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Abstract

Spinel MgAL O, nanopowders were synthesized by one-step solid state reactions using AI(NO,),.9H,0 and
MgSO, raw materials at stoichiometric 1 : 2, Mg : Al molar ratio at a constant reaction temperature of 1000°C
for8h (S,), 10h (S,) and 24 h (S,). The synthesized materials were characterized by powder X-ray diffraction
(PXRD) technique. Structural analyses were performed by FullProf program making use of profile matching
with constant scale factors. The results showed that the patterns had a cubic MgAl O, structure similar to the
space group. Through textural analysis BJH (Barrette Joiner Halenda) and BET (Brunauer Emmett Teller)
methods, the obtained materials were evaluated in terms of average pore size, specific surface area and
average pore volume .The morphology of the obtained materials was studied by FESEM images. Ultraviolet—
visible (UV-vis) spectra showed that the nanostructured MgAl, O, powders possessed strong light absorption
properties in the ultraviolet-visible region. Direct optical band gap energies were calculated as 3.4, 2.9 and
3.1eVforS,S, and S,, respectively. The photocatalytic performance of the synthesized nanomaterials was
investigated for the degradation of pollutant Malachite Green (MG) in aqueous solutions under solar light.
Optimum conditions (0.2 mL H,0,, 25 mg catalyst and 40 min catalytic reaction time for the removal of
80 mL of 100 ppm MG solution) were modeled and achieved by the design expert software for S . The
degradation yield in the condition was 100 % for S,.
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INTRODUCTION

Magnesium aluminate spinel (MgAl,0,) is the
most representative material belonging to the
wide family of minerals with spinel crystalline
structure. This material has a cubic crystal
structure with the space group. O% anions are
arranged in a close-packed pseudo-cubic sub
lattice. Mg?* ion occupies 1/8 of the available
tetrahedron position. Moreover, 1/2 of the
available octahedral sites, within the oxygen sub
lattice, is occupied by AP*ions [1-2]. Magnesium
aluminate is commonly utilized in metallurgical,
radio technical and chemical industries owing to
its desirable mechanical, chemical, and thermal
properties. Magnesium aluminate synthesis has
recently become more prominent using different
methods such as solid state reactions via MgO
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and a-ALO,, y-Al,O, and MgO , p-ALO, and MgO
materials at 800, 1000, 1200, 1400 and 1600 °C
[3], employing MgO and Al,O, at 1500, 1650 °C
[4], utilizing aluminum tri-hydroxide and caustic
MgO at 1350 °C, 1-24h [5] ,AI203 and MgO at
1600 °C [6], AI(NO,),.9H,0, Mg(NO,),.6H,0 and
CH,N,O and MnCl,.4H,0 at 500,1000 °C [7],
Mg(NO,),, AI(NO,), triethanolamine and HNO, at
650°, 675°, 700°, and 750 °C at a heating rate of
8-10°C/min. [8], MgO and A|203 at 400 and 600
°C [9], Solid state method [2], complexion of
metal ions by chelating ligands and subsequent
thermal treatments [10], coprecipitation of Mg
and Al hydroxides [11], hydrothermal [12], sol-
gel process [13], pyrolysis [14] and emulsion [15]
methods. Due to its extreme thermal conductivity,
high chemical stability and low dielectric constant
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properties, there exist myriad applications for
malachite green in the fields of photonics and
metallurgy, and regarding ceramic, structural
materials, electrical industry, support catalysts,
moisture sensors and nuclear materials [16-19].
Furthermore, this material is widely employed in
paint, leather, paper, cotton and silk industries.
In the fishing industry specifically, it is used as
an antifungal agent. Malachite Green, on the
other hand, has many disadvantages; it is a non-
digestible color contaminant material causing high
levels of immune deficiency and reproduction in
mosquitoes and aquatic animals. Inhaling and
drinking MG is also hazardous, entailing eye and
skin irritation. The main chemical structure of MG
has metabolic symptoms in cancer formation.
Experimental and clinical observations further
indicate that MG is a toxic substance with regards
to several organs and belongs to certain colorful
groups of triphenylmethane, acting as a crystalline
disruptor which leads to cancerous effects and
diseases [20-21]. In the present study, a solid
state method was explored for the synthesis of
nanostructured MgALO, powders using MgSO,
and Al (NO,),.9H,0raw materials. For the synthesis
of the targets, thermal treatment conditions at
1000°C for 8 h, 10 h, and 24 h were investigated.
The direct band gap energy of the obtained
magnesium aluminate nanomaterial’'s were
estimated from UV-Vis spectra. Further studied was
the photocatalytic application of the synthesized
magnesium aluminate for the degradation of MG
under solar light. An experimental design method
was used to optimize the factors influencing the
dye removal reaction.

