ISSN 2070-2051, Protection of Metals and Physical Chemistry of Surfaces, 2019, Vol. 55, No. 2, pp. 288—301. © Pleiades Publishing, Ltd., 2019.

NANOSCALE AND NANOSTRUCTURED

MATERIALS AND COATINGS

Effect of Gelling Agent and Calcination Temperature
in Sol—Gel Synthesized MgO Nanoparticles

Jaison Jeevanandam’, Yen San Chan* *, and Michael K. Danquah“*

“Department of Chemical Engineering Faculty of Engineering and Science, Curtin University CDT 250,
Miri, Sarawak, 95009 Malaysia

bChemical Engineering Department, University of Tennessee,
Chattanooga, TN 37403, USA

*e-mail: chanyensan @curtin.edu.my
Received April 16, 2018; revised September 27, 2018; accepted October 10, 2018

Abstract—Magnesium oxide (MgO) is a versatile metal oxide with wide applications in electrical, chemical
and pharmaceutical industries. Preparation of nano-MgO helps to enhance key physicochemical properties
for optimal performance in industrial applications. In the present work, MgO nanoparticles were synthesized
by magnesium nitrate precursor in ethanol. Different gelling agents were employed to investigate potential
variations in the crystallinity and thermal behavior of the sol—gel product to control the nanoparticle’s size
distribution. The crystal and thermal characteristics of the synthesized MgO nanoparticles were studied using
X-ray diffraction (XRD) and Thermogravimetry-Differential Scanning Calorimetry (TG-DSC) analysis.
The XRD data showed that all the samples demonstrated crystallinity except sample B which was amorphous.
The TG-DSC characterization showed a three stage thermal decomposition for all the samples, leading to
the formation of MgO nanoparticles. Based on the thermal analysis data, different calcination temperatures
were selected to investigate their effects on stability, and the sample prepared with tartaric acid as a gelling
agent and calcined at 500°C demonstrated the smallest average particle size of 58.7 nm obtained from
dynamic light scattering (DLS) analysis. Further, this sample was subjected to XRD, FTIR and TEM analysis
which reveals that the calcination yielded impure, 30 nm sized spherical shaped, agglomerated MgO
nanoparticles. Additionally, the physicochemical characteristics of the selected sample reveals that pure MgO
nanoparticles with uniform morphology can be obtained via alteration of calcination time and heating rate.
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1. INTRODUCTION

Sol—gel synthesis is classified as a wet-chemical
technique used to synthesize inorganic and organic-
inorganic hybrid nanomaterials [1]. The term ‘sol’
represents the dispersion of colloidal particles in a lig-
uid [2], and “gel” depicts the interconnected rigid net-
work of polymeric chains. Sol—gel process mechanism
yields polymeric gel in three major steps; gelation,
hydrolysis and poly-condensation [3]. The polymeric
gel generated from the sol—gel process further under-
goes downstream process including aging, drying and
calcination to form nanoparticles. Amongst various
nanoparticle synthesis process, sol—gel is recognized
as one of the most common methods for the synthesis
of metal oxide nanoparticles [4]. It is also a suitable
method for metal oxide fabrication into composites,
porous materials and coatings with high chemical sta-
bility and mechanical strength [5]. Metal oxide
nanoparticles is one of the most diverse class of mate-
rials with unique characteristics and enhanced chemi-
cal and physical properties [6]. These oxide nanopar-
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ticles are used in emerging technologies such as gas
sensing, energy storage, catalysis [7] and biomedical
applications [8].

Amongst all metal oxide nanoparticles, Magne-
sium oxide (MgO) nanoparticles have demonstrated
potential for enhanced electrical, thermodynamic,
chemical [9] and pharmaceutical applications [10]. It
has been used as a catalyst [11, 12], refractory materials
[13], superconducting materials, and for hazardous
waste treatment [14]. It has also been used in biologi-
cal applications such as antibacterial agents [15], for
heart burn treatment, bone regeneration [16] and can-
cer therapy [17—19]. The morphology of MgO
nanoparticles is an important property that affects the
functional properties of MgO nanoparticles, and this
has led to the synthesis of different morphologies of
MgO nanoparticles with unique properties and func-
tionalities [20—22]. Hexagon shaped MgO nanoparti-
cles with size 50—100 nm have previously been synthe-
sized through hydrothermal methods [23]. Similarly,
porous MgO nanoparticles as small as 4.1 nm and
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Fig. 1. A flowchart for sol—gel synthesis of MgO nanopar-
ticles.

