribution to the
photoabsorption and photocatalytic activities of peld
photocatalyst. This behaviour may be explained Hey fact
that the increasing Mn substitution leads to cozatif oxygen
vacancies at the equatorial planes of perovskiteadate
layers [13, 28]. Such oxygen vacancies not onlemctthe
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optical absorption edge into the visible light mgibut also the photodegradation &V dye proceeds more rapidly when
serve as active sites available for the dye modectd adsorb catalyzed by the BIMNVOX system, whose Mn content lies
on the surface of photocatalysts and due to whiwirt in the compositional range of tifie phase stabilization. It is
photocatalytic degradation becomes effectively enbd worthwhile to appoint that this result is contrémywhat have

[29]. been reported very earlier for the BINIVOXphotocatalyst
[16], where compositions with stabilized phase have shown
Table 2. Values of band— gap energy for the BIMNVOX.x ptadtdyst a maximal photocatalytic efficiency.
X A ab(om) Eq (V) SD R? The values ok, (Min™) were calculated from the slope
0.00  559.08 2.22 0.0354« 0.992! using the line—regression fitting to the first— erdkinetic
0.05  597.91 2.07 0.0244¢ 0.996. model as shown in Figure 8. Table 3 illustratesvéméation of
0.13  604.58 2.05 0.0411: 0.9945

kapp With Mn dopant level incorporated in the photobzta
along with the regression determination coedffits ).

3.3. Photocatalytic Efficiency and Proposed Mechanism . , ” -
The highest photocatalytic degradability exhibiteyd the

25 BIMNVOX catalyst with stabilized f— phase Ky, =
8.45¢<107% min for x=0.10) indicates that the photocatalytic
20 efficiency of BIMNVOX catalyst is essentially enteed by
' the increased number of catalyst active sitesspeetive of
the kind of phase stabilized and the increasing
815 photoabsorption ability with Mn dopant content. The
8 important point to be emphasized here is that timalrer of
21.0 photocatalyst active sites reaches its maximunx=& 10,
< which is in a good agreement with the expected nugti
concentration of oxygen vacancies created at thmtedal
05 planes the perovskite vanadate layers. This cao bés
evidenced by the lowering in the photocatalyticiwtgt
00 : beyond this value of Mn conterit,g, = 6.96<10°° min ™ for
. ] . ] . ] . ] . ] . 1 . X=013)
350 400 450 500 550 600 650
Wavelength(nm) S, S S S——— —— R S e e
Figure 6. UV-vis spectrum of CV dye. 1.2p —0—x=0.0, — Linear fit ]
[| —=—x=0.05, linear fit
B T T T T T T T T T T T 1.0f —0—x=0.10, linear fit .
1o T —%—x=0.13,— linear fit
09F e ~ 7
A Q.
0.8} i < _
c/C, 0,7-_ 4 ]
0.6 .
0.5f .
| —a—x=0.0 i
04} x=0.05 E P R RPN SRR SR I SR B
[ |—0—x=010 |
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N e Irradiation time (min)
0 20 40 60 8 100 120 140 160 Figure 8. Linear least— squares fitted plots of In (GY®@ersus irradiation

Irradiation time (min) time of the pseudo first—order kinetics for thébles- light photodegradation

of CV dye catalyzed by various compositions oBIMNVOX.x system.
Figure 7. Photocatalytic activities of the BIMNVOX.x catalgsries for the

degradation of CV dye solution under visible lighadiation. However, the decreased photocatalytic efficiencyyof
-BIMNVOX.x catalyst forx=0.13, despite its highest ability
to absorb visible lighi#,=2.05eV), may be attributed to the
creation of oxygen vacancies at apical positions thod

The UV-vis spectrum oV dye solution before photolysis
and photocatalytic degradation, shows a main absoin

- andC were obtained from the sorresponcing abserbanclSIOVSKIE Vanadate layers 16,17]. These apicaingies are
© P 9 not only considered as inactive sites on the plaédgst

measured at this wavelength. The variation in the ; L
. . ey ; Surface, they may also play a role in the fastmggoation of
photocatalytic degradation efficiency @V dye with pure . !
. ; the electron—hole pairs, and thereby slowing dowe t
Bi,V,0;; and doped BIMNVOX samples at varying Mn hotocatalviic dearadation
concentration is presented in Figure 7. It canliseored that P y 9 ’
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Table 3. Variation in the rate constant of photocatalytieggadation of Cv BIMNVOX. x photocatalyst result in narrowing of band- gap

dye as a function of Mn substitution in BIMNVO&atalyst. energies, accompanied by the increase in the $psaifface

X Kapp (Min™) x 10° SD R? areas $e1), and thereby enhancing the photoabsorption and
0.00 4.30 0.009: 0.9989! photocatalytic activities of doped photocatalyst. ik

8-2(5) é-fé 8-8?%; 8-833‘5 ‘ interesting to note that the highest photocatatjgigradability,
e Py 0.0499; 0.9382( exhibited by the3— stabilized BIMNVOXx phase fox=0.10,

indicates that the enhancement of photocatalyficieficy of

The photocata]ytic mechanism©Y¥/ dye degradation using BIMNVOX Catalyst is attributed to the Optlmal comteation
the BIMNVOX x catalyst under visible light irradiation can be0f 0xygen vacancies (catalyst active sites) creaedhe
explained by the fact that the Mn doping initiafigrrows the equatorial planes of the perovskite vanadate layers
band gap of the photocatalysts to enhance visilgbt | irrespective of the kind of phase stabilized aralititreasing
absorption [17]. ThEV dye molecules are then adsorbed ont®hotoabsorption ability with Mn dopant content.
the perovskite vanadate layers as a result of dowrtdnic
interaction between negatively charged oxygen atofribe Acknowledgements
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