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Abstract

The photocatalytic activity of Bi2Os and Ag20-Bi2O3 was evaluated by degradation of aqueous methyl
orange as a model dye effluent. Bi2O3 was synthesized using chemical precipitation method. Structural
analysis revealed that Bi2Os contain a unique well-crystallized phase and the average crystallite size of
22.4 nm. The SEM analysis showed that the size of Bi2Os particles was mainly in the range of 16-22
nm. The most important variables affecting the photocatalytic degradation of dyes, namely reaction
time, initial pH and catalyst dosage were studied, and their optimal amounts were found at 60 min,
5.58 and 0.025 g, respectively. A good correlation was found between experimental and predicted re-
sponses, confirming the reliability of the model. Incorporation of Ag20 in the structure of composite
caused decreasing band gap and its response to visible light. Because a high percentage of sunlight is
visible light, hence Ag20-Bi203 nano-composite could be used as an efficient visible light driven photo-
catalyst for degradation of dye effluents by sunlight. Copyright © 2017 BCREC GROUP. All rights re-
served

Keywords: Ag20-Bi20O3 nano-composite; Photocatalyst; Bismuth nano-oxide; Dye degradation;
Response surface methodology

How to Cite: Hosseini, S.A., Saeedi, R. (2017). Photocatalytic Degradation of Methyl Orange on Bi20O3
and Ag20-Bi203 Nano Photocatalysts. Bulletin of Chemical Reaction Engineering & Catalysis, 12 (1):
96-105 (doi:10.9767/berec.12.1.623.96-105)

Permalink/DOI: http://dx.doi.org/10.9767/bcrec.12.1.623.96-105

1. Introduction

Due to printing and dyeing industries, their
wastewater as one of the industrial wastewa-
ters is hard to treat because of its higher con-
centration, deep chromes, great toxicity and
complicated component [1]. In particular, the
pollution of water resources by organic pollut-
ants, such as phenolic compounds, various
dyes, etc., threatened the health of human be-
ings [2]. Applications of the existing conven-
tional physical-chemical and biological tech-
niques represent unsatisfactory outcomes be-
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cause of ineffective or nondestructive minerali-
zation of these recalcitrant compounds [3].
Photocatalytic degradation of organic pollutant,
such as RhB, a typical stable dyestuff, has been
proved to be a viable environmentally benign
technology to the decoloration and degradation
of dye effluents [4]. In particular, nano-sized
semiconductor particles with suitable surface
areas and a variety of morphologies offer great
opportunity [5]. Nanosized TiOz powders show
extraordinarily high photocatalytic activities
compared with commercial microsized powders
[6].

The photocatalytic materials have mainly
focused on TiOz semiconductor because of their
high reactivity, low cost and environmentally

berec_623_2016 Copyright © 2017, BCREC, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 12 (1), 2017, 97

friendly features. Nevertheless, the TiO2 needs
UV light irradiation to produce the electronic
transition responsible to its photo activity be-
cause of its large band gap of 3.2 eV [7]. There-
fore, it is highly desirable to develop novel
photocatalysts that can directly utilize visible
light from sunlight. Among promising photo-
catalysts, bismuth-containing compounds show
great application prospect. For example, Bi2Os
1s an 1mportant metal oxide semiconductor
with a direct band gap ranging from 2 to 3.9 eV
and can be used to decompose dyes in wastewa-
ter under visible light UV and irradiation. By
considering the energy and safety, photocataly-
sis under visible light is preferred rather UV ir-
radiation. So, from this regards, Bi2Os is pre-
ferred to TiOz. Furthermore, Bi2Os is rather in-
ert in neutral water, which is a fundamental
precondition for applications a photocatalyst
for wastewater purification [8].