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
CuK_ radiation. The morphologies of the obtained
materials were examined with a field emission
scanning electron microscope (Hitachi FE-SEM
model S-4160). Absorption spectra were recorded
on an Analytik Jena Specord 40 (Analytik Jena
AG Analytical Instrumentation, Jena, Germany).
Moreover, textural analysis was performed by
Beckman Coulter SA3100 Surface Area Analyzer.
The software used for designing the experiment
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(DOE) was Design Expert 7. The photocatalytic
activity of the synthesized MgAI,0, samples in the
degradation of MG was measured in the presence
of H,0, (30%, w/w) under solar conditions.

Catalyst preparation

In a typical solid state synthesis experiment,
0.375 g (1 mmol) of Al (NO,).9H,0 (Mw = 375.0g
mol™) and 0.0601 g (0.5 mmol) of MgSO, (Mw
= 120.37 g mol™?) were mixed and ground in a
mortar until a nearly homogeneous powder was
obtained. The obtained powder was added into
a 25 mL crucible and treated thermally in an
electrical furnace in a step at 1000 °C for 8 h (S,),
10 h (S,), and 24 h (S,). In the furnace, the crucible
was allowed to be cooled normally to the room
temperature. The obtained yellowish powder was
collected for further analyses. The syntheses yields
for MgALO, (Mw=166 g mol*) were 72 % (S ), 69 %
(S,), 68% (S,). Using the design of the experiments,
a photocatalytic activity was investigated in order
to obtain an optimal value of 0.025 g of catalyst
(S,) and 0.2 mL of H,0, in a 40 minute interval
and is with using Malachite Green was obtained
at a concentration of 100 ppm in a volume of 80
ml. 0.025 g of the catalyst to 80 ml of a solution
containing 100 ppm malachite green was added,
and glass containers containing the solution were
covered with aluminum sheet to avoid exposure
to sunlight. The resulting solution was then placed
on a magnetic with magnetic stirrer at room
temperature. After 10 minutes, 0.2 ml of H,O, was
added to it, and again exposed to light by removing
the aluminum sheet and stirring for 40 minutes
on a magnetic stirrer it placed. At the end, 15 ml
of the resulting solution was centrifuged and the
absorption spectrum was taken. As the absorption
spectrum is observed, the optimum degradation
mode is 100% also in Fig. 1 is seen. Photocatalysis
activity, a photocrogen test was performed.

RESULTS AND DISCUSSIONS
Characterization

The crystal structure of the obtained
nanomaterials was MgALO,, studied by Rietveld
analysis using PXRD data. Fig. 2 (a-c) illustrates the
analysis of the obtained PXRD data on a scale of
20 to 10-90°. Structural analysis was performed
by FullProf program to fit the profile with a
constant scale factor. The red lines represent
the observed intensities and the black lines are
the calculated data; moreover, the blue lines
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indicate the difference between the experimental
and computational values. The results showed that
the patterns corresponded to the cubic structure
with a space group. There are three other phases in
the mixture, including MgSO, [22], MgO [23], and
a-AlO, [24]. At a reaction period of 8 h, the impurity
phases conduce to the mixture for up to 49%.
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The crystallite size of the nanomaterials
synthesized at different reaction times were
calculated by Scherrer equation (eq. 1) where
D is crystallite size, B, is the width of the peak
at half the maximum height (FWHM), A is XRD
wavelength (0.154 nm), K equals 0.9 and 8 is the
half of the angle at which the peak exists.
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Fig. 1. The UV-Vis spectrum from Malachite Green with a concentration of 100 ppm and an optimum spectrum.
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Fig. 2. PXRD patterns and the Rietveld analyses of a) S, b) S,and ¢) S,.
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Equation 1 was used to calculate the crystallite
size of the samples. As it can be seen in Table 1,
with the increase in the reaction time from 8 to 10
h the crystallites become larger; however, when
the reaction goes past 24 h, no enlargement is
observed in the crystallite size. Indicating that the
effect of the reaction time on the crystallite size
becomes significant once, it is increased up to 10 h.

