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Abstract 

Hydrochloric acid leaching of saprolite nickel ores has been proposed as an effective means of 

recovering nickel and cobalt. However, the leach produces a concentrated brine of magnesium 

chloride which must be hydrolyzed to recover the HCl lixiviant. The processing of carnallite 

similarly produces a concentrated MgCl2 brine; converting this brine into HCl and MgO provides 

an attractive way of adding value while effectively disposing of this waste product.  

Direct pyrohydrolysis of magnesium chloride brines by the reaction, 

MgCl2,a + H2Oa  MgOs + 2HClg  

is energy-intensive as large volumes of water must be evaporated. The energy cost is high, and 

the HCl stream produced is limited to approximately 20 wt% HCl. This thesis explores alternative 

methods of obtaining HCl from aqueous magnesium chloride solutions. Two methods are 

considered: the hydrolysis, under autogenous pressure, of concentrated MgCl2 molten salt 

hydrates; and the precipitation of magnesium hydroxychloride compounds such as 

2MgO·MgCl2·6H2O and 3MgO·MgCl2·11H2O, which are subsequently decomposed at high 

temperature.  

Considerable experimental difficulties were encountered in studying pressure hydrolysis of 

molten salt hydrates, despite extensive equipment modifications. Ultimately, the work moved on 

to precipitation and decomposition of hydroxychlorides. This was found to bear promise, and 

conceptual flowsheets based on these reactions are presented. A phase stability diagram giving 

the areas of predominance of the different hydroxychloride phases is presented, and fundamental 

thermochemical data are derived. The results of a kinetic study on magnesium hydroxychloride 

thermal decomposition are also presented.  
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Chapter 1 

Introduction: Motivation for HCl Generation from MgCl2 Brines 

 

This work concerns itself with finding a practicable and affordable means of producing HCl from 

magnesium chloride brines. In addition, it seeks to further the understanding of magnesium 

hydroxychlorides and the hydrolysis of magnesium chloride molten salt hydrates.  

Hydrochloric acid has been shown to be an effective lixiviant of nickel laterite ores. This leaching 

is further enhanced by the use of solutions of magnesium chloride and other hygroscopic salts
1,2

. 

However, the leach consumes hydrochloric acid, ultimately producing a barren liquor consisting 

of a concentrated MgCl2 brine. Regeneration of the hydrochloric acid from this liquor is a major 

problem. While HCl can be regenerated by pyrohydrolysis of the brine, the enthalpy demand of 

this process makes it uneconomic. This work therefore investigates alternative routes for 

producing HCl for recycle from MgCl2 brines and molten salt hydrates. Producing MgO and HCl 

as saleable products from waste MgCl2 brines generated by other sources, for example carnallite 

processing liquor, is also considered.  

In this thesis, two novel methods of HCl regeneration have been explored: hydrolysis of MgCl2 

molten salt hydrates under pressure, and precipitation and thermal decomposition of magnesium 

hydroxychlorides. Experiments in pressure hydrolysis proved to be very difficult experimentally, 

and only limited tests were possible despite numerous attempts. Magnesium hydroxychloride 

precipitation was ultimately selected as a promising hydrolysis route. In this route, rather than 

evaporating and pyrohydrolyzing a solution, the chloride units are locked up in a solid 
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hydroxychloride precipitate. This precipitate is then decomposed to yield HCl. Thermodynamic 

calculations performed in this work show that this process is capable of  producing a concentrated 

HCl gas stream with similar or lower energy input than current pyrohydrolysis routes. 

A series of experiments was conducted to determine the phase stability diagram and basic 

thermochemical data for various hydroxychloride species, and to measure the thermal 

decomposition kinetics. These data were used to prepare a conceptual flowsheet for leaching 

saprolite ore and recovering the HCl lixiviant. In addition, a flowsheet for converting waste 

magnesium chloride brines from any process, such as carnallite processing or solar salt 

production, into HCl gas and MgO was developed.   