Bi203 has been prepared by solid-state reac-
tion, sonochemical route, thermolysis, or hydro-
thermal treatment. The photo degradation of
Rhodamine B, methyl orange, and peroxomono-
sulfate has been observed in the presence of
Bi203 monoclinic [9]. For example, Qin et al.
[10] prepared Bi2O3 and (BiO):COs Nanotubes
by a solvothermal method and evaluated their
activities by photocatalytic degradation of RhB
and Cr(VI) removal [10]. Pan and co-workers
synthesized Bismuth Oxide Nanoparticles by a
Templating method and tested its photocata-
Iytic performance by decolorization of methyl
orange solution under visible light condition
[11].

The efficiency of a photocatalytic reaction
depends on a number of factors, which govern
the performance of photocatalysis. Initial con-
centration of pollutant, photocatalyst concen-
tration, pH, volume of solution, radiant flux
and agitation, irradiation time, light intensity,
irradiation wavelength, temperature, geometri-
cal parameters of the experimental setup and
multiple degradation pathways are the pa-
rameters that can be cited. Due to the complex-
ity and variety of influencing factors, it is
difficult to evaluate the relative significance of
several affecting factors, especially in the pres-
ence of complex interactions [12].

In this work, we tried to study the photo-
catalytic degradation of MO, by considering the
effective factors on the degradation efficiency
and modelling the process in order to get an in-
sight to interactions of the process variable and
importance of each variable on the degradation
efficiency. The aim of this work is to synthesize
Ag20-Bi203 nano-composite and to evaluate its
photocatalytic performance in degradation of

methyl orange (MO) by applying the response
surface methodology (RSM). The RSM was
used for design of experiment, modelling and
optimization. The different variables, namely
the amount of catalyst, initial pH, and reaction
time were considered for the statistical study
by RSM. The photocatalyst was characterized
by XRD, FTIR and SEM.

2. Materials and Methods
2.1. Materials

Bismuth nitrate pentahydrate (100%), sil-
ver nitrate (299.8%), sodium hydroxide
(99.9%), hydrochloric acid (37% by weight), ni-
tric acid (65% by weight), and methyl orange
(100%) all were purchased from Merck chemi-
cals.

2.2. Synthesis of nano-Bi20s3

All materials were used without further pu-
rification. The nano-Bi203 was synthesized by
precipitation method. First, a bismuth solution
(0.2 mol.L'!) was prepared by dissolution of
Bi(NO3)3.5H20 in 1.5 mol.Li'! nitric acid. Then
concentrated sodium hydroxide was added drop
by drop to above solution until pH 11.5. The
white precipitates was appeared immediately
and after several hours turned to yellow one. It
was kept under magnetic stirring at room tem-
perature for 24 h [9]. The collected precipitates
were filtered, washed several times with dis-
tilled water and dried in an electric oven at 50
oC for 5 h.

2.3. Synthesis of Ag20-Bi2O3 nano-
composite

Ag20-Bi203 composite with ion ratio (Ag*:
Bi3*) 3:1 was synthesized using simple chemi-
cal precipitation method. A determined amount
of BizOs nano particle and 2 g PEG-8000 were
added to 100 mL deionized water and stirred
for 5 min. Then Ag(NOs) was added into above
mixture and the pH was adjusted to 14 by
dropwise addition of NaOH (4 M) solution un-
der magnetic stirring for 10 min. the prepared
composite was filtered, washed several times
with water and dried at 90 °C for 2 h in an elec-
tric oven.

2.4. Characterizations of photocatalysts

The structure and phase characteristic of
as-prepared Bi2O3 was determined by X-ray
diffraction patterns [XRD, Philips X, pert dif-
fractometer using Cu Ka radiation]. The data
were recorded in the 4-60° 20 range with 0.02°

Copyright © 2017, BCREC, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 12 (1), 2017, 98

steps. The morphology of sample, coated with
gold, was examined using Scanning electron
microscopy Tecsan (Mira 3). The absorption
data of degraded aqueous solutions were col-
lected using a UV-Vis spectrometer.

