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Abstract.

A novel and accurate method of chemical analysis was developed to identify and assay
the products of the hydrolysis that occurred when magnesium chloride hexahydrate was
heated and held at temperature and reacted with its own liberated waters of hydration.
The novel method took advantage of the solubility of magnesium chloride and
magnesium chloride hydrates in methanol and the concomitant insolubility of magnesium
oxide and magnesium hydroxychlorides in methanol. The method was found to have a
precision of 5-7 % and represents a substantial improvement over previous analytical
methods. The method is also readily applied to any methanol soluble salt containing
insoluble impurities, meaning that it can also be used for the monitoring of the fused salt

electrolyte present the magnesium electrolysis cells.

Experiments were performed to study the composition and the extent of formation and
transformation of the non-equilibrium products of dehydration and hydrolysis of
MgCl,.6H,0 (bischofite). One gram bischofite samples were held at temperature for
varying times under uncontrolled atmospheres in the temperature range from 200 to 600
°C. Using the present method of analysis, the oxide that was initially formed during
dewatering and hydrolysis was found to be poorly crystalline magnesium
hydroxychloride for all dehydration temperatures other than 600 °C where it also

contained some MgO.

Upon holding at temperature, it was found that the dewatering and hydrolysis continued
to occur gradually at temperatures up to 400 °C and that the amount of the magnesium
hydroxychloride formed from the ongoing hydrolysis increased with holding time. By
contrast, the mass of magnesium hydroxychloride produced by holding at 500 and 600 °C
peaked at around 60 seconds of holding and suggested that there was an initial very rapid
‘rearrangement’ of the Mg, Cl, H and O atoms to produce the poorly crystalline
magnesium hydroxychloride phase. It is believed that this ‘primary’ hydrolysis occurs to
some extent to produce the initial, poorly crystalline magnesium hydroxychloride that

was detected at the end of the heating to any temperature.



The novel analytical method provided the abili/ty to identify, and thus prepare, various
forms of hydroxychlorides thereby facilitating the examination of the thermal
decomposition kinetics of two magnesium hydroxychlorides, namely, MgOHCI and
Mg,(OH);C1.2H,0. For the former, it was found that the decomposition of MgOHCI
commenced at 376 °C and it directly converted into MgO and HCI without undergoing
any intermediate step. For the latter, thermogravimetric Analysis (TGA) showed that the
decomposition of Mgy(OH);Cl.2H,O exhibited a single intermediate stage wherein
crystalline water was lost at roughly 108 °C. Conversion of the resulting Mg,(OH);Cl to
MgO, HCI and H,O occurred at temperatures above 398 °C.

The present research provides insight to the challenge of minimizing magnesium oxide
and magnesium hydroxychloride during the preparation of feed for the electrolytic
production of magnesium because it shows the virtually unavoidable tendency of rapid
hydrolysis to occur due to the local water vapour pressure that is created during the
tonnage processing of material. Armed with the present findings and supported by the
novel analytical technique, future researchers will be better able to undertake the task of
improving the performance of existing operations for the preparation of feed for
electrolytic magnesium production and be able to explore and develop novel, and it is
believed simpler, methods for the production of anhydrous magnesium chloride on a

commercial scale.
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Résumé

Une nouvelle méthode d’analyse chimique a été¢ développée pour identifier et tester les
produits d’hydrolyse qui se forment quand le chlorure de magnésium hexahydrate est
chauffé, maintenu a température constante et qu’il réagit avec les eaux d’hydratation qu’il
libére. La nouvelle méthode tire avantage de la solubilité du chlorure de magnésium,
hydraté ou non, et en parallele de I’insolubilité¢ de I"oxyde et des hydroxychlorures de
magnésium dans le méthanol. Il s’avere que la méthode a montré une précision de 5-7 %,
ce qui apporte une importante amélioration aux méthodes analytiques précédentes. La
méthode est aussi facilement applicable a tout sel soluble, qui contiendrait des impuretés
insolubles, dans le méthanol, ce qui signifie qu’elle peut aussi étre utilisée pour le suivi

de I’électrolyse de sel fondu présent dans les cellules d’électrolyse du magnésium.

Les expériences ont été réalisées pour étudier la composition, et le degré de formation et
de transformation, des produits non-équilibrés de déshydratation et d’hydrolyse de
MgCl-6H,O (Bischofite). Des échantillons de un gramme de Bischofite ont été maintenus
a des températures constantes, dans une gamme de températures de 200 a 600 °C,
pendant des durées variables, sous atmosphere ambiante. En utilisant cette nouvelle
méthode d’analyse, il a ét€¢ montré que le premier oxyde formé au cours de la
déshydratation et de 1’hydrolyse est un hydroxychlorure de magnésium mal cristallisé
pour toute température de déshydratation autre que 600 °C, température a laquelle du

MgO est aussi présent.

En maintenant la température constante, il a été observé que la déshydratation et
I’hydrolyse se poursuivent progressivement jusqu'a 400 °C et que la quantité
d’hydroxychlorure de magnésium formé au cours de 1’hydrolyse augmente avec le temps
de réaction. En revanche, la masse d’hydroxychlorure de magnésium produite a 500 et
600 °C atteint un maximum apres environ 60 secondes, suggérant un ‘réarrangement’
précoce tres rapide des atomes de Mg, Cl, H et O produisant ainsi la phase
d’hydroxychlorure de magnésium mal cristallisé. Cette hydrolyse ‘primaire’ semble étre
a lorigine, dans une certaine mesure, de la production précoce de 1’hydroxychlorure de

magnésium mal cristallisé qui fut détecté a la fin des tests a toutes les températures.
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La nouvelle méthode analytique a permis d’identifier, et donc de préparer, différentes
formes d’hydroxychlorures, facilitant ainsi 1’étude de la cinétique de décomposition
thermique de deux hydroxychlorures de magnésium, plus précisément MgOHCI et
Mg,(OH);C1-2H,0. Pour le premier, il a été observé que la décomposition du MgOHCI
débutait a 376 °C et que ce dernier était directement converti en MgO et HCI, sans étape
intermédiaire. Pour le second, ’analyse thermogravimétrique (ATG) a montré que la
décomposition de Mg,(OH);CI-2H,0 s’effectuait avec une étape intermédiaire au cours
de laquelle I’eau structurale du cristal est perdue a 108 °C. La conversion du Mg,(OH);Cl

en résultant s’est faite au-dessus de 398 °C et a donné du MgO, HCl et H,O.

Cette recherche apporte un apergu du défi que représente la minimisation de I’oxyde et de
I’hydroxychlorure de magnésium lors de la préparation de 1’alimentation pour la
production ¢lectrolytique du magnésium, parce qu’elle montre la tendance inévitable
d’une hydrolyse rapide due a la pression vapeur locale qui se crée pendant le procédé du
matériau a 1’échelle de la tonne. En connaissance de cause et aidé par la nouvelle
technique analytique, les chercheurs pourront a I’avenir entreprendre la tdche d’améliorer
la performance des opérations existantes pour la préparation de I’alimentation de la
production électrolytique du magnésium et pourront explorer et développer de nouvelles
méthodes, probablement plus simples, pour la production commerciale de chlorure de

magnésium anhydre.
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Nomenclature

Description

Mole fraction in FactSage™
Cross-sectional area
Activity of specie i
Concentration of specie i
Initial concentration of specie |

Electrolytic reduction potential
Standard electrolytic reduction potential
Standard half cell reduction potential
Interaction parameter
Faraday’s constant (96485 c/equiv.)

