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Nanostructured Bi2Sn2O7 and Bi2MxSn2O7 (M = Y3+, Eu3+, Gd3+ and Yb3+) 
nanomaterials were synthesized by conventional one-step solid state crystal 
growth reactions among Bi(NO3)3, SnCl2 and M2O3 raw materials at 800 ̊C for 10 
and 15 h. The doped nanomaterials were synthesized to study the capacity of the 
crystal system to locate each of the dopant ions into the crystal system cavities. 
The synthesized nanomaterials were characterized by powder X-ray diffraction 
(PXRD) technique. Rietveld analysis showed that the obtained materials were 
crystallized well in orthorhombic crystal structure with the space group Aba2. 
The PXRD data revealed that dopant ion type had a considerable influence on the 
crystal phase purity of the obtained targets. The morphologies of the synthesized 
materials were studied by field emission scanning electron microscopy (FESEM) 
technique. Ultraviolet-visible spectra analysis showed that the synthesized 
nanomaterials had strong light absorption in the ultraviolet light region. 
Photocatalytic performance of the synthesized nanomaterials was investigated 
for the degradation of pollutant Malachite Green under solar light condition. The 
optimum conditions were modeled and obtained by design expert software for 
Bi2Sn2O7 that was synthesized at 800 ̊C for 10 h which were 0.06 mL H2O2, 12 
mg catalyst and 40 min for the removal of 50 mL of 40 ppm MG solution. The 
degradation yield in these conditions was 100 %. The photocatalytic degradation 
fitted to the Langmuir–Hinshelwood kinetic model. As a result of the model, the 
kinetic of degradation followed a pseudo-zero-order kinetic model.
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INTRODUCTION
Mixed metal oxides with general formula 

A2B2O7 (A is a medium-large cation and B is an 
octahedrally coordinated, high charge cation) have 
been widely studied for their potential applications 
[1-3]. The Pyrochlore-type Bi2Sn2O7 was first 
reported by Roth [4]. The pyrochlore structure 
is formed when the ionic radius ratio of the two 
cations (A/B) lies between 1.46 and 1.78. In the case 
of Bi2Sn2O7, the radius ratio is 1.70 [5]. So, Bi2Sn2O7 
belongs to the pyrochlore family of general formula 
A2B2O7 [6]. Bi2Sn2O7 shows certain photocatalytic 
ability in the visible light range. The direct optical 

band gap value of Bi2Sn2O7 is 2.3–2.8 eV [7,8]. 
Bi2Sn2O7 is a desirable ternary oxide showing 
utility in a wide array of organic transformations 
and acts as a selective CO-sensing device [9,10]. 
So, Bi2Sn2O7 has found applications in gas-sensing 
devices as a selective sensor for carbon monoxide 
in the presence of other gases [11,12]. Bi2Sn2O7 is 
not only a key component of multiphasic catalyst 
for isobutene-to-methacrolein conversion [13], 
but it has also been utilized as a catalyst in several 
reactions such as oxidative dehydrodimerization of 
propylene [14], oxidative dehydroaromatization of 
isobutene [15], and oxidative coupling of methane 
[16,17]. Besides, bismuth-containing oxides are 

http://creativecommons.org/licenses/by/4.0/.