2.5. Photocatalytic tests

Photocatalytic activity of Ag20-BizOsnano-
composite was evaluated by degradation of MO
under simulated sunlight. A simulated sunlight
irradiation (blended-mercury lamp, Noor, Iran)
has been taken for visible light irradiation. For
each experiment, determined amount of cata-
lyst was suspended in 100 ml dye solution.
Prior to illumination, the suspension was
stirred continuously in the dark for 30 min to
ensure the establishment of an adsorption be-
tween dye and surface of catalyst. Then the pH
was adjusted using NaOH and HCI. Next, the
solution was illuminated according to designed
experiments. At the given intervals, 3 mL ali-
quots were taken out and centrifuged to remove
the catalysts. Figure 1 shows a simple sche-
matic diagram of experimentation. The sam-
ples were analyzed by UV-Vis spectroscopy.
The degradation percentage, D, was calculated
by Equation 1.

D% = 2 = A 4100
A, (1)

where Ao and A; are the initial and final ab-
sorbance of dye, respectively.

2.6. Determination of the point of zero
charge

The point of zero charge of Bismuthnano-
oxide was determined using mass titration
(MT) method suggested by Noh and Schwarz
[13]. Several aqueous suspensions containing
various amount of the immersed BizOs and 10
mL of NaCl (0.1 M) as electrolyte were pre-

/

Figure 1. A simple schematic diagram of ex-
perimentation

pared and agitated for 24 h in a shaker at 220
rpm to reach an equilibrium pH values. Then
the curve pH versus sorbent mass was plotted.
The plateau in the MT curve corresponds to
pszc.

2.7. Response surface methodology (RSM)

Response Surface Methodology (RSM) is a
family of statistical techniques for the design,
empirical modeling and optimization of proc-
esses, where the responses of interest are influ-
enced by several process variables (termed fac-
tors). RSM comprises the following three major
components: (i) experimental design to deter-
mine the values of process factors based on
which experiments are conducted and data are
collected; (i1) empirical modeling to approxi-
mate the relationship (i.e. the response sur-
face) between responses and factors; (ii1) opti-
mization to find the best response value based
on the empirical model. In addition, the above
three stage procedure is typically operated in
an iterative manner, where the information at-
tained from previous iterations is utilized to
guide the search for better response variables.
RSM is particularly applicable to problems
where the understanding of the process mecha-
nism is limited and/or is difficult to be repre-
sented by a first-principles mathematical
model. Depending on specific objectives in
practice, these RSM techniques differ in the ex-
perimental design procedure, the choice of em-
pirical models, and the mathematical formula-
tion of the optimization problem [14]. The use
of Box-Behnken design is popular in industrial
research because it is an economical design
and requires only three levels (-1, 0, 1) for each
factor [15]. The most important factors, which
affect the photocatalytic degradation of dye ef-
fluents in aqueous solution are catalyst
amount, initial pH and reaction time. There-
fore, the three variables were considered at a

Table 1. Independent variables and their levels for
the Box-Behnken design used in the photocatalytic
degradation of MO

Uncoded Levels
Variable Symbol Mini- Mean  Maxi-
mum ©) mum
() (G)
Catal. Amount (g) Xi 0.025 0.05 0.075
Reaction time (min) X 20 40 60
Initial pH X3 3 7 11
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constant concentration of MO (10 ppm). The
three independent variables were converted to
dimensionless ones (Xi;, X, X3), with the un-
coded values at the three levels. Values and
limits of independent variables, determined by
preliminary experiments, are shown in Table 1.

A total of 15 experiments for MO degrada-
tion consisting of three-factorial and three BBD
levels were applied in the present work, includ-
ing one replication at the center point. The
complete experimental design matrix and the
response based on experimental runs proposed
by BBD for the photocatalytic degradation of
MO are given in Table 2, respectively.