Standard free energy of formation for reaction i

Standard enthalpy of formation for reaction i

Moles of specie i
Molecular weight of specie i
Normality
Number of moles
Volumetric flowrate
Ideal gas constant
Temperature
Time
Pressure
Partial pressure of specie i

Density of specie 1

Mole fraction of specie i
Velocity

Activity coefficient of specie i
Activity coefficient of species i at infinite dilution
Radius of particle at time t

Volume of particle at time t
Number of particles
Activation energy
Reaction rate constant

Unit SI Unit

mole
m*
unit-less

ppm  mole/m’
ppm  mole/m’
\Y
A%
\Y%
unit-less

c/equivalence
J/mole

J/mole

mole
g/mole
equivalence/l
mole
m’/s
8.314 J/mol/K
°C K
minute
atm Pa
atm Pa
g/l kg/m®
mole
m/s

mole”!

mole™!

m

m3

J/mol
m/s

second
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Chapter 1: Introduction

The dehydration of magnesium chloride ‘hydrates to produce anhydrous magnesium
chloride containing a minimal amount of hydrolysis products is of great importance to
electrolytic magnesium production processes because of the highly detrimental effects of
these oxygen- and possible hydrogen-containing compounds on the performance and
productivity of the electrolysis cells. The anhydrous magnesium chloride feed used
commercially is obtained by either partial or complete dehydration of aqueous
magnesium chloride solutions. The control of oxide” formation during the inadvertent
hydrolysis that occurs during the dehydration process is a common challenge for the

magnesium production industry.

The focus of the present thesis was to study the composition and extent of formation and
transformation upon holding at temperature of the non-equilibrium products of thermal
dehydration and the inadvertent and undesired hydrolysis of MgCl,.6H,O (bischofite)
under an uncontrolled atmosphere. The aim of the experiments was to help understand
the commercial production of as oxide-free as possible, anhydrous magnesium chloride,

MgClz.

A common obstacle encountered by researchers in the study of oxide formation during
the dehydration of MgCl, hexahydrate is the lack of a reliable technique to monitor the
change of oxide content in the sample as the dehydration process proceeds. Due to this
reason, indirect methods were previously employed. In this research, a novel method was
developed to isolate the oxide species from anhydrous or hydrated magnesium chloride
and by use of this technique, useful insight was gained into the mechanism and kinetics

of oxide formation during thermal dehydration of magnesium chloride hexahydrate.

The thesis consists of twelve chapters. Some are in the style of a manuscript for

publication so inevitably some repetition with other chapters occurs.

* Throughout the thesis, the terms ‘oxide’ and ‘magnesium oxides’ are used to denote the class of
compounds comprising magnesium oxide, MgO, and all the magnesium hydroxychlorides and the
magnesium hydroxychloride hydrates. Also, due to the time over which the publications were produced,
and the evolution of language and terminology, the terms magnesium hydroxchloride and magnesium
hydroxylchloride have been used interchangeably.



The thesis begins with Chapter Two, which presents a short discussion on the magnesium
economy. This chapter entitled “The Face of Primary Magnesium Production” by S.

Kashani-Nejad and R. Harris, prepared for journal publication.

Chapter Three presents a survey of current magnesium production processes. In
particular, the production processes of hydrous and anhydrous MgCl, feed for electrolysis
cells are reviewed. This chapter consists of a manuscript entitled “Technological review
of Anhydrous Magnesium Chloride Preparation” by S. Kashani-Nejad and R. Harris,

prepared for journal publication.

Chapter Four reviews the thermal dehydration of magnesium chloride under equilibrium
conditions and through an analysis of the relevant thermochemistry suggests how to
prevent hydrolysis and make electrolysis-grade, anhydrous MgCl, under equilibrium

condition.

Chapter Five presents a novel method to determine the composition and amounts of
magnesium oxides present in dehydrated magnesium electrolysis process feed or fused
salt melts used for commercial magnesium production process electrolytes regardless of
the nature of the oxide species that are present. This chapter contains a Report of
Invention entitled “Novel Algorithm for Magnesium Oxides Speciation” by S. Kashani-
Nejad, K-W. Ng and R. Harris filed with the McGill University Office of Technology
Transfer (OTT), November 2003.

Chapter Six of the thesis describes the methodology of the experiments as well as the

experimental setup. The experimental procedure is also included.

Chapter Seven presents the experiments performed to study the composition and extent of
formation and transformation upon holding at temperature of the non-equilibrium
products of thermal dehydration and hydrolysis of MgCl,.6H,O (bischofite) under
uncontrolled atmosphere. This chapter entitled “Oxides in the Dehydration of Magnesium

Chloride Hexahydrate” by S. Kashani-Nejad, K-W. Ng and R. Harris, will be submitted

to Metallurgical Transactions B.

Chapter Eight and Nine present a method for the preparation of MgOHCI samples by
controlled dehydration of MgCl,.6H,O and report two properties of MgOHCI; namely,



the solubility of MgOHCI in methanol and the characteristic infrared spectrum absorption
peak required for development of the speciation fechnique presented in Chapter Four.
These chapters consist of two manuscripts entitled “Preparation of MgOHCI by
Controlled Dehydration of MgClL.6H,O” and “Properties of Magnesium
Hydroxychloride (MgOHCI)” by S. Kashani-Nejad, K-W. Ng and R. Harris, published in
Metallurgical Transactions B, Volume 35B(2), April 2004, 405-406 and 406-408,

respectively.

Chapters Ten and Eleven describe the thermal stability of oxide species produced during
the dehydration of MgCl,.6H,O upon holding at various temperatures. These chapters
consist of two manuscripts entitled “MgOHCI] Thermal Decomposition Kinetics” by S.
Kashani-Nejad K-W. Ng and R. Harris, Publication in the Metallurgical Transaction B,
Volume 36B(1), February 2005, 153-157 and “Mgy(OH);Cl.2H,O Thermal
Decomposition Kinetics” which was published in the Light Metals 2004 proceeding ed.
by D. Gallienne and R. Ghomashchi, Hamilton, Ontario, 431-442, August 2004.

Chapter Twelve contains the overall conclusions a statement of originality and

recommendations for future work.



Chapter 2: The Face of Primary Magnesium Production

2.1: Abstract

Indications are that global magnesium metal production has entered a new era over the
last few years; the impact of Chinese and CIS production on western markets being
enormous. Less than two decades ago China was an importer of magnesium and world
production of magnesium was about 300,000 tonnes/year. Today China is the world's
largest producer and exporter and the world production is 447,000 tonnes/year. Russia
and China now contribute to more than 60 % of the global market. Apart from the USA,
the principal remaining sources of primary metal in the West are Canada, Israel and
Brazil. The Commonwealth of Independent States (CIS) has three producers, Solikamsk
and Avisma in Russia and Ust-Kamenogorsk in Kazakhstan while the total number of
plants in China is estimated to be 150 to 200. The present circumstances cannot be seen
as stable because the world’s need of magnesium has not decreased, if anything, as
aluminum production raises so will demand for magnesium. Furthermore, the U.S. has
recently imposed 305 % anti-dumping duty on Chinese magnesium. Western magnesium
producers and business ventures plan to add new magnesium capacity by 2010 in
response to increasing magnesium demand and despite the growing share of China in the
global market. This review of the magnesium business presents a snap shot of the

primary magnesium world in the spring of 2004.

2.2: Introduction

In recent years there has been a sharp increase in the production of magnesium from
China, which almost exclusively uses the batch Pidgeon process for the production of
magnesium. The Pidgeon process is labor intensive and generates plant emissions
unacceptable for the North America and Europe'. China’s position as a significant
supplier of metal has led to the closure of a number of high-cost Western producers. The
remaining producers have sought trade protection from this wave of metal with the result

that Chinese magnesium is now subject to anti-dumping duties (305 %) in the US



market”. Europe has also imposed import duties on Chinese metal (63 %), but since the
region is no longer producing primary metal, there is a little case for enforcing those

regulations’.

However despite this tough competition, there is still much interest in the primary
production of magnesium. There are at least eight active magnesium projects in Australia
and Canada and an American producer returned to full production capacity in 2003. The
constant increase in magnesium demand from the automotive industry has encouraged
different business ventures to work toward establishing new production capacities but

these interests have faced several significant technical and financial challenges.