2

L.  Roohandeh et al. / MG photodegradation by Bi2Sn2O7 nanomaterials

J. Nanoanalysis., 7(4):  -17, Autumn 2020

of considerable importance as heterogeneous 
catalysts for a variety of processes and also are used 
as electrode materials in the reduction of oxygen 
[18]. The photocatalytic property of the pyrochlore 
compound is enhanced with doping with rare 
earth ions that can reduce the recombination 
rate of electron-hole pairs and enhance the 
interfacial charge transfer efficiency [19]. Previous 
experimental investigations have confirmed 
that Bi2Sn2O7 has three polymorphs. At room 
temperature, Bi2Sn2O7 adopts a monoclinic structure 
and is designated as α phase. At intermediate 
temperature higher than 90 ◦C, orthorhombic 
phase (β phase) is found. At temperature above 
680 ◦C, Bi2Sn2O7 is the ideal pyrochlore structure 
with cubic symmetry and designated as the γ 
phase [20]. β-Bi2Sn2O7 has orthorhombic crystal 
structure with space group Aba2 and unit cell 
parameters a = 7.571833(8), b = 21.41262(2), and 
c = 15.132459(14) Å. α-Bi2Sn2O7 has monoclinic 
crystal structure with space group Cc and unit 
cell parameters a = 13.15493(6), b = 7.54118(4), 
and c = 15.07672(7) Å and β = 125.0120(3)° [21]. 
The other crystal system reported in the literature 
is the cubic crystal system with the space group 
Fd-3m and the lattice parameter a = b = c = 10.7 
Å [22]. In Bi2Sn2O7 crystal phases, α-Bi2Sn2O7 is 
mentioned as a catalyst in several partial oxidation 
reactions such as dehydrodimerization or aromatic 
dehydroaromatization of propene, selective 
oxidation of propene into acrolein, oxidative 
dehydrogenation of 1-butene into butadiene and 
oxidative coupling of methane [23]. However, 
β-phase has a band gap energy of 2.3 eV, which 
is lower than that of the α-phase (2.85 eV). But 
the α phase is considered as a catalyst because 
it has a high quantum efficiency thus offering 
low-speed recombination of photo generated 
electron–hole pairs [24]. So, until now, there is no 
reported published work considers β-Bi2Sn2O7 as a 
photocatalyst. Several methods have been reported 
for the synthesis of Bi2Sn2O7 materials such as 
hydrothermal [4,25,4,7,17, 26, 27-30], thermal 
decomposition of complex [10], chemical co-
precipitation [8], solving metal oxides in organic 
solvent and heating at 800 ̊C for 24 h [23], organic 
solution and heating at 800 ̊C for 20 h [27], solid 
state at 1000 ̊C for 4 days [18], solid state at 1000 
̊C for 16 h [21], solid state using Bi2O3, SnO2 at 
800 – 900 ̊C for 8 h and then 1050   ̊C for 2 h. A 
cubic crystal system was obtained by this method 
[22], solid state using Bi2O3, SnO2 mixed in a liquid 

medium and calcined at 800 ̊C for 8 h and then at 
900 ̊C for 8 h in silica crucible under air atmosphere. 
The obtained Bi2Sn2O7 had cubic crystal phase [31]; 
solid state gas phase using Sn and Bi powders raw 
materials at 700 – 900 ̊C. In this case, a tetragonal 
crystal system was obtained [32]; solid-state using 
Bi2O3 and SnO2 at 1100 ̊C. In the process, a cubic 
crystal system was achieved [33]; solid state at 800 
̊C for 24 h and then 48 h reaction using SnO2 and 
Bi2O3; a cubic crystal phase was obtained [34]; 
Solid state by heating SnO2 and Bi2O3 mixtures for 
24 h at 900 to 1000°C in gold lined Al2O3 crucible. 
Cubic and tetragonal crystal systems were obtained 
[35]; solid state using Bi2O3 and SnO2 at 750 ̊C for 
12-24 h. Monoclinic and cubic phase distributions 
at different temperatures were achieved [36]; solid 
state using Bi2O3 and SnO2 at 750 – 950  ̊C for 8 to 
24 h. A mixture of cubic and orthorhombic crystal 
system was obtained [37]; solid state using Bi2O3 
and SnO2 at 1100 ̊C and a tetragonal crystal system 
was obtained [38], etc. 

A photocatalytic application for removing MG 
from aqueous waste water is also reported in the 
present work. MG is a triarylamine dye and used 
in pigment industry. MG is used in leather, paper, 
silk, cotton, and jute dyeing processes. It is also 
used as an antifungal and anti-protozoan agent 
in fisheries and aquaculture industry [39,40]. 
It is a non-biodegradable dye pollutant and is a 
highly controversial compound. Furthermore, 
MG and its metabolites are known to cause 
mutagenic, carcinogenic, and teratogenic effects 
to live organisms [41]. It should not be used for 
beverages, food, medicines. Its inhalation may 
irritate the respiratory tract, and in large quantities 
causes tissue damage and inflammation of kidneys 
[42,43]. Recently, several metal oxides and sulfides 
have been used for the degradation of MG under 
different conditions summarized in ref. [44,45]. 

The present work reports a conventional 
one-step solid state method for the synthesis of 
β-Bi2Sn2O7 and Bi2MxSn2O7 (M = Y3+, Eu3+, Gd3+ 
and Yb3+) nanomaterials using Bi(NO3)3, SnCl2, 
Y2O3, Eu2O3, Gd2O3 and Yb2O3 raw materials at 800 
̊C for 10 and 15 h. Rietveld analysis data are used 
to calculate the variation of the crystallographic 
parameters of the obtained materials when the 
reaction time and the dopant ion are changed. 
Besides, the band gap energies of the as-prepared 
pure and doped nanomaterials are initially 
estimated from ultraviolet-visible spectra. FESEM 
images are also used to study the morphology 
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changes of the obtained targets when the reaction 
time and the dopant type are changed. Besides, 
the photocatalytic application of the synthesized 
Bi2Sn2O7 nanomaterial is also investigated for the 
degradation of MG under solar light conditions. 
The experimental design method is used to 
optimize the factors affecting the degradation 
process. The parameters are the amount of the 
nanocatalyst, H2O2 and the reaction time. The data 
show that the synthesized Bi2Sn2O7 nanocatalyst 
has very good efficiency at aqueous solution under 
the optimized conditions.