1.1 Methods of Processing Saprolite Nickel Ore 

1.1.1 The Structure of Laterite Orebodies and Treatment Options 

Nickel ores can be divided into various classes. One class comprises sulphide ores (such as occur 

in the Sudbury nickel belt). These ores typically comprise pentlandite, (Fe, Ni)9S8, in an iron 

sulphide matrix, and can be treated by pyrometallurgical smelting. In this technique, the iron in 

the ore is selectively oxidized and brought into a silicate slag phase, while the nickel is 

concentrated in the sulphide matte phase. Historically, most nickel has been extracted from 

sulphide ores, and pyrometallurgical extraction from sulphides is technologically mature.  

As sulphide nickel ores become scarcer, however, laterite ores will increase in importance. 

Laterite ores occur where iron-magnesium silicates have been extensively weathered by rainfall 

to form layers with different mineralogies; these ores are found in places such as Western 

Australia, the Caribbean, and New Caledonia. Rainwater washing through a laterite orebody, 

along with organic acids produced by plants and fungi, partially dissolves the host rock. The more 
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readily dissolved ions, such as magnesium and silica, are preferentially mobilized, while less 

soluble ions, such as iron and aluminum, are left behind. The mobilized ions are redeposited 

further down the deposit so that layers form that are enriched in different elements, in much the 

same way as a chromatogram is formed. The result is a flat-lying surface deposit which is mined 

by open-pit methods. Typically the extensive weathering the deposit has undergone has broken up 

the rock into soil, and mining is often simply earth-moving. 

The various layers in a laterite orebody are: 

- Iron oxide cap, consisting of various hydrated iron oxides such as goethite, with a 

composition of FeOOH. 

- Limonite, i.e. hydrated iron oxide, FeOOH·nH2O, with 1-2 wt% nickel substituting for 

the iron. 

- Saprolite, consisting of hydrated magnesium-iron silicates with slightly more nickel 

substitution than the limonite. A representative formula might be (Fe, Mg)3Si2O5(OH)4, 

with nickel substituting for some of the Fe and Mg.  

- Unaltered magnesium-iron silicate host rock, (Fe, Mg)2SiO4.  

The nickel ores contained within a laterite orebody can be classed into limonite ores consisting 

mostly of hydrated iron oxide, and saprolite ores consisting of iron-magnesium silicates. A 

transition zone between the limonite and saprolite horizons also exists, where the two 

mineralogies are mixed. In addition, in some orebodies, a significant amount of nickel is 

contained in smectite, comprising various aluminosilicate clays. There are different pathways for 

processing limonite and saprolite ores.   
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1.1.2 High Pressure Acid Leach (HPAL) Process 

The limonite fraction of a laterite orebody can be treated using the HPAL (High Pressure Acid 

Leach) process
3
. In this process, the ore is milled and preheated, and then fed to a titanium-clad 

autoclave. Steam and sulphuric acid are injected, and the autoclave is maintained at a temperature 

of 250
o
-260

o
 C and approximately 50 bars of pressure. Under these conditions, the iron oxide 

content of the ore does not enter solution, instead converting to hematite, Fe2O3, as shown in 

Reaction 1-1.  

                                          2FeOOH(s)   Fe2O3(s) + H2O(aq)                                                       (1-1) 

Meanwhile, the nickel oxide content of the ore is taken into solution according to Reaction 1-2. 

                              Ni(OH)2(s) + H2SO4(aq)  NiSO4(aq) + 2H2O(aq)                                             (1-2) 

While separate reactions are written for iron oxide and nickel oxide for clarity, it is important to 

note that nickel is in fact present in the limonite in solid solution. Nevertheless only the 

dissolution of nickel, Reaction 1-2,  results in a net consumption of acid; the iron oxide merely 

converts from a hydrated to an anhydrous phase. Cobalt is also brought into solution by a reaction 

similar to Reaction 1-2.  

