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Introduction

South Africa is, after Australia, the second
largest producer of the mineral zircon (ZrSiO4)
in the world1,2. In 2006 South Africa supplied
about 30 percent of the worlds total demand of
about 1.1 Mt per year. Zircon concentrate is a
product of the heavy minerals industry and is
magnetically separated from ilmenite (FeTiO3)
and rutile (TiO2) after beach sand dredging
operations. The main South African heavy
minerals sand industries are located on the
KwaZulu-Natal coast, mainly at Richards Bay,
and on the west coast, at Namakwa Sands. The
main application for zircon is as an opacifier in
the ceramic tile industry, and more 80 percent
of world production is used for this purpose.
Zircon is the primary starting material from
which zirconium metal is manufactured and
several processing steps are needed to produce
a metal that conforms to nuclear grade specifi-
cations for use as cladding material.

Because of the chemical inertness of zircon
sand, the South African Nuclear Energy
Corporation (Necsa) developed a DC non-
transferred plasma pilot plant to convert zircon
to plasma-dissociated zircon (ZrO2.SiO2).

Plasma-dissociated zircon (PDZ) is chemically
more reactive than zircon and can be processed
more efficiently. At temperatures above
1 700°C zircon undergoes a phase change as
indicated in Figure 13,4. When zircon sand is
passed through the high-temperature zone of a
plasma flame, the zircon dissociates into
monoclinic zirconia (ZrO2) and silica (SiO2)5,6.
Rapid quenching prevents the re-association of
the ZrO2 and SiO2 species, and monoclinic
zirconia that is embedded in an amorphous
silica matrix is formed.

The PDZ plant at Necsa

In the 1990s a plasma process was developed
by Necsa to dissociate zircon. The first
demonstration plant consisted of three 30 kW
non-transferred plasma torches configured at
120° angles and 30° from the vertical in a
reactor with a diameter of 100 mm. Most of the
experimental work to establish the parameters
for upscaling was done on this demonstration
facility. After the success obtained with this
system a pilot plant was designed and
commissioned. This plant had three 150 kW
non-transferred plasma torches and a designed
feed rate of 120 kg.h-1 of zircon sand. The
main components on the plant consisted of
three power supplies, a reactor, a heat
exchanger, cyclone, filter, and scrubber. The
utilities consisted of demineralized water,
cooling water, a cooling tower, and an
extraction fan. A schematic representation of
the plant is given in Figure 2.

Figure 3 shows the assembled reactor head
with the configuration of the three 150 kW
non-transferred arc plasma torches on top of
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the reactor. They were assembled at a 120° angle with respect
to each other and at 60° with respect to the horizontal. 

The PDZ plant consisted of three levels and the whole
assembly was approximately 8 m high. Figure 4 is a photo of
the plant, taken from the ground level. The top level housed
the zircon feeding system, and the middle level the plasma
torches and the reactor top, the control panels for the
plasmas, gas flow meters and the data capturing system. The
bottom section contained a double valve system for the
removal of the PDZ. The zircon sand, which is a free-flowing
material, was fed by means of an orifice and the feed rate
was optimized using different feeding probes. The reactor
consisted of four sections, namely the reactor head, reaction
zone, quench zone, and the double valve product outlet zone.
Two fractions of product were collected, the larger particles at
the bottom of the reactor and the smaller particles at the
cyclone after they had been transferred by the quench gas
through the heat exchanger. The off-gas passed through a
filter and scrubber to a stack, where it was diluted twenty
times before it was released to the atmosphere.

Experimental

Plasma

When converting zircon sand to PDZ, it is desirable to
achieve the highest possible conversion rates, also called the
percentage dissociation. Several parameters were
investigated. These included the particle size of the zircon
feed material, the feed rate, and different plasma gases. More
than 250 experimental runs were conducted to investigate
these conditions. Zircon ore concentrates from all the South
African deposits, as well as concentrates obtained from
Australia, were tested. Most of the experimental work was
done on zircon obtained from Namakwa Sands. The ultimate

�
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Figure 1—The phase diagram for zircon

Figure 2—Schematic representation of the PDZ plant at Necsa

Figure 3—Reactor head with three 150 kW plasma torches

Figure 4—Photo of the plasma-dissociated zircon plant from the ground
floor level



aim was to achieve the highest conversion rate possible with
the lowest energy consumption in terms of kWh.kg-1. 

The percentage dissociation was determined by a wet
chemical gravimetrical method. 