EXPERIMENTAL 
General remarks

All chemicals were of analytical grade, obtained 
from commercial sources, and used without further 
purification. Phase identifications were performed 
on a powder X-ray diffractometer D5000 (Siemens 
AG, Munich, Germany) using CuKa radiation. 
The Rietveld analysis was performed by FullProf 
software. The morphology of the obtained materials 
was examined with a Philips XL30 scanning 
electron microscope (Philips, Amsterdam, 
Netherlands) equipped with an energy-dispersive 
X-ray (EDX) spectrometer. FTIR spectra were 
recorded on a Tensor 27 (Bruker Corporation, 
Germany). Absorption spectra were recorded on 
an Analytik Jena Specord 40 (Analytik Jena AG 
Analytical Instrumentation, Jena, Germany). For 
the photocatalytic degradation, the test solutions 
were prepared daily by solving certain amount of 
the solid MG dye in the deionized distilled water. 
The MG concentration of MG was determined 
at 606 nm using a Shimadzu UV-visible1650 PC 
spectrophotometer. A BEL PHS-3BW pH-meter 
with a combined glass-Ag/AgCl electrode was used 
for adjustment of the solution pH. 

Synthesis of Bi2Sn2O7 nano-photocatalyst
In a typical synthetic experiment, 0.243 g (0.5 

mmol) of Bi(NO3)3 (Mw = 485.08 g mol-1 ) and 
0.113 g (0.5 mmol) of SnCl2 (Mw = 225.5 g mol-

1 ) were mixed in a mortar and ground until a 
nearly homogeneous powder was obtained. The 
obtained powder was added into a 25 mL crucible 
and treated thermally in one step in a pre-heated 
electrical oven at 800 ̊C for 10 (S1) or 15 h (S2). 
The crucible was then cooled normally in oven to 
the room temperature. The obtained powder was 
collected for further analyses. The synthesis yield 
for Bi2Sn2O7 (Mw = 767.4 g mol-1) was 0.34 g (89 %) 

and 0.35 g (91 %) for S1 and S2, respectively.

Synthesis of Bi2MxSn2O7 (M= Y3+, Eu3+, Gd3+ and 
Yb3+) (x=mmol of dopant ion) nanomaterials

For the synthesis of the doped materials, 0.5 
mmol of Bi(NO3)3, 0.5 mmol of SnCl2 and 0.01 g of  
Y2O3 (S3), or Eu2O3 (S4), or Gd2O3 (S5) and/or Yb2O3 
(S6) were mixed in a mortar and ground until a 
nearly homogeneous powder was obtained. The 
obtained powder was added into a 25 mL crucible 
and treated thermally in one step at 800 ̊C for 15. 
The crucible was then cooled normally in oven to 
the room temperature. The obtained powder was 
collected for further analyses. The powder weight 
amount for the doped Bi2Sn2O7 was 0.21 g, 0.31 g, 
0.26 g and 0.29 g for S3, S4, S5 and S6, respectively.

RESULT AND DISCUSSION 
Characterization

The phase composition of the as-prepared 
Bi2Sn2O7 and Bi2MxSn2O7 (M= Y3+, Eu3+, Gd3+ and 
Yb3+) nanomaterials was examined by powder 
X-ray diffraction technique. Figs. 1 and 2 show the 
PXRD patterns of the obtained materials in the 2θ 
range 10–80̊. The results of the structural analysis 
performed by the FullProf program employing 
profile matching with constant scale factors are 
also included in the Figs. Red lines are the observed 
intensities while the black ones are the calculated 
data. The blue line is the difference: Yobs - Ycalc. The 
Bragg reflection positions are indicated by blue 
bars for the main crystal phase (Bi2Sn2O7) and 
red bars for the impurity crystal phase. Fig. 1 a-c 
shows a comparison study of the crystal system 
type of the obtained target. It was found that when 
the crystallographic parameters of cubic crystal 
system including Fd-3m space group with a=b=c= 
10.7 Å [22] is used in the rietveld analysis, some 
impurity peaks marked with *have appeared. 
Besides, the impurity peaks are still present when 
the crystallographic parameters of the monoclinic 
crystal system is included in the rietveld analysis 
﴾Space group = Cc, a=13.08907 Å, b = 7.53348 Å 
and c = 15.02513 Å and β = 125 ̊) [21]. However, 
when orthorhombic crystallographic parameters 
are included in the rietveld analysis ﴾space group 
= Aba2, a = 7.54632 Å, b = 21.51632 Å and c = 
15.08011 Å) [21], no impurity peak was observed. 
Table 1 shows the rietveld analyses data of S2. 
The table shows that the refinement of S2 is good 
when the crystallographic data of orthorhombic 
crystal system is used in the rietveld analysis. So 
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Fig. 1. A Comparison among the PXRD patterns refined using the Rietveld method for the possible crystal system of S2. a) Orthorhom-
bic, b) Monoclinic and c) Cubic crystal system.