In the HPAL autoclave, therefore, the nickel and cobalt are brought into solution as sulphates 

while the iron only converts from a hydrated solid phase to an anhydrous one. The liquor exiting 

the autoclave, containing nickel and cobalt sulphates along with free sulphuric acid in aqueous 

solution, is partially neutralized with limestone, and the nickel and cobalt are recovered. The 

method of recovering nickel and cobalt from solution varies from plant to plant; precipitation as 

sulphides by H2S gas and solvent extraction followed by electrolysis have been employed.  



 

 

 

5 

In the ideal case in which only pure limonite is treated, HPAL is an effective method of nickel 

extraction. The iron oxide content is converted to hematite which is inert under ambient 

conditions and can safely be disposed of. In this ideal case, only as much sulphuric acid is 

consumed as there is nickel and cobalt, so that reagent costs remain acceptably low.  

In the non-ideal real-world, however, HPAL is very sensitive to soluble elements in the ore. If a 

mixture of limonite and saprolite is fed to the reactor, the saprolite undergoes dissolution as per 

Reaction 1-3: 

             Mg3Si2O5(OH)4(s) + 3H2SO4(aq)  3MgSO4(aq) + 2SiO2(s) + 5H2O(aq)                             (1-3) 

The magnesium is brought into solution, consuming acid. Under the reaction conditions, 

magnesium is not hydrolyzed or precipitated out and so the sulphuric acid is lost. This represents 

a significant (and fluctuating) reagent cost. In addition, the MgSO4 solution must be disposed of 

at the tail end of the process, creating further flowsheet complexity and cost.  

Acid consumption also increases when the ore contains aluminum (as is the case when smectites 

are treated)
3
. Aluminum is taken into solution and then reprecipitated as alunite, Na2(Al, 

Fe)3(SO4)2(OH)6. As can be seen from its formula, alunite incorporates sulphate ions into its 

structure; in this way its formation consumes sulphuric acid. Carbonates such as CaCO3 and 

MgCO3 cause further problems; not only do they consume acid to become CaSO4 or MgSO4, but 

their dissolution generates CO2 gas which evolves out of solution. The autoclave must then be 

periodically vented to remove the carbon dioxide; naturally steam and heat are also lost during 

this operation. Furthermore, the calcium in the ore is converted to a solid calcium sulphate such 

as gypsum, forming scale.  
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The HPAL process suffers from further disadvantages. The sulphuric acid environment at the 

high temperatures and pressures employed is quite corrosive, necessitating the use of titanium-

lined autoclaves and expensive protective linings on other pieces of equipment. The requirement 

for large autoclaves using expensive specialty materials ensures that HPAL can only be 

undertaken by major mining companies with the ability to underwrite the large capital cost of the 

plants. Corrosion can also significantly shorten the life of piping, valves, and other pieces of 

equipment so that expensive replacement parts must be ordered
3
.  In addition, if the ore contains 

more magnesium, calcium, or aluminum than was anticipated, acid consumption and therefore 

operating costs will increase. Indeed in recent history HPAL projects have been notable for their 

failures: in the last two decades the Bulong, Cawse, and Ravensthorpe nickel laterite projects in 

Western Australia, all employing HPAL to treat limonite ore, have been shut down. Each of these 

plants had a capital cost more than double what was originally budgeted, and operating costs 

significantly higher than anticipated. A fourth plant, Murrin Murrin, is operating at ~75% of 

nameplate capacity with a capital cost double the original budget and operating costs four times 

what was initially anticipated
4
.  

In response to the high cost and complexity of HPAL plants, a number of processes have been 

proposed using an atmospheric leach of laterites in sulphuric acid
5,6

. The atmospheric leach takes 

place in a stirred tank or as a heap leach. A heap leach at Larco, Greece, is presently under way in 

which sulphuric acid is circulated through ore heaped in a pile. Nickel and cobalt, as well as iron, 

chromium, and arsenic, enter solution. The iron, chromium and arsenic are disposed of while the 

nickel and cobalt are recovered by solvent extraction
4
. Similar heap leach projects are also being 

planned at other locations, for example in Brazil and the Philippines.  
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While atmospheric sulphuric acid leaching is a simple process with a lower capital cost than 

