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ABSTRACT

TNanostructured doped As,Ni, O, samples were synthesized via facile one
step solid state reactions at 850 °C for 8 h using As,O,, Ni(NO,),.6H,0,
Gd,0,, Tb,0, and Ho,O, raw materials. The synthesized nanomaterials
were characterized by powder X-ray diffraction (PXRD) technique. The
rietveld analyses showed that the obtained materials were crystallized
well in monoclinic crystal structure with the space group P12 /cl. The
morphology of the synthesized materials was studied by field emission
scanning electron microscope (FESEM). Photocatalytic performance
of the as-synthesized sample was investigated for the degradation of
pollutant Malachite Green (MG) in aqueous solution under direct visible
light irradiation. The light source was a white color fluorescent lamp with
the 40 W power and light intensity of 1.34 W/m? measured by a digital lux
meter. The distance between the lamp and the surface of the solution was
50 cm. The degradation yield at the optimized condition (0.1 mL H,O,, 60

272
mg catalyst and 90 min) was 94 % for pure Ni,As,O,.
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INTRODUCTION

Nickel ortho-arsenate (As,Ni.O,) is composed
of two As®* and Ni?* cations. The compound has
two crystal structures including orthorhombic
and monoclinic structures. When the compound
crystallizes in orthorhombic crystal system, the
space group and lattice parameters are Cmca and
a=5.943,b=11.263,and c = 8.164 A, respectively.
The space group and lattice parameters of the
monoclinic crystal system are P12 /cl and a =
5.764, b = 9.559, and ¢ = 10.194 A, respectively.
As Ni,O, contains NiO and As,O, in its crystal
system. NiO is interested for its electrical, magnetic
and catalytic properties. Nickel (I1) oxide is used in
several applications such as catalyst production,
electrochromic films, fuel cell electrodes, gas
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sensors, and etc. [1-5]. As O, is used in some
fields including wood reservoir, and production of
arsenic organic materials for various applications
[6-7]. Hydrothermal [8] and solid state [9] methods
have been reported for the synthesis of As Ni.O,
material.

A photocatalytic application for removing MG
from aqueous waste is reported in the present
work. MG is classified in the dyestuff industry as
a triarylamine dye and used in pigment industry.
MG is used as an antifungal and anti-protozoan
agent in fisheries and aquaculture industry [10].
However, MG causes mutagenic, carcinogenic,
and teratogenic effects to living organisms [11].
MG causes skin irritation, blurred vision or cause
interference. MG inhalation may cause irritation
to the respiratory tract, and in large quantities can

ahakimyfard@yahoo.com cause tissue damage and inflammation of kidney
This work is licensed under the Creative Commons Attribution 4.0 International License.

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.



A.R. Hakimyfard et al. / As, N30, Photocatalyst for Photodegradation of Malachite Green

[12,13]. So, we decided to study the performance
of the semiconductor nanomaterial for the
degradation of MG. Several metal oxides and
sulfides have been used for the degradation of MG
under different conditions summarized in ref [14].

In the present study, a facile solid state rout is
applied for the first time to synthesize Gd*', Th*
and Ho*-doped As,Ni O, powders using As,O,,
Ni(NO,),6H,0, Gd,0,, Tb,0, and Ho,O, at 850
°C for 8 h. To the best of our knowledge, there
is no report on the synthesis of As Ni,O, doped
nanomaterials in the literature. Rietveld analysis
was used to find the experimental crystallographic
data of the as-prepared targets. The morphology
of the obtained targets was studied by FESEM.
The photocatalytic application of the synthesized
doped As Ni.O, nanomaterials was investigated
for the first time for the degradation of MG under
direct visible light irradiation. Experimental design
method was used to optimize the factors affecting
the degradation process.