the orthorhombic crystallographic parameters 
are selected for the rietveld analyses for all of 
the obtained targets. Fig. 2 a-f shows the PXRD 
patterns of S1 – S6, respectively, based on the 
orthorhombic crystal system parameters. The data 
show that when the reaction time is increased 
from 10 h to 15 h, the purity of the obtained target 
is increased from 72 % to 100 %. The impurity 
phase is belonged to Bi2O3 crystal structure with 

space group P21/c and the lattice parameters a = 
5.84993 Å, b = 8.18493 Å and c = 7.50562 Å with β 
= 112.86938 ̊ [46]. Because the purity of the target 
was increased with increasing the reaction time to 
15 h, the doping process was performed according 
to the reaction condition for the synthesis of S2. 
The PXRD patterns of the doped materials are 
shown in Fig. 2 c-f. The ionic radii of Bi3+, Sn4+, 
Y3+, Eu3+, Gd3+ and Yb3+ are 1.17, 0.69, 1.019, 1.066, 
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Fig. 2. PXRD patterns refined with the Rietveld analysis of a) S1, b) S2, c) S3, d) S4, e) S5 and f) S6.

Table 1. Comparison study for crystal system conformity for S2.

1.053 and 0.985 Å, respectively. So, it is desirable 
for the crystal system to accept the dopant ions in 
the eight coordinated cavities. The intercalation 

in the A position is confirmed by calculating the 
unit cell volume of the doped materials. The data 
show that no considerable change in the unit cell 
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volume is observed. According to the PXRD data 
shown in Fig. 2, it is clear that there is no impurity 
peak related to the dopant ions. Table 2 shows 
the crystallographic parameters and the rietveld 
refinement data of the obtained materials. The 
data show that the doping processes proceed in a 
way that an impurity peak corresponded to Bi2O3 
is observed. The impurity amount is varied when 
the dopant ion type is changed. The purity data of 
the obtained materials reveal that when the ionic 
radius of the dopant ion is close to the ionic radius 
of Bi3+, the purity of the doped target is increased. 
So, the data show that when Yb3+ with the high 
difference is doped into the crystal system, the 
purity is decreased more. However, the purities of 
Y3+, Gd3+ and Eu3+ - doped Bi2Sn2O7 nanomaterials 
are high because the difference between the ionic 
radii of dopant ions and Bi3+ is small. Table 2 
displays the rietveld analyses data of the obtained 
targets. The data show the goodness of the fittings. 
It is clear that the crystal phase growth (Counts) of 
the obtained targets has an important influence on 
the goodness of the fitting.

The crystallographic data of the obtained 
samples are calculated and compared to the 
observed data presented in Table 3.

Also, Table 3 shows the crystallite size data 
(D) of the obtained nanomaterials calculated by 
Scherrer equation: 

( )
1
2

 1KD
B cos

λ
θ

=

 

(1)

In this equation, D is the entire thickness of 
the crystalline sample, λ is the X-ray diffraction 
wavelength (0.154 nm), K is the Scherrer constant 
(0.9), B1/2 of FWHM is the full width at half its 
maximum intensity and θ is the half diffraction 
angle at which the peak is located. The interplanar 
spacing values calculated using Bragg equation was 
also included in Table 3. The value of the dislocation 
density δ [(lines/m2)1014], which is related to the 
number of defects in the crystal was calculated 
from the average values of the grain size (D) by the 
relationship given below: 
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It was found that the dislocation density was increased when the dopant ions were introduced into the crystal system. 

However, the data show that doping the lanthanide ions into the crystal cavity increases the dislocation density 

considerably due to the decreasing the crystallite sizes of the materials. The strain ε (10–3) values are also 

determined using the following formula:  
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The variation in the strain as a function of the dopant ion type is included in Table 3. The increase in the strain value 

with changing the dopant ion is probably due to the retrograde in the degree of the crystallite of the obtained target. 

