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a  b  s  t  r  a  c  t

A  novel,  simple  and  efficient  approach  for degrading  organic  dye,  based  on  BiAgxOy (bismuth  silver  oxide,
BSO),  is reported  for the  first time.  The  oxidative  powder  BSO  was  prepared  by  simple  coprecipitation
of  NaBiO3·2H2O  and  AgNO3.  The  technique  was  evaluated  for  the  decolorization  and  oxidative  decom-
position  of  Rhodamine  B (RhB).  The  results  demonstrated  that  mixing  BSO  with  an  aqueous  solution  of
RhB (20  mg/L)  resulted  in  rapid  decolorization  (pseudo-first-order  kinetic  constant  k  =  0.5594  min−1) and
formation  of  several  small  molecular  weight  products.  Significant  reduction  in  TOC  (32%  TOC removal  in
10 min)  also  occurred  via  mineralization  of  RhB  to CO2/CO3

2−.  The  reaction  proceeds  at  ambient  temper-
ature  and  pressure,  and  requires  no  external  energy  sources  or light.  An  advantage  of  the  technique  is
xidation
ye degradation

that BSO  can  be  used  to degrade  sequential  additions  of  dye  without  significant  fouling  or  loss  of  activity.
The characterization  of  BSO  and  its  corrosion  products  by  XRD,  FTIR,  TEM,  EDX  and  XPS  revealed  that  Ag
species  were  reduced  to  metallic  silver  and  NaBiO3·2H2O  was  transformed  into  the  Bi2O2CO3 during  the
reaction  process.  Singlet  oxygen  (1O2) was  identified  as  the  major  reactive  species  generated  by  BSO  for
the degradation  of  RhB  and  several  other  dyes.  This  novel  approach  could  be used  as  a  highly  efficient
and  green  technology  for  organic  dye  degradation.
. Introduction

Organic dyes are extensively used for many applications includ-
ng coloring fabrics, oil and fats, and as staining agents in
acteriological and histopathological applications [1].  Manufacture
nd use of organic dyes inevitably leads to their release into the
nvironment. The inadvertent discharge or spillage of dyes into
urface water may  exert long term adverse effects on the aquatic
nvironment. Such release of dyes can cause dramatic aesthetic pol-
ution, and also pose a threat to ecosystem and human health due
n part to the presence of commonly formed carcinogenic aromatic
mine metabolites [2].

In contrast to the unsatisfactory utilization of direct biological
reatment, flocculation, and activated carbon adsorption on dye
astewater treatment [3,4], chemical oxidation using ozonation,
ydrogen peroxidation and permanganate oxidation, have been
eported to be reasonably effective approaches to eliminate color
nd total organic carbon of dye wastewater [5–7]. Simple ozonation
r hydrogen peroxidation are not efficient enough for the practi-

al usage. Although permanganate oxidation can manifest a rapid
egradation rate [7],  considerable quantities of manganese salt are
ormed in water as the reaction proceeds, and this may  thereby

∗ Corresponding author. Tel.: +86 25 89680258; fax: +86 25 89680580.
E-mail address: envidean@nju.edu.cn (C. Sun).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.09.056
© 2011 Elsevier B.V. All rights reserved.

create a secondary pollutant. Considerable effort over decades has
further improved and refined many advanced oxidation processes
(AOPs). As such, AOPs are now recognized as promising technolo-
gies for water purification, and have gained considerable attention
due to their rapid degradation rates and high oxidation capaci-
ties for decomposing organic pollutants. Although AOPs such as
UV/H2O2, Fenton and sonocatalysis have been reported to effi-
ciently degrade a variety of environmental pollutants including
organic dyes [8–10], their application has been limited by the high
cost of the continuous consumables needed for the degradation
process, and the requirement for external auxiliary energy such as
UV light or ultrasonic waves. Therefore, new technologies for the
effective oxidation of dye pollutants, without the requirement of
large amounts of numerous chemical reagents or powerful irradi-
ation sources, are desirable. Furthermore, each new approach for
concentrated dye removal, with its unique capabilities and limita-
tions, adds to the arsenal of technologies for application to specific
problems or sites of contamination. It has been recently demon-
strated that perovskite-like metal oxide structure has oxygen
storage capacity that can be successfully harnessed for environ-
ment remediation [11,12].  Moreover, this type of oxide is amenable
to partial substitution of structural cations by other elements that

may  result in increased activity [12]. As such, these materials have
the potential for extensive application in the treatment of dye con-
taminated wastewaters, including emergency situations involving
dyes at high concentrations.

dx.doi.org/10.1016/j.jhazmat.2011.09.056
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:envidean@nju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.09.056
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The objective of this study was to develop and characterize a
ovel and effective material, based on the perovskite-type struc-
ure, for aquatic organic dye removal from water. In this study,
e characterize the degradation activity of bismuth silver oxide

BSO), and elucidate the operative reaction mechanisms, using rho-
amine B (RhB) as a model pollutant. This is the first study that
tilizes a NaBiO3·2H2O based material to oxidize organic pollu-
ants directly, i.e. not light-driven [13,14]. The proposed method
an rapidly degrade aqueous phase organic dyes at room temper-
ture and atmospheric pressure without the requirement of any
uxiliary energy.

