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ABSTRACT

Nickel oxide nanostructures were synthesized via a sol-gel combustion method using glucose,
glycine and tartaric acid fuels. The effect of the fuel type on the formed nanostructures was studied.
The as-prepared products were characterized by means of FE-SEM, HR-TEM, XRD, and FT-IR
analyses. The results exhibited that the used fuels gave NiO products with different morphologies,
and the glucose fuel produced pure NiO nanoparticles with the smallest crystallite size (ca. 8.2
nm). The adsorption properties of the NiO products for the removal of malachite green dye (MG)
was examined. Using a batch method, various parameters affecting the adsorption properties were
studied. The results revealed that NiO nanostructure generated from the glucose fuel had the
highest adsorption capacity
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1. INTRODUCTION

The emergence of nanotechnology has provided an
extensive research in recent years by intersecting
with various other branches of science and forming
impact on all forms of life. Nanopatrticles are a class
of materials with properties distinctively different
from their bulk and molecular counterparts [1].
Nano particles and Nano materials are finding an
ever-increasing range of applications  [2].
Traditionally, nanoparticles have been synthesized
by physicochemical methods. However, these
methods have disadvantages, including the use of
costly and toxic reagents and the need for
aggressive physical treatments (elevated pressure
and irradiation, pH, and temperature [3]. Numerous
chemical techniques for the preparation of
nanoparticles have been studied. Among those
methods, sol-gel auto combustion technique is
the most popular technique [4,5]. The principle
and the nomenclature of combustion synthesis
as it is a method of synthesizing high-
temperature materials of inorganic compounds. It
is also called self-propagation high-temperature
synthesis, or SHS for short. The principle is to
use the self-heating and self-conduction effects
of high chemical reaction heat between reactants
to synthesize materials [6,7].

Transition metal oxides (TMOs) have shown
noticeable properties such as structural flexibility,
optical, electrical and magnetic properties
because of their surface properties, electronic
structure and defects [8]. Among other TMOs,
the NiO particles show many unique magnetic,
optical, electronic, and chemical properties, so
they have shown great potential for application in
various electrochemical systems as cathode
material, solid oxide fuel cells (SOFC), dye-
sensitized solar cells, semi-conductors, p-type
transparent conducting films, catalysis, anti-
ferromagnetic layers, gas sensors, etc [9,10].
Nickel oxide (NiO), has a wide band gap [11] and
varied applications [12]. They include catalysis
[11], lithium ion batteries [13], smart windows
[11], antiferromagneticfilm [14] photocatalysis
[15], antimicrobialactivity [11], thermal
conductivity [16] and field emission studies [17].
Recent studies of nickel oxide nanoparticles (NiO
NPs) prepared by a cost-effective and eco-
friendly method have been used to evaluate its
antimicrobial activity [18].

Metal oxides (MO) are synthesized by different
methods as spray pyrolysis, sputtering,
electrodeposition, thermal decomposition, sol—
gel techniques, chemical bath deposition, co-

42

precipitation, hydrothermal method, etc [19-24].
As previously reported work, the nanoparticles of
NiO  synthesized through a combustion
technique, has significantly overstepped all other
techniques like, hydrothermal, sol gel, chemical
precipitation, green synthesis and caclined
hydrothermal method, therefore, the purpose of
this study is to develop anovel method for the
production of NiO nanoparticles by combustion
process (CS) [25-28].

Dyes are widely utilized in large industries such
as paper, food, cosmetics, plastics and textile
[29]. They represent a contaminant of concern
for water resources, due to their poor
biodegradability and also because of their high
diffusion in aquatic environment [30]. Malachite
green (MG), tri-phenyl methane dye, has been
widely used for the dyeing of leather, wool and
silk as well as in distilleries [31]. However, MG is
very dangerous and highly cytotoxic to
mammalian cells, and also acts as a liver tumor-
enhancing agent [32]. Therefore, there s
considerable need to treat these effluents into
receiving waters to prevent environmental
pollution in the aquatic systems. Different
techniques have been investigated to eliminate
color from dye house effluents, varying in
effectiveness, economic cost, and environmental
impact (of the treatment process itself). Among
all of the treatments proposed, the adsorption of
dye molecules onto a substrate (adsorbent) can
be a very effective, low-cost method of color
removal [33,34].

Herein, we have developed a facile, inexpensive
approach for NiO nanoparticles via an auto-
combustion method employing nickel nitrate as
an oxidant and glucose fuel as a reductant. The
synthesized nanostructures were characterized
by X-ray diffraction (XRD), Fourier transforms
infrared spectroscopy (FTIR), field-emission
scanning electron microscope (FE-SEM), and
high-resolution transmission electron microscope
(HR-TEM). Indeed, in this report, we wish to
study the performance and capacity of
adsorption of malachite green (MG) from water
via synthesized NiO nanoparticles. Besides, the
adsorption isotherm and kinetic of MG onto the
nanocomposite was investigated as well.