On the technical side, the lack of proven and accessible technologies for the production
of magnesium electrolysis feed and the different chemical and physical characteristics of
magnesium resources forces business ventures to develop their own feed production
processes. This is a complicated task without a guaranteed outcome. It is exemplified by
AMC (Australia) who negotiated a fixed price construction contract that was found
impossible to fulfill with the result that the project failed after very significant
expenditure’. There is now wide spread interest in the Russian carnallite electrolysis
process5 as a consequence of such challenges in the development of technologies to

produce anhydrous magnesium chloride.

Raising money for a new magnesium project is very difficult these days. Magnesium
production is an infant industry and this means that it is not widely understood by the
investment community. Histories of failed attempts have also made investors very
cautious and very few business ventures, even with bankable feasibility studies in hand,

are being successful in finding sufficient funds to progress their projects.

This article details the present status of primary production of magnesium in the world,
the trend of metal applications and the market. It provides an up to date analysis of the
industry. Note that all capacities are in metric tones, mt, i.e. units of 1000 kg or

tonnes/year, metric tones per annum.



2.3: China

In China, companies continue to announce planned increases in their production
capacities although some have delayed previously announced plans because of the SARS
outbreak, a sharp rise in fuel costs and raw material and freight restrictions. According to
China’s National Bureau of Statistics, China produced 336,000 tones of magnesium in
2003, a 35 % increase from 2002 production levels'. The total number of plants in China
is estimated to be between 150 to 200, although the smaller plants are often closing
because of poor market conditions®. Some of the Chinese expansion plans are described

below.

The major Chinese magnesium producer, Shanxi Jishan Huayu plans to increase its
production capacity from 20,000 tonnes/year to 40,000 tonnes/year. This increase is part
of the company’s plan to reach a capacity of 100,000 tonnes/year magnesium production
by 2005"®. Shanxi Wenxi Baiyu Magnesium Industry Co.” has recently increased its
capacity from 6,000 to 30,000 tonnes/year'°. Shanxi Wenxi Yinguang Magnesium Co.
Ltd."" plans to increase its ingot production capacity from 8,000 to 14,000 tonnes/year in
series of upgrades at its works in Yuncheng City, Shanxi Province'?. Shanxi Qizhen

13.1% recently increased its production capacity from 14,000 to 20,000

Magnesium Corp.
tonnes/year'. Ningxia Huayuan Magnesium Corp.'* has added a further 6,000 tonnes/year
smelting capacity to its plant, bringing its total smelting capacity to 14,000 tonnes/year.
Shanxi Guangling Jinghua Corp." increased its ingot production capacity from 10,000 to
20,000 tonnes/year to be followed by another increase to reach a production level of
40,000 tonnes/year by the end of 2005'. Shanxi Zhongjin Corp. plans to increase its
smelting capacity to 7,000 tonnes/year by August 2004". Ningxia Hyayuan Magnesium
Smelter has increased its production capacity from 8,000 to 14,000 mtpy'®. Shanxi
Datong Zhongjin Magnesium Industry Co. is expected to increase its ingot production to
7,000 to 8,000 tonnes/year by August 2004'. Dongfang Metallurgy Enterprise Co. Ltd.
plans to increase its production capacity form 11,000 to 30,000 tonnes/year. A new
China-Hong Kong joint-venture, Yuxing Hongfu Magnesium Co. plans the construction

of a 50,000 tonnes/year magnesium plant in Shanxi province. This plant is expected to

reach full capacity by the end of 2005'’. Shanxi Xi County Hongfu Magnesium Co. Ltd.



launched a magnesium project with the capacity of 50,000 tonnes/year in three phases.
This plant is expected to reach its design capacity by August 2004. Ningxia United
Magnesium Corporation will increase its smelting capacity to 4,000 tonnes/year in
2004'°. Shanxi Reicheng Hengfa Corp. was expected to increase its magnesium ingot
capacity from 4,000 to 12,000 tonnes/year by March 2004'°. Shanxi Chenjin’ will soon
increase its production capacity from 6,000 to 9,000 mpta. Qinghai Minhe Metals
Smelting Corporation in Qinghai Province, which has 7,000 tonnes/year ingot production
capacities, is considering expansion'’. Winca Magnesium (Hebi) Co. Ltd.'"®, which
produces 5,000 tonnes/year magnesium in its Hebi plant, plans further expansionl. Jishan
Huayu Enterprises Group plans to increase its production form 11,000 to 32,000
tonnes/year. Minhe Magnesium Science and Technology Co., which produced 3,000 to
4,000 tonnes/year in 2003, is considering future expansion'’. Shanxi Wenxi Xindi
Magnesium Co. Ltd. produced 5000 mt of magnesium and is increasing its production
output in 2004. Shanxi Tongxiang Magnesium Co. Ltd.*, with 7,200 tonnes/year ingot
production capacity and Shanxi Wenxi Hongfu Magnesium Co. Ltd.?', with 6,000
tonnes/year capacity, are both considering expansion of their production capacities in
2004'*. Jilin North Industrial Silicon Co. increased its combined alloy and ingot output to
12,000 tonnes/year in 2003, In September 2002, Ninxia Zhonging aluminum Co.

commenced operation at its 12,000 tonnes/year magnesium production plant®.

2.4: Canada

Magnesium production capacity in Canada has decreased significantly after the
Noranda’s closure of the Magnola Metallurgie Inc. plant in the Spring of 200322,
Currently, Hydro Canada Corp. and Timminco Ltd. are the only producers of primary
magnesium in Canada. Some magnesium projects are still being aciively perused by
newly established companies. Canada produced 50,000 tons of magnesium in 2003,

considerably less than its 2002 production of 80,000 tons.

2.4.1: Hydro Magnesium Corporation

The magnesium production plant of Hydro Magnesium Corp.”* in Becancour, Quebec,

produces 48,000 tonnes/year magnesium from magnesite. This plant is the only primary



magnesium production facility of the Norsk Company after the closure of its Porsgrunn
plant in Norway”® as a producer of primary metal. The Becancour plant uses Norsk’s
proprietary dehydration technology for production of granulated anhydrous magnesium

chloride?’.

2.4.2: Timminco Ltd.

Timminco®®

is producer of magnesium, calcium and strontium metals and alloys using
Pidgeon retorts. Timminco’s plant in Haley is located approximately 100 kilometers west
of Ottawa, Ontario and has a production capacity of 9,000 tonnes/year. In January 2004,
Timminco Ltd. announced that it would close its Haley magnesium plant in the second
half of 2004"* as a result of the stronger Canadian dollar and intense competition from
Chinese suppliers. However in early April, Timminco decided to delay the previously

announced closure due to an unanticipated increase in demand for its high purity

magnesium. The company stated that the closure would be deferred until further notice®”.

2.5: Future Plans (Canada)

2.5.1: Globex Mining Enterprises Inc.

Globex®' is developing its Timmins-area magnesium—talc deposit, 13 km from Timmins,
Ontario. Previous work has indicated the potential for production of both magnesium
metal and high quality talc from the deposit. Results of a preliminary study conducted by
Hatch Associates in 2001 were positive and indicated good economic returns using
available technologies. The project would include a mine-mill complex located near
Timmins, Ontario consisting of mining and feed preparation, flotation to remove by
product minerals and impurities and upgrading of talc to a salable byproduct and
calcination unit to produce MgO. The second portion of the project will be located near
Rouyn-Noranda Quebec, and will consist of a large smelter complex to produce pure

magnesium metal with capacity of 94,500 tonnes/year’>*>.



2.5.2: Gossan Resources Ltd.

