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1. Introduction

The water contamination by organic dies produced
by different industries like textile is an important
problem in Today's communities. It was reported
these contaminants could cause lots of problems for
human beings and alive ecosystems. For example,
different kinds of gastric diseases and cancers are
some issues caused by these organic dyes in the
drinking water [1-3]. In addition, the lives of many
aquatic animals would be endangered. Many
methods have been used to remove these dangerous
materials from water. One of the promising methods
is the photodegradation of organic dyes on the
surface of ceramic semiconductors. These
semiconductors harvest the energy of the light and
create reactive specious, which attack the structure of
molecules and degrade them to the less dangerous
compounds like water and carbon dioxide molecules.
Due to the high potential of photocatalyst technology,
new and complex semiconductors are in great
demand [4-6].

Nanostructured ceramic oxides have gotten a lot of
attention because of their potential utilization in
different industries as semiconductors, pigments,
electrical devices, and catalytic nanomaterials.
Nickel aluminate (NiAl2O4) belongs to the spinel
groups of ceramics, with the general formula AB2O4,
where A and B are divalent and trivalent cations,
respectively [7,8]. NiAl,O4 is widely used in catalytic
applications ranging from methanol-reforming to
hydrocarbon cracking, dehydrogenation,
photodegradation, etc. [7,9-11]. In addition, NiAl,O4
is used as a pigment in the industry [12]. By doping
nickel aluminate with different metallic cations, it is
possible to manipulate the optical properties of this
spinel and create different colors. The solid-state
process, the sol-gel technique, and wet chemical
approaches such as hydrothermal and solvothermal
procedures may all be used to make NiAl,O4. The
polymer-assisted synthesis method is a method based
on combining polymeric monomers and a
crosslinker. A polymeric gel is formed due to a free
radical polymerization reaction which traps materials
inside its structure. This method has the ability to
produce nanomaterials with controlled sizes and
structures [13-16].

Although nickel aluminate nanoparticles were
synthesized via different methods, there is no report
on the synthesis of this material via the polymeric gel
route. Therefore, a simple polymer-assisted wet
chemical method was utilized to produce NiAl;Os
nanopowders. Afterward, the photocatalytic activity
of produced powders was studied for the
photodegradation of methylene blue.
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2. Experimental procedure

2.1. Materials and method

The NiAlO4 nanopowders were made using a
polymer-assisted gel process, which involved
dissolving  Ni(NO;) 6H,O (1.36 ¢g) and
AI(NO3)3-9H20 (4.2 g) in 20 ml distilled water. Ni/Al
had a molar ratio of 1/2. N,N’-methylene-bis-
acrylamide (MBAM), Acrylamide (AM), and
ammonium persulfate (AP) were utilized as raw
materials for the formation of the gel. The AM (9.18
g) and MBAM (0.41 g) were added to the metal ions
solution. After the AM and MBAM were dissolved,
AP (0.35 g) was added to the solution. The mole ratio
of AM/MBAM/AP was 24/2/1. The prepared
solution was stirred until a gel was obtained. Then the
gel was dried at 80 °C and calcined at 800 °C for 2 h
in the air at a heating rate of 5 °C/min.

2.2. Characterization

An X-ray diffraction analysis (Philips PW3040) with
Cu-Ka radiation was used to investigate the structure
of the NiAl,O, nanopowder. A DTA-TGA analyzer
was used to evaluate the samples’ thermal behavior
(SDT Q600, STA Instruments). An X-ray
diffractometer was used to examine the sample's
crystalline structure progression (Philips PW3040).
Fourier Transformed Infrared spectra (FTIR) in the
range of 400-4000 cm™ were recorded using a
JASCO FTIR 4100 instrument. The optical
characteristics were investigated using UV-Visible
diffuse reflectance spectroscopy (JASCO-V670
spectrophotometer). The size and form of the
nanoparticles  were  observed using SEM
(VEGA/TESCAN Mira 3-XMU) and TEM (Philips-
Model: MC 30).

2.3. Photocatalytic activity of the samples
Methylene blue was used as a contaminant organic
dye model to evaluate the photocatalytic properties of
synthesized samples. A 25 mL glass beaker was filled
with 10 mL of 2 mg/L methylene blue solution
(pH=7) containing 0.4 g/L of the nickel aluminate
powder. UV lamps positioned at 10 cm of the cell
were used to irradiate the suspension. To achieve a
homogenous mixture of samples, the suspension was
continually agitated. The absorption at 664 nm was
used to estimate the amount of methylene blue in the
solution using a UV—vis spectrophotometer. The
photodegradation percent was calculated using
equation 1.