2. MATERIALS AND METHODS
2.1 Chemicals and Reagents

All materials and reagents in the current study
were used as received without further purification
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since they were of analytical grade. Nickel Nitrate
(Hexahydrate) [Ni (NOs) 2. 6H20, M.WT.(290.80
g/mole)] (Merk). Anhydrous glucose [CsH120s,
M.WT.(180 g/mole)], glycine [C2HsNO,,
M.WT.(75 g/mole)] and Tartaric acid [C4HeOes,
M.WT.(150 g/mole)] (Elnasr for chemicals,
Egypt). The prepared NiO nanostructures were
characterized by X-ray diffraction (XRD), Fourier
transforms infrared spectroscopy (FTIR), field-
emission scanning electron microscope (FE-
SEM), and high-resolution transmission electron
microscope (HR-TEM).

2.2 Preparation of NiO Nanoparticles

NiO nanopatrticles were prepared by using hexa-
hydrated nickel nitrate [Ni(NOz)3.6H20] as an
oxidant precursor and the fuels were used as
reductant precursors. The produced NiO
samples by using three different fuels: glucose,
glycine and tartaric acid are referred by A, B and
C, respectively. The stoichiometric compositions
of the redox mixtures for the combustion have
been calculated based on the total oxidising {O}
and reducing {F} valencies of the oxidizer and
fuel so that the equivalence ratio, ¢c is unity (i.e.
¢c =(0O/F)=1), and consequently the energy
released by the combustion is maximum for each
reaction [35].

In a typical synthesis process: 20 ml of
Ni(NO3)3.6H20 (8 g, 0.02 mol) was mixed with an
aqueous hot solution (50 ml), containing glucose
(1.77g, 0.01mol) and the reaction was heated at
80°C, and allowed to stir for 15 min. The
produced solution was gelled while heating at
120°C. The formed gel was ignited on a hot plate
at 350°C give a dry and black mass which was
then calcined in an electric furnace at 600°C for
2 hrs, naming (Aesoo). The produced nickel oxide
samples (Beoo and Ceoo) wWere prepared by
applying similar conditions [36].

3. RESULTS AND DISCUSSION
3.1 Fuel Effect

A modified sol-gel auto combustion method was
used in this work to synthesize NiO nanoparticles
based on different kinds of fuels such as :
glucose, glycine and tartaric acid. The used
organic fuels in this investigation played here as
they serve as fuels, in the combustion reaction,
oxidized by the nickel nitrates, to produce NiO
nanoparticles. The proposed equations 1-3 for
the combustion reactions (Scheme 2S) revealed
that the molar ratios of Ni?* glucose, Ni2*:
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glycine, and Ni?*: tartaric acid, are 2.7:1, 1:1.11,
and 1:1, respectively, corresponds to the
situation of an “equivalent stoichiometric ratio”. In
this combustion process, the reaction between
the oxidizers (nickel salt) and the fuel is an
exothermic reaction which implies that the
oxygen content of salt nitrates can be completely
reacted to oxidize/consume the used fuel exactly
results in enough heat for producing the
nanomaterials of interest [37]. In addition to
producing of the nano-sized NiO product, these
reactions give off COz, H20, and N2 gases
directly from the reaction between fuel and
oxidizer without any need for supplying oxygen
from outside except in case of glucose. The
products were characterized by means of XRD,
FT-IR, UV-Vis spectra, FE-SEM and HR-TEM.

2.7Ni(NO3)y. 6HyOqq + CoH1206 4, +
1.35 02 - 2.7NiO; + 16.2H,0g + 6C0, , +
2.7N,, Eq(1)

Ni(NO3)y. 6Hy0qq + 1.11C,H5N O, =
NiO, +8.77H, 04 + 2.22C0, , + 1.55N, , Eq(2)

Ni(NOs)3.6H;00q + C4He 06, = NiOs +

9H,0q + 4C0,, + Ny, Eq(3)

3.2 X-Ray Diffraction (XRD) study NiO
Nanoparticles

In case of the products (B and C) except (A)
formed by 600 °C, the sites and intensity of the
diffraction peaks are consistent with the standard
pattern for JCPDS card No. (00-011-4459) Nickel
oxide (Fig. 1). XRD patterns of NiO samples (B
and C) except (A) calcined at 600°C for 2 hrs are
almost identical showing broad peaks, indicating
small crystalline size of the particles and the fine
nature [38].