irregular shaped MgO nanoparticles of about 9 nm
were synthesized using microwave-induced combus-
tion and solvent mixed spray pyrolysis technique
respectively [24, 25]. Hence, the present study is an
attempt to synthesize morphologically different MgO
nanoparticles using different gelling agents and calci-
nation temperatures as characteristic process variables
in sol—gel synthesis. It has previously been demon-
strated that sol—gel synthesis of MgO nanoparticles
facilitates the generation of small size nanoparticles
compared to other chemical synthesis methods [26—
30]. The properties of the gelling agent is highly essen-
tial for the formation of mechanically stable gels in
sol—gel synthesis as it facilitates the development of
robust inter-particulate linkages [31]. Citric acid [32],
tartaric acid [33], oxalic [34] and glycolic acid [35]
have previously been employed as gelling agents in
sol—gel synthesis, and most of these gelling agents
demonstrated homogeneous sol—gel products. How-
ever, these studies were carried out to synthesize metal
oxides using metal nitrates as precursors [36]. The

Table 1. Sol—gel synthesis of MgO using different combi-
nations of precursor and gelling agents

Sample name Precursor Gelling agent

Sample A Magnesium nitrate| Oxalic acid
Sample B Magnesium nitrate| Tartaric acid
Sample C Magnesium nitrate| Citric acid
Sample D Magnesium nitrate| Mixture of oxalic,

tartaric and citric acid
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extent of the influence of various gelling agents on the
physicochemical characteristics of sol—gel product is
not well established. These difference could result
from the molecular structure and solubilization char-
acteristics of the gelling agent during nanoparticle for-
mation. Thus, the aim of the present study is to syn-
thesize MgO nanoparticles using sol—gel method with
different gelling agents and varying calcination tem-
perature in order to probe the nanoparticle formation
process and to characterize the physicochemical fea-
tures of the sol—gel products by Thermogravimetry
and Differential Scanning Calorimetry (TG-DSC),
X-ray Diffraction (XRD), and Dynamic Light Scat-
tering (DLS). Insights into the chemical reactions
driving the formation of sol—gel product and the ther-
mal degradation characteristics for the formation of
MgO nanoparticles are discussed. Moreover, the cal-
cinated MgO nanoparticle sample, below 100 nm, was
subjected to XRD, Fourier Transform—Infrared
(FTIR) spectroscopy and Transmission electron
microscopy (TEM) analysis to study their physico-
chemical characteristics. These characteristics leaves a
valuable clue to engineer the morphology, the size and
the crystalline phase of MgO nanoparticle via calcina-
tion temperature and time alteration.

2. EXPERIMENTAL PROCEDURE
2.1. Materials Used

Magnesium nitrate hexahydrate (98%) was
obtained from Alfa Aesar (USA). Oxalic acid (99.5%),
tartaric acid (99.5%), and citric acid (99.9%) were
obtained from Merck (USA), Acros organics (Bel-
gium) and Fisher scientific (Singapore) respectively.
Ethanol (99.4%) was also obtained from Fisher scien-
tific (Singapore). All these chemicals were directly
used in the synthesis process with no initial pre-treat-
ment.

2.2. Synthesis of MgO Nanoparticles

Equimolar concentrations of precursor and gelling
agent were individually dissolved in ethanol before
mixing to form a gel matrix with pH 5. After the for-
mation of 3D network of magnesium gel, the matrix
was allowed to age for 12 h and dry at 100°C for 24 h to
form the sol—gel powder [37—39] as shown in Fig. 1.
The sample notations for sol—gel products obtained
from magnesium nitrate with different gelling agents
are shown in Table 1. The synthesized sol—gel powder
was then calcined at three different temperatures for 2 h
at a heating rate of 5°C/min in a box furnace to form
pure MgO nanoparticles. In the present work, samples
A, B and C, developed from magnesium nitrate pre-
cursor and gelling agents oxalic acid, tartaric acid and
citric acid in a 1 : 1 ratio respectively, were used for the
synthesis of MgO nanoparticles. For sample D, a mix-
ture of all three gelling agents was added to magnesium
Vol. 55
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nitrate precursor in 3 : 1 : 1 : 1 ratio to form MgO
nanoparticles.

2.3. Characterization of MgO Nanoparticles

The range of calcination temperature was deter-
mined from thermal degradation and the heat flow
pattern of the samples was obtained through Thermo
Gravimetry—Differential Thermal Analysis (Thermal
Gravimetric Analyzer, Mettler Toledo, Switzerland).
20 mg of sample was heated from 30—1000°C at a
heating rate of 20°C/min under an inert condition for
thermal analysis. Calcination of the sol—gel product
was performed in a box furnace (Carbolite 1200°C
heavy duty box furnace, Cole-Parmer, USA) for 2 h. The
average particle size of MgO nanoparticles was deter-
mined using Dynamic Light scattering technique
(DLS) (Malvern® Zeta sizer nano series, United King-
dom). The crystallinity of the sol—gel products was
analyzed using X-Ray Diffractometer (Bruker®
Advanced DS XRD, USA). The powder samples were
pressed, evenly distributed in the sample holder and
placed at an angle of 45° for XRD analysis. The inten-
sity of the beam was set to 40 kV in order to avoid noise
peaks. The selected sample with average particle size
below 100 nm was subjected to XRD, Fourier Trans-
form Infrared (Bruker Vector 22 FTIR) and Transmis-
sion electron microscope (Hitachi HT-7700 TEM)
analysis to study their crystallinity, functional group
and morphology respectively.

