
Introduction 

South Africa is one of the world’s largest
suppliers of zircon sand, producing 30 %
compared to Australian production of 36 % of
the global demand of about 1 200 000 t in
20061. Zircon is used mainly as an opacifier in
the ceramics industry, pigments, and also in
the manufacture of various zirconium
chemicals, stabilized zirconia ceramics, and
zirconium metal1,2.

Zirconium finds wide application as fuel
cladding material in nuclear power plants. In
2009 the demand for nuclear-grade zirconium
metal was between 5 000 and 10 000 t.
Production is closely related to nuclear energy
demand3. Due to the close similarity of their
chemical properties, zirconium and hafnium
invariably occur together in nature.
Commercial-grade zirconium metal contains up
to 2 % hafnium However, hafnium has a
thermal neutron absorption cross-section of
102 barns for 2 200 m.s-1 neutrons, while that
of zirconium is 0.185 barns. Therefore
nuclear-grade zirconium must be ‘hafnium
free’ (< 100 ppm Hf)4. Zirconium is highly
resistant to aqueous corrosion and radiation
damage and has good mechanical properties
even under intense radiation conditions4,5.

Therefore it is a good choice for use in fuel-
cladding material, e.g. in nuclear power
reactors like pressurized water reactors
(PWR’s) and boiling water reactors (BWR’s)6.

There are several methods available for the
manufacture of zirconium metal, of which the
Kroll process4,5,7–10 is the most widely used
commercially. Zircon is generally used as
precursor for the manufacture of zirconium
tetrachloride feedstock for the Kroll process.
The zircon (ZrSiO4) is carbochlorinated to
produce zirconium tetrachloride (ZrCl4), silicon
tetrachloride (SiCl4), and carbon monoxide
(CO) according to Equation [1]:

ZrSiO4 + 4C + 4Cl2→ ZrCl4 + 
SiCl4 + 4CO [1]

The relatively impure ZrCl4 separated from
the SiCl4 during the carbochlorination process,
still contains hafnium. In one of several
methods to separate Hf and Zr4,5,11, hydrolysis
of ZrCl4 is followed by liquid-liquid extraction
as the oxychloride (ZrOCl2), followed by
precipitation as Zr(OH)4 and thermal
decomposition to ZrO2. The ZrO2 is then again
carbochlorinated and the resulting ZrCl4 used
as a feedstock in the Kroll process. In this
process the ZrCl4 is reduced with magnesium
metal in a sealed batch reactor at about 850°C.
Zirconium metal and magnesium chloride are
formed in an exothermic reaction (Equation
[2]).

ZrCl4 + 2Mg → Zr + 2MgCl2 [2]

The magnesium chloride and any excess
magnesium used in the reaction are removed
from the reaction mixture by high-temperature
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vacuum distillation. The pyrophoric zirconium sponge so
obtained is crushed, sorted, and purified by vacuum arc re-
melting to yield the metal as ingots. The metal can also be
purified by the Van Arkel-De Boer process4,5,9,12–14, where it
is allowed to react with a halogen (e.g. iodine) and the metal
halide vapour is then decomposed on a white-hot (1 400°C)
tungsten wire to yield so-called crystal bar (Equations [3]
and [4]):

Zr + 2I2→ ZrI4 [3]

ZrI4→ Zr + 2I2 [4]

This paper describes a continuous process in which ZrCl4
is reduced with magnesium in a plasma reactor to produce
finely divided zirconium metal powder.

Equipment and process description 

Equipment

The plasma system used for this work is schematically
presented in Figure 1. A 30 kW direct current power supply
provides power to a water-cooled non-transferred arc plasma
torch. The plasma is started with argon and then switched
over to run on nitrogen. Both the argon and nitrogen are
>99.99 % pure. 

The reactor consists of a high-temperature reaction zone
and a separation zone fitted with a ceramic filter (Figure 2).
The reaction zone is 300 mm long and has an inside diameter
of 40 mm. Both sections of the reactor are water-cooled.
Gases and particulates passing through the ceramic filter then
pass through a water-cooled elbow to a tube and shell heat
exchanger, where they are finally cooled to near room
temperature. The particles are removed from the off-gas
stream by a cyclone and bag filter. The off-gas is scrubbed by
20 % (m/v) KOH solution before being released to the
atmosphere.