Photodegradation percent =(C,-C,)IC, » 100 (Eq. 1)
where C; and C; are the initial amounts of methylene
blue at times to and t, respectively.
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Fig. 1. DTA and TG curves of the dried gel

3. Results and discussion

Fig. 1 displays the DTA-TG curves of the dried
specimen. The loss of physically and chemically
adsorbed water is responsible for the wide
endothermic peak from ambient temperature to 200
°C, which corresponds to a mass loss of 10 percent.
The endothermic peak around 310 °C associated with
a mass loss of 30 % may be attributed to the

decomposition of aluminum and nickel nitrites. The
large exothermic peak around 590 °C may be due to
the decomposition of polyacrylamide gel [17]. A total
weight loss of 87 % was observed in the dried
specimen. The TG curve shows no further weight
loss at temperatures higher than 620 °C, indicating
that the organic species have been completely
removed from the sample.
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Fig. 2. XRD pattern of the calcined sample at 800 °C
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Fig. 2 shows the XRD pattern of the specimen
calcined at 800 °C for 2h. The pattern comprises the
peaks that were diffracted from crystal planes of the
sample and confirms the none-amorphous nature of
the powders. XRD pattern agrees with that of spinel
nickel aluminate crystallite phase (JCPDS pattern
No. 00-010-0339) because the NiAl>O4 shows typical
diffraction peaks which positioned at 20 values of
37.1, 45, 59.7, and 65.5 degrees. The Scherrer
equation (Eq. 2) was used to assess the crystallite size
due to the peak broadening based on the XRD data

16

d Ka Eqg. 2
~ Bcosh (Eq.2)
The crystallite size d (nm) has an inverse connection
with B (full width at half maximum) and cos6 (the
half of the diffraction angle). Furthermore, it
demonstrates that the term d has a direct connection
with the shape factor (k), which has a common value
of 0.9, and the X-ray wavelength (A). The d was
estimated to be 18 nm for the sample.

[18].
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Fig. 3. FTIR spectra of the dried gel and calcined specimen at 800 °C

FTIR results of the dried sample and the sample
calcined at 800 °C are shown in Fig. 3. The peaks at
3446 and 1620 cm® may be attributed to the
stretching and bending vibrations of the O—H bond,
respectively [19]. The carbon-hydrogen stretching
vibration from organic molecules is connected to the
absorption band at 2943 cm™*. The COOH stretching
vibrations and the peaks pertinent to organic
compounds are responsible for the stretching bands
between 1000 to 1380 cm™. However, the band

caused by nitrates vibrations could be seen around
1385 cm? [20]. The peaks related to organic
compounds were removed from the samples after
calcination. The bands at 724 cm™, 504 cm®, and 520
cm?® are connected with the nickel-oxygen,
aluminum-oxygen, and nickel-oxygen-aluminum
vibration modes, which are seen in both tetrahedral
and octahedral situations and indicate the creation of
spinel phase structure [21].
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Fig. 4. SEM image (a) and EDS analysis (b) of the calcined sample at 800 °C

SEM was used to examine the morphologies of the
NiAl,O, nanopowders calcined at 800 °C for 2h, and
the result was shown in Fig. 4. As can be seen, the
NiAl,O4 nanoparticles with nanostructure were
observed in the SEM image. The powders show a
degree of agglomeration. The aggregation of
particles is a common phenomenon in nanopowders.
This agglomeration can be attributed to the high

surface energy of nanoparticles which results in the
tendency of the particles to cling to each other for
reducing this energy [22]. The EDS analysis taken
from the sample shows the existence of Ni, Al, and O
elements which confirms the formation of nickel
aluminate and proves that there are no impurities in
the sample.
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For better observation of the size and morphology of
the specimen, transmission electron microscopy
(TEM) was utilized, and the result is presented in Fig.
5. As can be seen, the NiAl,O4 nanoparticles have
uniform distribution with both irregular and spherical
morphologies with a particle size ranging from 35 to
100 nm. The crystalline size of the samples estimated
by the XRD method was smaller than that earned by

Fig. 5. TEM image of the calcined specimen at 800 °C.

the TEM image. This difference may be due to the
underestimation of the sizes determined by the XRD
method because microstrain could affect the results
[23,24]. It seems that the formed agglomeration in the
present work is lower than those prepared by the
combustion method [25]. This lower aggregation
may be due to the creation of a polymeric network
around the nanoparticles.
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Fig. 6. The absorption spectra obtained in the DRS study of the calcined sample at 800 °C