. Materials and methods

.1. Chemicals

NaBiO3·2H2O was purchased from LI-DE Offset Chemical
aterial Co. Ltd., China. Silver nitrate (≥99.8%) was produced

y Sinopharm Chemical Reagent Co. Ltd., China. Rhodamine B
RhB, laser-grade) was obtained from Acros Chemical Company.
,5-Dimethyl-1-pyrroline-N-oxide (DMPO) spin-trap reagent was
upplied by Sigma Chemical Co. Other chemicals were of analytical
rade and all were used as received. Deionized water supplied by

 Milli-Q purification machine was used throughout this study.

.2. BSO preparation and characterization

In a typical preparation, 0.1 g solid AgNO3 was  first dissolved
n 100 mL  of deionized water with stirring to form a homoge-
eous solution. Then 0.2 g NaBiO3·2H2O was added. Immediately, a
lack and maroon colored sediment formed which quickly became
lack and then remained unchanged. The whole reaction was com-
leted in seconds. The resulting black colored solid was separated
y centrifugation, and washed with deionized water to eliminate
he possibly absorbed cations.

The purity and crystallinity of the BSO formed as described
bove were characterized by powder X-ray diffraction (XRD) using

 Shimadzu diffractometer (LabX XRD-6000). Fourier transform
nfrared (FTIR) spectroscopy spectra were obtained with a NICOLET
EXUS 870 spectrometer. An ESCALAB 250 spectrometer (Thermo
isher Scientific Inc.) with monochromatized Al K� radiation was
sed for the X-ray photoelectron spectroscopy (XPS) analyses.
ransmission electron microscopy (TEM) (JEOL JEM-200CX) was
sed to investigate the grain size and morphology of the sample
articles. The elemental distribution of the sample was examined
y energy dispersive X-ray (EDX) spectroscopy (HORIBA EX-250).
lectron spin resonance (ESR) signals of radicals spin-trapped by
MPO were recorded on a Brucker EMX  10/12 spectrometer with

 TM110 cavity for emittance exchange.

.3. Degradation experiment

An evaluation of the BSO based treatment method was  carried
ut by measuring the degradation of RhB in the aqueous phase. A
50 mL  conical flask was  used as a reactor which was  wrapped in
luminum foil to avoid any effects of light. The prepared BSO was
dded to 100 mL  RhB solution (20 mg/L) and stirred at a constant
peed throughout the reaction process to ensure continuous con-
act between the solution and BSO. A sequential RhB degradation
xperiment was conducted to investigate BSO durability and its
otential for corrosion resistance during degradation of RhB dye. A
00 mL  RhB solution (25 mg/L) was reacted with BSO formed from

.2 g NaBiO3·2H2O and 0.1 g AgNO3. After the solution was decol-
rized, a certain amount of RhB stock (20 g/L) was added into the
esidual BSO slurry to raise the initial RhB concentration back to
5 mg/L. This sequence was repeated for a total of 16 cycles.
Fig. 1. (A) Time evolution of 100 mL RhB (20 mg/L) solution (a) with a certain amount
of  BSO formed from 0.2 g NaBiO3·2H2O and 0.1 g AgNO3, (b) with 0.2 g NaBiO3·2H2O
and (c) with 0.1 g AgNO3. (B) UV–vis spectral changes corresponding to curve (a).

At given intervals, appropriate amounts of suspension were
taken out and filtered before analysis. The concentration of RhB
was  measured by a Shimadzu UV-2450 spectrophotometer set at
a absorbance maximum of 553 nm.  Total organic carbon (TOC)
was  measured by a Shimadzu TOC-5000A. The GC/MS analyses
were carried out on a Thermo Finnigan Trace gas chromatography
interfaced with a Polaris Q ion trap mass spectrometer (Thermo,
Finnigen, USA). The pre-treatment process for the GC/MS was con-
ducted as reported in our previous study [13].