3. RESULTS AND DISCUSSION

The dissolution of the precursor and gelling agent
in ethanol immediately resulted in a white color gel-
like precipitate, and the system was stirred for 2 h to
complete the gelation process. The obtained gel was
allowed to age for 12 h at room temperature and dried
in an oven for 24 h at 100°C before the formation of
MgO nanoparticles. After the drying process, a pale
yellow sol—gel powder was obtained in all the samples
(A, B, C and D) as shown in Fig. 2.

3.1. Crystalline Characteristics of the Sol—Gel Product

The crystal formation in the sol—gel powders were
studied using X-ray diffraction analysis. The XRD
patterns of the sol—gel products from samples A, B, C
and D are shown in Fig. 3. The presence of a charac-
teristic crystal peak is observed for samples A, C and D
as shown in Figs. 3a, 3c, 3d. The presence of addi-
tional peaks and peak shifts (marked with the symbol
*) is also observed in the crystalline samples, and this
is due to the presence of impurities, thermally
degraded molecular moieties during drying process
and/or unreacted molecules associated with the pre-
cursor and gelling agent. The samples were JCPDS
(Joint Committee on Powder Diffraction Standards)
analyzed to identify phase formation activity and crys-
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Gel after aging and drying

Gel before aging and drying

Fig. 2. Nature of gel before and after aging and drying
during sol—gel synthesis of MgO nanoparticles.

tallinity from standard peaks. As no characteristic
XRD peak for crystals was observed for sample B (Fig.
3b), it is categorized as amorphous powder. The rea-
son for amorphous formation is that the drying tem-
perature or time is not sufficient to convert the sol—gel
product into crystalline. This can also be attributed to
the lack of binding ability between the magnesium
precursor and gelling agent—tartaric acid molecules
due to insufficient drying temperature and time [40,
41]. XRD peaks of sample A (Fig. 3a) and C (Fig. 3c)
matched with JCPDS files—PDF 26-1223 and PDF
14-101 corresponding to magnesium oxalate dihydrate
[37] and nitromagnesite [42] respectively. No JCPDS
files matched with the peaks observed for sample D
(Fig. 3d), hence the data was analyzed with COD
(Crystallography Open Database) file and showed a
complex crystal (C;;H;,MgN,0,,) with COD no: 96-
151-9079 [43] along with impurity peaks and peak
shifts. The crystals formed as sol—gel product for each
sample along with their reference JCPDS/COD file
numbers are summarized in Table 2.

3.2. Proposed Equation
Jfor the Formation of Sol—Gel Product

The predicted chemical structures of sol—gel prod-
ucts formed in all four samples A, B, C and D are
shown in the Fig. 4. These predictions are made based
on the data obtained from X-ray diffraction analysis
(Fig. 3). The predicted structures represent gel prod-
ucts formed immediately after mixing the precursor
(magnesium nitrate) and gelling agents dissolved in
the solvent (ethanol). The chemical structure of mag-
nesium oxalate dihydrate formed in sample A is refer-
enced in reaction scheme 1 (Equation-1). The ethanol

Table 2. Crystallinity characteristics of sol—gel products
developed with different gelling agent combinations

Sample Crystallinity Reference
Sample A | Magnesium PDF 26-1223
oxalate dihydrate
Sample B | Amorphous —
Sample C| Nitromagnesite | PDF 14-101
Sample D| C;(H3sMgN,O,, | COD file no: 96-151-9079
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Fig. 3. XRD patterns of samples A (a), B (b), C (¢) and D (d).

solvent is not involved in the reaction as it only acts as
a solvent to dissolve the precursor and gelling agents in
sample A, B and C. The unreacted ethanol evaporates
during aging and drying as the boiling point of ethanol
is about 78°C. However, ethanol is anticipated to be
involved in the product formation reaction of sample
D (Equation-4) since multiple gelling agents are dis-
solved in ethanol. It was noted that a two-step process
is involved in the formation of magnesium oxalate
dihydrate in sample A. When the ethanol dissolved
magnesium nitrate hexahydrate and oxalic acid were
mixed together, nitrite ion from magnesium nitrate
and the alcohol molecule from oxalic acid are dis-
lodged from their native molecular sites due to con-
stant stirring and pH change. The initial pH of ethanol
dissolved precursor and oxalic acid were neutral.
When both solutions are mixed together through con-
stant stirring, a sudden shift of pH to pH 5 is observed
due to protonation, leading to the dislodgment of
alcohol and nitrite from their respective native molec-
ular sites. Tamaés et al. (2006), also explained that pH
change promotes the dissociation of ions and helps in
ion exchange [44]. Carbon-carbon chains from unsta-
ble oxalic acid molecules binds onto unstable magne-
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sium to form stable magnesium oxalate dihydrate mol-
ecules. Water molecule, nitrite and alcohol generated
from the process are evaporated or volatilized during
aging and drying process or become part of the impu-
rities as mentioned in the XRD data (Fig. 3A).