MATERIALS AND METHODS
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 morphology of the obtained
materials was examined by a field emission
scanning electron microscope (Hitachi FE-SEM
model S-4160). The elemental analyses of the
obtained materials were examined with a Philips
XL30 scanning electron microscope (Philips,
Amsterdam, Netherlands). The concentration of
MG was determined at 612 nm using a Shimadzu
UV-visiblel650 PC spectrophotometer. A BEL
PHS-3BW pH-meter with a combined glass-Ag/
AgCl electrode was used to adjust the solution
pH value. A digital Lux meter model GM 1010 was
used to measure the light intensity used in the
photocatalytic process.

To prepare 70 ppm of MG solution, 70 mg of
MG powder was dissolved in 1000 mL of distilled
water. The pH value of the obtained solution was
4. To increase and decrease the pH value, 0.01
M solutions of NaOH and HCI, respectively, were
used. In a typical experiment, certain amount (g)
of the as-synthesized pure As Ni.O, photocatalyst
was added into 100 mL of MG solution and
sonicated for 10 min in a dark room to establish an
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adsorption/desorption equilibrium between MG
molecules and the surface of the photocatalyst.
Afterwards, certain volume (mL) of H,0, was added
into the mixture solution followed by further
magnetic stirring under visible light irradiation.
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 by UV-Vis spectroscopy.
The photodegradation percentage of MG was
calculated by the following formula:

(M}loo (1)
A

0

where, A, and A, represent the initial
absorbance of MG at 616 nm and the absorbance
at time t, respectively.

Synthesis of Gd*,
nanomaterials

The synthesis rout is according to our
previously reported work [9]. In a typical synthetic
solid state experiment, 0.198 g (1 mmol) of As O,
(MW = 197.8 gmol™?) and 0.297 g (1 mmol) of
Ni(NO,),.6H,0 (MW = 290.7 gmol™) 0.05 mmol of
Gd,0, (S,) or Th,O, (S,) or Ho,0O, (S,) 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 850 °C for 8 h. When the reaction
was completed, the crucible was cooled normally
in the furnace to the room temperature.

Tb* and Ho* As,NiO,

RESULTS AND DISCUSSIONS
Characterization

The phase composition of S, S, and S, were
examined by powder X-ray diffraction technique.
Fig. 1(a-d) shows the PXRD patterns of the obtained
materials in the 20 range 10-90° as well as the
structural analyses performed by the FullProf
program. The structural analyses were performed
employing profile matching with constant scale
factors. Red lines are the observed intensities;
the black ones are the calculated data; the blue
ones are the difference: Y -Y_ ; and the Bragg
reflections positions are indicated by blue bars
for monoclinic phase of As,Ni,O, [9]. The results
showed that the patterns had a main As,Ni.O,
crystal structure with the space group P12 /cl
[8,9]. The ionic radii of the component ions are
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Fig. 1. PXRD patterns of a) pure Ni,As,O,, b) S, c) S,and d) S,.

as follow: Niz* (CN=6): 0.69 A, As** (CN=4): 0.34 A,
As>* (CN=6): 0.46 A, Gd** (CN=6): 0.94, Th** (CN=6):
0.92, Ho* (CN=6): 0.91 A [15].

Quantitative phase analysis was investigated
with direct comparison method [16]. In this
method, we compared the experimental line
intensity of the impurity phases SrCO, for S, and
S, and SrCO, and As O, for S, from the mixture to a
line from the main phase (As,Ni.O,) in the mixture.
For this purpose, we chose the peaks with highest
intensity for each phase at about 26.8°, 29.8 and
37.6" for As,0,, SrCO, and As,Ni.O,, respectively.

J Nanostruct 10(1): 9-19, Winter 2020
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The phase comparison values are summarized in
Table 1. Table 1 shows that the purity and crystal
phase growth of the samples are decreased more
when Tb* is doped into the crystal system. As will
be mentioned in Table 2, the dislocation density
and strain values are increased by decreasing the
crystallite size value.