The value of the dislocation density (6),
associated with the number of defects in the
crystal, was calculated from the average values of
the grain size (D) via the relationship given below:

§=——r 2)

Table 1 summarizes the dislocation values
where the decrease in the dislocation density is
due to the increase in the crystallite sizes of the
materials  resulted from the alteration in the
reaction condition.

The strain (g) values were also determined
making use of the following formula:

cos0
e = .Bhkl4 (3)

Also included in Table 1 is the variation in the
strain as a function of synthesis reaction conditions.
The reduction in the strain values is probably due
to the augment in the crystallite of the obtained
crystals. It can therefore be inferred that synthesis
reaction conditions influence the crystallite size,
strain and dislocation density values.

Interplanar spacing data of the obtained
nanomaterials were calculated by both Equations
4 and 5. In this regard, the peak with the highest
intensity was employed in the range of 20 = 36.98°
forS,, 26 =37.00° for S, and 26 = 36.96° for S, with
the miller indices (3 1 1).

nA= 2d sin® (4)
1 W +iE2+P

T )
hkl

It can be seen that there exists a good
agreement between the data obtained from
Bragg Equations 4 and 5 where n=1, A is the input
wavelength of the X-ray, 0 is the peak position and
is lattice parameter.

Table 2 shows the lattice parameter data of S, to
S,. The lattice parameter a of the MgAI,O, samples
shows that at a constant reaction temperature,
there is no considerable change in the unit cell
volume. R, Reroce and x? of the syntheses show that
the analyses were good because R, Reroce analysis
is less than 5 and ¥ less than 2 is acceptable.
Besides, the purity data indicated that increasing
the reaction time enhanced the crystalline purity
of the targets. However, it is clear that increasing
the reaction time to 24 h entails no significant
effect on the crystal phase purity of the synthesized
material.

FT-IR spectra

FT-IR spectra of the as-synthesized powders
confirm that dehydration occurs during the
thermal treatment (Fig. 2a, b and c). Release
of water molecules from the defect structure
of hydroxides and their consecutive adsorption
on the surface of dehydrated products are
documented by the fact that the peaks at wave

Table 1. Crystallite size data obtained from Scherrer equation.

Sample 20 ® Biz (°) Bu2 (rad) cosp D(nm) 5(lines/m?) x 10%* £
N 36.9822 18.4645 0.34186 0.005963 0/9485 24 0.00173 0.00141
Sz 37.0021 18.5010 0.30254 0.005277 0/9398 28 0.00127 0.00124
S3 36.9646 18.4823 0.30222 0.005277 0.9333 28 0.00127 0.00123

Table 2. Lattice parameter, interplanar spacing, rietveld and purity data for the obtained nanomaterials.

Sample  a=b=c(A)  dpug(A) d cal RBragg R o Purity (%)
Si 8.066 2.431 2.432 0.661 0.401 1.46 51
NS 8.068 2.432 2.432 0.832 0.82 1.65 66
Ss 8.075 2.434 2.434 1.37 1.04 1.572 70
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numbers 3510, 343, and 3370 cm™ merge into
one broad band with a maximum at 3400 cm™
(the valence vibration of water). Results of FT-IR
spectroscopy displayed that the band with a
maximum at 800 cm™ becomes more emphasized
with increasing reaction time from 8 h to 24 h (Fig.
3b and c), which splits into two bands at 560 and
700 cm™ at 1000C. These bands are characteristic
for vibration Mg-O and Al-O groups of the spinel
structure (Fig. 3b, c). [25].

Morphology analysis

Fig. 4 (a-d) shows the FESEM images of MgAlO,
powder synthesized at 1000 °C for 8 h. Fig. 4 (a, b)
demonstrates that there is a porous morphology
in the image and Fig. 4 (c, d) shows that the
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material is composed of particles. Fig. 5 shows the
particle size distribution profile of the synthesized
MgALO, particles. Where, the maximum particle
size distribution falls in the range of 30-50 nm.

Fig. 6 (a,b) shows the FESEM images of MgAlO,
sample synthesized at 1000 °C for 10 hours (S,).
As observed, the morphology is changed with the
increase in the reaction time and the materials
are composed of agglomerated particles forming
a porous morphology. The diameter of the
components is about 50-60 nm, which is larger
thans,.