The sol—gel product formed in sample B was found
to be an amorphous solid from XRD analysis (Fig. 3B).
The formation of amorphous solid may be due to the
presence of weak nucleophilic sites on reactive groups,
further allowing random arrangements of atoms after
drying at 100°C. However, drying temperature higher
than 100°C may results in a crystalline material gener-
ated from sample B [45]. Since, amorphous solids do
not possess stable structures, as atoms are randomly
arranged [46], it is a challenge to propose chemical
structures for such products. Hence, the structure
proposed in Fig. 4 (Equation-2) is an unstable struc-
ture predicted to have an altering molecular structure
until transformation into powder form after aging and
drying. Likewise, the formation of nitromagnesite in
sample C as shown in Equation-3 was entirely due to
the magnesium nitrate precursor. The gelling agent
(citric acid) and the solvent (ethanol) facilitated etha-
Vol. 55
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Table 3. Summary of thermal degradation and melting transition temperatures of sol—gel products for samples A, B, C and D

Sample 1st degradation 2nd degradation 3rd degradation Melting transition
(From TGA) (°C) (From TGA), °C (From TGA), °C (From DSC), °C
Sample A 105—165 165—220 440—-560 525
Sample B 70—190 200—230 250—450 305
Sample C 130-210 220-320 340-510 380
Sample D 100—-210 240—-330 360—475 470

nol-dissolved magnesium nitrate to transform into a
nitromagnesite crystal. The ethanol may evaporate
due to aging and drying and the ethanol-dissolved cit-
ric acid may remain as an impurity. In sample D, a
complex crystal was formed as a result of reaction
between three gelling agents and a nitro-magnesium
precursor as predicted from XRD analysis. Along with
the complex mixture described Equation-4, the alco-
hol and oxygen groups released from the end carbon
chain of the gelling agents and ethanol may present in
the product system. These molecular groups may be
evaporated while aging and drying or may remain as
impurities. It can be noted that the compounds
formed during gel formation are predicted to have
nucleophilic sites. These nucleophilic sites are respon-
sible for networking with neighboring molecules to
form rigid gels [47].

3.3. Thermal Analysis of Sol—Gel Products

Thermal analysis of synthesized sol—gel products
were conducted using TGA to characterize sample
weight loss due to increase in temperature at a con-
stant heating rate, and DSC to profile the heat flow
pattern either exothermic or endothermic. By cor-
relating sample weight loss and heat flow pattern,
molecules that are thermally degraded from the sam-
ple can be identified. The thermal analysis data show-
ing the weight loss and heat flow are shown in Figs. 5a,
5b, 5c, 5d. As shown in Table 3, all four samples
demonstrated a three-stage thermal degradation pro-
cess irrespective of their crystallinity characteristics.
The first degradation phase for all the samples repre-
sented endothermic thermal decomposition of
entrapped or crystallizing water by vaporization [37].
The second degradation phase is due to endothermic
decarboxylation in sample A [37, 48, 49], exothermic
melting transition of unstable magnesium complex
into magnesium peroxide in sample B, endothermic
removal of nitrogen dioxide in sample C [50] and exo-
thermic degradation of nitrogen dioxide, carbon,
hydrogen, nitrogen and oxidation in sample D [51,
52]. The third degradation phase in sample A, C and
D is due to the melting transition of unstable magne-
sium complexes to form MgO. It can also be inferred
from the presence of a peak in the third degradation
phase the potential binding of oxygen to sample D
during melting transition [53]. For sample B, the third

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

degradation phase resulted in endothermic formation
of MgO as the second degradation phase produced
thermally unstable magnesium peroxides [54]. All four
samples experienced ~52—67% weight loss from sol—
gel product to form stable MgO. The presence of dif-
ferent precursor and gelling agents in the synthesis of
sol—gel products have unique impacts on the thermal
degradation pathway of the reaction kinetics and this
explains the thermo-molecular differences in the deg-
radation phases of the samples.

From DSC analysis, the melting transition for the
amorphous sample B with tartaric acid as gelling agent
is observed to be lower compared to other samples
(refer to Table 3). However, sample D, which also
contains tartaric acid, did not significantly leads to a
lower melting transition temperature as the concentra-
tion of tartaric acid was less compared to sample B.
This makes the sol—gel product from sample D, a
complex mixture, rather than an amorphous material.
Thus, a higher temperature is required to transform it
into stable MgO. This demonstrates that tartaric acid
plays a major role as a gelling agent to reduce melting
transition temperature in sol—gel reactions. Also, the
degree of crystallinity is vital in the formation of stable
MgO crystals at lower temperatures. High tempera-
tures are required to transform crystalline sol—gel
products into MgO crystal as the atoms in the crystals
are uniformly arranged. In contrast, atoms are
arranged randomly in amorphous powders hence a
lower energy is sufficient to form MgO crystals. This
shows that in sol—gel synthesis of nanoparticles, the
type and composition of gelling agent play an import-
ant role in influencing the melting transition tempera-
ture.

