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formation of zirconium oxychloride despite of high zirconium content from the improved
alkali fusion method proposed. Therefore, a further study on zirconia powder calcined in
varied temperatures from Amang zirconium oxychloride precursor was done. Amang
zirconia powder was then characterized in order to study the effect of temperature on
Amang zirconia powder. Elemental analysis showed that zirconium composition was
affected by temperature and increased as the temperature increased with the highest
zirconium content of 81.28 wt.% with low impurities after calcined at 800 °C for 4 hours.
The phase analysis satisfied monoclinic zirconia with minor tetragonal and cubic phase
with sharper peaks as calcined temperature increased. Increased tetragonal and cubic
phase was observed as the temperature was increased. Morphology analysis showed
zirconia powder was angular and pyramidal with large crystal size which led to high

Keywords: tendency of monoclinic phase. Calcination temperature of 800 °C was determined to be
Alkali fusion; Amang zircon; zirconium  the most suitable temperature to calcine high purity zirconia powder using Amang
oxychloride; zirconia zirconium oxychloride precursor.

1. Introduction

Zirconia is a polymorphic material suitable to be used in many fields such as in dentistry,
aerospace, optical ceramic, and glaze coating due to its excellent properties [1-3]. It has high melting
and boiling points, low thermal conductivity, inert and unreactive [4]. Zirconia also has a high
abrasion resistance, high refractive index and dielectric constant [5,6]. Zirconia is also cheaper and
has a higher melting point than alumina [7].

Depending on temperature, zirconia is available in monoclinic, tetragonal and cubic phases [8].
Monoclinic zirconia is thermodynamically stable at room temperature and up to 1170 °C [9]. A strong
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covalent bond exists between zirconium and hepta-coordinated oxygen atoms in monoclinic phase
[10]. Monoclinic zirconia shows a high resistance to cracking and exhibits outstanding properties.
Monoclinic zirconia will then transform to octa-coordinated tetragonal at 1170 °C to 2370 °C [11].
This phase transformation improved the mechanical properties of zirconia. However, pure tetragonal
zirconia is highly unstable at room temperature [12]. Octa-coordinated cubic zirconia is stable at
temperatures higher than 2370 °C [11,12]. Like tetragonal zirconia, cubic zirconia cannot maintain its
phase at room temperature.

Zirconia can be synthesized using zirconium oxychloride precursor from zircon sand. Zircon sand
also known as zirconium silicate is a gold-colored mineral that typically contains high amount of
zirconium, silicon and traces of other elements [13-15]. The wide availability of zirconium in zircon
sand makes it the dominant source for zirconia. In Malaysia, zircon is found in the tin tailing produced
by the tin mining industry, also known as Amang.

Alkali fusion with sodium hydroxide (NaOH) is typically used to synthesize zirconia from zircon
sand as the calcination temperature can be lowered until 600 °C compared to other method that
need a very high temperature to synthesize a high purity zirconia [16]. Consequentially, higher
production cost results in a poor economic benefit [17]. Zircon and sodium hydroxide decomposition
was typically done in according to Eq. (1):

ZrSiO4 + 4NaOH - NaxZrOs + NazSiOs + 2H20 (1)

Zirconia from zircon sand has been synthesized in Brazil. However, the research was only done
until zirconyl sulphate and no further synthetization was reported. Conversely, a study from
Indonesian zircon sand by Lestari et al., [18], had successful synthesized monoclinic and tetragonal
zirconia using a high calcination temperature of 1300 °C. The research also observed that calcination
temperature highly affects zirconia composition.

As for Amang zircon sand, a research was done previously using alkali fusion method that has
been improved with 6M sodium hydroxide (NaOH) and 8M hydrochloric acid (HCI) [19]. The improved
method produced a higher zirconium content with lower silica impurity. However, the research was
only done up until zirconium oxychloride despite it can be used as a low-cost alternative to synthesis
a high purity zirconia by manipulating the temperature during calcination process.

Therefore, Amang zirconium oxychloride from the improved alkali fusion method by Subuki et al.,
[19] was used as a precursor to synthesize zirconia powder in varied temperatures. The effect of
temperature on zirconia powder was studied to determine the effectiveness of the improved alkali
fusion method to synthesize a high purity zirconia powder. Hence, improving and utilizing the local
Amang zircon sand and reducing the accumulation of Amang zircon sand.