Fig. 7 (a-d) shows the FESEM images of MgAL O,
synthesized at 1000 °C for 24 hours (S,). Fig. 7 (a,
b) shows that when the reaction time is increased,
the morphology changes into sponge. Fig. 7 (c,
d) indicates that the sponge structure is highly
homogeneous and the particles are arranged
in a way that leads to the formation of a high
ordered sponge morphology. Furthermore, the
distribution of the particle size is homogeneous.
Fig. 8 demonstrates the statistical results of the
particle size distribution profile of S, where. The
average particle size is in the range of 20-50 nm.

Textural Analysis

The obtained powders were studied using
BJH and BET methods for surface area, average
particle, average volume, mean porosity and
average pore volume. Prior to N, -physical
adsorption measurement, the samples were
degassed at 150 °C for 120 min in the nitrogen
atmosphere. Accordingly, the specific surface area
(Sye;) of the obtained materials was determined
with adsorption-desorption isotherms of N, at
77 K. In addition, the specific surface area (S,,)
of the synthesized samples was determined by
adsorption-desorption isotherms of N, gas at a
temperature of 77 K. Table 3 shows the information
obtained from the BET analysis, including surface
area, pore volume, mean pore diameter, total pore
volume, and the average diameter of the pore.

The surface areas and average pore diameters of
S,,S,and S, are about 25 (m?/g), 20 (m?/g) and 18
(m?/g) and 24 nm, 29 nm and 26 nm, respectively.
The data show that pore volume decreases with
the increase in the reaction time from 8 h to 24 h,
hence the fact that the pore volume and surface
area are inversely related to the reaction time,
yet directly associated with the purity and the
crystallite size of the targets.

Table 4 summarizes the information obtained
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Table 3. BET textural data of the Spinel MgAL,O, samples.

Sample Total pore volume pore volume (cm®/g) Area (m*/g) Diameter (nm)

S 0.1514 5.80 25
Sz 0.1447 4.56 20
S3 0.1171 4.20 18

Table 4 .BJH textural data of the Spinel MgAL,O, sample.

Sample surface area (m*/g) Pore volume (cm*/g) 4V/a Width (nm)

S 29.409 0.1543 2.09 9.21
Sz 21.847 0.1462 2.67 7.98
S3 20.674 0.1189 2.30 7.98
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from the BJH analysis of the synthesized
nanomaterials regarding pore surface area, pore
volume and the average particle size of the targets.
The results of BET and BJH measurements show
that the pore surface area and volume of S, are
larger than those of S, and S,.

Optical properties

Fig. 7 shows the UV-Vis spectra and direct band
gap energies of MgAl,O, nanomaterials calculated
from the UV-Vis spectra. The synthesized
MgAI O, band gap energies were calculated by an
equation introduced by Pascual et al. [19]. There
is a relation between the absorption coefficient
and the energy of the incident photon, (ahv)?
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= A (hv-Eg) where Eg is the band gap energy by
extrapolating the linear part of the curve to the
energy axis [26]. Fig. 9 a shows UV-vis spectrum
S, where the wavelength of the absorption edge
is approximately 277 nm. Fig. 9 b indicates the
direct optical band gap energy diagram of S,
where Eg values are 3.45 and 5.12 eV. Fig. 9 (c, d)
shows the UV-vis spectrum and optical band gap
energy diagrams of S, in which the Eg values are
2.9 and 4 eV. In fact, the reduction in the band
gap value indicates the increase of the crystalline
size of the nanomaterials. Fig. 9 (e, f) shows the
UV-Vis spectrum and the optical band gap energy
diagrams of S.. Fig. 9 f demonstrates that the Eg
value is about 3.1 and 4 eV.
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Photocatalytic activity

The photocatalytic activity of the synthesized
samples was investigated for the degradation of MG
in the presence of H,0, (30%, w/w) under solar light.
To prepare 100 ppm MG solution, 8 mg of MG powder
was dissolved in 80 mL of deionized water. The pH
value of the obtained solution was 4. In a typical
photocatalytic experiment, a certain amount of S, was
added to 80 mL of the prepared MG aqueous 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.
Afterwards, certain volume of H,O, was added into
the mixture, followed by further magnetic stirring
under solar light. With the passage of the considered
time, the solution is drawn out and the photocatalyst
is separated by centrifugation in order to measure
the absorption spectra of MG and calculate the MG
concentration using UV-Vis spectrophotometry.
The mixture is further maintained at a constant
stirring of 300 rpm at experiment temperature. The
photodegradation yield (%) of MG was calculated via
the following formula:

(AZ'A‘) x 100 (6)

0

Where, A, and A represent the initial
absorbance of MG at 612 nm and the absorbance
at time t, respectively.