3.4. Proposed Thermal Decomposition Reactions
Jfor MgO Nanoparticle Formation

The formation of thermally stable magnesium
oxide from samples A, B, C and D is modelled in the
form of thermal degradation reaction as shown in
Table 4. For all the samples, the first stage of degrada-
tion was observed between 70—210°C, and this is due
to the decomposition of crystallizing water via vapor-
ization. Kumar et al. [37] reported an initial degrada-
tion phase of sol—gel product up to 280°C, resulting
from the decomposition of crystallizing water from the
crystals. Within this initial degradation phase, crystal-
Vol. 55
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Fig. 5. TG-DSC analysis of sample A (5a), sample B (5b), sample C (5¢) and sample D (5d).

linity and the number of water molecules play a signif-
icant role in determining the first degradation tem-
perature range for each sample. In the second stage,
molecules with boiling point around 165—320°C are
decomposed. As a result of decarboxylation in sample
A, carbon dioxide is released from unreacted excess
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CO, compounds in sol—gel product at 165—220°C in
stage 2 as mentioned in Equation 1(b). The release of
carbon-dioxide from sample A was validated by com-
paring the temperature range with previous literatures
[37, 38, 48]. Jeevanandam et al. (2015) proposed a
similar thermal degradation equation for the prepara-
Vol. 55

No.2 2019



EFFECT OF GELLING AGENT AND CALCINATION 295
100 200 300 400 500 600 700 800 900 mW°C
% T T T T T T T T T 13)
(5¢) 2
ooos — TGA S
5% — DSC =
100 (5
)
o 2
e 50 E
8 2
= =
) 5
z 0 =z
v
2
—50 E
<
315°C g
100 200 300 400 500 600 700 800 900  oC ks
10 = L T L T L T L T L T L T L T L T L T _100
0 5 10 15 20 25 30 35 40 45 min
Temperature, °C/Time, min
o 100 200 300 400 500 600 700 800 900 mW°C
(Sd) 0 T T T T T T T T T 100 é
100 1529 —— TGA E
90 DSC1g0 3
=<
[8a}
80 60 T
® 70 40 %
S 60 20 %
£ <
§” 50 0 Hs__:g
40 50 i
30 £
—40 5
o 100185°C200 300 400 500 600 700 800 900 oc |60 E
0 5 10 15 20 25 30 35 40 45 min

Temperature, °C/Time, min

Fig. 5. (Contd.)

tion of magnesium peroxide nanoparticles and men-
tioned that release of carbon dioxide occurs between
155—206°C [38]. However, Kumar et al (2008) pro-
posed a transformation of MgC,0O, to MgO at 416—
564°C [37] due to decarboxylation in the second stage
with no intermediate decarboxylation reaction as
mentioned in the present study. Dureswamy et al
(2005) gave an insight on decarboxylation process at
319—396°C in a complex molecule. They explained
that high degradation temperatures could be due

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

strong crystalline bonding between reacting molecules
[48]. In the stage 3, unstable magnesium complex fur-
ther decomposes and strips off carbon and oxygen
units and undergo atmospheric oxidation to form
magnesium peroxide as shown in Equation 1(c). This
correlated with a significant weight loss from 440—
560°C and a melting transition of 525°C. As magne-
sium peroxide is not stable at high temperatures [54],
calcination of sol—gel product above the melting tran-
sition temperature yields MgO.
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Table 4. Proposed thermal decomposition reaction equations for MgO formation from sol—gel products

Sample Proposed thermal decomposition equation Equation
[-MgC,0, - 2H,0] —18=165C 3 MeC,0, + 2H,0 Equation 1(a)

Sample A | MgC,0, —18=220C_, MoC,0, + CO, Equation 1(b)
MgC,0, —H0=560C_y MoQ, + C,0, —35L650750°Clor2h _y Mo Equation 1(c)
Mg[CgH409N,] — =€ 5 Mg[C¢H,013N,] + 6H,0 Equation 2(a)

Sample B | Mg[CgH ,03N,] —2%=20CC _, MgO, + [C¢H,03N,] Equation 2(b)
MgO, —20-450°C__ s o —400.500.600°Cfor2h _ \fo() Equation 2(c)

Mg(NO;), - 6H,0 —130=219C_, Mg(NO3), + 6H,0 Equation 3(a)

Sample C | Mg(NO;), —220=320C__5 Mg[NO,4| + NO, Equation 3(b)
Mg[NO,| —0=510°C 5 Mg0, + NO, 450550.650°C for2h _\ p1o( Equation 3(c)
C¢H;,MgN,0,, —100=210C_, ¢, H,,MgN,O, + 12H,0 Equation 4(a)

Sample D | C,(H,,MgN,0, —28=330C_5 Mg + NO, + C;sH(N; Equation 4(b)
Mg + O, —300=475C__, NgQ, —S00.600700°Cfor2h 4 \ o Equation 4(c)