However, when Y3+ is doped into the crystal system, the strain value is small. Besides, when the lanthanide ions are 

 
(2)

It was found that the dislocation density was 
increased when the dopant ions were introduced 
into the crystal system. However, the data show that 
doping the lanthanide ions into the crystal cavity 
increases the dislocation density considerably due to 
the decreasing the crystallite sizes of the materials. 
The strain ε (10–3) values are also determined using 
the following formula: 

( ) 3
4

hklcosβ θε =
 

(3)

The variation in the strain as a function of the 
dopant ion type is included in Table 3. The increase 
in the strain value with changing the dopant ion is 
probably due to the retrograde in the degree of the 
crystallite of the obtained target. However, when Y3+ 
is doped into the crystal system, the strain value is 

 

Table 2. Rietveld analysis and unit cell parameters data of the obtained nanomaterials.
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Table 3. Crystallite size, interplanar spacing, dislocation density and strain data of the obtained nanomaterials.
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small. Besides, when the lanthanide ions are doped 
into the crystal system, the strain value is increased. 
This is maybe due to the lanthanide contraction 
effect of 4f energy level on the crystallite size. 

The X-ray density (Dx) is calculated using the 
following formula: 

( )8  4  
. .
Mx

Na b c

D
=

 
(4)

Where M is the molecular weight of Bi2Sn2O7 
(MW=867.34 gmol−1), N is the Avogadro number, 
and a, b and c are lattice parameters (Table 2). The 
data show that the X-ray density value is small 
and is not changed considerably by changing the 
dopant ions. This can be due to the similar/smaller 
atomic weight of the dopant ions compared to Sn or 
Bi, respectively, and the incorporation of the small 
amount of the dopant ion into the crystal system. 

The unit cell volume included in Table 2 can be 

obtained from the bellow formula:

. .V a b c=

The interplanar spacing can be calculated from 
the below formula:

2 2 2

2 2 2 2
1   h k l

d a b c
 

= + + 
 

The highest intensity peak at 2θ ≈ 28.90 ᵒ, the (h 
k l) value of (0 4 4) was used in the above equation.

So, 

2 2 2
1 16 16  

d b c
 = + 
 

Fig. 3 shows the FESEM images of the obtained 
targets. Figs. 3 a,a’ and b,b’ show the FESEM 
images of S1 and S2, respectively. It is clear that 

  

Fig. 3. FESEM images of a,a’) S1, b,b’) S2, c,c’) S3, d,d’) S4, e,e’) S5 and f,f ’) S6.
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the morphology of the synthesized Bi2Sn2O7 
nanomaterials is particle. When the reaction 
time is increased to 15 h, the homogeneity of the 
particle size and morphology is increased. Besides, 
according to Figs. 4 a and b, the particle diameter 
size distribution of S1 is in the range of 50-60 nm 
and S2 is 30-40 nm. It is clear that increasing the 
reaction time has an important influence on the 
particle size of the targets. Figs. 3 c,c’ to f,f ’ display 
the FESEM images of S3-S6. The images show that 
the morphology of the obtained materials is particle. 
However, there is a difference in the particle size 
homogeneity among the samples. The particle size 
distribution profiles showing the homogeneity of 
the obtained powders are shown in Fig. 4 c – f. The 
data show that when Y3+ is doped into the crystal 
system, the average particle size is in the range of 
40-50 nm. However, the particle diameter sizes of 
S4-S6 are 30-50, 70-80 and 50-60 nm. 

Fig. 5 (a - d) shows the EDX spectra of the 
obtained nanomaterials as a function of Y2O3, 
Eu2O3, Gd2O3 and Yb2O3 concentrations. The 
spectra indicated the X-rays emitted from various 
elements. The peaks corresponded to Y or Eu or 
Gd or Yb and (Bi, Sn and O) atoms present in the 
samples are labeled. The respective energy positions 
and the specific X-ray lines from various elements 
are also indicated. The Figure illustrates the EDX 
analyses for the samples doped theoretically with 

0.02 mmol of the dopants into the crystal system 
which verifies the doping and the compositional 
analysis of Y3+ or Eu3+ or Gd3+ and/or Yb3+ in 
Bi2Sn2O7. The normalized elemental analyses of 
the doped materials showed that the experimental 
formulas are Bi2Y0.012Sn2O7, Bi2Eu0.01Sn2O7, 
Bi2Gd0.012Sn2O7 and Bi2Yb0.016Sn2O7. It is clear that 
the capacity of the crystal system to accept the 
dopant ions is different. The data show that the 
capacity is increased when the ionic radius of the 
dopant is decreased. Because no obvious change 
in the unit cell volume value is observed when the 
dopant ions are doped into the crystal system, we 
can conclude that the ions are incorporated more 
into the Bi site. So, the dopant level of Yb3+ in the 
Bi2Sn2O7 crystal system is highest compared to the 
other dopant ions.