Table I shows the typical operating parameters that were
used in manufacturing PDZ in the plant. To achieve optimum
stability of the plasma burners, it was always desirable to
keep the operating parameters of all three burners exactly the
same.

Chemical composition

Table II presents the typical wet chemical analysis results for
the zircon and PDZ. As can be seen, there were no significant
difference between zircon and PDZ, indicating that no change
in the chemical composition occurred when converting zircon
to PDZ in a plasma system.

Scanning electron microscopy

The effect of changes in the chemical composition of the
zircon feed material on the PDZ product were also
investigated. Microstructure analysis was also done on the
zircon feed particles and the subsequent PDZ particles using
a scanning electron microscope (SEM). In order to obtain a
smooth surface that is required for good SEM resolution, the
particles were mounted in a resin and polished to a surface
roughness of 0.01 µm with a metallographic polisher. This
provided a good cut-through section of the particles.

Figure 5 is a SEM image of zircon particles that were
mounted and polished almost half-way through. Only a
smooth single-phase structure is observed. Figure 6 shows

the SEM image of a PDZ particle where a definite separation
of the ZrO2 and the SiO2 can be observed. Small zirconia
particles, with an average particle size of 0.2 µm, that are
imbedded in a silica matrix, can be clearly seen.

Results

Figure 7 contains the results of typical experimental runs that
were conducted at different feed rates while the power and all
other operational parameters were kept constant.

In Table III and Table IV the analysis results for chemical
composition and particle size respectively are given for
various South African and Australian zircon ore concentrates.
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Table II

The typical chemical composition of zircon and
PDZ

Compound/element Unit Zircon PDZ

ZrO2 (+HfO2) wt% 66.7 66.6
SiO2 wt% 32.6 32.7
TiO2 wt% 0.12 0.12
Fe2O3 wt% 0.06 0.06
Al2O3 wt% 0.07 0.09
MgO wt% 0.01 0.02
CaO wt% 0.05 0.04
P2O5 wt% 0.10 0.09
U + Th mg.kg-1 <500 <500

Table I

Typical operating parameters for plasma burners
at the PDZ pilot plant

Parameter Value

Current (A) 400
Voltage (V) 330
Nitrogen gas flow cathode (g.s-1) 1.5
Nitrogen gas flow anode (g.s-1) 7.5
Demineralized water cathode and diaphragm (l.min-1) 25
Demineralized water anode 1 (l.min-1) 50
Demineralized water anode 2 (l.min-1) 90
Demineralized water coil (l.min-1) 15

Figure 6—SEM image of a cross-section of a single PDZ particle 

Figure 5—SEM image of zircon particles



Conclusions

More than one ton per day of PDZ was manufactured
successfully from zircon using a non-transferred DC arc
process. The average conversion of zircon to PDZ was
between 94 percent and 96 percent and the power usage was
approximately 4 kWh.kg-1. This was achieved without any
blockages or decrease in conversion.
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Table III

Chemical composition of the different zircon products

Sample Compound/element (wt%)

ZrO2 + HfO2 SiO2 TiO2 Fe2O3 CaO Al2O3 P2O5 U + Th (mg.kg-1)

ZP1S 66.00 32.50 0.12 0.06 0.08 0.12 0.12 < 500

ZS1S 66.00 32.70 0.25 0.20 0.10 0.18 0.14 < 500 

ZF1S 65.00 32.70 0.50 0.25 0.23 0.22 0.42 < 500 

ZP2S 66.40 32.70 0.11 0.06 0.05 0.19 0.11 < 400 

ZS2S 65.20 33.50 0.55 0.13 0.10 0.27 0.17 < 450 

ZP3S 66.70 32.60 0.12 0.06 0.05 0.07 0.10 < 500 

ZP4A 66.10 32.30 0.13 0.09 - 0.44 0.10 < 450 

ZP5A 66.60 32.20 0.14 0.06 - 0.45 0.12 < 400 

ZP6A 65.80 32.50 0.12 0.06 - 0.80 0.07 < 450 

S South African zircon

A Australian zircon

Figure 7—Conversion of zircon to PDZ at 400 kW 

Table IV

Particle size measurements of the different zircon
samples

Sample Particle size: Dissociation (%)
d50 value (µm)

ZP1S 122.6 92.7

ZS1S 135.4 88.2

ZF1S 126.9 88.2

ZP2S 102.6 92.9

ZS2S 100.8 96.3

ZP3S 128.8 92.8

ZP4A 132.6 90.9

ZP5A 209.9 83.4

ZP6A 190.8 92.4

S South African zircon

A Australian zircon