Process description

An anhydrous mixture of ZrCl4 and a two times stoichio-
metric excess of Mg powder is entrained by a stream of dry
nitrogen from a feeder mechanism and injected into the
plasma tail flame. Both the ZrCl4 and Mg are vaporized by the
plasma, which also provides the activation energy for the
exothermic in-flight reduction reaction (ΔH = -854 kJ.kg-1 at
1 673 K (calculated by Terra™ software)). Physical and
thermal properties of the reactants and products are
presented in Table I. 
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Figure 2—Schematic diagram of the plasma reactor

Table I

Physical and thermal properties of reagents and products

ZrCl4 Zr Mg MgCl2

MP (°C) 331* 1852 648.8 714
BP (°C) 437** 4377 1107 1412
ΔHmelt (kJ.kg-1) 154.5 363.4 460
ΔHsubl (kJ.kg-1) 450 - - -
ΔHvap (kJ.kg-1) - - 5353 1780

*Sublimation
** BP at triple point (25 atm.)

Phase change enthalpies obtained from TerraTM software calculations. Other data from CRC15

Figure 1—Schematic diagram of the plasma process pilot plant
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The temperature measured in the separation zone of the
reactor was about 1 400°C (R-type thermocouple). At this
temperature Zr is a solid, MgCl2 is close to its boiling point,
and both Mg and ZrCl4 are in the vapour phase. Under these
conditions one would expect to find only Zr and some MgCl2
on the filter. However, a mixture of Zr, MgCl2, Mg, and ZrCl4
was recovered from the ceramic filter and from the water-
cooled reactor walls. After the completion of a run, the
system is cooled down to room temperature (about 10
minutes) and the deposits collected and stored under a dry
nitrogen atmosphere. 

Processing conditions

Cooling water flow rates and temperature differences are
measured with calibrated instruments. Pressures reported
here are gauge pressure (kPa(g))

The energy balance and processing conditions are
summarized in Table II. The heat balance was accurate to
within 3.18 %. Enthalpy values for the plasma and reactor
gas flow were calculated from the energy content and mass
flow rates. The associated average temperature, viscosity,
and density data were obtained from the standard work by
Boulos, Fauchais and Pfender16. The average gas Reynolds
number (NRe) in the reaction zone was well within the
laminar flow regime.

Experimental procedure

Anhydrous ZrCl4 (purity >99.5 %; Hf < 50 mg.kg-1) was
supplied by Sigma-Aldrich. Mg metal powder (>99 %) was
supplied by Riedel-de-Haën. Since ZrCl4 is very hygroscopic
it was stored under dry nitrogen. In this work a two times
stoichiometric excess of Mg was used to ensure that adequate
reductant was present in spite of possible incomplete mixing
in the reaction zone. Stoichiometry and residence time were
not optimized.

After starting up the plasma the reactor was allowed to
warm up for 20 minutes at full power. The feeder, containing
a pre-mixed anhydrous sample (59.47 g) of ZrCl4 and Mg,
was suspended from a load cell so that the feed rate could be
recorded. The feed system was started after warm-up of the
reactor, the reagents entrained in dry nitrogen and injected
into the plasma tail flame. A total of 51.6 g of the reagent
mixture was consumed at a rate of 0.086 g.s-1 during a run
lasting 11.5 minutes. A total of 40.0 g of crude product 
(77.5 % of the feed) could be recovered from the ceramic
filter and the reactor wall. The 11.6 g of material
unaccounted for is ascribed to inefficient recovery from the
reactor walls and losses of vapour and finely-dispersed solids
through the ceramic filter. 

An aliquot of 30 g of crude product was purified by
leaching with 65 % nitric acid at room temperature and the
powdery residue washed with demineralized water for 10
minutes. The remaining solids were washed with ethanol,
placed in a dessicator under a nitrogen atmosphere, and dried
for 24 hours at 95°C. The dried residue had a mass of 7.87 g.
XRF analysis showed that the sample contained >98 % Zr. 

It must be emphasised at this stage that this leaching
procedure is not suitable for preparing nuclear-grade
zirconium due to the risk of oxidation and the oxygen
content of the metal being outside specification. However, for
the purpose of this work, the wet leaching procedure is
considered sufficient to illustrate that zirconium metal can be
produced with reasonable purity in a plasma process.

Results 

A photograph of the crude product is shown in Figure 3.
The product was analysed by scanning electron

micropulse using energy-dispersive spectrometry (SEM-EPS),
X-ray diffraction (XRD), and X-ray fluorescence (XRF), and
combustion techniques.