Optical Property
The absorption spectra and direct optical 

band gap energies of the obtained Bi2Sn2O7 and 
Bi2MxSn2O7+δ (M= Y, Eu, Gd and Yb) nanomaterials 
obtained from UV-Vis absorption spectra are 
shown in Fig. 4 a and b, respectively. According 
to the results of Pascual et al. [47], the relation 
between the absorption coefficient and incident 
photon energy can be written as (αhν)n = A(hν - 
Eg), where A is a constant and Eg is the direct band 
gap energy if n=2. The Band gap energies were 

  

Fig. 4. Particle size distribution profiles of a) S1, b) S2, c) S3, d) S4, e) S5 and f) S6.
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evaluated from extrapolating the linear part of the 
curve to the energy axis. The direct optical band 
gaps were 3.20, 3.15, 2.75, 2.85 and 3.30 eV for S2, 
S3, S4, S5 and S6, respectively. The data show that the 
band gap energy value for the pure material S2 is 

3.20 eV. The larger band gap energy compared to 
the other reported values [24] is due to decreasing 
the crystallite size of the pure Bi2Sn2O7. The band 
gap energy values for Bi2O3, Y2O3, Eu2O3, Gd2O3 
and Yb2O3 are 2.50 [48], 5.50 eV [49], 4.40 eV 

  

Fig. 5. EDX diagrams of a) S3, b) S4, c) S5 and d) S6.
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[50], 3.40 eV [51] and 4.90 eV [52]. The band gap 
values of the M2O3 are so larger than those of the 
pure and doped Bi2Sn2O7 nanomaterials. So, the 
small band gap values of the as-prepared materials 
are due to the formation of composite materials 
Bi2O3 - Bi2MxSn2O7+δ. It seems that in the composite 
materials, the influence of Bi2O3 on the band gap 
energy is more than the dopant ions.

Fig. 7 shows the Relations among different 
crystallographic parameters with the calculated 
direct optical band gap energies of the obtained 
materials. The data indicate that the ɛ and δ 
parameters show the apparent indirect relation with 
D value. Besides, there is an important observation 
with comparing E value with the other parameters. 
It is clear that E is related to the crystallite size in 
other words strain and dislocation density of the 
sample. With decreasing the crystallite size, the 
strain and dislocation density is increased and 
so the optical band gap energy is also increased. 
Increasing the band gap energy is due to increasing 
the difference between the energy levels of HOMO 
and LUMO. So, according to the observations, 
increasing the retrograding the crystal and 
dislocation density, the energy level difference is 
increased and so the band gap value is increased.

Photocatalytic activity
Experimental design for achieving optimal conditions 
in MG degradation process

There are two different approaches to optimize 
parameters affecting a chemical reaction, i.e., one-
at-a-time and experimental design approaches. 
Experimental design is attracting attention in the 
literature for exploring the optimal level of the 
factors affecting chemical reactions, since they take 
into account all of the main and interaction effects 
with much smaller number of experiments. One of 
the most common designs is full factorial design 
[53,54].

Response surface methodology (RSM) is 
a mathematical and statistical method, which 
analyzes experimental design by applying an 
empirical model [53]. The adequacy of the applied 
model is checked using analysis of variance 
(ANOVA) [54]. The response is the measured 
degradation yield (Y %). Different possible 
combinations of catalyst amount, H2O2 volume and 
process time factors are designed and collected in 
Table 4. Here, four replicates at the center of factors 
were considered for the validation of the model by 
ANOVA (Table 6). All the experiments were done 
in two days in random order.

  

Fig. 7. Relations among different crystallographic parameters with optical band gap energy.
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Table 4. Three-level full factorial design in photodegradation process.

Table 5. The experimental range and levels of independent variables in CCD.

