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Preparation of Insoluble Zirconate from Egyptian Zircon via Alkali
Fusion Process to Enhancement Al Alloy Performance
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Abstract

In this paper, Egyptian zircon was decomposed through the alkali fusion process to obtain the insoluble product (sodium
zirconate) for developing the performance of Al alloy. For this purpose, Egyptian zircon was mixed with NaOH at specific
ratios on the stainless steel crucible for starting the opening process. Several parameters such as NaOH /Zircon ratios, fusion
temperature, and fusion time were investigated to obtain the optimum conditions to prepare sodium zirconate. Next the Al alloy
was melted and sodium zirconate particles were added while stirring. Characterization of zircon opening products was
performed by X-ray Diffraction, Scanning Electron Microscopy, and Energy Distributed X-ray. Also, the effect of insoluble
product of the zircon opening product on the performance of Al alloy was evaluated via hardness and wear resistance tests. The
results demonstrate that the optimum alkali fusion parameters to obtain high recovery of sodium zirconate were as follows; 1.5
NaOH/ZrSiOx4 ratio, 650 °C as fusion temperature, and 3 hr as fusion time. On the other hand, adding 5% of sodium zirconate
to Al molten metal leads to increasing in the hardness value and the wear resistance over than the value of Al alloy.
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1. Introduction

Zirconium metal and compounds are attracting
increasing interest because of the growing number of
applications. Zircon is the main source of all
zirconium compounds. It is a heavy mineral with
excellent properties like; high hardness, high melting
point, high chemical stability. This allows zircon to be
utilized in important applications including; ceramics,
refractory industries, foundry, abrasives, TV glass,
electronics, pigments, and catalysts [1-4]. In Egypt,
widespread placer deposits of black sand are
intermittently distributed along the northern coast.
These deposits contain huge reserves of the six
common economically important heavy minerals;
zircon, ilmenite, rutile, monazite, magnetite, and
garnet [5-8]. Zircon is a non-magnetic, non-
conducting material so, it can be easily concentrated
by means of gravity, magnetic and electrical
separation. High grades are suitable for the extraction
of zirconium metal and chemicals while Low grades
zircon can be used in foundry and other applications[9-
11].

Zircon is very stable and refractory mineral (AGe
1400 K = 1489.1 kJ/mol). Hence, its decomposition
requires harsh conditions to overcome the strong bond
between SiO, and ZrO; [9, 12]. For this purpose,

several methods like; caustic fusion, lime fusion,
fluorosilicate fusion, carbiding, thermal dissociation
and chlorination can be used. Also, mechanochemical
treatment can be used [1, 13-16]. Among all methods,
alkali fusion of zircon presents good versatility,
simplicity and effectiveness [4, 15, 17].

Abdelkader et al. [15] used a mixture of KOH and
NaOH to achieve high recovery with low temperature
and short fusion time. Song et al. [18] carried out a
two-step alkali fusion for zircon. Where 1.3
alkali/zircon ratio was divided to 0.7 and 0.6 at 700°C
fusion temperature and 0.5h fusion time for each step.
Also, Eldesouky et al. [19] used alkali fusion process
followed by different steps for the production of high
purity zirconia. Literatures show that researchers were
interested with producing a high purity compounds
with high recovery and low production cost as
possible. Unfortunately, the attention of researchers
was focused on the preparation of zirconium
oxychloride or zirconia for different applications while
the intermediate products of zircon opening was not
fully explored. Consequently, this current study aims
to obtain a high recovery of sodium zirconate from
Egyptian zircon to utilize it in development of Al alloy
performance.
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2. Materials and Methods
2.1 Zircon

The chemical composition of zircon concentrate
(ZrSiOs), separated from the Egyptian black sand
heavy mineral from Egyptian Nuclear Materials
Authority (ENMA) is shown in Table 1. Zircon is the
most abundant zirconium ore and the main source for
commercial production of zirconium and its
compounds.

Table 1. Average chemical composition of the
concentrated Egyptian zircon

Compound | ZrO;| SiO; | HFO,| Al,O5| Fe,0s| TiO,| Other

% 63.07| 31.23| 227 | 087 | 0.77 | 0.82 | Bal.

2.1.1 Zircon Decomposition

The general procedure to produce sodium zirconate
(NazZrOs) from zircon sand mineral include; alkali
fusion and water leaching. The most important step is
alkali fusion as it decomposes zircon to sodium silicate
(NazSiO3) and sodium zirconate. There are many
alkali fusion conditions directly affect on achieving a
high decomposition efficiency. In this paper alkali
ratios, fusion temperature, and fusion time were
studied. Firstly, NaOH/ZrSiO4 ratio were investigated
as follows; 1:1,1.3:1, 1.5:1, and 1.7:1). Next, the effect
of fusion temperatures (450, 550, 650, 750°C) was
investigated. Finally, the effect of fusion time (1, 2,
and 3 h) was also studied.