Experimental design for achieving optimal
conditions in MG degradation process

The optimal conditions were obtained by
design expert software for S,. It was found that

the optimum condition was 0.2 mL H,0,, 25 mg
catalyst and 40 min catalytic reaction time for the
removal of 80 mL of 100 ppm MG solution. In a
full factorial method, the association between
factors and response is theoretically modeled
enabling the reproducibility in the phenomenon
under study to experiment with it and elucidate
the results. 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 through the use of analysis of
variance (ANOVA) which requires certain replicate
experiments. In the present study, the objective
was to determine the amount of nanocatalyst and
the time and H,0, volume at which the degradation
is to be monitored; the response was the obtained
degradation (%). Different possible combinations
of such factors were designed and reported in
Table 5. All experiments were randomly done over
two days. The central composite design (CCD)
was selected for modelling and optimizing the
proposed procedure based on S, . Athree-level CCD
with three factors (H,0, (A) catalyst (B) and time
(C)) was employed to investigate the effects of the
factors. Table 5 further illustrates the conditions
of 20 experiments designed by CCD along with
dye degradation percentage (response (R %)). The
experimental range and levels of independent
variables are given in Table 6.

As shown in Table 7, coded forms (-a, -1, 0, +1, +a)
were assigned to independent variables (H,0, volume
(A)), catalyst amount (A,) and stirring time (A,)).

The observed data of the factorial design was
fitted to a linear response model. Prior to the

Table 5. Three-level full factorial design in photodegradation process.

Day H202 (mL) Catalyst (g) Time (min) Yield (%)
Day 1 0.2 0.01 40 60
Day 1 0.1 0.01 40 5
Day 1 0.15 0.0175 30 18
Day 1 0.1 0.01 20 15
Day 1 0.2 0.025 20 14
Day 1 0.2 0.01 20 15
Day 1 0.15 0.0175 30 17
Day 1 0.1 0.025 40 81
Day 1 0.15 0.0175 30 17
Day 1 0.1 0.025 20 50
Day 1 0.15 0.0175 30 15
Day 1 0.2 0.025 40 100
Day 2 0.066 0.0175 30 10
Day 2 0.15 0.030 30 90
Day 2 0.23 0.0175 30 26
Day 2 0.15 0.005 30 17
Day 2 0.15 0.0175 30 16
Day 2 0.15 0.0175 13 10
Day 2 0.15 0.0175 30 14
Day 2 0.15 0.0175 47 68
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analysis, low and high factor levels were coded
to -1 and +1, respectively (Table 7). The equation
below shows the relationship between the factors
and reaction yield, Y%, based on the first order
model:

%Y=15/5+ 4/75xH,0, + 19/97xCatalyst + 18/27
xTime - 9xCatalystxH,O, + 13/75H,0 xtime +
10/25catalyst.time+1/63x (H,0,)* 9/06x (time) *
+14 /18 (catalyst)? (7)

The quality of the model was statistically
evaluated by the analysis of variance (ANOVA) and
standard least squares techniques (Table 7), These
analyses both comparing the differences between
the averages of a group with the variability within
the groups around the corresponding average
values, a ratio called F-distribution (F-value),
varying from 1 to larger amounts. Values far from
1, exceeding from the tabulated F-value, provide
evidence against the null hypothesis, indicating
the significance of the regression parts of the
fitted models. Equivalently, the null hypothesis
is rejected when p-value is less than a significant
level. In order to obtain a reliable model at a 95%
confidence level, the p-values of the fitted model
and its corresponding terms have to be lower
than 0.05. The p-value of the present regression
was smaller than 0.05, showing that the model
was reliable with a high confidence level (95%).
The fitted model can be further assessed using

the lack-of-fit test through which, the residual
part is sub-divided into pure error and lack-of-fit.
In other words, it distinguishes the random error
from the systematic one, causing the lack of fitting
of the models with specific orders. Therefore, at
95% confidence level, the p-values for the lack-
of-fits are to be greater than 0.05, which is not
significant. As shown in Table 7, the outcomes of
ANOVA are entirely in agreement with the above
statements.