The cell parameters values were calculated
and refined by the rietveld analysis. According to
the lattice volume data, it is clear that introducing
the lanthanide ions into the crystal system has
decreased the lattice size. However, the decreasing

11
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Table 1. Crystallographic data of the obtained materials.

Sample A b c 1 B Purity Counts
Pure 5.76449 9.54642 10.18623 559.822 92.94801 100 568
S1 5.73286 9.47594 10.05626 545.5885 92.89967 78 997
S2 5.72701 9.57578 10.11208 553.8315 92.90769 67 194
Ss 5.75738 9.44057 10.08413 547.3897 92.91501 84 687

Table 2. Crystallite size, dislocation density, strain, and interplanar spacing data of the as-synthesized nanomaterials.

20 0 B (9) B(rad) cos® sin@ D [ € darage dhu
Pure 35.26 17.63 0.19067 0.003326 0.953 0.303 44 5.23 0.79242 2.54 2.55
S1 35.76 17.88 0.31619 0.005516  0.952 0.307 26 14.35 1.312808 2.51 2.51
Sz 35.53 17.76 0.39571 0.006903 0.952 0.305 21 22.48 1.642914 2.52 2.53
S3 35.63 17.81 0.34989 0.006104 0.952 0.306 24 17.58 1.452752 2.52 2.52

for Tb* doped material is lower than the other
samples.

Table 2 shows the crystallite size data,
dislocation density, strain and interplanar spacing
(d) data for S, to S,. The crystallite size data of the
obtained nanomaterials is calculated by Scherrer
equation (1):

KA
B, cosO

2

(1)

In this equation, D is the entire thickness of
the crystalline sample, A is the X-ray diffraction
wavelength (0.154 nm), K is the Scherrer constant
(0.9), B,/, of FWHM is the full width at half of its
maximum intensity and 0 is the half diffraction
angle at which the peak is located. The crystallite
size data show that the dopant type plays an
important role to produce particles in nanometer
size scale. The data included in Table 2 show that
the crystallite sizes are decreased more when
Tb,0, is used as the dopant source.

The value of the dislocation density 6 [(lines/
m?)10*4], which is related to the number of defects
in the crystal was calculated from the average
values of the crystallite size (D) by the relationship
given below [17]:

1

=17

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 Tb3* ion into the crystal cavity
increases more the dislocation density due to the
decreasing the crystallite sizes of the materials.
The strain € (107%) values were determined with by
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the following formula:

o Pracost
4

The variation in the strain as a function of the
dopant ion type is included in Table 2. 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 Tb* is doped into the crystal system, the
strain value is increased more.

The interplanar spacing data of the obtained
monoclinic samples were also calculated and
compared to the observed data.

11 ﬁ+k2sin2ﬂ+£_2hlcosﬂ
d* sin’p\a’ b’ c? ac

The highest intensity peak with the (h k 1)
value of (004) at 26=35.26 was used in the above
equation.

As we know, sin (92.9) is about 0.999. So,

1 (16
&\

Besides, the unit cell volume can be obtained
from the below formula:

V =ab.csin ( Jij )

Where a, b and c are the lattice parameters
and Vis the cell volume.

Morphology analysis
Fig. 2 shows the FESEM images of the obtained
nanomaterials. The images show that the
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Fig. 2. FESEM images of a,a’) S, b,b’) S,and c,c’) S,.

morphology of the targets is sponge. However,
the data indicate that the sponge structure of
the obtained doped nanomaterials is different
from the pure Ni,As O, [9]. This difference is due
to doping the lanthanide ions into the crystal
system. It is obvious from the images that when
Gd* and Tb** are doped into the crystal system,
some particles are observed on the surface of the
sponge. But this observation is not seen for Ho**
doped material. The particle size on the surface of
the sponge is about 40 nm.