Table 6. Analysis of variance for suggested model.
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The low and high factor levels are coded to -1 
and +1, respectively. The below equation shows the 
relation between the factors and the yield of the 
reaction, Y%, based on the first-order model:

 Y (%) = -66.82663 + 2.99323 × catalyst + 330.70025 
× H2O2 + 6.07206 × Time -0.085833 × catalyst × 
Time - 0.056798 × Time2  
  

As could be seen from the ANOVA results 
listed in Table 6, the p-value of the regression was 
smaller than 0.05. This indicated that the model was 
significant at a high level of confidence (95%) [53]. 
The p-value probability of lack of fit was also greater 
than 0.05, which confirmed the significance of the 
model. Also, the coefficient of determination (the 
R-square, adjusted–R-square) was used to express 
the quality of fit of polynomial model equation. In 
this case, R2 value of variation fitting for Y% = 100 
indicated a high degree of correlation between the 
response and the independent factors (R2  = 0.82). 
The high value of adjusted regression coefficient 
(R2 -adj = 0.76) was also another index for the high 
significance of the proposed model. This means 
that the difference between the experimental 
and predicted responses was negligible. Also, the 
predicted R-squared value (0.63) was reasonable 

which indicated the high accuracy and reliability 
of the developed model in the determination of 
response values shown in Fig. 8. As it is evident in 
this figure, the data points obtained consistently 
appear on a straight trend line, demonstrating 
that there is no obvious dispersal. The dispersal of 
residuals is also shown in Fig. 8. It is clear that the 
residuals are in the range of -3 to +3 confirming 
more the reliability of the model.

To illustrate the effects of the factors in the 
above models, the two and three–dimensional 
response surface plots of the response are shown in 
Fig. 9. The Figure represents the 3D and counter 
plots related to the interaction of AC in which 
A is the amount of catalyst and C is the reaction 
time. The semi-curvature of the plot indicates the 
interaction between the variables. In other words, 
when the time and catalyst amount increase, dye 
removal percentage improves. This means that the 
mass transfer of MG molecules is enhanced when 
the surface area of the catalyst is increased. So, 
the dye removal process on the catalyst surface is 
reached to equilibrium state quickly. Besides, by 
increasing the catalyst amount, further surface area 
of catalyst is available for dyes molecules enhancing 
the dye removal yield.

Fig. 10 shows the residual data obtained for 

  

Fig. 8. Normal plot of residual, predicted versus actual, studentized residuals versus the run and predicted data plots for the photodeg-
radation removal of MG.
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each parameter associated with the optimum 
value obtained by the mentioned model. The data 
show that the dispersal residuals are in the range. 
Besides, the data show that the optimum values for 
catalyst, H2O2 and time are 12 mg, 0.06 mL and 40 
min, respectively.

In the present work, the central composite 
design (CCD) was chosen for modeling and 
optimization of the proposed procedure based on 
the as-synthesized nanocatalyst (S1). A three-level 
CCD with three factors (H2O2 (A) ,  catalyst (B) 
and time (C)) was used to investigate the effects 
of factors. The experimental range and levels of 
independent variables are shown in Table 4. The 
condition of 20 experiments designed by CCD 
accompanied to dye degradation percentage 
(response (R%)) is also given in Table 4. As shown 
in Table 5, the independent variables (H2O2 volume 
(A), catalyst amount (B) and stirring time (C)) are 
given the coded form (-α, -1, 0, +1, +α).

To prepare 40 ppm of MG solution, 10 mg of 
MG powder was dissolved in 250 mL of distilled 

water. The pH value of the obtained solution was 
4. To increase the pH value, we used a 0.01 M 
NaOH solution. According to the Table 4, in a 
typical experiment, certain amount (g) of the as-
synthesized Bi2Sn2O7 (S1) photocatalyt was added 
into 50 mL of MG solution and sonicated for 10 
min in a dark room to establish an adsorption/
desorption equilibrium between MG molecules 
and the surface of the photocatalyst. Afterward, 
certain volume (mL) of H2O2 was added into the 
mixture solution followed by further magnetic 
stirring under solar light. When the designed time 
(min) was elapsed, the solution was drawn out and 
the photocatalyst was separated by centrifugation 
in order to measure the absorption spectrum of 
MG and calculate the MG concentration using UV-
Vis spectroscopy. The photodegradation (%) of MG 
was calculated by the following formula: 

0 t

0

A -A 100
A

 
× 

 
                             (3)

where, A0 and At represent the initial absorbance 

  

  

Fig. 9. 2 D and 3D surface plots of MG dye removal.

Fig. 10. Dispersial residual data for each parameter and the optimum values for each parameter.
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of MG at 612 nm and the absorbance at time t, 
respectively.

Scheme 1 presents the general procedure for 
the photocatalytic degradation of MG by the as-
synthesized nanomaterials.