3. Results and discussion

3.1. RhB degradation

Rhodamine B, an extensively used commercial dye, was chosen
as the model dye pollutant to evaluate the oxidative degradation
ability of BSO. Reactions utilizing BSO were performed at room
temperature and atmospheric pressure by simply stirring the BSO
reagent with the dye solution. Fig. 1A shows representative data for
the decomposition of RhB in water. In the control experiment utiliz-
ing AgNO3 but lacking BSO, the amount of RhB in solution remained
constant, i.e. there was  no dye degradation. Similarly, in another
control experiment with NaBiO3·2H2O only, a slight decrease in
RhB concentration was  observed which could be attributed to sur-

face adsorption. Although both chemicals have been reported to
possess photocatalytic activity and oxidative ability under certain
conditions [14,15],  RhB was  not significantly decomposed by either
under ambient conditions used in our experiment. In contrast, RhB
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Table 1
Various RhB degradation intermediates identified by GC/MS.

Product Rt (min) Mw Formula Structure

1 14.07 62 C2H6O2

2 15.01 100 C6H12O

3 17.42 102 C5H10O2

4 19.82 90 C3H6O3

5 35.29 118 C6H14O2

6 37.46 122 C7H6O2

7 39.16 106 C4H10O3

8 43.83 92 C3H8O3

9 46.03 110 C6H6O2

10 51.21 116 C4H4O4

11 54.95 110 C6H6O2
aBiO3·2H2O and 0.05 g AgNO3 based BSO, (b) 0.15 g NaBiO3·2H2O and 0.075 g
gNO3 based BSO, (c) 0.2 g NaBiO3·2H2O and 0.1 g AgNO3 based BSO, (d) 0.25 g
aBiO3·2H2O and 0.125 g AgNO3 based BSO and (e) 0.3 g NaBiO3·2H2O and 0.15 g
gNO3 based BSO.

nderwent rapid and extensive decomposition in the presence of
he prepared BSO. More than 98.3% of the dye (4.5 × 10−3 mmol)
as eliminated in 10 min  by BSO (0.63 mmol  of Bi and 0.37 mmol  of
g) with a pseudo-first-order kinetic constant k = 0.5594 min−1. A
apid decrease of the characteristic RhB absorption peak at 553 nm
as observed, with concomitant reductions in absorption peaks at

58, 302 and 358 nm which correspond to the �–�* transitions
n the extensively conjugated double bond system of the aro-

atic ring structure of RhB (Fig. 1B). The UV–vis spectral changes
emonstrated the facile cleavage of the conjugated chromophore.

n addition to RhB, other dye solution at different concentration
uch as 100 mg/L of azure I, 50 mg/L of crystal violet, 100 mg/L of
alachite green, 200 mg/L of safranin T and 150 mg/L of alizarin red
ere also found to be rapidly degraded (>90%) by BSO under the

ame reaction conditions in less than 9, 4, 5, 11 and 12 min, respec-
ively. Due to the different property of these different subjects,
he reaction time required for dyes elimination (>90%) varied. The
esults shown that not only triarylmethane family dye (rhodamine
, crystal violet and malachite green) but also safranin (safranin
), thiazin (azure B), anthraquinone (alizarin red) family dyes suf-
ered severe degradation in the presence of BSO, indicating BSO is
xtensively effectual for organic dye wastewater remediation.

.2. BSO dosage effect

The kinetic study to evaluate the effect of BSO dosage on RhB
egradation is shown in Fig. 2. The decolorization rate of the RhB
olution (25 mg/L) increased with increasing initial BSO concentra-
ion. Using the various BSO dosages i.e. 0.1, 0.15, 0.2 and 0.25 g
NaBiO3·2H2O based BSO), the pseudo first order rate constants
or decolorization were calculated, which increased from 0.23 to
.34 to 0.54 to 0.72 min−1, respectively. As a heterogeneous reac-
ion, when the BSO particle dosage is increased, the probability
f reaction between dye molecules and BSO is expected, a priori,
o increase, leading to an enhancement in the decolorization rate,
s observed. Subsequent increase in BSO dosage beyond this level
i.e. >0.25 g NaBiO3·2H2O based BSO) resulted in marginal increases
n the decomposition rates; the rate constant observed for reac-
ions with 0.25 g and 0.3 g (NaBiO3·2H2O based BSO) were 0.72
nd 0.76 min−1, respectively. At these two BSO concentrations the
hB concentration (25 mg/L) presumably became the rate limiting

arameter. Rate data from the present experiment, in which BSO is
ormed from 0.2 g NaBiO3·2H2O and 0.1 g AgNO3 and the initial con-
entration of RHB was 25 mg/L, provides a starting point for opti-
izing the materials and operating costs of this new technology.
12 57.58 146 C6H6O2

3.3. RhB mineralization and intermediates

Changes in total organic carbon (TOC) content indicate the
degree to which an organic substrate is mineralized to CO2 (or
CO3

2−) during the degradation process. The rapid removal of TOC
is desired in practical application for it is a common water quality
criterion, and demonstrates extensive decomposition of the parent
compound. In the present study, simply stirring the RhB solution
with BSO, absent of any auxiliary energy resulted in a significant
reduction in TOC from 16.24 mg/L to 11.00 mg/L (32% reduction) in
only 10 min.