HPAL, it suffers from the problem that at the leach conditions employed, limonite is dissolved by 

the sulphuric acid and iron enters solution. Not only does this represent acid consumption and 

high reagent cost; the iron must also be disposed of. In the zinc industry and elsewhere where iron 

sulphate solutions are generated, iron is usually disposed of as jarosite, NaFe3(SO4)2(OH)2. This 

precipitate is quite bulky and must be protected from water; typically it is incorporated into 

cement. The solution must be neutralized to precipitate the jarosite which means that the acid 

cannot be regenerated; indeed sulphate ions are incorporated into the jarosite structure in the same 

way as in alunite. In addition to the iron dissolution problem, elements such as aluminum and 

magnesium will also consume acid, as in the HPAL process, thus further contributing to acid 

consumption. Indeed, it appears that the Larco mine represents a special case: a large portion of 

its ore is hematite, Fe2O3, which would not enter solution in an atmospheric sulphuric acid leach, 

and the nickel is largely contained in chlorite, an iron-magnesium aluminosilicate which 

presumably does dissolve in the acid. Therefore for the Larco mine the heap leach probably 

recovers an acceptable amount of nickel while only a small amount of iron enters solution.  

The discussion above related to atmospheric sulphuric acid leaching of limonite. An atmospheric 

leach of saprolite ore in 10% H2SO4 has also been attempted
6
. In one test reported, it was found 

that at 90
o
 C in a stirred reactor, 85% of the nickel contained in the saprolite was leached out in 

five minutes. However, in the same period 40% of the magnesium was also leached out. In a real-

world process this would of course represent an overly large acid consumption, and it is difficult 

to see how the nickel could be leached out while not also taking the magnesium into solution. 

Indeed it is reasonable to expect that the same conditions which promote the lixiviation of nickel 

also promote the lixiviation of magnesium and other elements: since the nickel is contained as a 
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solid solution within the silicate matrix, it can only be brought into solution if the matrix is 

opened up by the action of acid. This opening up then releases all the metal ions into solution. If 

the nickel were contained in a separate mineral phase, as is the case in sulphide metallurgy, the 

situation would be different. In this case the pentlandite nickel-bearing phase could be expected 

to have different dissolution kinetics than the pyrite or pyrrhotite surrounding it, so that leach 

conditions could be designed in which a substantial portion of the nickel is brought into solution 

and only a small part of the iron. As discussed above, one of the key ways in which laterites are 

unique is that the nickel is usually contained in solid solution within the ore matrix rather than 

being concentrated in a separate phase. Much of extractive metallurgy concerns separating one 

mineral from another (by processes such as flotation or magnetic separation) or creating 

conditions in which one mineral reacts and the other does not. With laterite ores, no mineral 

separation is possible beyond the general separation of the laterite orebody into its various layers.  

From the discussion in this section, it can be seen that saprolite ores cannot in general be treated 

by High Pressure Acid Leach; the magnesium is brought into solution by the sulphuric acid and 

reagent costs are unacceptably high. In some cases saprolite ores are blended into the limonite 

entering the HPAL plant; however this can only be done with higher-grade ore so that the extra 

reagent cost caused by saprolite dissolution is made up for by the added nickel value recovered. 

There has been significant interest in sulphuric acid atmospheric leach processes, using either 

stirred tanks or heap leaches. However, for limonite ores the atmospheric leach would bring much 

of the iron in solution, while for saprolite ores the magnesium will be dissolved along with the 

nickel; in each case reagent consumption will be large. Therefore atmospheric leaching is not 

likely to be desirable for either limonites or saprolites except for special ore mineralogies where 

dissolution of Fe and Mg can be limited.  
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A number of other processes have been developed to treat limonite and saprolite ores; these are 

described in the following sections.  