3 Inwood Project is located in south-central Manitoba

The Gossan Resources
approximately 80 km north of Winnipeg. Gossan owns a dolomite deposit, which is
estimated to have about 100 million tons of high-grade dolomite with less than 0.23 wt%
impurities. In the fall of 2003, a 75 kilogram sample of dolomite was tested by Mintek
and found to be suitable for a new silicothermic process®. In March 2004, Gossan
ordered a series of feasibility studies by Hatch Associates Ltd.*®’. Currently, an initial
economic assessment utilizing Mintek of South Africa’s new atmospheric pressure

silicothermic magnesium extraction process is underway. If technically and economically

feasible, Gossan Resources intends to construct a 50,000 tonnes/year plant in Manitoba®®.

2.5.3: Leader Mining International Inc.

In May 2001, Leader Mining Inc.*” entered in to an agreement to acquire 100 %
ownership of the Cogburn Magnesium Project located approximately 100 km east of
Vancouver, British Columbia. Sampling was followed by an economic and engineering
study conducted by Hatch Associates Ltd. that confirmed economic viability for 131,000
tonnes/year magnesium productioné. Leader also signed a technology transfer agreement

with VAMUI/STI to use its carnallite electrolysis process™*’.

2.5.4: Troutline Investment Inc. (Cassiar Resources Inc.)

Troutline*' completed the disposal of its abanded mine site in northern British Colombia
containing the company’s chrysotile and magnesium resources. This property constituted
the only active business of the company. The company’s interest in a construction of
magnesium production plant based on residues of asbestos shifted to oil and gas

. 7))
investments .

2.5.5: Thetford Mines

The town of Thetford Mines, Quebec, continues work on proposal to process mining

residue from asbestos mines into magnesium metal and other products™.



2.6: Commonwealth of Independent States (CIS)

CIS’s magnesium producers use carnallite based technology developed by Russian
National Aluminum-Magnesium Institute, VAMI® and the State Titanjum Research and
Design Institute, STI*. These institutions have provided know-how and design
engineering for construction of several plants such as the Zaporozhsky Titanium-
Magnesium Plant (ZTMP) and Dneprovsky Titanium Sponge Plant. CIS production
capacities have been variable in recent years due to their aged facilities, power shortages

and financial instabilities.

2.6.1: Russia

Russia’s magnesium production is concentrated in Avisma Titanium-Magnesium Works
(Berezniki plant)*® with 20,000 tonnes/year and Solikamsk Magnesium Works*® with
24,000 tonnes/year production capacity, respectively. The country produced 45,000 tones
of magnesium in 2003, which was a decrease from the 50,000 tones production record in

20024,

2.6.2: Kazakhstan

The Ust-kamenogorsk Plant is the only producer of magnesium in Kazakhstan and has
reportedly increased its production in January-February 2004 by 15 % from 14,000
tonnes/year*. Kazakhstan produced 14,000 tons of magnesium in 2003, which was a

decrease from 18,000 tones in 2002%7.

2.6.3: Ukraine

Different ventures and financial institutions such as Magnesium Elektron Ltd. have
studied restarting of the Kalush Magnesium Plant in the Ukraine®. The plant, which once
had 17,000 tonnes/year capacity was closed in 1998 when its production capacity was
only 5,043 tonnes/year. The plant used to produce magnesium as a byproduct of

potassium fertilizer production’.
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2.7: United States of America

Since February 2003, US Magnesium LLC’' has returned to its full annual capacity of
43,000 tonnes/year after installing new technology at its production site in Rowley, Utah.
US Magnesium has consolidated its production into two buildings and as result expects to
produce the same quantity of metal with fewer electrolytic cells. The company confirmed
that its Building One was fitted with 30 new ‘M-Cells” that should yield 30,000
tonnes/yearsz’5 3. They also upgraded Building Four to produce another 13,000 tonnes/year
of magnesium. U.S magnesium also assessed the feasibility of increasing its production

to 80,000 tonnes/year by putting the new cells into other two closed buildings™*.

2.8: Israel

Dead Sea Magnesium Ltd.”> uses the most advanced technological features of the

4344 at its Sdom plant. DSM produces magnesium

Russian carnallite based technology
from the Dead Sea in conjunction with the Dead Sea Potash Works Ltd. DSM is owned
by Israel Chemical Ltd. (65 %) and Volkswagen AG (35 %). This ownership guarantees
DSM a metal market in the European community. Production capacity of the Sdom plant
is 35,000 tonnes/year. The company produced 30,000 tonnes/year of magnesium in 2003,

which was a decrease from its 2002 output of 34,000 tonnes/year*'.

2.9: Brazil

Rima Industrial S/A® is the only primary producer of magnesium in South America.
Rima owns considerable dolomite reserves, which are used as a primary raw material in
the production of magnesium and its alloys. Rima has 12000 tonnes/year production
capacity but in 2003 produced only 6000 tones of magnesium®’. In April 2003, the
Brazilian Government began an investigation into the dumping of magnesium ingot
imported from China into the Brazilian market. The government is expected to finalize its

investigations within 1 year®,
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2.10: Australia

Australia has the most ambitious plans for the production of magnesium. At least five
companies are actively pursuing magnesium projects. These companies have deeply

suffered from the failure of the AMC project but still remain hopeful.

2.10.1: Australian Magnesium Corporation Ltd.

On March 2004, the Australian Federal and Queensland State governments decided to
end their involvement with Australian Magnesium Corporation (AMC)*’ in the wake of
its failed magnesium smelter’®. As part of the agreement, AMC will reimburse A$46.4 M
to the governments, the land that would have used as a plant site, and the physical and
other assets that are not required to implement the company’s new business plan’. AMC
will continue the business of Queensland Magnesia Corp. (QMAG) magnesia and the
development of its magnesite resources, its magnesium pilot plant, its assets and the
intellectual property associated with the advanced magnesium technology. In April 2004,
an A$200 M shareholder-called action was being planned over the collapse of Australian
Magnesium Corporation’s Stanwell Light Metals Project. The project collapsed in June
2003 after AMC ran out of money and was unable to find investors to accept the
completion risk in the absence of a fixed price contract. The final cost to taxpayers of the

failed project was A$240 M™.

2.10.2: Magnesium International Ltd. (MIL)

Magnesium International Limited® (MIL), formerly Pima, is persuing the SAMAG
project in Queensland, Australia. MIL will use the modified Dow process®® for
construction of its plant that will have 41,000 tonnes/year production capacity. Within
two years, capacity will be increased to 84,000 tonnes/year. In February 2004, the
company announced that they are evaluating the site of Stanwell Industrial Park, west of
Rockhampton in central Queensland for construction of their plant. It was stated that
electricity in southern Australia costs A$0.39/MWh compared to A$0.32/MWh in
Queensland and further discounts might be obtainable since the location would be very
close to the Stanwell power plant. MIL will source its magnesite ore from the extensive

deposit around Yaamba, which is approximately 45 km north of Rockhampton®'.
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Magnesium International Ltd. also extended its contract with ThyssenKrupp

Metallurgie62 to sell its total project output®.