2. Methodology

The purpose of this research is to study the effect of temperature on zirconia powder synthesized
from Amang zirconium oxychloride precursor. Therefore, synthetization of zirconia powder in varied
temperatures using improved alkali fusion method was studied.
2.1 Materials and Chemicals

Amang zirconium oxychloride (ZrOCl,.8H,0) obtained from raw Amang zircon sand using

improved alkali fusion method was used as a precursor to synthesize zirconia powder. Analytical
grade of 25% ammonia solution (NH20H) from R&M Chemicals was used to precipitate zirconium
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while pure water and 95% ethyl alcohol from Systerm were used to synthesize zirconia powder in
this research.

2.2 Method

Zirconia powder was synthesized using Amang zirconium oxychloride (ZrOCl,.8H,0) precursor in
accordance to the improved alkali fusion method by Subuki et al., [19] using 6M NaOH and 8M HCI.
Amang zirconium oxychloride solution was neutralized and hydrolyzed with ammonia until pH 10 to
obtain zirconium hydroxide (Zr(OH)s), ammonium chloride (NH4Cl) and water according to the
following reaction:

ZrOCl, .8H,0 + 2NH4OH = Zr(OH)4 + 2NH4Cl + 7H,0 (2)

Next, zirconium hydroxide (Zr(OH)4) obtained underwent vacuum filtration and washed with pure
water and ethyl alcohol to remove chlorine and excess ammonia. The precipitate was left to dry at
room temperature overnight. Then, zirconium hydroxide was calcined at varied temperature ranging
from 400-800 °C for 4 hours to obtain high purity zirconia (ZrO;) according to Eq. (3):

Zr(OH)a > ZrO, + 2H,0 (3)
2.3 Characterization

Zirconia powder was characterized to study the effect of calcination temperature on the
synthesized zirconia powder. The elemental analysis was done on powdered zirconia using x-ray
fluorescence (XRF) Malvern Panalytical Epsilon 3*€, from United Kingdom. X-Ray diffraction (XRD)
Rigaku Ultima IV was used for phase analysis from range 10-80° with CuKa radiation and wavelength
(A) of 0.15 nm. Diffraction spectra was fixed with ICDD database and crystalline size was calculated
with Scherrer formula

D = KM/(B cos 8) (4)

whereby D is the crystallite size, K is 0.9 Scherrer constant, A is wavelength of CuKa radiation, 0 is
Bragg’s angle and B is line broadening at half maximum. Scanning Electron Microscopy (SEM), Hitachi
SU3500 was used to analyze the morphology and average particle size of the synthesized zirconia
powder.

3. Results

This chapter described the results obtained from the elucidation study on effect of calcined
temperature that had been carried out.

3.1 Elemental Analysis
Based on elemental composition analysis using x-ray fluorescence (XRF) in Table 1, 76.44 wt.% of
zirconium and 1.80 wt.% silicon was recorded after zirconium oxychloride was hydrolyzed with

ammonia to pH 10. Zirconium composition increased from 75.89 wt.% as zirconium hydroxide formed
in accordance to Eq. (2) while silicon reduced because the precipitate was filtered and washed with
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pure water and ethyl alcohol after decantation. Chlorine (Cl) was greatly removed to 0.08 wt.%. This
indicated ammonium chloride (NH4Cl) produced from the reaction was almost completely removed
after being dissolved in pure water and ethyl alcohol. Other impurities reduced slightly or remained
the same after hydrolyzed as the reaction only focused on the formation of zirconium hydroxide.
However, neodymium (Nd) and thorium (Th) increased slightly due to the trace of monazite from
unreacted Amang zircon sand.

Table 1

Elemental composition (wt.%) of zirconium powder
Element ZrOCl2 Zr(OH)4
Zr 75.89 76.44
Si 1.83 1.80

Y 0.20 0.20

Hf 1.87 1.86

Fe 0.42 0.42

Ti 1.33 1.28

cl 0.28 0.08
Ca 0.24 0.24
Ce 3.73 3.68
Nd 1.32 1.36
Th 0.82 0.96

In order to investigate the effect of temperature on zirconia powder synthesized from Amang
zircon sand, zirconium hydrate powder was calcined at varied temperatures from 400-800 °C for 4
hours in order to obtain zirconia (ZrOz) following Eq. (3). Based on the elemental analysis in Table 2,
the highest zirconium dioxide (ZrO,) was observed when calcined at 800 °C for 4 hours with value of
81.28 wt.% followed by calcined at 700 °C, 400 °C, 600 °C and 500 °C with readings of 74.90 wt.%,
74.51 wt.%, 66.13 wt.%, and 64.30 wt.% respectively. Zirconium oxide composition after calcination
at 500 °C and 600 °C showed a slight decrease.