To illustrate the effects in the foregoing model,
the three—dimensional (3D) response surface
plots of the responses (using equation (6) when
the amount of time was fixed at an optimal level
and the other two parameters were allowed
to vary) are included in Fig. 8. Response surface
methodology (RSM) was used to investigate the
interactive effects of the three influential factors
on the proposed process. Fig. 8 illustrates the 3D
plots related to the interaction of AB (Fig. 10.a), AC
(Fig. 10.b) and BC (Fig. 10.c). The semi-curvatures
of these plots indicate the interaction between the
variables. In other words, MG removal percentage
is improved when the reaction time, H,0, volume
and catalyst amount are augmented, meaning that
the mass transfer of dye molecules is enhanced
on the surface of the catalyst. Furthermore, by
increasing the catalyst amount, more adsorbent
surface area becomes available for dye molecules,
increasing the dye removal percentage.

The coefficient of determination (the R-square,

Table 6. The experimental range and levels of independent variables in CCD.

Factor Low Actual High Actual Low Coded High Coded Mean
H.02 (A) 0/066 0.23 -1 1 0.148
Catalyst(B) 4.8 30 -1 1 17.4
Time (C) 13.18 46.8 -1 1 29.99
Table 7. Analysis of variance for suggested model.
Source Squares Df Square Value Prob >f
Block 31.008333 1 31.00833
Model 17068.948 9 1896.55 329.2378 <0.0001 significant
A-H>0» 308.49985 1 308.4998 53.55505 <0.0001
B-Catalyst 5448.1032 1 5448.103 945.7815 <0.0001
C-Time 4559.7763 1 4559.776 791.5694 <0.0001
AB 648 1 648 112.4917 <0.0001
AC 15125 1 1512.5 262.5674 <0.0001
BC 840.5 1 840.5 145.9094 <0.0001
AN2 38.575303 1 38.5753 6.696607 0.0293
B*2 2898.6541 1 2898.654 503.2014 <0.0001
"2 1182.3529 1 1182.353 205.2545 <0.0001
Residual 51.843825 9 5.760425
Lack of Fit 45.093825 5 9.018765 5.344453 0.0647
Pure Error 6.75 4 1.6875
Cor Total 17151.8 19
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Fig. 11. (a) Experimental data versus the predicted data of normalized removal of dye and (b) normalized residual plot.

adjusted—R-square) was further made use of to
express the quality of fit related to the polynomial
model equation, where R? of variation fitting
Y% = 100 indicates a high degree of correlation
between the response and the independent
factors (R? = 0.9969). Also, a high adjusted
regression coefficient (R%-adj = 0.9939) implies
that the proposed model is greatly significant,
meaning the difference between experimental
and the predicted responses is negligible. The
predicted R-squared value (0.97) indicates the
high accuracy and reliability of the developed
mode in the determination of the response value,
demonstrated in Fig. 11(a, b).
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The photocatalytic activity of commercially
available titanium dioxide powder was investigated
for comparison with similar conditions [27].
Fig. 12 (a-d) shows an MG removal study of the
obtained nanomaterials. Specifically, Fig. 12
a indicates the effect of MG concentration on
the degradation of MG where it is clear that by
increasing MG concentration up to 150 ppm, the
dye removal is reduced; moreover, by increasing
MG concentration up to 120 ppm, the dye removal
is reduced. It seems that when MG concentration
is high, the light wavelength cannot penetrate the
solution and the photocatalytic reaction is not
carried out efficiently. Fig. 12 b shows the effect
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of MG volume on the degree of color removal. As
observed, the dye removal yield is 100% when the
volume is 50, 60, 70 or 80 mL. At 90, 100, 120, and
150 mL, the degradation yield is reduced owing to

100

the reduction in the dye removal photocatalytic
process. Fig. 12 ¢ shows the effect of pH on the
degree of color degradation. The pH of a neutral
solution of MG is around 4. At a pH of 2-3, the MG

Int. J. Nano Dimens., 10 (1): 89-104, Winter 2019
@) |



S. Parvarinezhad

removal yield is low, while by increasing this factor
from 4 to 10. OH concentration is increased in the
solution speeding the process and augmenting
the yield [28]. Fig. 12 d compares the influences
of synthesized nanomaterials on MG removal
yield. The data show that when the catalyst size is
increased, the degradation is reduced. Hence, it
can be concluded that catalyst particle size is a very
important factor for MG removal photocatalytic
application. In another study on the effects of
raw materials on dye removal yields, it was found
that the MG removal yield was reduced when the
synthesis reaction time was increased from 10 h
to 24 h which is due to the more composite nature
effect of S, compared to S, and S..

Photo corrosion study was performed to
investigate the photo chemical stability of S, in
the photocatalytic process. Following the use of
a catalyst in the photocatalytic application under
optimum conditions, the catalyst was separated
by filtration and investigated via PXRD technique.
Fig. 13 shows the Rietveld analysis of the sample
where the catalyst is not destroyed in MG
photocatalytic removal process.