2.10.3: Latrobe Magnesium Ltd. (LMG)

Latrobe Magnesium Limited (formerly Rambora)®* plans to produce magnesium from fly
ash from the Hazelwood Power Plant in Victoria. Hazelwood uses brown coal and
produces fly ash that is unusually has high magnesium content. LMG is in the process of
undertaking a bankable feasibility study (BFS) in order to further progress the project and
establish its economic viability as required by the banking community. The study will
involve establishing an on-site pilot plant and securing the fly ash feed from the
Hazelwood Power Plant. LMG plans to have full production underway by late 2010 with
an estimated capital cost of A$857M. LMG originally intended to use dehydration
technology developed by ALCAN®>® However, in the current market conditions and to
avoid funding an expensive pilot plant, LMG is considering using the proven VAMI/STI
Russian technology®’. In a recent report, LMG also reported plans to build its plant at
Yallourn power station rather than at Hazelwood. The final decision will be made on the

relative costs of transporting ash to from both sites®®%’,

2.10.4: Pacific Magnesium Corporation (Golden Triangle)

Pacific Magnesium Corporation”® is persuing an electrolytic magnesium production
project with a capacity of 80,000 tonnes/year of magnesium based on the Main Creek
magnesite deposit in Tasmania and Woodsreef serpentinite tailings in New South Wales.
The company has had hydrometallurgical test work performed by Lakefield Research
Limited of Canada followed by the laboratory stage tests performed by Oretest Pty Ltd.
Engineering Company’'. The company’s previous plans to use ALCAN®**® dehydration
and electrolysis technology currently has also been shifted to the Russian VAMI/STI
technology. Golden Triangle Resources also announced the development of a new
electrolysis system, for which it has applied for a patent. The new electrolytic system,
which was developed by the Joint Israeli-Russian Laboratory for Energy Research at
Ben-Gurion University, will have the added advantage of significant energy savings for

. . 72
the magnesium production process’”.
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2.10.5: Indcor Corporation

Indcor’, formerly Crest Resources Magnesium NL, owns 100 % of Tasmania Magnesite
NL which owns 100 % of the Lyons River and Arthur River magnesite tenements in
north western Tasmania. Indcor completed extensive geological and metallurgical
evaluations of the TasMag Project from 1998 to 2001. In 2001, Indcor planned to sell
TasMag project in part or whole but since market and industry conditions were not
favorable at that time, the sale was unsuccessful. In 2003, the company continued to
review alternative process technologies to manufacture magnesium metal form

. 74
magnesite’.

2.10.6: New World Alloy Ltd.

New World Alloys Ltd.””, formerly known as the Mt. Grace Resources, incorporated in
1998 following the exploration of substantial body of magnesite ore in the Northern
Territory, Australia. New World worked with the “Heggie Group” and later with Mintek
to evaluate the possibility of magnesium production that was followed by a feasibility
study conducted on the company’s site by Bateman/Multiplex Engineers’®. The study
proposed, as an initial plan, production of 12,500 tonnes/year magnesium, which could be
scaled up in different stages to produce 50,000 tonnes/year. In the second half of 2002,
the company decided to look beyond the existing boundaries of the company’s assets and
to launch another feasibility study, based on a ‘Malaysian-model’ where a high quality

resource was known.

The Malaysian-model business plan was to purchase and relocate the 90,000 tonnes/year
decommissioned Addy Magnesium Plant owned by ALCOA” from Washington State to
Perak State, Malaysia. To this end in February 2003, a consortium of Malaysian investors
was established to partner with New World Alloy (NWA). The complex financial
arrangements that were required to fund the US$150M plant required ALCOA to extend
the sole option to purchase the plant. Since this undertaking was not forthcoming the

business plan failed to initiate’.

14



2.11: Congo Republic

2.11.1: Magnesium Alloy Corporation

Magnesium Alloy Corporation” “MagAlloy”, is developing a 60,000 mpta smelter
following the completion of a positive feasibility study performed by Salzgitter
Anlagenbau GmbH (Salzgitter) of Germany. MagAlloy’s Kouilou magnesium project is
located in Pointe-Noire, Republic of Congo (Congo-Brazzaville). The project aims to
utilize low cost hydroelectric and natural gas energy together with KBB*® solution mining
and VAMI/STI carnallite based technology®>**. The plant design engineering and
construction consortium will be led by Ferrostaal AGY. MagAlloy also has formed a
wholly owned subsidiary, MagEnergy, to construct the Inga hydroelectric plant82 and

transmission lines with cooperation of Eskom Enterprise Ltd®.

2.12: Netherlands

2.12.1: Antheus Magnesium B.V.

Antheus Magnesium B.V.34838 is in the financing stage to build a magnesium plant in
the Delfzijl Industrial Park, Netherlands to produce 50,000 tonnes/year of magnesium
from magnesium chloride. Start-up of the plant is not expected until 2006 and the

estimated capital cost of the project is US$ 25 SMP788,

2.13: Recent Developments

On February 17, 2004, U.S. Magnesium LLC filed a petition with U.S. International
Trade Commission (ITC) claiming that imports of magnesium alloy from Russia were
harming the U.S. industry. After US Trade preliminary approval to impose anti-dumping
duties on magnesium metal imported from Russia and China, the U.S. International Trade
concluded that there was a reasonable indication that lower priced imports from the two
countries were harming U.S. producers. After a hearing on March 19, 2004, the U.S.
Department of Commerce, International Trade Administration (ITA) began its

investigation into the claim. In 1995, the ITC had determined that the import of pure
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magnesium from China was injuring the U.S. magnesium industry and set a duty rate of
108.26 % ad valorem for pure magnesium, but no duty was established for alloy
magnesium. After a new investigation begun in 2000, the ITC established a duty of
305.56 % ad valorem as the China wide rate for granular magnesium, which was not
covered by the 1995 determination. In both instances, magnesium from Russia had been
investigated along with magnesium from China, but it was determined that import of
pure, alloy, and granular magnesium from Russia did not injure the U.S. industry, so no
duty rate was established. On April 12, 2004, the ITC determined that there was a
reasonable indication that U.S. industry was materially injured by imports of pure
magnesium from Russia and alloy magnesium form China and Russia that were sold at
less than their fair values. As a result of the I'TC’s affirmative determination, the ITA will
continue to conduct the anti-dumping investigation with its preliminary antidumping
determination due by August 5, 2004, In 2003, the USA imported 23,700 tones
magnesium from Canada (43 %), China (18 %), Russia (17 %) and Israel (11 %)Y,

The South African minerals-technology organization, Mintek® is developing a thermal
process with DC-arc technology to produce magnesium continuously and will seek to
commercialize it with its with its partners by the middle of 2004. The technology
involves continuous feeding of calcined dolomite and ferrosilicon into an electric furnace
to produce magnesium vapor, which enters a unit where it condenses into liquid metal
and slag, at a slag to metal ratio of six to one by mass. The silicothermic reaction is
carried out at atmospheric pressure instead of under a vacuum as in the conventional
Pidgeon process. Mintek’s process has no problem with vacuum leakage and the
consequent reoxdiation of magnesium. The company has stated that the slag could find
applications in the cement making industry. The need for hot feeding of the furnace with
calcined dolomite at temperature above 600 °C was also established. The process was
designed to minimize the labor required to produce magnesium as compared to a thermal
batch process used in China. This would allow producers in countries where labor costs

are higher than those in China to compete economically®.

The Federal Government of Australia created the Light Metals CSIRO-Flagship’®®'. This

light metals initiative aims to double the economic value of Australian light metal
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production to A$104B by 2010, cut by one third the energy needed to make light metals,
develop new technologies to create a new titanium metal industry and cut the life-cycle

environmental impact of light metal products by 50 %.

2.14: Magnesium Applications

The magnesium industry today is at a similar stage of development of applications as the
aluminum industry was in the 1960’s. Growth in demand for magnesium will increase as
the scale of magnesium metal production plants increases, thereby causing a reduction in
production costs. Figure 1 shows world magnesium consumption between 1985 and

2005. Magnesium consumption is expected to increase to over 600,000 tonnes/y by 2005.
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Figure 1: World Magnesium Consumption 1985-2005.
Currently, the average North American—produced family vehicle contains about 4.5 kg of
magnesium castings. This quantity has been increasing each year and has doubled in the

last 10 years"’.

With the number of applications being developed by automotive
manufacturers, this annual growth is expected to continue at a high rate. It has also been

predicted that the automotive use of magnesium will increase to more than 15 kg per
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vehicle by 2015*"%, If this occurs, it will result in an annual demand of 1 million tones of
primary magnesium metal per year. The growth of magnesium usage in automotive
applications will occur through an increase of the magnesium share in other materials
used in existing applications, development of new component applications, development

of new magnesium alloys and improvements in die-casting.