For all the other samples, different molecules are
decomposed in stages 2 and 3, resulting in the pres-
ence of exothermic peaks from DSC. The degradation
of the unstable complex molecule [C4H[,0,;N,] and
oxidation in the amorphous sample B are potential
reasons for the sudden exothermic peak at 200—230°C
and the formation of magnesium peroxide [55]. As
mentioned in Equation 2(c), MgO, formed in the sec-
ond stage was transformed into stable MgO from 250—
450°C as magnesium peroxide has a lower thermal sta-
bility [54]. Similarly, nitromagnesite from sample C in
stage 2, as shown in Equation 3(b), experienced an
exothermic reaction from 220—320°C, and this was
anticipated to be as a result of the decomposition of
nitrogen dioxide [50]. Within the temperature range of
340—510°C, peroxynitrate is degraded from the
remaining unstable compound Mg[NO,] and this is
inferred from the melting transition temperature of
380°C as stated in Equation 3(c) [53]. This results in
the formation of magnesium peroxide by gaining an
oxygen atom from the atmosphere, and the calcination
process yields MgO after thermal molecular stabiliza-
tion. Likewise, a sudden exothermic peak was
observed in sample D from 240—330°C in stage 2 due
to the decomposition of nitrogen dioxide as well as
carbon, hydrogen and nitrogen from the complex
crystal structure [51, 52] as indicated in Equation 4(b).
In stage 3, as shown in Equation 4(c), oxygen binds
onto magnesium at 360—475°C to form magnesium
peroxide as indicated by the melting transition at
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470°C, and the calcination process results in the for-
mation of MgO.

3.5. Calcination of Sol— Gel Product

Depending on the proposed thermal degradation
reaction of the different sol—gel products, the calcina-
tion temperature is identified based on the melting
transition temperature required for the formation of
MgO nanoparticles. It has been reported that calcina-
tion of sol—gel product above its melting transition
temperature could lead to the formation of nanoparti-
cles with different morphology [56, 57]. Yu and Wang
[57] demonstrated that increasing calcination tem-
perature from 300—800°C for 2 h at a heating rate of
2°C/min resulted in the formation of titanium dioxide
nanotubes with enhanced crystallization from spheri-
cal structure. Gibson et al. [58] also revealed that 2 h
of calcination led to an unusual increase in the crystal-
lite size i.e. the calcination of Ca-deficient apatite at
700, 710, 720 and 730°C for 2 h leads to the formation
of 23, 22, 28 and 145 nm sized crystallites. Three dif-
ferent calcination temperatures were investigated for
each sample and the process was performed for 2 h at
a heating rate of 5°C/min as shown in Table 5. The
calcination process thermally transformed unstable
magnesium peroxide to MgO nanoparticles with dif-
ferent morphologies.
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Table 5. Average particle sizes of sol—gel products calcined
at varying temperature condtions

L Average
Sample Calcination particle
temperature size (nm)
Sample A 550°C 105.7
650°C 122.4
750°C 141.8
Sample B 400°C 105.7
500°C 58.7
600°C 105.7
Sample C 450°C 342
550°C 105.7
650°C 122.4
Sample D 500°C 190.1
600°C 141.8
700°C 531.2

3.6. Particle Size Distribution Analysis

The calcined powder samples were dissolved in dis-
tilled water for particle size distribution analysis. The
average particle sizes of all the calcined samples are
shown in Table 5. The average size of the different

—®— Sample D

SO(I)"C 60(|)°C 70(|)°C

~—®— Sample C

45(|)°C SS(I)"C 65(|)°C

—®=—Sample B

40(|)°C SO(I)OC 60(|)°C

—®=— Sample A

130 -
120 -
110
100

55(|)°C

65(|)°C

75(|)°C

Calcination temperature, °C

Fig. 6. Effect of calcination temperature on average particle
sizes of sol—gel products for MgO nanoparticles syntheiss.
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samples are mostly above 100 nm, and this is based on
spherical approximation of the DLS system. Among
all the calcined samples, MgO nanoparticle from sam-
ple B calcined at 500°C showed the smallest average
particle size of 58.77 nm. Figure 6 shows the trend of
average particle size of the different samples calcined
for 2 h at three different temperatures. The data shows
no trend between the different samples. Increasing
calcination temperature affects the rate of particle for-
mation and distribution, however, the extent of impact
is dependent on the composition of the sol—gel prod-
uct. Initially, sol—gel powder from each sample is
irregular in shape. The calcination temperature of the
sol—gel product was fixed after 25—150°C of melting
transition temperature and depending on the thermal
stability. The first calcination temperature which gen-
erated pure MgO which was predicted to be spherical
in shape. Depending on the quantity and stability of
MgO, formed during melting transition, which is
based on the crystallinity of the sol—gel powder, the
size of spherical MgO nanoparticles may differ in the
first calcination temperature of each sample. Only in
sample A, the increment in the size was gradual due to
the transformation from spherical to hexagon and
from hexagon to elongated hexagon. This may be due
to the relaxation of atomic lattices due to thermal
energy [59]. In sample B and C, the first calcination
temperature possibly yielded larger spherical particles
which were converted into smaller spherical particles
in the second calcination temperature. The third cal-
cination temperature resulted in a mixture of spherical
and hexagon shaped particles, explaining the larger
particle size DLS data observed. In sample D, initial
calcination yielded larger particle and an increase in
temperature created a mixture of spherical and hexa-
gon shaped particles comparatively smaller than the par-
ticles produced by initial calcination. The third calcina-
tion temperature yielded elongated hexagon and dis-
torted by the spherical approximation of DLS analysis.