Typically, zirconia synthesized from decomposition of zircon showed a reduction in zirconium
composition due to larger particle size. The average particle size of zirconium hydroxide before
calcination process was rather large, which was approximately around 350 um. Hence, the slight
reduction of zirconium composition. The possible reason is that the larger particle size reduced the
decomposition rate. On the other hand, the highest zirconium oxide obtained in this research was
higher than in the previous study using Indonesia zircon sand. The study recorded a lower zirconium
oxide at 72.07 wt.% [20].

Silicon dioxide (SiO2) and yttrium oxide (Y203) were also present in the chemical composition
analysis with values of 3.66 wt.% and 0.42 wt.% respectively at 800 °C. The adhesion of silicon and
oxygen are stronger than other ions at lower temperature [21]. Hence, the formation of silicon
dioxide actively increased throughout the process. As seen in Table 2, other elements increased
together with formation of zirconium oxide. The impurities in the zirconium hydrate powder were
not dissolved completely by ammonia. Besides, these impurities were also recorded in previous
studies by using Indonesian and Australian zircon sand [21,22]. Research by Rahmawati et al., [20]
with Indonesian zircon sand managed to obtained a slightly lower silicon dioxide at 3.60 wt.% for
zirconia calcined at 800 °C in a somewhat more prolonged duration of 5 hours.

It could be seen that cerium (Ce) and thorium (Th) increased to 4.40 wt.% and 1.03 wt.%
respectively after calcined at 800 °C. These elements were extracted from a phosphate mineral
monazite that existed in Amang zircon sand [12]. Chlorine (Cl) was found when calcined at 400 °C to
600 °C. However, this element decreased as the temperature increased and was completely absent

188



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 118, Issue 1 (2024) 185-195

at 700 °C and 800 °C. This showed that ammonium chloride produced in Eqg. (2) was completely
melted during the calcination at higher temperature of 700 °C and 800 °C.

Iron (Fe) composition also increased after calcined at varied temperatures and the highest
composition of iron was 0.80 wt.% after calcining at 800 °C. The composition doubled after
calcination at 800 °C. Iron flakes were observed in the crucible after calcination due to the high calcine
temperature used during the process.

Table 2

Elemental composition (wt.%) of Amang zirconia powder calcined
at varied temperature

Element 400 °C 500 °C 600 °C 700 °C 800 °C

ZrOz 74.51 64.30 66.13 74.90 81.28
Si02 3.56 3.12 3.09 3.45 3.66
Y203 0.4 0.36 0.36 0.4 0.42
Hf 2.24 1.97 2.02 2.27 2.40
Fe 0.76 0.68 0.72 0.78 0.80
Ti 1.16 1.13 0.92 1.27 0.97
Cl 0.14 0.09 0.07 - -

Ca 0.22 0.19 0.20 0.22 0.24
Ce 4.59 4.06 4.08 4.72 4.40
La - - 1.80 - 1.97
Nd 1.47 1.32 1.20 151 1.26
Th 1.09 0.95 1.02 1.13 1.03

3.2 Phase Analysis

Based on the diffraction pattern in Figure 1, the peaks for Amang zirconia that were calcined at
400 °C were entirely dominated by monoclinic especially at the highest peak of 26.99° with crystallite
size 0f 59.28 nm (ICDD 00-036-0420). The same was also observed by Prasad et al., [23] using zirconyl
nitrate precursor and Tyagi et al., [24] using zirconium oxychloride precursor that was calcined at 400
°C. Monoclinic phase zirconia was also found at 28.14°, 38.51°, 53.44° and 55.59°. This showed that
the zirconia calcined was almost purely monoclinic.

A minor tetragonal peak was found at 53.44° (ICDD 00-017-0923). It was worth noting that
tetragonal phase appeared faster than previous study from India in which the tetragonal only
appeared once the calcination reached 500 °C [23]. This showed that the proposed method in this
study achieved a faster phase transformation from monoclinic to tetragonal phase at a lower
temperature. The presence of tetragonal at 400 °C was also reported by Torres-GarciAa et al., [25],
by using almost the same method as proposed. The faster phase transformation rate signified an
improved heat transfer during reaction, which was attained from the deagglomeration, and large
surface area of 0.319 m?/g compared to 0.039 m?/g from before calcination. This was supported by
the particle size reduction from 350 um after ammonia hydrolysis to 143 um due to the
deagglomeration. Leib et al., [26] also reported the formation of tetragonal starting at 450 °C.