Diffuse reflectance spectroscopy is commonly used
to characterize the optical properties of materials,
such as reflectivity, absorption characteristics, and
dispersive characteristics. The absorption spectrum
of the nickel aluminate is depicted in Fig. 6. Three
absorption bands can be seen in the spectra, which are
between 230 to 350 nm, 350 to 500 nm, and 500 to
800 nm. The absorption bands 230 to 350 nm, 350 to
500 nm are attributable to charge transfer between

metal and oxygen. The 3Ti(F)=*T1(P), which
corresponds to tetrahedrally coordinated nickel ions,
is ascribed to the band between 500 to 800 nm
[26,27]. The optical bandgap of the material is
calculated using the tauc plot (Eqg. 3) [28], as shown
in Fig. 7.

1
ahv = A(hv — Eg)7 (Eq. 3)

JIMATPRO (2021), 9 (4): 13-22



Sogol Bakhtiarvand et al,

30

19

3.4

| [NiALo,

Band Gap Energy (ev)

(cthvy’

0 . ,
2 3

T T
4 5

Photon Energy (ev)
Fig. 7. Tauc plot of NiAl-O4 nanoparticles calcined at 800 °C

where v is the light frequency, o is the absorption
coefficient, Eg is the optical absorption edge energy,
h is the planks constant, and A is a constant. The
extrapolation of the curve of (ahv)? versus photon
energy (hv) yields the bandgap energy. The bandgap
energy of synthesized nickel aluminate was calculated
to be 3.44 eV. The bandgap energy is linked to the

filled Oz anion valence band and the cationic
conduction band formed from the nickel ions [26,29].
The bandgap calculated in the present work was
higher than that reported by Elakkiya et al. [26],
which was about 3.11 eV. They prepared nickel
ferrite nanoparticles via a sol-gel route which shows
the method of synthesis has an important effect on the
optical properties of NiAl;Oa.
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Fig. 8. The degradation curve of the methylene blue in the presence of nickel aluminate nanoparticles.

The degradation of methylene blue under UV
irradiation was used to assess the photocatalytic
activity of the nickel aluminate samples. Fig. 8
depicts the amount of methylene blue removal as a
function of time. The use of NiAl,O4 nanoparticles

results in the significant removal of organic dye. This
removal comprises two parts. First, the samples were
put in a dark medium to reach to equilibrium
adsorption of dyes on the surface of the samples. As
can be seen, half of the organic dye was removed via
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the adsorption phenomenon. However, after the
illumination of the UV light, the removal of
methylene blue reach 99%, which is due to the
photocatalytic activity of nickel aluminate. In the
presence of UV light, the photocatalytic mechanism
of the synthesized NiAl,O4 nanopowders could be
described as below. Reactive specious of electron and
hole were produced via striking of UV light to the
surface of samples. The photogenerated electrons
react with oxygen molecules to form peroxide and
superoxide species, which subsequently react with
water to form hydroxyl radicals. Furthermore,
photogenerated holes in the solution may interact
with H,O and form "OH. These reactive specious,

20

which have a strong oxidizing capacity, can oxidize
methylene blue and produce less dangerous
compounds like COz and H.O [30-32].
Langmuir—Hinshelwood kinetic equation (Eq. 4) [33]
can be utilized to explain the photodegradation of
methylene blue.

—In (CE) = kt (Eq. 4)

where Co and C are the methylene blue amounts at
times to and t. The k is the reaction rate constant. The
curve of In(Co/Ct) versus irradiation time of the
nickel aluminate sample was plotted as shown in Fig.

9. The first-order K constant was calculated to be
0.035, for the synthesized specimen.
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Fig. 9. The In(Co/Cy) versus irradiation time of the nickel aluminate for methylene blue degradation

4. Conclusion

A polymer-assisted gel method was utilized for
synthesizing NiAl,Os nanopowder that exhibits
proper photocatalytic properties for
photodegradation of methylene blue as a water
pollutant model. XRD results confirmed the
synthesize of nickel aluminate with spinel structure
for the samples calcined at 800 °C. SEM and TEM
findings exhibited that the powders have a nanosized
scale with some degree of agglomeration, which is
common in nanoparticles. The calculated bandgap of
samples was 3.44 eV. The synthesized samples had
both adsorption and photocatalytic properties. The
produced nickel aluminate calcined at 800 °C could
have a methylene blue removal efficiency of about
99%.
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