Fig. 3a - c illustrates the EDX analyses for the
samples doped theoretically with 0.05 mmol of
the lanthanide dopantsions into the crystal system
which verify the doping and the compositional
analysis of Gd** or Th* and/or Ho® in Ni,As.O,.
The peaks corresponded to Gd or Tb or Ho and
(Ni, As 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 A% values of the dopants in the
obtained samples and investigating the capacity of
the sample to accept the ions in the crystal systems

J Nanostruct 10(1): 9-19, Winter 2020

is reported. The A% values are 0.82, 0.79 and 0.78
for Gd**, Tb* and Ho* doped nanomaterials. The
data reveal that when a heavier lanthanide ion is
included in the crystal system, the capacity of the
crystal system to accept the ions is decreased.

Photocatalytic activity
Experimental design for achieving optimal
conditions in MG degradation process
Experimental design approach is attracting
attention in the literature for exploring the
optimal level of factors affecting chemical
reactions. One of the most common designs is full
factorial design. Response surface methodology
(RSM) is a mathematical and statistical method,
which analyzes experimental design by applying
an empirical model. The adequacy of the applied
model is checked using analysis of variance
(ANOVA) which needs some replicate experiments.
The response is the measured degradation yield
(Y%). Different possible combinations of these
factors are designed which are collected in table
3. The observed data of the factorial design was

13
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Table 3. Three-level full factorial design in photodegradation process.

Sample A b c Vv B Purity Counts
Pure 5.76449 9.54642 10.18623 559.822 92.94801 100 568
S1 5.73286 9.47594 10.05626 545.5885 92.89967 78 997
S2 5.72701 9.57578 10.11208 553.8315 92.90769 67 194
S3 5.75738 9.44057 10.08413 547.3897 92.91501 84 687

J Nanostruct 10(1): 9-19, Winter 2020
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Table 4. The experimental range and levels of independent variables in CCD.

Factor Low High Low coded High coded
A catalyst 30 60 -1 1
B H.0, 0.05 0.1 -1 1
C Time 60 90 -1 1

Table 5. Analysis of variance for suggested model.

Source Sum of Squares df Mean Square F Value p-Value Prob > F

Model 8320.67 3 2773.56 196.46  <0.0001 significant
A-catalyst 5271.62 1 5271.62 373.41 <0.0001

B-H.02 2673.77 1 2673.77 189.4 <0.0001

C-Time 375.28 1 375.28 26.58 <0.0001

Residual 225.88 16 14.12

Lack of Fit 204.54 11 18.59 4.36 0.0582 not significant
Pure Error 21.33 5 4.27

Cor Total 8546.55 19

fitted to a linear response model. The below
equation shows the relation between the factors
and the yield, Y%, based on the first order model:

Y (%) = 55.35 + 19.65 x Catalyst + 13.99 x H,O,
+5.24 x Time

Prior to the ANOVA analysis, low and high
factor levels were coded to -1 and +1, respectively
(Table 4). As could be seen from the ANOVA results
listed in table 5, the p-value of the regression is
smaller than 0.05. This indicates that the model
is significant at a high level of confidence (95%).
The p-value probability of lack of fit is also greater
than 0.05, which confirms 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, R? value of variation fitting for Y% = 94
indicated a high degree of correlation between the
response and the independent factors (R? = 0.97).
The high value of adjusted regression coefficient
(R*-adj = 0.90) was also another index for the high
significance of the proposed model. This means
that the difference between the experimental and
predicted responses is negligible. The dispersal of
residuals is also shown in Fig. 4. 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. 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
(3D) response surface plot of the response (when
the time was fixed at optimal level and the other

J Nanostruct 10(1): 9-19, Winter 2020
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two were allowed to vary) is shown in Fig. 5. The
figure represents the 3D and counter plots related
to the interaction of AB.

Fig. 6 shows the optimum values of the
parameters involving in the MG degradation
process obtained by the mentioned model. The
data show that the optimum values for catalyst,
H,O, and time are 60 mg, 0.10 mL and 90 min,
respectively.