Destruction of the conjugated chromophore structure was
confirmed by GC/MS. Several small molecular weight organic com-
pounds were extracted and identified as degradation intermediates
by mass spectroscopy, utilizing the commercial library (NIST2)
for structural assignments (Table 1). Among the twelve degra-
dation products identified, the most commonly found structures
were substituted benzenes and small molecular weight alcohols.
The presence of these compounds in the reaction product mixture
provides clear evidence that cleavage of the conjugated xanthene
structure of RhB occurred, followed by further degradation to
produce small molecular weight hydroxylated products. The sig-
nificant reduction in TOC suggests the formation of volatile organic
compounds among the reaction intermediates, and possibly CO2
(or CO3

2−).
3.4. Material durability

For the practical treatment of pollutants, it is desirable that
the central reagent, BSO, not be readily fouled by the primary
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After three successive addition of RhB (i.e. 3 cycles), the 2� = 32◦

peak intensity decreased slightly indicating some transformation of
the perovskite structure. In addition, several new peaks appeared
in the XRD pattern for the residual BSO, most of which coincide
ig. 3. Concentration decrease of RhB (initial 25 mg/L in each cycle) as a function o
.2  g NaBiO3·2H2O and 0.1 g AgNO3.

ontaminant (e.g. RhB) or its degradation products during usage. In
rder to evaluate the potential deactivation of BSO, the same BSO
articles were subjected to several sequential RhB additions (Fig. 3).

t is evident that BSO (formed from 0.63 mmol  of Bi and 0.37 mmol
f Ag) remains reactive under such experimental conditions; RhB
ontained in 25 mg/L solution was completely eliminated or sub-
tantially reduced after each of 16 (0.09 mmol  RhB total) sequential
dditions which occurred over a total time of approximately 5 h.
n the first cycle, RhB degradation was completed within <15 min,

hich was the shortest time required to completely degrade the
hB in the cyclic reaction. The time required to remove subsequent
hB additions from solution by reaction with the residual BSO par-
icles gradually lengthened during the 16 sequential additions of
hB. For the final (16th) addition, because of the activity decrease
f the reused BSO 71% decolorization and 14% TOC removal of added
hB was achieved in 25 min. The final degradation products were
ostly the same as those determined after the first run (Table 1),

ndicating that these intermediates are not easily subjected to fur-
her degradation in the presence of BSO generated active species
see discussion below). During the last cycle, the BSO activity had
bviously decreased compared with freshly prepared BSO, but it
ould still effectively decolorize RhB, showing that it was still func-
ional. It seems reasonable that BSO would continue to be active in
egrading more RhB, albeit to a lesser extent, if the 17th cycle was
xecuted. We  selected 16 cycles to show that the BSO was  not easily
ouled, or rendered inactive, after its initial exposure to RhB, rather
hat it can be exposed to repeated dye additions without being pre-

aturely deactivated. The final reaction solution was centrifuged
nd analyzed for Ag and Bi by atomic absorption. Both Ag and Bi
ere present at only trace quantities indicating an insignificant

elease of these metal ions into solution during the degradation
rocess. In principle, the solid residue material could be filtered
nd the noble metal i.e. metallic Ag (discussed below), could plausi-
ly be regenerated for further use. Taken together, these attributes
uggest the practical utility of BSO for dye removal, with minimal
ncillary adverse effects to the aquatic environment.

.5. BSO characterizations

In the sequential dye degradation experiments, the solids were

ecovered from the dye reaction suspension, washed with water,
nd then ultrasonic ethanol washing was repeated five times to
emove any adsorbed organics. In all instances, the recovered solids
BSO and BSO after reaction with dye) were freeze-dried prior to
ic reaction time. BSO subjected to 16 sequential addition of RhB was formed from

further analysis. For comparison, AgBiO3 was  synthesized accord-
ing to published procedures [16].