The highest peak of 28.23° was determined to be monoclinic zirconium after calcined at 500 °C
(ICDD 00-036-0420). Monoclinic zirconium could be found in several other peaks at 35.65°, 53.43°,
55.61°,59.75° and 62.90°. Other phases of zirconium were also detected. Tetragonal zirconium could
be found at 35.65° (ICDD 00-002-0733). Yttrium (Y) was also detected at this peak. Tetragonal was
also available at 59.75° alongside monoclinic zirconia. The presence of tetragonal was slightly
abundant compared to the previous pattern at 400 °C. This was probably because of the increased
temperature, and it favored the formation of tetragonal zirconium. This also showed that phase
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transformation of monoclinic and tetragonal already occurred. The crystallite size was recorded at
60.12 nm. The peaks were also sharper. This indicated that the crystalline nature of the sample was
increasing [4].

Zirconia powder calcined at 600 °C has a high monoclinic zirconium peak of 26.98°. The same
phase of monoclinic zirconium was also detected at 28.25°, 30.23°, 38.47°, and 55.59° (ICDD 00-024-
1165). Three phases of zirconium were found at 30.23°, namely monoclinic, tetragonal, and cubic.
Note that cubic phase was only found in a single peak compared to monoclinic and tetragonal phase.
Cubic zirconia was observed by Manivasakan et al., [27] earlier at 500 °C with zirconium hydroxide
precipitated from pH 10. This shows that it was possible to obtain cubic zirconia at low temperature.
However, the calcination time was insufficient to calcine cubic zirconium as Manivasakan et al., [27]
reported to calcine zirconia powder for 6 hours in order to obtain a small cubic peak.

Yttria was detected at a minor peak of 43.77° alongside silicon (ICDD 01-074-1828). Silicon was
also detected to coexist at 28.25° and 55.59° with monoclinic zirconium. The crystallite size was
calculated at 82.08 nm which was higher compared to the crystallite size at 500 °C. Besides, it was
reported that 600 °C was the threshold temperature for tetragonal zirconia formation [23].
Monoclinic phase increased as the temperature increased. Thus, the crystallite size increased from
60.12 nm at 500 °C to 82.08 nm at 600 °C.

At calcination of 700 °C, the highest peak of 26.87° belongs to monoclinic with crystallite size of
41.43 nm. As with previous patterns, monoclinic zirconium could be found in other peaks at 27.99°,
30.14°, 35.45°, 50.32°, 55.51° and 60.18°. At peaks 27.99° and 55.51°, silicon was also detected
alongside monoclinic zirconium. Monoclinic, tetragonal, and cubic zirconium were found together at
30.14°, 35.45°,50.32°, and 60.18°. Yttrium could also be found at 35.45°,50.32°, and 60.18° alongside
all three zirconium phases.

According to Prasad et al., [23], zirconia exists in either monoclinic or cubic phase above the
threshold temperature of tetragonal formation as it was almost impossible to achieve a metastable
tetragonal due to the heat transfer in the system. It was reported that the initial monoclinic started
as the temperature increased but the sample transformed to monoclinic entirely due to the crystallite
size being bigger than the critical size [27]. The crystallite size also reduced from 82.08 nm to 41.43
nm. This reduction of crystallite size hindered the phase transformation of cubic to tetragonal phase
zirconia. This cubic to tetragonal transformation favored higher crystallite size in high calcination
temperatures. Consequently, monoclinic, and cubic zirconia formation at 700 °C were notably higher
than previously at 600 °C.

According to the diffraction pattern in Figure 1, monoclinic zirconium was found at the highest
peak of 26.88° after being calcined at 800 °C. Peaks 28.12°, 30.07°, 35.20°, 38.42°, 50.23°, 55.48°,
60.17°, and 62.78° contained monoclinic zirconium. Tetragonal and cubic zirconium could be found
at 30.07°, 35.20°, 50.23°, 60.17°, and 62.78° alongside with monoclinic zirconium. A minor silicon
could be found at 55.48° with monoclinic zirconium. At 73.24°, only tetragonal zirconium and yttrium
were detected. The crystallite size was calculated at 74.22 nm which increased from 41.43 nm at 700
°C. The increment of crystallite size at 800 °C after reduction at 700 °C, showed that tetragonal phase
in the sample increased [24]. Thus, the tetragonal peak at 30.07° increased significantly compared to
temperature below 700 °C.

It could be seen that the highest peaks at every temperature from 400-800 °C were
predominantly monoclinic zirconium which was thermodynamically stable phase than other two
phases [31]. The same monoclinic pattern was observed by Wilk et al., [29] and Ramachandran et al,,
[30]. It was observed that the diffraction line became sharper and narrower as the calcination
temperature increased. The sharp and narrow peaks indicated the formation of larger crystallite [4].
The dominant monoclinic phase was due to the temperature which was still in the phase
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transformation threshold and it was expected as there was no addition of dopant in the zirconia [31].
Besides, it also showed that the sintering temperature was not high enough to stabilize and transition
a metastable tetragonal zirconia. The formation of tetragonal phase increased along with substantial
amount of monoclinic phase [24].