The crystallte size (D, nm) of the NiO
nanoparticles can be evaluated [39,40]:

D =0.9\ /B cos 08:(2) Eq(4)

Where B is the full-width at half-maximum
(FWHM) value of XRD diffraction lines, the
wavelength A=0.154056 nm and © is the half
diffraction angle of 206. The lattice constants are
equal (a = b =4.7588 and c =12.9920 A°) ensure
the formation of a Rhombohedral structure.
The average particle size was found to be 28.2
nm and 40.3 nm for B and C samples,
consequently.
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For sample (A) formed by glucose at 600°C, the
sites and intensity of the diffraction peaks are
consistent with the standard pattern for JCPDS
card No. (00-004-0835) Nickel oxide (Fig. 1). The
lattice constants are equal (a = b =c = 4.1769
A°) ensure the formation of a cubic structure.
The diffraction peaks at 37.28°, 43.298°,
62.917°, 75.445°, 79.393° and 95.083° are
indexed to the following planes (11 1), (2 00), (2
20),(311),(222)and (4 00) of the cubic unit
cell. Its average particle size was found to be 8.2,
consequently Asoo has the best crystal size.

3.3 FT-IR study

The infrared spectra of the as-prepared NiO
nanoparticles annealed at 600°C are shown in
Fig. 2, it seems that the three spectra are almost
identical. In Fig. 2, the NiO samples exhibited
characteristic frequency in the region of 400-684
cm™! correspond to the existence of NiO. In the
IR spectra, the NiO sample exhibited
characteristic frequency at 404-512 cm™ ,406-
439 cm™ and 401-491 cm™ respectively are
associated with the special vibration of Nickel
oxide, and indicating the formation of NiO
samples. However, the IR spectra show broad
vibration band at 3423cm™, 2924 cm™, and 2855
cm™! respectively are associated with the OH
stretching vibrations of water molecules (physical
adsorbed molecular water), while those at 1656
cm™1, 1628 cm™ and 1608 cm™ are associated
with their bending mode. The band at 1383
cm™1,1346 cm™! and 1191cm™! respectively could
be ascribed to stretching vibration of COq, the

band 437cm characteristic absorption peak of
COz3%> New bands were observed within a range
from 437 cm~1to 550 cm™ that were identified as
the characteristic bands of Ni-O stretching. The
peak at 481 cm is attributed by bending
vibrations of metal oxide (Ni-O-Ni) nanoparticles
[41,42].

3.4 Morphology Study of NiO
Nanoparticles

3.4.1 Field emission scanning electron

microscopy (FE-SEM) of NiO

nanoparticles

Morphologies of the as-prepared NIO sample
calcined at 600°C (Aeso0) was investigated by
using field emission scanning electron
microscopy (FE-SEM) and presented in Fig. 3.
From SEM micrographs of Aeco powders, rough
surfaces and many visible mesoporous are
observable in the micrographs with a wide
distribution [43].

3.4.2 High-resolution transmission electron
microscopy (HR-TEM) of NiO
nanoparticles

Morphological and Structural characterization of
green synthesis NiO NPs (Aso0), were analyzed
by HR-TEM. As shown in Fig. 4 the product Asoo
is composed of dispersed cubic particles with an
average diameter of 9.3 nm which is compatible
with the crystalline size calculated from the XRD
studies [43].

(a.u.)

C 600
B 600

— A 600

20

4 14 24 34 44 54 64 74

Fig. 1. XRD patterns of NiO samples (A, B and C) calcined at 600°C prepared using glucose,
glycine and tartaric fuels, respectively
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Fig. 2. FT-IR spectra of NiO samples (A, B and C) calcined at 600°C prepared using Glucose,
glycine and tartaric fuels, respectively
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Fig. 3. FE-SEM images of NiO product Aego calcined at 600°C

4. ADSORPTION STUDIES

4.1 Characteristic Adsorption Capacity of
NiO (Aso0) Sample

One of the most characteristics applications to
test the ability of nanostructures for dye removal
is the adsorption capacity. Many factors affecting
the removal of MG from water such as pH,
dosage level of nanoparticles, temperature,
contact time and the initial concentration of MG
were studied.
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4.2 Factors Affect the Adsorption
Process

4.2.1 Effect of pH

The most important parameter influencing

adsorption efficiency is pH of the adsorption
medium. The initial concentration of MG, NiO
dose, volume of MG dye and the stirring rate
were set at 50 ppm, 0.05 g, 50 mL and 400 rpm,
respectively at 298 K for 1 h. The effect of initial
pH of the solution on the MG dye and removal
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efficiency onto NiO powder was assessed over a
wide pH range from 2.6 to 9.47 with a stirring
time of 1 hr. As shown in Fig. 5 at lower pH =
2.6, the smallest percent (87.7 %) of MG dye
was adsorbed on the surface of the adsorbent,
while the highest percent of removal was
obtained at pH = 8, 96.97% of MG dye was
adsorbed. This means that the alkaline medium
is favorable for the adsorption process of MG
dye. The number of negatively charged sites on
the NiO surface enhance and a significantly
strong electrostatic attraction appears between
adsorbent and cationic MG molecule, while the
reveres occur at lower pH 2.6 [44].