1.1.3 Caron and Other Prereduction Processes 

The Caron process is a semi-pyrometallurgical method designed to treat limonite ores. In the 

process, limonite is pre-reduced by oil or natural gas in a kiln. As nickel reduces more readily 

than iron, the nickel content of the ore is reduced to metal while most of the iron is not. It could 

be expected that at this point the metallic ferronickel phase could be recovered and sold; however 

the ferronickel is highly dispersed in tiny particles which must somehow be brought together in 

recoverable lumps. The Caron process solves this problem by submitting the prereduced calcine 

to an ammonia leach. In the leach, the ferronickel is chelated by ammonia molecules and brought 

into solution. The ammonia is afterwards boiled off and hydrogen is sparged through the solution 

to reduce the dissolved iron and nickel once more. The metallic ferronickel now precipitates out 

of solution and is recovered. As opposed to HPAL, the Caron process has the advantage of 

avoiding high pressures and corrosive reagents. However, recoveries are low: typical nickel 

recoveries are 80%, while cobalt recoveries are around 55%
3
. The Caron process is now 

considered obsolete. 

Other processes have also employed a prereduction step but have sought different means of 

recovering the reduced ferronickel. At Falcondo in the Dominican Republic, limonite ore is pre-

reduced by oil in a shaft furnace; the prereduced ore is then smelted in an electric furnace. The 

reduced iron and nickel reports to a molten ferronickel phase while the remaining oxides form a 

slag. The Falcondo operation has been reported to be sensitive to the price of oil; its flowsheet has 

not been replicated for limonite ores elsewhere.
3
 



 

 

 

10 

Another method to recover the dispersed ferronickel phase uses “luppen”. In this process, the ore 

is prereduced in a rotary kiln and then kept in the kiln at high temperature for an extended period 

of time. The ferronickel particles either begin to melt or simply sinter into each other so that 

larger lumps of ferronickel (the “luppen”) are formed. After leaving the kiln, the reduced calcine 

is milled and the luppen are separated from the rest of the ore by magnetic separation. It appears 

that this process treats saprolite ore from New Caledonia. It has also not been replicated
7
.  In a 

variation on this, currently under investigation, saprolite ore is fed to a rotary kiln with sulphur as 

well as coal. The iron and nickel react with the sulphur to form a dispersed matte phase with a 

significantly lower melting point than metallic ferronickel. This is expected to improve 

agglomeration of the nickel-bearing phase
8
.  

1.1.4 Blast Furnace Reduction 

An early method used to reduce limonite and saprolite ore was to use a blast furnace. This process 

is still used by some smaller operators. In the process, the ore is fed to a blast furnace along with 

a reductant such as coke and a fluxing agent. Operation proceeds similarly to iron blast furnaces. 

The oxides and silicates form a slag, while nickel and iron are reduced and melted to form a low-

nickel pig iron which is acceptable for certain applications not requiring a high nickel content. 

The blast furnace process is simple to operate and incurs relatively little capital cost. However, 

the blast furnace produces environmentally harmful emissions, and produces an impure 

ferronickel with a nickel content too low for many applications. Some blast furnaces are in 

operation in China and Russia, but it is expected that all blast furnaces will eventually be replaced 

by electric furnace operations
7
. 
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1.1.5 Rotary Kiln-Electric Furnace 

The method used to treat the majority of saprolite nickel ore is the Rotary Kiln-Electric Furnace 

(RKEF) process. In this process, the ore is first dried in a rotary kiln at roughly 100
o
 C to remove 

adhering water. It then passes to another rotary kiln where it is calcined at 700
o
-900

o
 C. The 

calcination kiln has a dual purpose. The bound water in the ore is removed, which opens up the 

crystal structure, activating the ore and improving subsequent reaction kinetics. In addition, 

carbonaceous material fed to the kiln along with the ore reduces the nickel and a portion of the 

iron, resulting in a dispersed ferronickel phase. The reduced calcine finally passes to an electric 

furnace where it is melted at 1600
o
 C. The nickel and reduced iron form a molten ferronickel 

phase while the silica and the remaining iron oxide form a slag phase; each phase may then be 

separately tapped off. In one operation, sulphur is added so that an iron-nickel matte forms in the 

electric furnace rather than ferronickel metal. The matte may be further treated in a conventional 

sulphide smelter operation to increase the nickel content of the final product. 