In the optimization process, BBD results
were used for figuring, where Y is the selected
response (dependent variable), X; to X; are the
independent variables being optimized. The
calculation was aimed at predicting the better
combination of independent variables for the
optimization of the MO photocatalytic degrada-
tion conditions. Accordingly, the better combi-
nation of X; (amount of catalyst), X> (reaction
time), X3 (initial pH) for maximizing MO degra-
dation were achieve by using the below second-
order polynomial Equation 2.

Y =hy+ Zin:lbixi * Zin:lbiixiz )

+ z::llzr;zi—l bii Xi X i

where Y presents the predicted response, bo is
the constant coefficient, b; the linear
coefficients, b; the interaction coefficients, bi
the quadratic coefficients and, X are the coded
levels of the factors investigated. The
coefficients of determination R2 and R2ag
expressed the quality of fit of the resultant
polynomial model, and statistical significance
was checked by F-test in the program. The
desired goals in optimization were selected as
maximum degradation of dye effluents (MO) at
minimum catalyst amount, reaction time and
optimum initial pH.

3. Results and Discussion
3.1. XRD pattern of nano-Bi:0s

The phase analysis and structure of as-
prepared sample was studied using XRD pat-
tern. Figure 2 shows the diffractograph of
Bi20s. The strong diffraction peaks reveal high
crystallinity of as-synthesized sample. All
peaks can be readily indexed to Bi2Os with a
monoclinic structure without any other impu-
rity, which is in agreement with standard ref-
erence of JCPDS 41-1449 [16]. The average
crystalline size of 22.4 nm was calculated using
the Debye-Scherrer Equation 3.

Table 2. Experimental design matrix and responses based on experimental runs proposed by BBD

design for MO degradation

Independent Variables

Response (R)

Run A B C Experimental
Catal. Amount Reactiqn time Tnitial pH Degradation
(2 (min) (%)

1 0.025 40 3 24.73
2 0.025 60 7 84.54
3 0.05 60 11 17.70
4 0.025 20 7 55.72
5 0.075 40 11 10.53
6 0.05 20 28.23
7 0.05 40 7 52.28
8 0.05 20 11 9.43
9 0.075 60 7 78.93
10 0.05 40 7 49.11
11 0.05 40 7 55.65
12 0.075 40 3 40.58
13 0.075 20 7 43.31
14 0.05 60 3 64.58
15 0.025 40 11 5.41
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0.894
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3.2. FT-IR spectrum of nano-Bi:O03 and
Ag20-Bi203 nano-composite

Figure 3 shows the FT-IR spectrum of Bi2Os
(red plot) and Ag20-Bi203 nano-composite (blue
plot). In the case of the red plot, the broad peak
at 3451 cm-! is related to stretching vibration of
hydrogen-banded surface water molecules and
hydroxyl groups. The peak at 1628 cm-lcorre-
sponds to the vibrating mode of residual hy-
droxyl groups. The band at 847 cm-! implies the
vibration of Bi—O bonds and existence of a
Bi20s. This analysis is consistent with reported
literatures [17]. As it clear from the blue plot,
all peaks are similar to pure Bi2Os peaks expect
the peak at 542 cm-!which corresponds to vi-
brational mode of Ag—O bond.

3.3. SEM images of nano-Bi2O3

The morphology of precursor was investi-
gated by emission-scanning electron micros-
copy. Figure 4 shows FESEM images of Bi2Os3
prepared by chemical precipitation method.
FESEM images indicate that the precursor pre-
dominantly consists of nearly spherical parti-
cles in the range 15.39-21.37 nm.

3.4. Data analysis and evaluation of the
model by RSM

A semi-empirical model for photocatalytic
degradation of MO by Ag20-Bi2O3 nano-
composite was developed through data analysis
by means of Minitab 16 software. Equation 4

expressed the second-order polynomial model Y
is the degradation percentage of MO.

Y =536 +0.37X, +1363X, — 14.38X, + 11.34X?
~3398XZ —2.68X,X, ~7.2X,X, 4)

In the model (Equation (4)), X; to X3 correspond
to the independent variables of the amount of
catalyst (Ag20-Bi20s3), reaction time, and initial
pH, respectively.