4.2.2 Effect of contact time

The time dependent behavior of MG dye
adsorption was examined by varying the contact
time between adsorbate and adsorbent in the
range of 30—150 min. The initial concentration of
MG, NiO dose, volume of MG dye, pH and the
stirring rate were set at 50 ppm, 0.05 g, 50 mL, 8
and 400 rpm, respectively at 298 K for 1 h. Fig. 6
shows that the removal percent for MG dye by
the adsorbent is rapid and thereafter it proceeds
at a slower rate and finally attains saturation. The
rate of removal of the adsorbate is higher in the
beginning due to the large surface area of the

Fig. 4. TEM image of of NiO product Asgo calcined at 600°C

100

98

96

94

92

Removal (%)

8 L— ——

10

Fig. 5. Effect of pH on MG removal percent using NiO (Asoo)
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adsorbent available for the adsorption observed
because there are few active sites on the surface
of sorbent. The optimum time duration required
for MG dye removal (92.16%) was 105 min.

4.2.3 Effect of temperature

The adsorption studies were carried out at three
different temperatures 25, 35 and 45 °C. Results
in Fig.7 showed that the adsorption efficiency
increased with increasing temperature, which
shows that the removal of MG dye is favored at
high temperatures and the removal process is
endothermic process. The increase in the rate of
adsorption with the increase in temperature may
be attributed to the high mobility of dye
molecules, negatively charged, at high
temperatures results in increasing the tendency
or velocity of dye molecules towards the positive
charge at NiO surface positively charged.

4.2.4 Effect of initial dye concentration

One of the most important variables that can
affect the adsorption process initial heavy metal
concentration. The effect of initial concentration
of MG between (50-180) mg/L was studied on its
adsorption onto NiO under previously determined
optimum conditions and at room temperature.
The results, in terms of removal efficiency versus
initial concentration (mg/L), of MG are indicated
in Fig. 8. It can be seen from the results that the
percentage removal decreases with the increase
in initial concentration, where it is seen that the
adsorption of MG decreased gradually from
97.7% to 62%. Sufficient adsorption sites are

available at lower initial concentrations, but at
higher concentrations dye particles are greater
than adsorption sites. Thus, it can be said that
removal of mercury is concentration dependent
using NiO as previously reported [45].

4.2.5 Effect of adsorbent dose

The effect of adsorbent dose on the MG dye
removal was demonstrated in Fig. 9. The effect
of adsorbent quantity of removal of MG is
presented in Fig. 9. The removal of MG was
investigated by adding various amount of
adsorbent in the range of 0.05-0.2 g powder into
a flask containing 50 ml of 50 ppm MG solution
at pH= 8. It shows that as the adsorbent dose
was increased from 1 to 1 g/L, the removal
percent increased from 88.2% to 99.8% for NiO.
This may be due to the availability of surface
activities resulting from the increased dose and
agglomeration of the adsorbent.

4.2.6 Effect of ionic strength

The influence of ionic strength on the adsorption
of MG onto NiO was investigated using KCI salt
of doses ranging from 0.05 g/L to 0.45 g/L, at
constant dye concentration of 50 mg/L. The
effect of ionic strength on the adsorption ability
was demonstrated in Fig.10. It was observed that
as the ionic strength (dose of KCI) increases, the
adsorption efficiency of NiO decreases, this is
due to the cations of salt competing with the dye
species towards the surface of NiO. The salt ions
also screen the surface of the adsorbent.

120

100 |

Removal (%)
3

20 |

O'....:....:....

0 30 60

90 120 150 180

Fig. 6. Effect of contact time on MG removal percent using NiO (Agoo)
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Fig. 7. Effect of temperature on MG removal percent using NiO (Aeoo)
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Fig. 8. Effect of initial concentration of MG removal percent using NiO (Aeoo)
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Fig. 9. Effect of adsorbent dose on MG removal percent using NiO (Asoo)
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Fig. 10. Effect of KCIl concentration on dye removal percent of MG using Asoo

5. CONCLUSION

In summary, a facile and green treatment of Ni
salts produced pure NiO nanoparticles using

auto combustion method under optimized
experimental conditions. NiO nanostructures
have been prepared by using a facile,
inexpensive, economical auto-combustion

approach. In this method Nickel nitrate and
different fuels were used as an oxidant and a
reductant, respectively. Glucose fuel gave pure
cubic NiO product with the smallest crystallite
size (~8.2 nm). The as-prepared NiO
nanoparticles displayed good adsorption capacity
for malachite green (MG) dye [46].
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