The motivations for automotive manufacturers to consider using magnesium to reduce
vehicle weight are to improve fuel economy, reduce pollution, improve handling and
driver feel characteristics, replace the number of multi-piece steel or aluminum
components with fewer magnesium alloy die-cast parts and a desire to avoid the use of
plastics, which are difficult to recycle. Although weight reduction is the main reason that
automakers are looking at magnesium, the high productivity of magnesium die-casting
operations and the long tool life associated with magnesium parts production also favor
the metal. If metal prices stay low and stable, magnesium might soon find itself being
used for major structural and power train components such as engine sub-frames,

cylinder blocks, intake manifolds, transmission cases and door frames.

2.15: Financial Aspects

There are strong indications that the recent slowdown in Chinese economic growth due to
power availability, shipping constraints, and raw materials prices will end soon and
Western producers will have to face a tough fight to protect their production”. It was
estimated that costs of produced magnesium from new production must be in the range of
1.326 to 1.432 US$/kg to compete with China on a cost basis. This means bringing
magnesium to market at about 2.645 to 2.865 US$/kg for the full cost of production.
Current U.S. spot magnesium prices are in arrange of 3.417 to 3.638 US$/kg™*.

2.16: Conclusions

Unlike other mature metals for which demand is determined mainly by economic
capability of important end-users, future demand for magnesium alloys will be

determined by actions taken by magnesium producers and die casters. Governments and
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the main metal producers should cooperate to develop reliable technologies capable of

handling different magnesium resources. Projects need to be based on proven

technologies, which in turn provide the possibility of fix-price construction contracts

thereby lowering the risks of investment. Die casters also should participate in R&D

activities to develop new alloys with better high temperature mechanical and physical

properties and at the same time improve their casting capabilities. New alloys and more

efficient casting techniques will result in finding new applications for magnesium alloys

and boosting magnesium position as a structural metal.
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Chapter 3: Technological Review of Anhydrous
Magnesium Chloride Preparation

3.1: Abstract

All electrolytic magnesium production processes electrolyze MgCl, in a bath of molten
salt, but the processes substantially differ from one another in their preparation of the
magnesium chloride feed for the electrolysis. The common challenge is that the
magnesium chloride loaded, fused-salt electrolyte must be virtually free of oxygen and/or
oxygen containing compounds that result from the significant difficulty in producing
anhydrous magnesium chloride due to its very hydroscopic nature. The commercial
failures of several recent electrolytic magnesium production ventures have resulted in the
environmentally less-favorable, thermal reduction route to become considered the more
reliable method for new magnesium production. The purpose of this article is to
summarize the main designs of anhydrous magnesium chloride production processes,
namely, the dehydration of magnesium chloride hydrates or double salts in a controlled
HCI-H,O atmosphere, the chlorination of magnesium oxides, the dehydration of
magnesium chloride and ammonia double salts, the application of ethylene glycol and the
application of analytical methods for production of anhydrous magnesium chloride. The
benefits of scale available from the electrolytic processes as compared to the current
thermal routes will promote on-going exploration and development of new feed
preparation process in response to the increasing demand for magnesium. It is also clear
that this field would benefit from fundamental studies and validation of some the basic

principals.

3.2: Introduction

There are two generic processes for the commercial production of magnesium. One
involves thermal reduction of magnesium oxide compounds under vacuum and the other
involves electrolytic reduction of magnesium chloride dissolved in a molten or ‘fused-

salt’. The growing application of magnesium has resulted in an increased demand for this
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metal'. Several unsuccessful attempts at developing new electrolytic magnesium
production have resulted in the environmentally less-favorable thermal reduction route
becoming considered the more reliable method for production of magnesium'. At the
present time, the thermal reduction route contributes more than 60 % of world’s
magnesium production. However the electrolytic route is more amenable to scale-up and
reduction of operating costs as well as having a less negative impact on the environment
per kilogram of produced magnesium®. As a result, the latter still needs to be considered

for new magnesium production capacity in the future.

The electrolytic route was first proposed by Bunsen in 1865 and first tried in Germany in
the late 1800’s. It was commercialized by Dow Chemical Company in the USA in 1916
and has been extensively developed since that time. Germany was also very active in the
development of the electrolyﬁc process™. A number of other ventures have also
developed commercial variations of the electrolytic route, but each commonly purifies an
aqueous solution containing magnesium chloride to produce a nominally anhydrous,

magnesium chloride feed for the electrolytic operation.

Examination of the thermodynamics of the precipitation of magnesium chloride from
aqueous solution reveals that the first solid to precipitate under uncontrolled conditions is
magnesium chloride hexahydrate (MgCl,.6H,0)°, but unless special and expensive
precautions are undertaken, the product of dehydrating MgCl,.6H,O contains significant
quantities of oxygen-containing compounds that will enter and contaminate the fused salt
electrolyte®. The early commercial response to this issue was to operate cells tolerant of
the oxide contamination but with higher costs. Later, it was considered better business to
produce and use oxide free material, which it-will be shown below must be in the form of
anhydrous magnesium chloride, as the cell feed at higher cost but which allows more
energy efficient electrolysis and the production of not only magnesium metal but also
marketable chlorine gas. There were two approaches to the problem, chemical treatment
to avoid or reverse the problems arising from hydrolysis and/or physical treatment.
Chemical treatment has been the industry’s preferred methodology, but physical
treatment has it merits due to its simplicity even if it is not practiced, and is briefly

described below.
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The density of magnesium oxide is higher than that of molten magnesium chloride and
most of the magnesium chloride bearing fused-salts. As a result, magnesium oxide
particles separate from the molten salts by forming sludge at the bottom of the melt
container. This behavior was used as means for purifying industrial electrolytes of
magnesium oxide. Such a technique requires a considerably long holding time at a
temperature well above melting point of the molten salts and results in the formation of a
solid sludge at the bottom of the settler, which grows gradually and needs to be removed

periodically.

Matthey et al.’ proposed a method in 1931 for the decanting the molten magnesium
chloride and oxides from each other after two hours of holding at 780 °C. Consolidated
Mining and Smelting Company of Canada® developed another process in 1946 for the
sedimentation refining of magnesium oxide from molten magnesium chloride by adding
cell mud. Lloyd9 from Titanium Metals Corporation of America described a process in
1969 for treating hydrated magnesium chloride comprised of drying the magnesium
chloride, melting the dried magnesium chloride to produce a mixture of a liquid and
slurry, superheating the mixture at a temperature of at least 912 °C to decompose any

magnesium hydroxychloride to MgO and decanting the liquid from the slurry.

Another physical separation technique that has been developed exploits the solubility of
magnesium chloride in low boiling point alcohols such as methanol and ethanol vs. the
insolubility of magnesium oxides. Dissolution of a mixture of magnesium chloride and
magnesium oxides in these alcohols followed by a filtration process results in the
physical separation of magnesium chloride in the form of a raffinate from the magnesium
oxide in the form of a residue. Magnesium chloride can be recovered by heating the

raffinate.

Chimiques Et Electrometallurgiques Alais'® described a process in 1925 whereby
carnallite or magnesium chloride can be separated form their impurities such as NaCl or
MgO by the means of alcohol dissolution followed by a distillation separation at 200 °C.
Levy'! developed a process in 1953 for the separation of magnesium chloride from a

solid mixture of magnesium chloride and other chlorides with the aide of acetone.
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The story of chemical treatment is far more complex. The oxygen-containing compounds
that can be found in the products of MgCl,.6H,O dehydration are either in the form of
crystalline MgO or as ‘hydroxychlorides’. The amount and composition of oxide species
formed during the dewatering of the magnesium chloride aqueous solution is believed to
be controlled by a number of parameters, such as the kinetics of dehydration and the

temperature and HCI content of the dehydration atmosphere'?.