The correlation between experimental data
and responses predicted by the model were
evaluated. The model explains perfectly the
studied experimental range (R2mo= 0.9624).
This fact is clear in Figure 5 by comparing the
experimental values against the predicted re-
sponses by the model for the percentage of MO
degradation, respectively. Table 3 shows the
analysis of variance (ANOVA) results for MO
degradation. In order to have a significant
term at this confidence level, the calculated
probability should be lower than 0.05. There-
fore, the value of probability bigger than F-
value (i.e. the probability for the F-value to be
higher than the calculated F-value in the table
to accept null hypothesis) for all terms (X;, Xz,
X3) which is less than 0.05, indicates that these
model terms are statistically significant.

3.5. Standardized Pareto Chart

The importance of the calculated factors in
the model was evaluated. Figure 6 presents the
single factor and interactions of factors de-
picted in rank order in the form of Pareto
Chart for MO. All factors were in absolute val-
ues and surpass the vertical significance line
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Figure 2. XRD pattern of Bi2Os
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Figure 3. FTIR spectrum of Bi2Os and Ag20-Bi203 nano-composite
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(95 confidence intervals) which exerted a statis-
tically significant influence on the response. It
is observed that the factor interactions and sin-
gle factors are important parameters for MO
degradation.

The Pareto chart (Figure 6) suggests that
among selected variables for degradation of MO
by Ag20-Bi203nano-composite, X;X; (initial pH-
initial pH) and X3 (initial pH) have the main ef-
fect on degradation efficiency.

3.6. Effects of operational parameters on
photocatalytic degradation of MO

Fitted response surface for MO removal was
achieved from Equation (4) using Minitab 16
software and it is illustrated in Figure 7 (a-b).
Figure 7(a) shows the effect of initial pH and ir-
radiation time on photocatalytic degradation of
MO as the response surface and contour lines
plot for catalyst amount 0.05 g. It is obvious
from Figure 7(a), increasing the initial pH from
acidic media to neutral increased the degrada-

o
o

(=]
o

y = 0.9908x
R?=0.9624

-~
=]

& 8

w
=

[MO degradation] predicted
pes
o

— o
o o

o
L

0 20 40 60 80 100
[MO degradation] sxgerimenta

Figure 5. Comparison between the experimen-
tal values of MO degradation and those calcu-
lated by using the second-order polynomial
Equation (3) reported in the text (predicted val-
ues)

tion efficiency of MO, but more increasing pH
resulted in reducing degradation efficiency. Ac-
cording to Pareto analysis, the pH of MO solu-
tion plays a prominent role on photocatalytic
activity of Ag20-Bi203. The change of pH influ-
ences not only the molecular speciation of MO
in aqueous solution, but also the surface charge
state of catalyst. The dissociation constant
pKa for MO is 3.46 [18], therefore MO ions
were predominantly present as monovalent
anions at these equilibrium pHs. In alkaline
pHs, because of electrostatic repulsion between
MO anions and the negative charged surface of
photocatalyst, the photocatalytic removal of
MO is low. Moreover, the hydroxyl groups on
the surface of prepared catalysts act as an elec-
tron donor for photo-generated H*, and form
active hydroxyl radicals (*OH) which attack
the dye [19], but there is a Coulombic repulsion
between the negative charged surface of photo-
catalyst and the hydroxide anions. This fact
could prevent the formation of *OH and thus
decrease the photoxidation [20]. Therefore, de-

Cat.Am ount

Cat. Am ount-Initial pH

Time-Initial pH

Time-Time

Time

Initial pH

Initial pH-Initial pH

0 20 40 60 80 100
Percentage effect of each factor

Figure 6. Standardized effects of single and
interaction factors on photocatalytic degrada-
tion of MO

Table 3. Analysis of variance (ANOVA) for optimization of photocatalytic degradation of MO

Degrees of

Sum of Mean

Response Source F
freedom square square
MO degradation Regression 7 8363.14 1194.73 26.35
Residual error 7 317.34 45.33
total 14 8680.48

R2 =0.9624, R2.4; = 0.9269
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colorization efficiency was observed to be low at
basic pH. Similar results have been reported
for the effect of pH on photocatalytic degrada-
tion of dye effluents [21,22]. It is also evident
from figure, degradation efficiency increased
with increasing irradiation time and at least
75% MO was degraded after irradiation time of
57 min.