Table 8 represents the crystallite size data
obtained fromS$S, followinguse inthe photocatalytic
reaction. The crystallite size was calculated using
Scherer equation with the peak positioned at 20
= 37.033 for S, sample. As can be seen in Table 8,
the catalyst is not destroyed when employed in
the photocatalytic process.

Table 9 shows the crystallographic data of the
catalyst after using in the photocatalytic process.
As shown in the table, with the change in the
cell parameter, no significant change occurs in
photocatalysis activity and photo corrosion study.
R, factor, Rerace and x? of the syntheses show that
the analysis is good.

Mechanism for the photocatalytic process

The mechanism of converting solar energy
to chemical energy in the photocatalysis by
MgALO, could be similar to previously reported

and extensively studied mechanism; in a way
that electrons (e) and holes (h*) could be excited
under visible irradiation to the conduction band
and the valence band edge, respectively. These
photo-excited e and h* then can transfer to the
surface of the photocatalyst (MgALO, particles),
where they react with oxidants and reductants,
respectively, or recombine in the absence of e and
h* traps. The recombination of e and h* could be
greatly minimized in the presence of H,0,, which
traps the e and h* to form *OH and °O, species
[29]. The excited e reacts with H,O, to form HO*
and OH" groups. The formed OH" group reacts
with h* and forms HO® group. Besides, H,0, can
trap the photoexcited species in another way. It
reacts with h* and forms HO," radical and H*. The
produced HO," is decomposed to “0," and H". H,O
as the solvent of the photodegradation reaction
can react with h* to form HO* and H* species. The
produced H* ion reacts with the dissolved O, and
2e  and forms the initial H,0,. The dissolved O, can
also react with e to form °0,". The so-formed *OH
or "0, species are used for the decomposition of
organic contamination molecules such as MG to
intermediates or mineralized products through
oxidation reactions [30-32].

MgAl,0, + hv - h* (MgAl,0,) + e~ (MgAl,0,) (8)

H,0, + e~ (MgAl,0,) - HO® + OH™ 9

OH™ + h* (MgAl,0,) - HO"® (10)
H,0, + h* (MgAl,0,) - HO; + H* 1
HO; - 0; + HY (12)
H,0 + h* (MgAl,0,) » HO® + H* (13)
2H* + 0, + 2e~ - H,0, (14)
0, + e~ (MgAl,0,) —e 05 (15)
MG + OH® + ¢ O; — degradation product (16)

The maximum removal efficiency (100 %) was

Table 8. Crystallite size data obtained from Scherer equation after using in the photocatalytic application.

Sample 20 0 Bz (°) Bl (rad) Cosf D (nm)
Si 37.033 18.5156 0.34196 0.005965 0.9502 24
Table 9. Cell parameters and rietveld analysis data of S .
Sample a=b=c (A) RBrage Rr r
S 8.046 1.49 0.79 1.86
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Table 10. Comparison study of the photocatalytic ability of the synthesized MgAl,0, with other catalysts.