This supports that the type and composition of
gelling agent used for the formation of the sol—gel
product play an important role in understanding the
relationship between the calcination temperature and
the average size of the nanoparticles. To support this
argument, Keshmiri et al. (2004), in their work on
developing novel TiO, particles, reported that gelation
conditions and the viscosity of the gelling solution
have a strong effect on determining the sintering tem-
perature and final product [60]. Also, the graph (Fig. 6)
gives insight into calcination duration and tempera-
tures suitable for generating small size nanoparticles
from sol—gel products.

4. CHARACTERIZATION
OF SELECTED MgO SAMPLE

Based on the DLS analysis, the sample B which
was calcinated at 500°C was selected for further char-
acterization to confirm their crystallinity. MgO phase
Vol. 55
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formation was analysed using XRD analysis, func-
tional group analysis using Fourier Transform-Infra
red (FTIR) spectroscopy and morphology analysis
using Transmission Electron Microscopy (TEM).

4. 1. Crystallinity of Selected MgO Sample

Figure 7 shows the crystallinity of the selected cal-
cined sample. The peaks in the calcined sample from
the XRD data were matched with the JCPDS files
PDF 71-1176, PDF 30-794, PDF 76-1363, PDF 35-
821 and PDF 44-1482 corresponding to two different
phases of magnesium oxide, magnesium peroxide,
magnesium and magnesium hydroxide respectively.
Some additional phase peaks were also present in the
XRD pattern, indicating the presence of some impuri-
ties in the crystalline content. The peaks represent the
formation of a mixed MgO phases along with peak
shifts, traces of other magnesium crystalline phases
and impurity peaks. The reason for the mixture of
crystallinity in the sample may be due to the insuffi-
cient calcination time at the particular calcination
temperature for the amorphous sol—gel product. The
peaks provide an insight on the calcination mediated
transformation of amorphous solid into MgO. In Fig. 7,
most of the peaks are related to two different crystal-
line phases of magnesium oxide (PDF 71-1176 and
PDF 30-794). Moreover, peaks related to magnesium
per oxide (MgO,), magneisum hydroxide (Mg (OH),)
and unoxidized magnesium were also present as a
result of existence of these additional, unreated atoms
in the interstial position of MgO crystal phase. This
shows that the sol—gel product (sample B) calcinated
at 500°C for 2 h unable to completely converted into a
pure MgO crystal. The calcination process converted
the sample into two different phases of MgO which is
reflected from the XRD peaks. The presence of unox-
idized magnesium represents the insufficiency of the
low calcination temperature for complete reaction as
well as shorter period to transform MgO, and Mg
(OH), into MgO were used. When the calcination
temperature is prolonged for a longer time, it leads to
the oxidation of the sample [61]. Thus, these polycrys-
talline MgO product can be converted into an pure
MgO by the prolongation of calcination time at the
current calcination temperature (500°C). The Debye
Scherer’s formula (D = kA/BcosO) has been utilized to
determine the crystallite size of the calcinated sample.
The full width half maximum (FWHM) value for the
calcinated sample was identified to be 0.23° which was
obtained from the highest intensity peak and the crys-
tallite size was determined to be 37.36 nm. Literature
shows that the primary particles required for the
nanoparticle formation are crystallites [62]. Hence, it
can be noted from the XRD analysis and the crystallite
size that along with the calcination temperature, the
time period and the heating rate required for calcina-
tion is also important to yield pure and smaller
nanoparticles.
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Fig. 7. Crystallinity of selected MgO sample.