Figure 7(b) illustrates the response surface
and contour lines plot for degradation efficiency
as a function of catalyst amount and irradia-
tion time at initial pH = 7. As it is clear from
this figure, degradation efficiency relatively
was constant with increasing catalyst amount
(Ag20-Bi20s3). The reason of this observation is
thought to be the fact that when all dye mole-
cules are adsorbed on the catalyst, the addition
of higher quantities of the catalyst would have
no effect on the degradation efficiency [23].
However, its effect on degradation of MO is less
significant.

3.7. Effect of Ag>20 on photocatalytic prop-
erty of nano-composite (Ag20-Bi203)

The energy band structure feature of a semi-
conductor greatly determines the efficiency of
photocatalytic activity. In order to adjust the

Hold Values
ICata. Amount(g) 0.0

o> 7 "/:’:’:‘
i e LSS0
A

Degradation® 50 /3 ",’I’
P

Initial pl1

Figure 7(a). Response surface and contour-
lines plots for initial pH and irradiation time
(min), holding the other variable at its center
level, catalyst amount 0.05 g

band gap and absorb visible light in a wider
range, combining two kinds of semiconductor
photocatalysts is a promising way. Ag20 with a
band gap of 1.3 eV shows strong absorption of
both UV and visible light [24]. Hence, the exis-
tence of Ag20 in nano-composite structure can
increase the visible light absorption range of
the composite photocatalyst, as reported in lit-
erature [25,26]. The band gap of Bi2Os is about
2.82 eV, while the band gap of Ag20-Biz0s is
2.30 [24] that shows an obvious decrease. De-
creasing the band gap of nano-composite
(Ag20-Bi203) results in response to visible
light.

3.8. Process optimization using response
surface methodology

The last step of the RSM is to obtain the op-
timal conditions for the photocatalytic degrada-
tion of MO over nanophotocatalysts. The opti-
mal conditions in MO degradation by Ag20-
Bi2Osnano-composite were found at 0.025 g
(catalyst amount), 60 min (irradiation time)
and 5.58 (initial pH). The optimal experiment
predicted by modeling was experimentally car-
ried out, in order to further assess the validity
of model. The response of experiment for MO

Hold Values

80 InitialpH 7
e: 0
8
=

60
B &

50

Time{min)

e

Time(min)

0.04 aos 0.06
Cata Amount()

Figure 7(b). Response surface and contour-
lines plots for catalyst amount and irradiation
time (min), holding the other variable at its
center level, initial pH=7
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degradation was the same as the range pre-
dicted by the model. Consequently, the validity
and adequacy of the model were verified.

4. Conclusions

The photocatalytic activity of Bi2Os and
Ag20-Bi203 nano-composite for degradation of
dye pollutants was successfully investigated.
The Ag20-Bi203nano-composite exhibited ac-
tivity for degradation of MO under visible light.
The modeling of the photocatalytic processes
and interaction between significant factors in
both degradation processes was studied by
RSM. Analysis of variance demonstrated a high
determination coefficient between experimental
data and predicted values by the developed
models, indicating that the second-order poly-
nomial order could be applied for optimization
process. The photocatalytic process was ob-
served above the PZC of Bi20s. It was also re-
sulted that in alkaline condition, photocatalytic
degradation of dyes is negligible. The Ags0-
Bi20s nano-composite presents a high photo-
catalytic activity under simulated sunlight,
hence it can be a good candidate for degrada-
tion dye effluents without secondary pollution.
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