After a brief presentation of the thermodynamics of dehydration of MgCl,, it is the
purpose of this article to review the various methods to produce anhydrous magnesium
chloride or at least a feed for the electrolysis cells free from magnesium oxide or
hydroxychloride compounds and thus to summarize the application of the various few

novel ideas in this field.

3.3: Equilibrium Dehydration of Magnesium Chloride Hydrates

The MgCl,-H,O phase diagram‘ shows that at room temperature the fully hydrated form
of magnesium chloride is the hexahydrate, MgCl,.6H,O. Upon heating, this salt
undergoes stepwise dehydration first forming magnesium chloride tetrahydrate which
further dehydrates to magnesium chloride dihydrate. The dehydration of magnesium
chloride hexahydrate to dihydrate presents no particular problem under ambient
atmosphere, but dehydration to MgCl, by heating the dihydrate requires special
precautions and without sufficient HCI partial pressure in the atmosphere leads to the

formation of MgOHCI’, Reactions 1 and 2.
MgC12.2H20(S) = MgOHCl(s) + HCl(g) + HzO(g) @))]

MgCl,.H,0 = MgOHCls) + HClyg Q)

MgOHCl(5) decomposes at 555 °C to MgO and HCI according to, Reaction 3°,

MgOHCl(S) = MgO(S) + HCl(g) 3)

Equilibrium dehydration in atmospheres containing sufficient HCly) suppresses
hydrolysis Reactions 1 and 2 and results in the formation of anhydrous magnesium

chloride according to Reactions 4 and 5.
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MgCl,.2H,0) = MgCl.H,O) +H2O (g 4)
MgCl,.H>O) = MgClys) + H2O(g ®)

This approach was used as the basis of many industrial dehydration processes but only
with limited success due to kinetics and mass transfer factors that play a role in
determining the rates and extents of dehydration in any particular operation. To this end,
Barstow'”? from DOW Chemical Company stated in 1931 that the dehydration
atmosphere couldn’t influence the formation of oxides during the dehydration of
magnesium chloride hexahydrate. The present authors have recently confirmed such
behavior™. It should also be noted that the industry has been hampered until recently by
the lack of a reliable analysis technique to identify and quantify the non-equilibrium
products with the result that process optimization was always backward looking, that is,
they had to process the feed through the electrolysis cells to determine the efficacy of

dehydration, and was thus inherently uncertain'*”.

Another aspect of the thermodynamics that has been exploited commercially is the
beneficial effect of lowering the activity of MgCl, and hence the lowering of the
tendency for its hydrolysis by either adding the magnesium chloride into a molten salt
solution that exhibits negative deviation from ideality for the magnesium chloride or by
reacting it with a compound such as potassium chloride or ammonium chloride to

stabilize it.

3.4: Hydrochlorination and Carbochlorination Processes

Hydrochlorination and carbochlorination are chemical processes that can serve two
purposes. They can involve the non-aqueous reaction of magnesium oxide or magnesium
hydroxychloride compounds with chlorine in the presence of hydrogen, carbon or carbon
containing species. The hydrogen, carbon or carbon containing species provide a stable
oxygen-containing reaction product that offsets the equilibrium in favor of the
chlorination reaction. Alternatively they involve the suppression of the hydrolysis of
magnesium chloride, i.e., the reaction of MgCl, with moisture to form MgO or
magnesium hydroxychlorides and HCI, if any depending on the form of the oxide, during

its production.
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In subsections below, the suppression of hydrolysis, the conversion of inadvertently
formed magnesium oxide and hydroxychloride, i.e., the back-chlorination of the
hydrolysis products and/or the beneficial effect of lowering the activity of MgCl, are the

focuses of the described technologies

3.4.1: Suppression of Hydrolysis Reactions

In 1919, Ashcroft’® described a process for production of discrete particles of high-
density anhydrous magnesium chloride. In his process, concentrated brine was spray
dried at 150 °C to form a partially dehydrated magnesium chloride that was followed by
final dehydration in a stream of H,O-HCI at 650 °C to produce dense magnesium chloride

particles.

Cottringer et al.'® proposed two designs for the dehydration of hydrates in shelf-type or
rotary dryers in 1923. They stated that the presence of dry hot HCI gas was necessary to
convert any hydrolysis products that possibly formed but that the use of HCI in the
primary dehydration atmosphere reduces its efficiency. Thus they intended to have a
temperature gradient in their reactors into which bischofite would be fed at the entrance

Y from

and would loose all of its water in a counter current stream of HCl. Collings et al
Dow Chemical Company described a similar process in 1924 using an externally heated
rotary dryer. However it became well known that dehydration of magnesium chloride
hexahydrate to magnesium chloride dihydrate could be done in a stream of hot air with
minimum risk of oxide formation with the result that a major development in this field
related to the adoption of a two-stage dehydration process whereby dehydrated
magnesium chloride could be produced in a simple fluidized bed or spray drier in a first

stage and final dehydration would be performed in second reactor with a high efficiency

of HCI utilization.

Dow Chemical Company in a 1926 patent'® described a process whereby magnesium
chloride hexahydrate was dried in air to produce magnesium chloride dihydrate and then
anhydrous magnesium chloride was produced in a rotating-shelf-dryer in a counter-

current stream of HCI at 500 °C.
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Griessbach et al.'” from IG Farben proposed a process in 1928 whereby the final
dehydration of a feed composed of partially dehydrated magnesium chlorides occurred at
300 °C in a stream of HCI/N; with a composition ranging from 10 to 20 wt% HCI. They
reported that the final product contained between 1.3 to 5.3 wt% oxide and 1.4 to 4.9

wt% water.

Heath”® from DOW Chemical Company proposed a process in 1933 whereby the

monohydrate was dehydrated in a hot stream of HCI to produce MgCl, in a powder form.

Lyons21 from National Lead Company developed a process in 1967 whereby magnesium
chloride brine was dehydrated to dihydrate in a spray dryer at 196 to. 274 °C. Final
dehydration was performed in a fluidized bed furnace in the presence of a stream
enriched with the HCI at 260 to 343 °C for the production of very fine magnesium

chloride powder.

Larson et al.”? from Dow Chemical Company described a process in 1970 whereby small
particles of magnesium chloride dihydrate and a mixture of air and HCl were blown in to
a Dycoor reactor at 450 °C to produce anhydrous magnesium chloride. They suggested
that the ratio of HCI/H;O in the reactor had to be at least 4/1.

Norsk Hydro patented prilling processes for the production of magnesium chloride?*?4?

in 1973 and 2001. They claimed that to prevent extensive metal loss and the materials
handling problem of fine dust, the partially dehydrated magnesium chloride feed had to
have the tetrahydrate composition. They also stated that depending on the type of
dehydration reactor to be used, for example a fluidized bed or a rotary kiln, molten
tetrahydrate would be prilled in a counter current fluidized bed dryer or a rotating disc
pelletizer, Figure 2 and Figure 3. In a second stage of dehydration, dihydrate was
produced followed by two or three stage dehydration in an HCI enriched atmosphere to
produce anhydrous magnesium chloride. These secondary dryers were in series and were
constructed one above the other; HCI gas being flowed upward through the fluidized beds
counter-currently. The temperature of the three fluidized drying beds were 330, 250 and
180 °C, respectively.
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Figure 2: Norsk Hydro Rotating Disc Prilling Process.
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Figure 3: Norsk Hydro Fluidized Bed Prilling Flow Diagram.