3.5.1. XRD analysis
For the purpose of examining changes in the crystalline struc-

ture of BSO associated with the RhB dye degradation reaction, the
residual powders used in the cyclic experiments were separated
and analyzed by X-ray powder diffraction. Fig. 4 shows the XRD
patterns of six different BSO samples and two  standard materi-
als. The freshly prepared sample shows only one strong distinct
diffraction peak at 2� = 32◦ which matches the strongest and most
characteristic peak of NaBiO3·2H2O in the perovskite-like struc-
ture [13,17].  Considering the similarity between the BSO synthetic
procedure used here, and the standard AgBiO3 synthesis [16], it is
plausible that the prepared BSO sample closely resembles AgBiO3 in
the perovskite-like structure, hence manifesting the 2� = 32◦ peak.
Fig. 4. XRD patterns of two standard materials, viz. NaBiO3·2H2O and AgBiO3, and
BSO  after 3, 6, 9 and 16 sequential exposures of RhB solutions, and BSO aged for 5 h.
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ddition (A) freshly prepared sample, (B) BSO after 3 cycles, (C) BSO after 6 cycles,
D)  BSO after 9 cycles and (E) BSO after 9 cycles of sequential RhB addition.

ith the standard AgBiO3 pattern, including peaks at 2� = 16.5◦,
1.3◦, 28.7◦, 33.4◦, 36◦, 43.4◦, 46.3◦ and 54.7◦. These new peaks

ndicate that AgBiO3 gradually became more crystalline during the
rst three successive additions of RhB. Some other small peaks at
� = 12.9◦, 23.9◦, 30.2◦ and 32.7◦ in the same spectrum may  repre-
ent the formation of small amounts of Bi2O2CO3. The XRD pattern
btained for residual BSO after 6 cycles of RhB addition showed
hat the characteristics perovskite peak at 2� = 32◦ decreased fur-
her, and the emergence of other peaks characteristic of Bi2O2CO3 at
� = 25.94◦, 42.24◦, 46.95◦ and 52.14◦. The 9-cycle sample displayed

 similar XRD pattern to that of the previous (6-cycle) sample, but
ith increased intensity for all peaks assigned to Bi2O2CO3, and a
uch smaller peak at 2� = 32◦. In the samples after 9 and 16 cycles

f RhB addition the AgBiO3 peaks had essentially disappeared sug-
esting that the AgBiO3 structure had largely decomposed and been
eplaced by Bi2O2CO3 which appeared to be the major crystalline
hase present. After the 16th cycle, the sample presented a XRD
attern identical to that of Bi2O2CO3 (JCPDS 411488), and no other
RD peaks were observed. Thus, the prepared BSO had largely
hanged to Bi2O2CO3 structure after 16 exposures to the RhB solu-
ion. To further elucidate the formation and stability of BSO, an
ging experiment was conducted. After stirring BSO in water for
ore than 5 h, no significant changes were observed in the XRD

attern indicating that BSO prepared in this study was stable in
ater, and the observed changes occurred as a result of its reaction
ith RhB.

.5.2. FTIR analysis
The FTIR analysis was performed in the 1600–700 cm−1 fre-

uency range on powders taken from the BSO–RhB reaction
uspensions (Fig. 5). Except for the freshly prepared BSO, all sam-
les presented an intense broad band centered at 1398 cm−1, and a
harp medium absorption band at 845 cm−1. The 1398 cm−1 band
s attributed to the stretching vibration of carbonate that resides
n the narrow crystal lattice of Bi2O2CO3, and the 845 cm−1 band
s assigned to the �2 mode of carbonate, as it is characteristic of
etal carbonates [18]. Clearly, both of the FTIR peaks support the
ormation and existence of Bi2O2CO3. It was also noted that the
wo aforementioned bands increased in intensity as the number
f cycle increased, consistent with the scenario that the prepared
aterials 197 (2011) 88– 96

BSO was gradually reduced to Bi2O2CO3 during successive cycles of
RhB degradation, consistent with the XRD results (Fig. 4). Further-
more, the formation of Bi2O2CO3 from BSO suggests the reaction
creates a carbonate-existing environment [19] which provides a
rationale for the observed decrease in TOC in the dye suspension.
Additionally, it demonstrates the extensive degradation, and ulti-
mately mineralization (i.e. CO2 or CO3

2−), of RhB via its reaction
with BSO.

3.5.3. XPS analysis
XPS was  used to further examine the details of BSO sample

changes that accompanied the sequential RhB additions/reactions.
The profiles corresponding to the elements Ag, O and Bi (Fig. 6) give
information regarding the nature of the three species present at the
surface of the samples where most catalytic and oxidative reac-
tions are known to occur. The data were background subtracted
according to Shirley’s method [20] and fitted with different sets
of peak parameters related to different species within the sam-
ples.