A three-level CCD (Central Composite Design)
with three factors (catalyst (A), H,0, (B) and time
(C)) was used to investigate the effects of the factors.
The condition of 20 experiments designed by
CCD accompanied to dye degradation percentage
(response (R%)) are also given in Table 3. As shown
in table 4, the independent variables (H,0, volume
(A), catalyst amount (B) and stirring time (C)) are
given the coded form (-q, -1, 0, +1, +a).

Fig. 7 shows the dye degradation graphs for
the obtained materials at the optimum conditions.
Fig. 7 a shows the effect of solution pH on the
degradation yield. It is clear that by increasing the
pH value, the degradation of dye is increased. The
data reveal data the existance of H* ion decreases
the degradation yield. But, when the concentration
of H* is decreased or the concentration of OH" is
increased, the degradation vyield is increased
considerably. Fig. 7b shows the reusability test for
the as-prepared catalyst in the photodegradation
process. It indicates that the degradation is high
until run 4. Fig. 7c presents the dye solution
volume influence on the photodegradation yield.
The data indicate that when the dye volume is
increased more up to 140 mL, the vyield is still
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desirable. However, when the solution volume is
increased more, the degrataion 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. 7d shows
the effect of the dye concentration influence on
the degradation yield. According to the data, it is
clear that with increasing the dye concentration
to 80 ppm, the degradation vyield is decreased

16

plots.

by about 20 %. The observation indicates that
increasing the dye concentration has a main
effect on the retrograding the degradation yield
and the process is related to the concentration
of the dye, considerably.

We present a copmarison study to show
the merit of the present work with the other
reported photocatalytic degradation researches
(table 6).
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Table 6. Comparison study for the degradation efficiency [14].

Catalyst Condition Yield (%)
Carbon/TiO, 25 ppm MG, 30 min, pH=8 82-100
MoS/TiO2 40 min, sunlight irradiation, 0.1 g catalyst, 10 ppm MG 97
PbCrO4 365 ppm MG, 0.1 g catalyst, 4 h, pH=7.5, visible light, 60 min 90
V doped-ZnO UV and visible lights, 500 ppm MG, 500 ppm catalyst, 200 min 90
Ni1xCoxFe20a Sunlight, 50 mL solution, 25 ppm catalyst, 1 uM MG, H,0, 15 h 100
Mg-doped TiO: Visible light, pH=9, 100 ppm MG 89
ZnO 4h time, 60 ppm MG, pH=7.5, solar radiation 98
FeSOs -7H.0 10 mM Fe?, 40 °C, 25.5mM H.0,, 10 ppm MG 94
Sr2As,07 H202, 20 mg catalyst, 33 min, 70 mL of 100 ppm MG, solar light 97
MgFe204 H202, 25 mg catalyst, 40 min, 80 mL of 100 ppm MG, visible light 100
Ni3As,0s H20,, 60 mg catalyst, 90 min, 100 mL of 70 ppm MG, visible light ( Present Work) 94
CONCLUSION the obtained nanomaterials. The photocatalytic

In this work, Gd*, Tb* and Ho*-doped
Ni,As O, nanomaterial was synthesized via a facile
solid state method. PXRD patterns and structural
analyses done by the FullProf program employing
profile matching. The rietveld analyses showed
that the obtained materials were crystallized
well in monoclinic crystal structure with the
space group P12 /cl. FESEM images showed the
obtained materials had sponge morphology. The
data showed that doping the lanthanid ions into
the crystal system affect on the morphology of

18

degradation data showed that NiAs O, had
excellent efficiency for the removal of MG from
aqueous solution. It was found that the optimum
condition was 0.1 mL H,0,, 60 mg catalyst and
90 min for the removal of 100 mL of 70 ppm MG
solution. The degradation yield in these conditions
was 94 % for pure Ni As,O,.
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