4.2. Functional Group Analysis

The functional groups present in the selected, cal-
cinated MgO sample was characterized using FTIR
spectroscopy and the result are listed in Table 6 and
Fig. 8. The FTIR spectra shows peaks at 3695.1,
3463.6, 1435.8, 1350.4 and 1047.6 cm™~! indicating O—
H stretch, C—O—H bending and C—O stretch vibra-
tional mode for the presence of alcohols and carbox-
ylic acid. The peaks at 2921, 1737.9, 1696.4 and
1642.2 cm~! which are due to C—H stretch, C=0
stretch and —C=C- vibrations support the presence of
alkanes, o, B — unsaturated esters and aldehydes, sat-
urated aliphatics, ketones and alkenes in the sample
respectively. The peaks at 867.6, 834.1 and 687.4 cm™!
are due to MgO vibrations [37, 63—65]. The peaks at
2430.3, 2320.3, 1841.5 and 1540.7 cm™! are not desig-
nated to any functional groups and thus are catego-
rised as impure peaks. The presence of these impure
peaks may be due to the polycrystalline nature of the
sample as mentioned in XRD analysis. Literatures sug-
gested that increase in calcination time will reduce these
impurity peaks [66]. The peak at 867.6 and 834.1 cm~' are
due to distinct MgO vibrations attributed to the peri-
clase phase of MgO [37]. The presence of alcohol
functional group traces represents the existence of
magnesium hydroxide in the polycrystalline sample.
The presence of these intermediate hydroxide and
peroxide compounds leads to the vibrational modes
with C—O stretch and —C=C- stretch. Hence, it can
be noted that carboxylic and alcohol group may act as
capping agent in the formation of MgO nanoparticles
which controls their grain size [67]. The additional
oxygen and hydrogen molecules which are present due
to inadequate calcination temperature, may settle in
the interstital position of these capping agents. As the
calcination time is short for complete reaction, the
additional oxygen and hydrogen molecules bind with
Vol. 55
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Table 6. FTIR spectral chart of functional groups present in selected MgO sample

Peak position, cm™! Vibrational mode Functional group
3695.1, 3463.6 O—H stretch Alcohols, carboxylic acid
2921 C—H stretch Alkanes
2430.3, 2320.3, 1841.5, 1540.7 |— Additional/Impure peak
1737.9 C=0 stretch o, B — unsaturated esters and saturated aliphatic
1696.4 C=0 stretch o, B — unsaturated aldehydes, ketones
1642.2 —C=C- stretch Alkenes
1435.8, 1350.4 C—0O—H bending Carboxylic acid
1047.6 C—O stretch Alcohol, carboxylic acid, ester, ether
867.6, 834.1 3(0—-C=0) + v(Mg—0) Magnesium oxide
687.4 Mg-O Magnesium oxide

the functional groups of the capping agent which leads
to the formation of a polycrystalline MgO sample.

4.3. Morphology Studies

Figure 9 shows the morphology of particles formed
in sample B calcinated at 500°C. In Fig. 9a, it can be
noted that the particles are agglomerated and mostly
the particles are spherical in shape with certain irregu-
lar shaped particles. The size of the particles were
observed to be between 30—45 nm which in compli-
ance with the DLS and XRD crystallite size data. Fig-
ures 9b, 9¢ shows the morphology of a single particle
which is 30 nm sized spherical particle. Eventhough,
the crystallinity of the sample B calcinated at 500°C is
observed to contain impure magnesium oxide crytals,
the size and shape of particles are definite. The impu-
rity and the agglomeration can be reduced by altering
the time and heating rate of calcination process [68—
70]. Mastuli et al. (2014) prepared MgO nanoparticles
using magnesium acetate as precursor and tartaric acid

Sample B 500°C

Transmittance, %

3500 3000 2500 2000 1500 1000
Wavenumbers, cm™!

Fig. 8. FTIR spectra of selected MgO sample.
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as gelling agent. The sol—gel product was calcinated at
950°C for 36 h to yield different shapes of MgO
nanoparticles [71]. In another work by Tamilselvi et al.
(2013), 30—50 nm sized MgO nanoparticles prepared
by using magnesium nitrate as precursor, sodium
hydroxide as reducing agent and calcinated at 500°C
for 4 h [63]. Thus, it is evident that alteration in the
time and heating rate of calcination process will yield
pure and uniform morphology of MgO nanoparticles.

5. CONCLUSIONS

In the present work, MgO nanoparticles were syn-
thesized by sol—gel method using magnesium nitrate
as the precursor, different combinations of gelling
agents, and ethanol as the solvent. X-ray diffraction
method and thermal analysis were used to characterize
the crystallinity of sol—gel products and to select opti-
mal calcination temperatures for MgO nanoparticles
formation. The average particle sizes of the calcinated
samples were determined by dynamic light scattering.
It was demonstrated that crystallinity plays a major
role in determining the thermal degradation charac-
teristics, calcination temperature, and the particulate
size of MgO nanoparticles produced by sol—gel syn-
thesis. Also, different types and compositions of gell-
ing agents were demonstrated to affect the crystallinity
of the sol—gel product. Sample B which was calcinated
at 500°C was selected for further analysis as the aver-
age particle size was found to be below 100 nm com-
pared to other samples. Thus, the sample was sub-
jected to XRD, FTIR and TEM analysis which reveals
that the calcination time and heating rate has to be
prolonged to obtain pure, uniform morphology of
MgO nanoparticles. The current work reveals the
effect of gelling agent in the formation of sol—gel
product which eventually affects the calcination tem-
perature required to form nanoparticles. Further, it
also discloses the effect of calcination profiles in mod-
ifying the shape, size and agglomeration which will
Vol. 55
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Fig. 9. Electron micrograph of sample B calcinated at 500°C (a) Nanoparticles at 100 nm scale, (b) Single nanoparticle at 100 nm
scale and (c¢) Zoomed image of single nanoparticle at 50 nm scale.

help to synthesize uniform sized nanoparticles with
less agglomeration.
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