1: Feed tank, 2: Pump, 3: Spray nozzles, 4: Fluidized zone, 7: Centrifugal fan 11: Fluidized bed, 13:
Cyclones, 14: Wet scrubber, 16: Silo, 20: Screen

Norsk Hydro both at Pasgrunn, Norway and in Becancour, Quebec, Canada is the only
company that has practiced this technology, which dries MgCl, all the way to anhydrous
without the use of some type of chlorinator to back-react any oxide inadvertently formed.
Norsk maintains a drying atmosphere high in HCl to drive off all the water and avoid the

hydrolysis reactions. The cell feed produced by this process is a solid granular material
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that can be conveyed using conventional bulk handling methods. The systems must be
well sealed in order to avoid moisture pickup. Norsk has had to overcome significant
technical challenges, for example, large amounts of HCI containing process gas needed to
be handled and recirculated and the process has high-energy consumption. However, the
Norsk system allows for considerable automation of the subsequent cell process and for

the finer control of the cell bath chemistry.

3.4.2: Bone Dry Dehydration of Hydrates and Back Chlorination of Oxides

The production of feed by adjusting dehydration atmosphere at a commercial scale poses
significant technical difficulties. Thus complete dehydration of hydrates without
manipulating the dehydration atmosphere and then back chlorination of oxides that form
has been pursued commercially. This approach minimizes process gas handling but the
rate of back chlorination varies considerably with the composition of oxides and

chlorination conditions.

Hulin®® applied this concept in 1918 and described a process for the preparation of
anhydrous magnesium chloride in the presence of HCI gas. Barstow'? described a cyclic
process for back chlorination of MgOHCI with HCI at 280 °C to monohydrate, which

could be further dehydrated to magnesium chloride with lower oxide content.

Shell International?’*® developed a process for the dehydration of magnesium chloride
hexahydrate to magnesium chloride with less than 0.5 mole H,O per mole magnesium in
a spray drier. The dehydrated products were then pelletized and fed to a shelf-type reactor
in the presence of the HCI gas at 450 °C to produce anhydrous magnesium chloride.

Erneta”>%*'"? from NL Industry described a process whereby hydrous magnesium
chloride was spray dried at elevated temperature for a period of time sufficient to
partially hydrolyze the magnesium chloride and reduce the chemically bonded water to 3
wt%, then followed by chlorination with HCI at 260 to 427 °C to reduce the feed oxide
content to 0.6 wt% MgO.
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3.4.3: Hydrochlorination of Magnesium Oxides

Another approach to the production of magnesium chloride is the chlorination of natural
sources of magnesium oxide with HCI. Barstow®>** from Dow Chemical Company found
that a mixture of magnesium chloride and MgO that can be represented as
3Mg0.MgCl,.10H,0 can be prepared by mixing magnesium chloride brine and
magnesium oxide. The cement that was produced, thought to be magnesium chloride
hydroxychloride, was crushed, dehydrated and back chlorinated to MgCl, at about 300

°C, Reaction 6.

MgOHCls) + HClg) = MgClye) + HyO (6)

Fukuzawa et al.®> developed a process in the 1970°s for the production of anhydrous
magnesium chloride consisting of the precipitation of magnesium carbonate with 3
molecules of the water that was dehydrated in a rotary dryer to anhydrous magnesium
carbonate that was subsequently chlorinated at a high rate at 350 to 550 °C according to

Reactions 7 and 8.

MgCOs) + HCl(g) > MgOHCl(S) + COz(g) @)
MgOHCl(S) + HCl(g) > MgClz(s) + HzO(g) (8)
3.4.4: Dehydration of Hydrates in the Presence of Fused-Salts

The activity of magnesium chloride exhibits considerable negative deviation from
ideality in some fused-salt mixtures. As a result, the feeding of magnesium chloride
hydrates to fused-salt baths allows dehydration to be performed with lower risk of
hydrolysis. This concept was used in the development of some industrial dehydration

processes as described below.

IG Farben®® developed a process in 1929 whereby magnesium chloride dihydrate was
produced from air dehydration of magnesium chloride hexahydrate. The magnesium
chloride dihydrate was then fed into a molten salt bath consisting of MgCl,-NaCl-KCl at
700 °C. It was reported that a very small amount of the magnesium salt decomposed to

magnesium oxide. Lacell’’ suggested a process in 1931 whereby magnesium chloride
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hexahydrate was fed to a large bath of molten magnesium chloride at 500 °C. She also

reported small amount of magnesium oxide formation.

In 1934 Moschel®® described the addition of magnesium chloride dihydrate directly to the
electrolysis cells, which contained a molten electrolyte composed of KCI-NaCl-MgCl, at
700 °C. The feeding rate of magnesium chloride dihydrate was selected such that the
MgCl, content of the mixture did not exceed the proportion prevailing in natural
carnallite. Mathieson Alkali Works® also described a process in 1941 for the final
dehydration of magnesium chloride hydrates by feeding them to a molten salt mixture of

different alkali and alkaline chlorides.

Dow Chemical Company developed this technology, which allows the electrolytic cells
to be fed with partially hydrated MgC1 ,°. Such feed was a granular solid and was easily
conveyed to the electrolytic cells. The main disadvantage of this technology was that it
used the electrolytic cell to perform final drying of the feed and to some extent
chlorination of some of the oxides that inadvertently formed. The prevalence of oxides in

the cells lowered current efficiency and resulted in high electrode graphite consumption.

3.4.5: Hydrochlorination of Molten Salts

A refinement of the process above including the additional step of hydrochlorinating the
oxides that formed in the bath with HCI gas has also been used for feed production. HCI
reacts with the magnesium oxides and back-chlorinates them to magnesium chloride. The
rate of the chlorination of the oxides varies greatly with the composition of oxides and

the chlorination conditions. IG Farben*® described such a process in 1928.

Bauer et al.*! proposed a process in 1961 whereby a potash industry effluent enriched
with magnesium chloride, which had a small amount of other alkaline chlorides similar to
carnallite composition, was air dehydrated. The dehydration product was then melted in a
cyclone reactor designed to separate the magnesium chloride and a sludge that was

subsequently chlorinated to magnesium chloride.

Esoo Research and Engineering42 developed a process in 1965 whereby molten
magnesium chloride tetrahydrate was fed into a fluidized bed dryer at 326 °C with high

HCI/H,O ratio in the dehydration atmosphere. The impure magnesium chloride was fed

35



into a molten salt bath where oxides were back chlorinated by the injection of HCI at 715

°C.

Shaw® from Esoo Research and Engineering described another process in 1968 whereby
magnesium chloride hexahydrate was dehydrated in four stages resulting in the
production of magnesium chloride with 4.6 to 4.8 molecules of water at 177 to 188 °C
followed by the further dehydration in a fluidized bed dryer at 580 °C to produce
magnesium chloride dihydrate. Magnesium chloride monohydrate was then produced in a
third stage under an inert gas atmosphere and was later fed into a molten salt bath for

final chlorination of any remaining oxide or back-reacted with chlorine at 788 °C.

Wheeler* proposed a process in 1978 whereby partially dehydrated magnesium chloride
hydrate was fed into a molten salt bath at 600 to 800 °C wherein the oxides were

chlorinated by the injection chlorine gas.

Peacey et al.*’ from Noranda Inc. developed a process in 1996 for the production a
magnesium chloride containing melt or electrolyte containing less than 0.2 wt% MgO
directly from hydrated magnesium chloride feeds. The process comprised the steps of:
dehydration of concentrated magnesium chloride brine to magnesium chloride dihydrate,
feeding this into a furnace containing a melt of molten electrolyte at 550 to 650 °C,
injecting anhydrous hydrogen chloride gas into the melt in a rate above the stoichiometric
requirement of 2 moles of HCl per mole of magnesium chloride in the hydrated
magnesium chloride feed and agitating the melt to keep any magnesium oxide in
suspension in the melt. This process was used for extraction of magnesium from
serpentine ore (3Mg0.2Si0,.2H,0) and was the basis of the Magnola Metallurgie Inc.

plant in southern Quebec.

3.4.6: Carbochlorination of Magnesium Oxides

In carbochlorination processes, MgO or magnesium carbonates are reacted with carbon

and chlorine to form MgCl,. The overall process reaction is <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>