The RKEF process enjoys high nickel recoveries, above 90%. However, energy costs are high. 

The electric kiln, apart from representing a large capital cost in itself, also requires a power plant 

and the associated infrastructure to provide electricity. When the orebody is located in a remote 

location such as New Caledonia, the building and maintenance of this capital infrastructure can 

cause significant difficulties
7
. 

Data given in the Journal of Metals’ Smelter Survey
7
 was used to estimate the energy 

consumption of the RKEF process. Several different nickel operations reported fossil fuel or 

energy inputs required for drying, calcining, reduction, and electric furnace operation on a basis 

of 1 tonne dry calcine. The averages of these numbers are given in Table 1-1. 
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Table 1-1 Average primary energy use in RKEF operations 

Operation Average Primary Energy Use (MJ/t calcine) 

Drying 650 

Calcination and Reduction 4400 

Electric Furnace Smelting 1800 as electricity; 5400 primary 

   

The average amount of electric energy used was 1800 MJ per tonne calcine. It was assumed that 

this electricity was generated in a thermal power plant with approximately 33% conversion 

efficiency; this implies that the primary energy use of the electric furnace was, on average, 5400 

MJ/t calcine. The total primary energy use was then 10,400 MJ/t calcine, with 52% of the energy 

going to the electric furnace, 42% to reduction and calcination, and 6% to ore drying. Assuming 

that the calcine has the approximate composition 3MgO·2SiO2, the amount of primary energy 

used in the RKEF process is 720 kJ per mole of Mg. This figure will become important later, in 

Chapter 6, where it will be compared against the energy demand of the hydrometallurgical 

processes considered in this thesis.  

1.2 Chloride Leaching of Saprolite – Opportunities and Problems 

Chloride-based flowsheets for saprolite treatment have been explored as an alternative to the 

RKEF process. Silicate ores dissolve readily in a strong hydrochloric acid leach at approximately 

90
o 
C and atmospheric pressure. Almost all the metal ions enter into solution as chlorides while 

leaving behind the silica as a solid: 

(Mg2-x-y, Fex, Niy)SiO4(s) + 4HCl(aq) (2-x-y)MgCl2(aq) + xFeCl2(aq) + yNiCl2(aq) + 2H2O(l) + SiO2(s) 

(1-4) 

The nickel and cobalt are precipitated out as hydroxides by pH adjustment and recovered. Iron is 

precipitated as a hydroxide by further pH adjustment, or undergoes hydrolysis. Where a choice in 

hydrometallurgical systems exists, the chloride system would be preferred to the sulphate system: 
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the high solubility of almost all chlorides allows the operator to use smaller volumes of solution 

and therefore smaller pieces of equipment
9
. Furthermore, the chloride leach is more aggressive 

and brings more elements into solution
2
. With no sulphate to form calcium sulphate or alunite, 

scale formation is minimized. An HCl leach would allow the operator to avoid the use of an 

autoclave, which is required for HPAL; as a result capital costs for a chloride-based leaching 

process would be lower.  

Hydrochloric acid leaching has repeatedly been proposed for saprolite or silicate ore processing, 

with, however, no hydrochloric acid leaching circuit currently in commercial operation. Most 

recently, Anglo Base
10

 has patented a chloride leach process for saprolite ore. The Jaguar 

process
1,11

 and Intec Nickel Laterite process
2
 are somewhat older conceptual flowsheets also 

involving HCl leaching of saprolite ore. The Magnola process
12,13

 dissolved a serpentine (barren 

magnesium silicate) ore in HCl in order to obtain high-purity MgCl2 for electrolysis.   