Fig. 6 shows the dye degradation graphs for 
the obtained material at the optimum conditions. 
Fig. 6 a shows the effect of dye concentration on 
the degradation yield. It is clear that when the dye 
concentration is increased more up to 60 ppm, 
the degradation is decreased. It seems that when 

the dye concentration is high, light wavelength 
can not penetrate into the dye solution and the 
photocatalytic activity cannot be started efficiently. 
Fig. 6 b shows the dye volume effect on the 
degradation yield. It indicates that the degradation 
is complete when dye volume is 50 mL; when 
the volume the dye volume is increased up to 70 
mL, the yield is decreased, considerably. It is due 
to the decreasing the adsorption of dye on the 
catalyst; so the process is continued slowly at the 
desired time. Fig. 6 c shows the effect of pH value 

 

Scheme 1. The general process for the photocatalytic degradation of malachite green.

  

Fig. 6. MG degradation (%) at different (a) dye concentrations, (b) dye volumes, (c) dye pH values and (d) comparison tests among 
the raw materials and Bi2Sn2O7.
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on the degradation yield. Fig. 6 c shows that the 
degradation yield is small at pH values up to 3. 
However, when the pH is increased up to 10, the 
degradation yield is increased. The yield is 100% 
at pH=4 to 10. It is due to the increased amount 
of OH- ion in the solution. Fig. 6 d shows the 
comparison among the raw materials and the as-
synthesized nanomaterial for the degradation yield. 
It shows that Bi2Sn2O7 efficiency for removal of MG 
is so higher than those for raw materials.

Kinetic study
Studying the reaction kinetics is important for 

appointing the parameters affecting the reaction 
rate. This study finds a suitable kinetic model for 
the photo-catalytic degradation reaction. For this 
purpose, the rate constant (k) and the correlation 
coefficient (R2) of dye degradation is studied by 
zero- (Eq. (1)), first- (Eq. (2)), and second-order 
(Eq. (3)) kinetics. 

[C]=-k0 t+[C] 0                                                      (1)

ln [C] 0/[C] =k1 t                                                   (2)

1/[C] -1/[C] 0 =k2 t                                                (3)

where C is the MG concentration in an aqueous 
solution at time t; C0 is the initial MG concentration; 
and k0 (mg. L-1min-1), k1 (min-1), and k2 (L .mg-

1min-1) are the zero-, first-, and second-order rate 
constants, respectively. The results showed that the 
kinetics of the degradation using Bi2Sn2O7 followed 
a zero-order kinetic model. 

By plotting [C] - [C0] versus t, a straight 
line was obtained (Fig. 7). The slope of this line 
represents the apparent rate constant (kapp). Fig. 
7 shows that the photo-catalytic degradation fits 
to the Langmuir–Hinshelwood kinetic model. 
As a result of the data, the kinetic of degradation 
followed a pseudo-zero-order kinetic model. The 
amount of R2 and kapp are 0.075 and 0.972 for the 
dye concentrations of MG, respectively.

To show the merit of the present work with 
the other reported photocatalytic degradation 
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researches, we present a copmarison study among 
the yield in the present work with the other catalysts 
(Table 7).

CONCLUSION
The present work reported the synthesis of 

Bi2Sn2O7 and Bi2MxSn2O7 (M= Y3+, Eu3+, Gd3+ 
and Yb3+) nanomaterials via a one-step solid state 
method at 800 ºC for 10 and 15 h. PXRD data 
showed that Bi2Sn2O7 was crystallized well in 
orthorhombic crystal system. Rietveld analysis 
data showed that when the reaction time was 15 
h, the purity of the obtained target reached 100 
%. The doping process was performed according 
to the reaction condition and the influence of the 
dopant ions on the particle size and optical band 
gap energy was studied. EDX analysis data revealed 
that dopant ion type had an important influence on 
the crystal system capacity to site the ions in the A 
or B position. The data showed that the obtained 
Bi2Sn2O7 nanomaterial had excellent efficiency for 
the removal of MG from aqueous solution. It was 
found that the optimum condition was 0.06 mL 
H2O2, 12 mg catalyst and 40 min. The degradation 
yield at the optimum condition was 100 % for S1. 
Several tests were performed for investigating the 
effect of different parameters on the degradation 
yield. It was found that the catalytic performance 
was excellent when the pH value was in the range 
of 4 to 10, the dye concentration was up to 60 
ppm and the dye volume was up to 60 mL. The 
photo-catalytic degradation data showed that the 
kinetic of degradation followed a pseudo-zero-
order kinetic model. The amount of R2 and kapp are 
0.075 and 0.972 for the dye concentrations of MG, 
respectively.
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