As general, ZrSiO4 (100g) was mixed with NaOH
at the specified ratios, fusion temperatures and times.
The mixture was charged to a 316l stainless steel
crucible which fed to the electric furnace. For
NaOH/ZrSiO4 experiments, the reaction temperature
was adjusted as 650°C for 3 h. Next, for temperature
experiments, the optimum NaOH/ZrSiO4 was applied
for 3 h. Finally, for fusion time experiments the
optimum alkali ratio and temperature were conducted.

The opening product (frit) consists of two major
compounds NaySiO; (water soluble) and Na,ZrOs;
(water insoluble). Thus, to obtain the Na2ZrOs, frit was
water leached to remove the soluble one in the
presence of additional NaOH to hinder the hydrolyses
of NazZrOs. Next, the solution was filtrated followed
by drying at 105 °C for 20 h to obtain the dried sodium
zirconate.

2.1.2 Al-Alloy
The selected Al-alloy for the present investigation
is the commercial alloy with the chemical
composition as shown in Table 2.
Table 2. The chemical composition of Al alloy.

Element Mn Mg Fe Si Cu Al
% 051 | 413 | 024 | 0.33 | 0.12 | Bal.
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2.2 Developing of Al Alloy

To study the effect of Na,ZrOs on the development
the performance of Al alloy, Al alloy was melted
firstly in electric furnace. Secondly, heat treated
Na,ZrO3z was wrapped in Al foil and incorporating into
molten metal of Al alloy. The stirring was continued
for five minutes after the addition of the prepared
insoluble fusion product at 800 rpm speed. Finally, the
molten was poured into the permanent mold and
allowed to cold in the air.

2.3 Characterization

X-ray diffraction analysis was performed using
Philips Machine to determine the different the product
of alkali fusion of zircon. A monochromatic Cu-K
radiation with A = 0.154 nm was used. The scanning
range was 10-80 (20) with a step size of 0.01°
(26)/Sec.

Scanning electron microscope (SEM) with energy
dispersive X-ray spectroscopy was used to collect data
about the microstructure of the materials. The samples
were first ground on a series of SiC emery papers
underwater stream, followed by polishing a series of
polishing cloths with alumina suspension.

For studying, the effect of NaxZrOz on the hardness
of Al alloy, Vickers microhardness test using a load of
500 gf for seven seconds was conducted. Four spot
readings have been conducted on each sample by
Vickers microhardness machine model (LECO LM70
-USA). Also, the wear behavior of Al was evaluated
by using a pin-on-disc wear apparatus at room
temperature according to ASTMG99-04 standard. The
polished surface of the samples was held against a
rotating disc made of hardened chromium steel. The
test was conducted for 40 min at a sliding speed of 0.6
m/sec and normal load of 5 kg. The specimens after
each test were dried, cleaned with a soft brush and
weighed with a micro-balance. The mass loss value of
the samples was determined using an electronic
balance of 0.001 mg.

3. Results and Discussion
3.1 Opening of Zircon.
The main reactions that take place between ZrSiO4
and NaOH during alkali fusion are as follows [1, 15,
20]:

ZrSiO4+2NaOH — Na2ZrSiOs + H20 1)

ZrSiOs + 4NaOH — Na2ZrOs + NasSiOs + 2H:0  (2)
ZrSiOs+6NaOH — Na2ZrO3z + NasSiOs +3 H20  (3)
The product of fusion is named frit which,
according to the equations 1:3 consisting of Na,ZrOs,
sodium zirconium silicate (Na,ZrSiOs) and Na,SiOs,
NasSiO. beside water vapor and unreacted zircon. The
decomposition recovery refers to the decomposition
ratio of fused zircon to unreacted. The frit is friable
and caustic powder consist of NaxZrOsz, Na;SiOs,
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NasSiO4, Na2ZrSiOs, and unreacted zircon as obtained
by XRD pattern shown in Figure 1. It can be indicated
that Na»ZrOs is the major phase with a small fraction
of Na,ZrSiOs. Also, EDX analysis confirmed that the
major compound elements are Na and Zr as presented
in Figure 2.

After washing the frit with cold water for three
times to remove both soluble silicates and excess
caustic. Most of the water soluble Na,SiOs, NasSiOs,
and unreacted NaOH dissolve in water. By filtration,
the filtrate consists of the soluble substances while the
residue represents Na.ZrSiOs which are dried.
Figure 3 shows XRD pattern of prepared Na,ZrOs;
powder which its peaks clearly appeared with a little
peak refers to of the presence of ZrO, (red cycle in
graph). Also, EDX analysis shows the presence of Zr
as major contents as shown in Figure 4. On the other
hand, the presence of Si means that sodium silicate is
still presence in the final product with small content.
This behaviour may be attributed to the added NaOH
during water leaching.