On the other hand, the temperature was sufficient to initiate a certain level of tetragonal phase
transformation from the monoclinic phase. This could be observed by the increasing presence of
tetragonal phase at peak 30.07° (ICDD 00-017-0923) due to the progressive phase transformation as
the temperature increased. The same could also be observed for cubic zirconium phase from the
cluttered peaks starting at 700 °C. This cluttered and disorderly crystallite patterns in varying degree
was ascribed to the high degree of thermal vibration between crystals at high temperature.

It was also worth noting that the highest peak of monoclinic zirconium in every calcination from
400-800 °C reduced as the temperature increased. This was due to the transition formation of other
tetragonal and cubic zirconium phases. Tetragonal peaks were also broader and more defined as the
temperature increased. This phenomenon was also recorded by Prasad et al., [23]. The intensity of
tetragonal when calcined at 800 °C was higher compared to the other temperature and the
corresponding peak when calcined at 700 °C was slightly weaker compared to 800 °C.

From the diffractogram pattern, a minor broadened tetragonal crystal peak 30.07° started at 400
°C. The broad peak indicated a lower and finer crystallinity of tetragonal. This may be attributed by
the high pH 10. High pH increased the interaction between ammonia hydroxide and zirconium and
influenced the crystal size during the reaction process. Crystallite size less than 100 nm was observed
throughout the synthesizing process of zirconia from Amang precursor. According to literature, the
increase of crystallite size influenced the phase transformation of tetragonal zirconia [27]. Thus, the
highest crystallite size of 82.08 nm at 600 °C has the highest tetragonal phase.
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Fig. 1. XRD pattern Amang zirconia powder calcined in varied
temperature
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The increase in crystallite size was also reported by Leib et al., [26] at 850 °C using zirconium
tetrachloride (ZrCls) precursor in which they justified it as in accordance to the phase transformation
of tetragonal to monoclinic. According to the literature, the transformation was accompanied by
volume expansion of 3-5% [22,31]. Their research also reported that phase transformation increased
significantly once the temperature rose above 650 °C.

3.3 Morphology Analysis

The morphology analysis of synthesized zirconia was obtained by using scanning electron
microscopy (SEM). A very small amount of powder was scattered on a carbon covered stub and
coated with gold layer. This procedure was standardized and done on all samples. According to the
morphological analysis with the magnification of 1,000X in Figure 2, irregular angular and pyramidal
shape in various grain sizes was detected in Amang zirconia powder calcined at 400 °C. As the
temperature increased until 800 °C, the crystals were almost indiscernible. The crystal size at every
temperature ranged from 8-30 um, which was rather large due to the agglomeration of powder.
Ramachandran et al., [30] explained that the agglomeration of monoclinic zirconia occurred quickly
due to the strong Van-der-walls force between particles.
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Fig. 2. SEM photography of zirconia at (a) 400 °C, (b) 500 °C, (c) 600 °C, (d) 700 °C, and (e) 800 °C

Particle attrition was also observed starting at 700 °C and it was even more evident in 800 °C
when analyzed under higher magnification as seen in Figure 3. This was due to the reaction that
usually occurred on the particle surface [17]. This might be related to particle size reduction
compared to other temperatures.
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Fig. 3. SEM photography of zirconia at 800 °C (10,000X)
4. Conclusions

Based on the finding, monoclinic zirconia powder with a small fraction of tetragonal and cubic
phase was successfully synthesized from Amang zirconium oxychloride precursor with an improved
alkali fusion method using 6M sodium hydroxide (NaOH) and 8M hydrochloric acid (HCI). It was also
established that temperature did influence the formation of zirconium oxide in which the highest
zirconium composition was recorded at 81.28 wt.% when calcined at 800 °C. In contrast, the lowest
was calcined at 400 °C with 74.51 wt.%. The chemical composition of zirconium showed increment
alongside calcination temperature. The formation of silicon dioxide was also considered as low at
only 3.66 wt.%. High composition of zirconium with low impurities after calcination was a good
indication of suitability using Amang precursor to synthesize zirconia powder. Particle size reduction
was also seen at higher temperature of 700 °C and more apparent at 800 °C, which led to increase of
zirconium composition. Therefore, 800 °C was deemed the best calcination temperature to obtain a
higher zirconium composition with relatively low impurities for zirconia powder synthesized from
Amang zirconium oxychloride precursor.
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