In the full XPS spectrum, the atomic ratio of Ag:Bi was about
1:1.1, whereas the ratio was 1:1.7 when the sample was analyzed
by EDX. Considering XPS is highly surface-sensitive [21], the lower
ratio indicates that silver tends to segregate at particle surfaces
rather than be uniformly distributed throughout the bulk powder.
The normalized Ag 3d5/2-XPS signals are given in Fig. 6A. The bind-
ing energy of the 3d5/2 level is equal to 368.1 eV for metallic Ag,
and 367.8 eV for Ag (I); the less common Ag 3d5/2 peak at 367.3 eV
indicates the presence of Ag (III) [22]. The binding energy of Ag
in the freshly prepared BSO sample was 367.3 eV, demonstrating
that Ag (in the prepared BSO) was in the trivalent state before dye
degradation commenced. This agrees with the XRD analysis which
provided evidence that Ag, in the initially formed BSO, was incor-
porated within the perovskite lattice in which it exists as Ag (III).
After the three initial RhB degradation cycles, Ag (I) species formed
as evidenced by the emergence of its characteristic binding energy
at 367.8 eV [23]; the Ag (I) accounted for approximately 25% of
the total silver species in the sample (based on the peak area at
367.8 eV). After the second set of three RhB degradation cycles (six
total), the proportion of total silver as Ag (I) sharply increased to
80% based on the area of the peak at 367.8 eV, accompanied by the
continuous break down of the perovskite structure. In the parti-
cle region sampled by XPS, the Ag (III) initially present in BSO had
almost completely disappeared after nine cycles of sequential dye
additions as indicated by the diminution of the peak at 367.3 eV.
At this stage, metallic Ag had formed as indicated by the emer-
gence of a peak at 368.1 eV. At the end of the 16 repetitions, XPS
spectral data indicated that virtually all silver species existed as
metallic Ag, which likely coated the exterior of the residual parti-
cles.

The XPS spectra of the O 1s transition are shown in Fig. 6B. The
binding energy of O 1s electrons in oxygen bonded to metal cations
has been regarded as one of the most informative parameters with
respect to the structure of the oxide [23]. In the present samples,
the O 1s peak can be deconvoluted into three distinguishable peaks
with binding energies of 529.5, 530.8 and 532.5 eV. According to
the simple classification proposed by Dimitrov and Komatsu [24],
the O 1s feature at 529.5 eV is characteristic of lattice oxygen. The
relative intensity of the peak at 529.5 eV weakened after several
sequences of dye addition (Fig. 6B), indicating that oxygen initially
present in the crystalline lattice diminished during the degrada-
tion process. This loss logically stems from transformation of the
perovskite lattice to Bi2O2CO3 (as indicated by XRD results, see

above) as the added dye undergoes oxidative decomposition. The
peak at 530.8 eV indicates the presence of weakly bound oxygen
species, commonly characterized as “active and movable oxygen”
or “chemisorbed oxygen” [25]. The change in the oxygen signal as
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 function of the number sequential dye additions showed that the
active” oxygen (530.8 eV) reached a maximum value after nine
epetitive degradation cycles, at which point it accounted for > 50%

f the total oxygen species. After 16 cycles of dye addition, the
active” oxygen species declined to less than ∼15% of the total oxy-
en. Furthermore, the last deconvoluted binding energy at 532.5 eV,
ttributed by adsorbed oxygen [26], emerged which most likely

Fig. 7. TEM micrographs of NaBiO3·2H2O (A), freshly prepared BSO 
. Ag 3d5/2 transition (A), O 1s transition (B), and Bi 4f7/2 transition (C) for differently
, (V) after 16 cycles of RhB addition.

corresponds to oxygen incorporated in carbonate of Bi2O2CO3, con-
sistent with the results described above. Its change temporally also
agrees well with the gradual emergence of Bi2O2CO3 observed by

XRD and FTIR.

As shown in Fig. 6C, it appeared that the Bi 4f7/2 peaks shifted to
higher values (i.e. from 158.7 to 159.1 eV) with increasing the num-
ber of dye additions. Nevertheless, this increase does not indicate