Table II

Summary of operating conditions

Plasma torch

DC input current 150 A
DC supply voltage 193 V
DC input power 28.95 kW
Cathode cooling heat loss 0.95 kW
Anode cooling heat loss 10.15 kW
Torch efficiency 68.33 %
Net plasma power 17.84 kW
N2 plasma gas feed rate 1.40 x 10-3 kg.s-1

Plasma enthalpy 1.27 x 107 J.kg-1

Approximate plasma bulk temperature 6100 K
Plasma gas density 4.92 x 10-2 kg.m-3

Reaction zone

N2 carrier gas feed rate 4.00 x 10-4 kg.s-1

Reaction zone cooling losses 13.23 kW
Net heat in gas stream 4.61 kW
Total gas flow (plasma + carrier) 1.80 x 10-3 kg.s-1

Average gas enthalpy 2.56 x 106 J.kg-1

Average temperature 2400 K
Average gas density (ρ) 1.42 x 10-1 kg.m-3

Reactor diameter 4.00 x 10-2 m
Reaction zone length 3.00 x 10-1 m
Reaction zone area 1.26 x 10-3 m2

Reaction zone volume 3.77 x 10-4 m3

Gas velocity (v) 10.07 m.s-1

Residence time 2.98 x 10-2 s
Gas viscosity (μ) (2400 K) 7.79 x 10-5 kg.m-1.s-1

Gas Reynolds number (NRe = ρvd/μ) 735.71
Reaction zone N2 heat 4.61 kJ.s-1

ZrCl4 feed rate 6.07 x 10-5 kg.s-1

Heat required for ZrCl4 sublimation 2.73 x 10-2 kJ.s-1

Mg feed rate 2.53 x 10-5 kg.s-1

Heat required for Mg evaporation 1.45 10-1 kJ.s-1

Heat of reaction -5.18 x 10-2 kJ.s-1

Heat balance 4.49 kJ.s-1 Figure 3—Crude plasma product
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The chemical analysis of the Zr metal was conducted with
XRF while a standard combustion technique was used to
determine the oxygen (O) and nitrogen (N) contents. The
results are presented in Table III. The presence of O in the
samples can be attributed to an oxide layer formed on the
metal during the leaching process and/or exposure to air. It
might be possible to purify this product according to known
methods like vacuum-arc melting. No hafnium was detected,
since ‘hafnium free’ ZrCl4 was used as feed material. Figure 4
shows the scanning electron micrograph of the Zr powder at a
magnification of about 1 500. 

The SEM-EDS analysis of the crude sample (Figure 5)
shows that the sample contained significant amounts of Mg
and Cl as expected, which can be attributed to incomplete
reaction. The SEM-EDS analysis of the leached sample
(Figure 6) shows only Zr and traces of oxygen, confirming
the effectiveness of the leaching procedure. This is in
excellent agreement with the EDS spectrum obtained from a
commercial sample of Zr metal obtained from Sigma-Aldrich

(Figure 7). The XRD spectrum of the leached product 
(Figure 8) matches the Zr-metal spectrum of the 2007 PDF-2
database perfectly.

Discussion

A mass balance for the process is presented in Table IV. The
product yield (Equation [5]) depends on conversion efficiency,
reactant concentration in the gas phase, the time available for
particle growth, filter efficiency, deposition onto cold surfaces,
possible precipitation in the ceramic filter matrix, and nano-
sized particulates passing through the filter.

The conversion efficiency of the reduction process is
influenced by factors such as particle loading, flow dynamics,
uniformity of mixing and heating, possible stagnation zones,
and residence time in the reaction zone. The calculated
average gas enthalpy in the reaction zone corresponded to a
temperature of 2 400 K for nitrogen obtained from standard
reference tables16.

�
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Figure 4—Scanning electron micrograph of the plasma-produced Zr
metal powder

Table III

Chemical analysis of the Zr metal powder after 
leaching

Element Analytical Contents Nuclear grade 
method (% m/m) specification17

Zr XRF 98.022
Hf XRF <0.001 0.010
Na XRF 0.096 -
Mg XRF 0.742 0.0020
Al XRF 0.037 0.0075
Si XRF 0.072 0.0120
S XRF 0.281 -
Cl XRF 0.330 0.1300
Ca XRF 0.371 -
Fe XRF 0.049 0.1500
N Combustion 0.361 0.0050
O Combustion 1.337 0.1400

Figure 5—EDS spectrum of crude plasma product

Figure 6—EDS spectrum of leached product



According to ideal stoichiometry (Equation [2]) the
product mixture should contain Zr metal and MgCl2 although
in practice the presence of excess Mg and some un-reacted
ZrCl4 could be expected due to inefficient conversion. 