As can be seen in Reaction 1-4, the aggressive leach brings iron and magnesium into solution as 

well as nickel. After the iron is removed by pH adjustment or hydrolysis, what is left is a barren 

solution consisting of a strong MgCl2 brine, with a concentration up to 25 wt% (if azeotropic 

hydrochloric acid is used in the leach). The leach, therefore, has consumed a large amount of 

hydrochloric acid to effect the total dissolution of all the metals in the ore, and the HCl lixiviant 

can be thought of as being locked up as MgCl2. These chloride units must be regenerated as HCl 

for the process to be economical. In general, the reaction,  

                                             MgCl2 + H2O MgO + 2HCl                                         (1-5) 

must be performed. The phases of the reagents and products in Reaction 1-5 are deliberately left 

unstated; as will be seen, in the various methods of performing this reaction, they can be solid, 
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aqueous, or gaseous. Reaction 1-5 is the necessary counterpart to Reaction 1-4; the one reaction 

generates HCl while the other consumes it. Reaction 1-4 proceeds vigorously and is exothermic; 

Reaction 1-5 is very endothermic and in many of the proposed chloride flowsheets is 

accomplished by a multistage process.  

Many different methods for HCl regeneration have been proposed. All of these proposed methods 

suffer from high energy requirements; many are also complex in operation, or produce only 

relatively dilute HCl streams which create difficulties in maintaining the water balance. These 

existing and proposed HCl regeneration methods are reviewed in this chapter; several are also 

reviewed in Chapter 6 where their energy use is also analyzed. This work attempts to find a 

novel, alternative, more energy-efficient and simpler process to regenerate HCl from MgCl2 

solutions.  

Before describing the present work in detail, however, it is necessary to review existing methods 

of HCl regeneration from chloride solutions.  

1.3 Existing or Proposed HCl Regeneration Strategies 

1.3.1 Solution Pyrohydrolysis  

Solution pyrohydrolysis appears to be the only commercial method for converting MgCl2 brines 

to magnesia and HCl. The process has undergone some fifty years of development and is a 

mature technology. In solution pyrohydrolysis, the brine is fed to either a fluidized bed or a spray 

roaster and contacted with hot combustion gases. Within a very short time, water is boiled off and 

the solution undergoes hydrolysis: 

                                  MgCl2(aq) + nH2O(aq) MgO(s) + 2HCl(g) + (n-1)H2O(g)                            (1-6) 
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Solution pyrohydrolysis was developed to treat MgCl2 brines, but has undergone extensive 

development in treating FeCl2 solutions originating from steel pickling.  

The Aman process
14,15

 was the first commercial solution pyrohydrolysis flowsheet, and was 

patented in 1958. The process is still used by Dead Sea Periclase in Israel to produce high-purity 

magnesia for specialty applications such as refractory bricks. A magnesium chloride solution is 

purified and fed to a hydrolyzer as a brine, or pre-dehydrated to the hexahydrate composition 

(~46 wt%). In the patent, the hydrolyzer is described as similar to a spray roaster and seems to be 

similar in construction to the Ruthner-Andritz spray pyrohydrolyzer described in Section 1.3.2, 

below. The hydrolysis chamber is 3 to 10 metres high, with the MgCl2 solution fed to the top and 

hot combustion gases from oil or natural gas combustion fed to the bottom. As the droplets of 

solution fall, they are converted to MgO particles 50-200 µm in diameter while producing HCl. 

The total reaction time is 5-20 seconds. The reaction temperature is 560-700
o
 C; the exhaust 

gases, containing HCl, steam, and combustion gases leave the top of the reactor at 100
o
-150

o
 C. 

The low temperature of the exhaust gases implies efficient heat transfer to the falling droplets. 

The exhaust gases pass through a scrubber in which the HCl is absorbed; the patent states that 10 

wt% hydrochloric acid is produced. Under the reaction conditions, non-magnesium salts such as 

calcium chloride are not converted to oxides and can be washed away after the reaction; as a 

result the final magnesia product has a purity over 99%. The requirement to use liquid 

hydrocarbon fuels makes solution pyrohydrolysis an expensive process, and it has not been 

successfully applied to large-scale production of “commodity” MgO.  

1.3.2 Ferrous Chloride Pyrohydrolysis 

Another metallurgical application of solution pyrohydrolysis is in ferrous chloride hydrolysis. 