(B) and BSO after 9 (C) and 16 (D) sequential additions of RhB.
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spectra of DMPO spin-trapping reagent for singlet oxygen initially and after mixing
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n oxidation of bismuth, especially not for the bulk bismuth. In
act, the only plausible change is that oxidized bismuth initially
resent in BSO was reduced during the RhB degradation, as indi-
ated by XRD analysis. Considering the shallow detection depth
f XPS, the anomalous Bi 4f7/2 electron behavior likely only exists
n the surface of the sample and may  be related to the formed
educed silver species which resides on the external surface of the
ample particles, hence in close proximity to surface Bi. When Ag
as first incorporated into the perovskite cell (replacing Na), the
g–O bonds formed would simultaneously weaken the Bi–O bond.
his may  explain why the initially observed binding energy of Bi
t 158.7 eV was lower than the characteristic 159.4 eV assigned
o Bi in NaBiO3. The continuous shift of the Bi signal to higher
alues could plausibly be related to the reduction of Ag (III). Accord-
ngly, in concert with the reduction of silver, the electron density
f the Ag–O bond shifted to oxygen thereby weakening of the Ag–O
ond, which would concomitantly enhance the binding energy of
ismuth via the Bi–O bond, as observed. Hence, the trends in the
osition of the Bi band in the XPS appear to be strongly influenced
y the formation and location of metallic Ag at the particle surface
hich corresponds to the approximate sampling depth of XPS in

ur experiments.

.5.4. TEM analysis
Typical morphologies of the samples obtained at different points

uring the reaction sequence were characterized by TEM (Fig. 7).
he initially present NaBiO3·2H2O clearly exhibited a plate/flake
hape with a size of about 100 nm (Fig. 7A). After reacting with
gNO3, some darkened clusters with an average diameter of 20 nm
ere dispersed over the large parts of the flake, which are believed

o be silver derivatives (Fig. 7B). While the number of RhB addi-
ions and degradation proceeded (through nine cycles), the silver
lusters diminished in size to about 5 nm in diameter, and became
ore dense and uniformly distributed (Fig. 7C). This could be ten-

atively ascribed to the weakening total field strength [27] of Ag
ation, caused by the progressive reduction from Ag (III)–O to Ag
I)–O. In the final samples (after 16 cycles of RhB addition) the silver
lusters were irregularly shaped and difficult to image (Fig. 7D);
he sample outline appeared diffuse compared to prior samples
Fig. 7A). In general, these observations seem consistent with ini-
ially oxidized silver species undergoing reduction to metallic Ag,
hich formed amorphous coatings on the particle exteriors, in

ccordance with the XPS results. The proposed corrosion process
s also supported by observed color changes of the sample sur-
ace. As the repetitive dye additions progressed, the color of BSO
radually changed from pure black to brownish black, then to
rown with some silvery white metallic luster on the exterior.
he silvery luster was also present on the surface of the reaction
olution, which is believed to be metallic silver that had sepa-
ated from the particle. The visual observations are qualitatively
onsistent with a process proceeding from AgBiO3 (black) [28] ini-
ially, to Bi2O2CO3 (brownish yellow) and some Ag (silvery white)
ltimately, which accompanied the sequential additions of RhB
olutions.

.6. Active oxygen species analysis

To further investigate the mechanistic function of BSO, three
adical scavengers were employed to assess the contribution of
arious radical species to the oxidative decomposition of RhB. Tert-
utyl alcohol has low affinity for particle surfaces in aqueous media,
hereas it can react quickly with bulk •OH [29]. Hence, it was used
s a diagnostic tool for dissociative hydroxyl radicals. Adding excess
-BuOH (30 mM)  did not substantially change the decolorization
ate of RhB indicating that bulk hydroxyl radicals do not take part in
he degradation process (Fig. 8A). Potassium iodide is a scavenger
with BSO dispersions in dark for 1 and 2 min. The characteristic 7-line spectrum of
DMPO oxidized by singlet oxygen is observed in the presence of BSO.

that selectively quenches OH adsorbed on particle surfaces [30].
When 30 mM KI was  added, no distinct changes were observed in
BSO performance indicating that adsorbed hydroxyl radicals also
do not play a major role in the decolorization process (Fig. 8A).
However, in the presence of sodium azide (20 mM),  a standard
scavenger for singlet oxygen [31], the decolorization rate of RhB
sharply decreased; only 30% of RhB was  degraded after 10 min reac-
tion time (Fig. 8A) compared to >98% reduction in its absence. This
suggests that singlet oxygen is the central oxidant responsible for
chromophore cleavage in RhB.

The EPR spectra of the DMPO-trapped 1O2 were obtained. In
the control experiment, only small background EPR signals were
observed (Fig. 8B). The characteristic peaks of DMPO-OH and
DMPO-OOH (in methanol media) adducts were not present, con-
firming the absence of these two common active oxygen species.
Notably, after 1 min  of stirring of BSO, the EPR spectrum exhib-
ited seven lines (three longer and four shorter), corresponding to a

derivative of DMPO oxidized by singlet oxygen, viz. 5,5-dimethyl-
2-pyrrolidone-1-oxyl (DMPOX) [32]. The intensity of the peaks
increased further with 2 min  of stirring. These results strongly
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uggest that singlet oxygen is the sole active oxygen species in the
egradation reaction of RhB via its reaction with BSO.