The overall recovery (yield) of Zr metal was calculated as
follows:

[5]

where MZr is the mass of Zr recovered after leaching, MZrCl4
is the mass of ZrCl4 fed to the process, MMZr and MMZrCl4 are
the molecular masses of Zr and ZrCl4 respectively, Ms is the
mass of sample subjected to leaching, and Mc is the mass of
crude product recovered from the reactor.

The conversion efficiency, η, calculated according to
Equation [6], was found to be 0.95.

[6]

where Mf denotes the total mass of material fed to the reactor
and the other symbols have the same meanings as before.

Vaporization of the solids in the plasma tail flame will
depend on particle size and the heat and mass transfer rates,
and is expected to be the overall rate-determining step. The
heat and mass transfer rates for the reagents will be governed
by the particle Reynolds numbers. According to Boulos,
Pfender and Fauchais18 the particle Reynolds numbers under
normal plasma conditions are < 100 and at these values
increase linearly with particle diameter for spherical particles.
Due to the complexities associated with modelling of such
systems, and particularly, as in this case, for non-spherical
particles, no attempt was made to estimate the particle
residence time in the reaction zone. The gas residence time
was calculated to be 29 ms. Owing to drag effects the average
particle residence time is expected to be longer than this.
Bourdin, Fauchais and Boulos19 calculated that it would take a
100 μm alumina particle between 10-3 and 10-2 seconds to
reach melting point (2 326 K) in a 6 000 K nitrogen plasma.
Metal particles, with their substantially higher thermal conduc-
tivity, took up to an order of magnitude less time to melt, so
that one can expect that enough time was available for the Mg
particles to melt, and by inference, for the ZrCl4 particles to
sublime. However the molten Mg may not have vaporized
completely in the time available and it is possible that the
reaction could have been carried to completion on the filter
surface. This would also explain the presence of both product
and reactants in the crude product recovered from the filter.

Conclusions 

Zirconium tetrachloride can be reduced by magnesium in an
in-flight plasma process to produce zirconium powder of
about 98 % purity after leaching of the crude product. The
conversion efficiency of the process was 95 %. The overall Zr
yield of about 74 % is attributable to incomplete conversion
and losses of crude product during the high-temperature
filtration and the subsequent product recovery process.
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Figure 7—EDS spectrum of commercial Zr metal (Sigma-Aldrich)

Figure 8—XRD spectrum of Zr metal powder after leaching

Table I

Mass balance

ZrCl4 41.96 g

Mg  17.51 g

Combined feed sample 59.47 g

Total feed to process 51.6 g

Feed rate 0.086 g.s-1

Product recovered 40.00 g

Mass balance -16.1 g

Crude product yield 77.5 %

Leaching sample 30.00 g

Purified product 7.87 g

Overall Zr yield 73.6 %
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Zimele, Anglo American’s enterprise development arm,
today launches its fifth fund, known as the Green Fund, to
help create a real difference to South Africa’s environmental
sustainability and green economic growth. Anglo American
has committed an investment amount of R100 million to the
Green Fund, which aims to empower and encourage
entrepreneurs to operate in the green economy. The Fund
will target investment opportunities that mitigate carbon
emissions, reduce energy and water consumption, and
improve waste and emissions management.

The Fund will focus on developing and funding small
and medium enterprises (SMEs) that promote and develop
environmentally sustainable projects. Subsequently, this
will enable communities to both respond to key environ-
mental challenges, such as climate change and water
security, and take advantage of opportunities in the green
economy. It will also create another platform for talented
entrepreneurs and SMEs. 

Zimele has already realized considerable success
through its four established Funds, namely, the Supply
Chain Fund, the Anglo American Khula Mining Fund, the
Communities Fund, and the Olwazini Fund. 

Through these four funds, since 2008, Zimele has
provided R530 million in funding, supported 1 001
companies, completed 1 355 transactions, and its
underlying investments employ 18 783 people, and these
businesses achieved a collective annual turnover of 
R1 9 billion.

Managing Director of Zimele, Nick van Rensburg, says
that the Green Fund demonstrates Anglo American’s
commitment to the environment. ‘Our aim is to operate in a
safe, responsible, and sustainable way by minimizing our
environmental impact and taking advantage of opportunities
that deliver long-term benefits to our stakeholders.’  

‘The Green Fund is an essential part of this strategy, as
it will facilitate new investments in projects which yield both
environmental and economic benefits, and encourage a
greener way of thinking among the South African public.’ �

* Contact: Media South Africa, Hulisani Rasivhaga, 
Tel: +27 (0)11 638-4401

Zimele goes green*