« Na,2Zr0,
3000 . + Na,Si0,
0 ZSi0,

A NaZrSiO,
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Fig.1 XRD pattern of fusion product.
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Fig. 2 EDX analysis of alkali fusion product.
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Fig. 3 XRD pattern of prepared sodium
zirconate.
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Fig. 4 EDX analysis of sodium zirconate.

3.1.1 Effect of Fusion Temperature

To study the relationship between fusion
temperature and zircon decomposition, the following
conditions; 1.5 NaOH/ZrSiO4 ratio and 2 h fusion time
were applied. The fusion temperatures were in the
range of 450 to 750 °C in 100 °C step. Figure 5 shows
the influence of fusion temperature on the
decomposition efficiency. It is clearly noted that,
decomposition of zircon increases with growing
fusion temperature. However, the increasing of the
degree of decomposition is sharply increased by
increasing temperature from 450°C to 650°C and
slightly increased at 650°C. Also, high temperature
leads to the reaction of liquids with the body of the
crucible as indicated by the greenish colour. Thus, the
fusion temperature of 650°C will drive to select as the
optimum temperature.
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Fig. 5 Decomposition efficiency versus alkali fusion
temperature.

3.1.2 Effect of Zircon to Alkali Ratio

Figure shows the relation between ZrSiOs/NaOH
ratio and decomposition efficiency. It is clear that,
soda ratio and the decomposition degree of zircon is
directly corelated. This relation seems to be linear in
the range of 1 to 1.7, where the slope of decomposition
line was highly for the ratio of 1 up to 1.3 which means
the great effect of increasing NaOH. Beyond 1:1.3 the
decomposition degree was less effect by increasing
NaOH ratio as indicated by less line slope. On the
other hand, at lower ratios the amount of NaOH is not
enough to react with all ZrSiOs. As a result,
decomposition efficiency was low about 85%. When
the ratio increased, the decomposition efficiency also
increased up to 1.7 ratio up to 93.5%. However, at 1.5
and 1.7 ratios more decomposition was achieved while
the removal of the product from the crucible will be
very difficult which requires further milling. Thus, 1.3
NaOH/ZrSiO4 was selected as the most suitable ratio
for the breakdown in this study.
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Fig. 6  Decomposition efficiency  versus
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3.1.3 Effect of Fusion Time

The results of investigated fusion time on the
breakdown of zircon with NaOH from 1 to 3 h were
presented in step of 0.5 h as shown in figure 7. The
reaction temperature applied during this test was
650°C while the reaction mixture kept as 1:1.4
NaOH/ZrSiO, ratio. This figure demonstrates the
increasing of zircon decomposition as fusion time
rose.

At 0.5 h decomposition efficiency was low (87%),
while at 2 h the efficiency significantly increased to
93%. Beyond 2 h, the increased of decomposition of
zircon was augmented up to 95% at about 2.5 h of
fusion time. Further increase in time to 3 h, a slight
increase to about 96% was reached. Consequently, and
from an economic considerations 2.5 h fusion time is

considered as the optimum time in this study.
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Fig. 7 Decomposition of zircon versus fusion time

3.2 Hardness and Wear Behavior

The average hardness value of bare alloy and alloy
incorporated with 5% Na,ZrOz; was 62 and 73 HV
respectively as shown in Table 3. The Hardness value
for the alloy incorporated with Na,ZrQOs is 18 % higher
than that of the bare alloy. The increase of hardness
can be attributed to the presence of the hard ceramic
NapZrO; particles. Therefore, the strong and rigid
NaxZrOs particles severely restrict deformation of the
softer Al matrix. Also, the wear resistance increased
by adding 5% Na»ZrO; to Al alloy as compared with
the bare alloy as showing in Table 3. This action can
be due to decreasing the contact surface area of alloy
where the added particles act as a load carrier and
protect the surface from frictional forces. Also, the
weight loss decreases due to the lubricating behavior
of the emerging oxide layer [21].

Table 3. The hardness and wear resistance value

sample Hardness Weight loss
(HV) (mg)
Al alloy 62 63
Al+5%Na,ZrOs 74 38
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4. Conclusion

1- Alkali fusion was usefully technique to prepare
sodium zirconate.

2- High recovery of sodium zirconate was
successfully obtained at the following conditions;
1.5:1 as NaOH/ZrSiO, ratio, fusion temperature
(650 ~C), and fusion time (3 hr).

3- The addition of sodium zirconate to Al alloy leads
to increasing in the hardness value by 18% over
than value of Al alloy.

4-  The wear resistance of Al alloy was increased by
addition of sodium zirconate.

Conflicts of interest: There are no conflicts to
declare.
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