A control experiment was performed under dissolved oxygen
ree conditions to evaluate the possible role of dissolved oxygen
n the degradation process. To better document of any changes
ssociated with the absence of dissolved oxygen, the time required
or complete decolorization of RhB (20 mg/L) under ambient con-
itions was prolonged to 30 min  by reducing the dosage of BSO.
hen the entire BSO/RhB reaction was conducted under oxygen

ree environment with all other conditions unchanged, the reac-
ion rate constant dropped by ∼17%, suggesting that soluble oxygen

olecules could facilitate the RhB degradation process as a minor
ource of active species.

.7. Mechanism

On the basis of the complementary macroscopic and spectro-
copic measurements described herein, the mechanistic function
f the prepared BSO is tentatively proposed (Fig. 9). With the addi-
ion of NaBiO3·2H2O to the AgNO3 solution, loss of Na from the
erovskite lattice occurred accompanied by replacement with Ag.
he combination of elemental, EDX, XRD and XPS analyses provides
ood evidence that silver was incorporated into the perovskite lat-
ice by replacing sodium, especially at or near the particle surface,
ia the reaction [33]:

aBiO3·2H2O + AgNO3 → AgBiO3 + NaNO3 + 2H2O (1)

Because the radius of the Ag cation is larger than that of the
a cation, it is difficult for silver to fully permeate into the lat-

ice. Thus, AgBiO3 often forms slowly over time [13]. However,
ecause the perovskite structure is sufficiently unstable, the loss
f sodium cations (which are replaced by Ag cations) positioned
etween the networks of [BiO6] polyhedral in the original limonite
hase is allowed [28]. As a result, the relatively strongly bonded
rystal lattice oxygen transformed into relatively weakly bonded
xygen which released into solution where it transformed into
ctive oxygen via reduction of Bi (V) [18]:

Bi(V)–O2− → 2Bi(IV)–O− → Bi(IV)–O2
2−Bi(IV) → Bi(IV)–O2

−

+ Bi(III) → 2Bi(III) + O2 (2)

The singlet oxygen formed functioned as the central reactive
pecies responsible for the degradation of RhB dye. Most com-
only, singlet oxygen is generated by photosensitization of triplet
olecular oxygen, or via several other chemical reactions, mostly

nvolving hydrogen peroxide. It has also been reported that the
queous decomposition of high valence metals such as potassium
er chromate [34] without hydrogen peroxide can also contribute
o 1O2 formation. The “active” oxygen liberated by the reduction of

i (V) was identified by XPS, and labeled as “chemisorbed oxygen”.
s discussed above, the ratio of active oxygen increased during the

nitial cycles of RhB additions, then decreased with subsequent
ycles, whereas the lattice oxygen continuously decreased with
adation of RhB dye via generation of singlet oxygen as the primary reactive species.

increasing RhB additions. The EPR analysis indicated that singlet
oxygen generated from lattice oxygen was the primary species
responsible for the degradation of RhB. The observation that the
incomplete, but not insignificant degree of mineralization of RhB
does support the mechanistic interpretations, and identification of
singlet oxygen as the primary active species. This is because sin-
glet oxygen is not a strong active species, compared with hydroxyl
radical as well known.

As Bi (V) was  gradually reduced with successive cycles of RhB,
the perovskite structure was destroyed and bismutite (Bi2O2CO3)
formed. This could be attributed to the generation of carbon-
ate during the RhB decomposition. The carbonate species would
be chemisorbed on the particle surface and saturate the oxygen
defects [17]. Meanwhile, high valence silver species in proximity to
the particle surface was  reduced to metallic silver which covered
the particles and plausibly enhanced the particle oxidizing power
through the noble metal catalytic effect [33]. Hence, it is a com-
plex process not just a pure oxidant involved in a simple oxidation
reaction that can be directly compared with other typical oxidation
reactions.

4. Conclusion

In summary, BSO provides a novel, facile and simple approach
for organic dye degradation. This novel approach is efficient
for decolorizing organic dyes in aqueous solution. The oxidative
decomposition of dye results in the formation of smaller less toxic
compounds, including CO2 (CO3

2−). This technology offers the prac-
tical advantages of relatively low operating costs, requiring less
external energy input, and a very simple one-step synthesis to form
the reactive BSO material, which is corrosion resistant to some
extent. As such, BSO provides the basis for a very promising and
practical environmental technology for the efficient treatment of
dye effluent.
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