Catalyst Condition Yield (%) Ref
1 MgAlLO4 H203, 25 mg catalyst, 40 min, Solar ligth, 80 mL of 100 ppm MG 100 Present work
2 TiO2 UV irradiation, 4 h, 500 ppm catalyst, 50 ppm MG 100 [21]
3 Carbon/TiO2 25 ppm MG, 30 min, pH=8 82-100 [34]
4 MoS>/TiO2 40 min, sunlight irradiation, 0.1 g catalyst, 10 ppm MG 97 [35]
5 PbCrOs 365 ppm MG, 0.1 g catalyst, 4 h, pH=7.5, visible light, 60 min 90 [36]
6 Ti02/ZnO UV light, pH=7, 50 ppm MG, 1.5 g/L catalyst 100 [37]
7 Nix:TiO. 25 mL of 10 pM MG, UV light 90 [38]
8 TiO2 UV Light, 1 h, 20 mg catalyst, 40 ppm MG 100 [39]
9 V doped-ZnO UV and visible lights, 500 ppm MG, 500 ppm catalyst, 200 min 90 [40]
10 NiixCoxFe204 Sunlight, 50 mL of 25 ppm catalyst, | pM MG, H202, 15 h 100 [41]
11 Pt/TiO2/SiO2 UV and visible lights, 60 min 80 [42]
12 Fe** doped TiO: UV and visible lights, 5 ppm MG 85 [43]
13 FeVO4 0.03 g catalyst, UV light, 300 min 90 [44]
14 La/N co-doped TiO> 50 W tungsten halogen lamp, 500 mL of 30 ppm MG, 240 min 100 [45]
15 UV/H20: UV lamp (30 W, UV-C), 200 ml MG, 10 ppm, 2 h 100 [46]
16 Cd(OH)-NW-AC 0.06 g catalyst, 50 mL of 15 ppm MG, 35 min 90 [47]
17 ZnO-NP-AC 50 mL of 15 ppm MG, 0.015 g catalyst, 35min, pH=7 95 [48]
18 S-Me/MA 6 mL of 1000 ppm MG, 50 °C, 24 h, 0.06 g catalyst, pH=10 98 [49]
19 Fe;0s@Mel 0.3 g catalyst, pH=6.3, 100 mL of 8 ppm MG, 20 min 9mgmac/geat [50]
20 TiO2/WO; pH=12, UV light, 1000 ppm catalyst, 30 min 97 [51]
21 FeSO4 -7TH.O 10 mM Fe?*, 40 °C, 25.5 mM Hz0, 10 ppm MG 94 [52]
22 Ti02-C0203 1 ppm MG, using 125 W mercury lamp, 60 min 93 [53]
23 Sn0,-CuO UV light, 20 ppm MG, 0.1 g catalyst, 180 min 96 [54]
24 Mg-doped TiO: Vis light, pH=9, 100 ppm MG 89 [55]
25 ZnO 4h time, 60 ppm MG, pH=7.5, solar radiation 98 [56]
26 Prosopis cineraria 100 mL of 500 ppm MG, 0.4 g PCSD, 3 h 80 [57]
27 Polyoxometalates 0.1 g catalyst, 200 mL of 0.02 mM of MG, 160 min 65 [58]
28 ZnyFe; xO4 UV light, 1 g catalyst, 10 uM MG 90 [59]
29 Ni/MgFe204 50 mL of 0.8 g/L MG, 30 mg of catalyst, UV light, pH=4 93 [60]
30 Sr2As:07 H>0,, 20 mg catalyst, 33 min, 70 mL of 100 ppm MG, solar light 97 [61]

obtained at 0.2 mL of H,O, volume, and it slightly
decreased above the volume. It is because the
produced highly reactive hydroxyl radical (eq.
18) reacts with excess amount of H,0, and
produces hydroperoxyl radical (HO,) (eq. 19)
which is less reactive and ultimately inhibits the
degradation with producing O, and H,O in (eq.
21). The reaction mechanism is explained below
[32, 33]:

H,0, + e~ (MgAl,0,) - HO® + OH™ a7
OH™ + h* (MgAl,0,) - HO" (18)
H,0, + HO* - HO} + H,0 (19)
H,0, + HO,® - HO' + 0, + H,0 (20)
HO® + HO," - 0, + H,0 1)

To illustrate the merit of the present work, we
compared the results of the as-prepared MgAlO,
nanocatalyst with some of the catalysts reported
for MG degradation. Table 10 shows the results
of the reported catalysts to remove MG. It is
clear that synthesized MgAl,O, has more catalytic
activity compared to other heterogeneous
catalysts.
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CONCLUSION

This study explored and described the synthesis
of solid state crystalline nanoscale magnesium
aluminate materials. XRD patterns represented
the synthesis of magnesium aluminate crystals
under solid state conditions. Rietveld analysis
showed that reaction time played an important
role in the crystal growth of the obtained
materials. It was further observed that reaction
time is an important factor concerning crystal size
and the degree of purity of the obtained material.
The crystal phase purity augments with increase in
the reaction time. In addition, the morphology of
the nanomaterials undergoes no change, yet the
particle size increases by raising the reaction time.
The data showed that the obtained nanomaterial
efficiently removes MG contaminants in aqueous
solution. Results obtained from the design expert
software showed that the optimum condition
(under which malachite green is entirely removed)
is 25 mg of catalysts and 0.2 mL of hydrogen
peroxide with MG concentration of 100 ppm and
MG volume of 80 mL over a 40 min time period. At
pH values of more than 4, the degradation process
increases. High degradation yields can be further
achieved at MG concentrations less than 100 ppm
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and MG volumes less than 80 mL. According to the
photo corrosion experiment, the catalyst was not
degraded following the photocatalysis process.
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