This is described in some detail in a thesis by Peek
9
. The original motivation for ferrous chloride 
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hydrolysis was the recovery of hydrochloric acid from waste steel pickling liquors. Hydrochloric 

acid is used by steel plants to remove scale from fresh hot-rolled steel. The HCl removes the iron 

oxide scale from the steel surface, as per the reaction, 

                                               2HCl(aq) + FeO(s)  FeCl2(aq) + H2O(aq)                                         (1-7) 

This produces an 18-20% ferrous chloride solution, the “pickle liquor”. By feeding the pickle 

liquor to either a spray roaster or a fluidized bed, a stream of HCl gas is generated which can be 

recovered as azeotropic (20 wt%)  hydrochloric acid and re-used. Sufficient oxygen is included in 

the reaction to oxidize the ferrous iron to ferric at the same time: 

                                       FeCl2,a + ¼ O2,g + H2Oa  ½ Fe2O3,s + 2HClg                                     (1-8) 

The oxidation of ferrous to ferric iron is exothermic, and its heat of reaction supplies most of the 

enthalpy required by the endothermic hydrolysis reaction. As a result, the energy use of the 

reactor is dominated by water evaporation.  

Two different pieces of equipment are used to pyrohydrolyze ferrous chloride liquors: fluidized 

beds and spray roasters. The market for fluid bed pyrohydrolyzers is dominated by Lurgi 

(marketed by Keramchemie). In this system, the ferrous chloride liquor is poured onto a fluidized 

bed of iron oxide particles maintained at 840
o
-890

o
 C; tuyeres supply natural gas or light oil and 

air for combustion. The solution quickly evaporates and iron oxidizes and hydrolyzes to granular 

iron oxide. Overall residence time in the fluid bed is 1-8 hours. 

Spray roasters are built mostly by Ruthner-Andritz. In this system, the solution is sprayed into the 

top of the reactor through nozzles so as to form small droplets. The droplets encounter hot 

combustion gases from the combustion of natural gas or light oil near the bottom of the reactor; 

the combustion gases enter the reactor tangentially to produce good mixing. As the droplets fall 
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through the reactor they are evaporated and converted into particles of iron oxide of 100-150 µm 

diameter; these are collected at the bottom of the reactor. The reaction temperatue is 600
o
-900

o
 C 

although the gases exiting the reactor are at 350
o
-400

o
 C. The reaction time is less than 20 

seconds. As compared to the Lurgi fluidized bed, the Ruthner-Andritz spray pyrohydrolyzers 

have a much lower residence time, but also produce far more dust which makes materials 

handling difficult. In both the Lurgi and Ruthner-Andritz systems, the exhaust gases from the 

reactor, bearing HCl gas, steam, and combustion gases, contact fresh solution entering the reactor. 

This preheats and partially dehydrates the incoming solution, improving thermal efficiency. In 

addition, the solution scrubs fine dust out of the exhaust gas stream which was not caught by the 

cyclone.  

For both the fluidized bed and spray roaster systems, Peek
9
 gives an energy use in real-world 

operation of approximately 3.1 GJ per m
3
 of pickle liquor (bearing 100 g/L iron). The theoretical 

enthalpy requirement at 25
o
 C for evaporating the water and oxidizing and hydrolyzing the 

ferrous chloride contained in 1 m
3
 of pickle liquor of this composition is estimated to be 2.6 GJ. 

Therefore both ferrous chloride pyrohydrolysis systems have a thermal efficiency of 

approximately 84%.  

A number of other ferrous chloride solution pyrohydrolysis operations have been developed, 

using the basic fluid bed or spray roaster pyrohydrolyzer as a starting point. One such adaptation 

is the recycling of HCl from a chloride leach of nickeliferous pyrrhotite
16

, Fe7S8. In typical 

sulphide nickel ores, the nickel is present as the mineral pentlandite, (Fe, Ni)9S8, which can be 

recovered by physical beneficiation processes such as flotation.  In nickeliferous pyrrhotite, by 

contrast, nickel substitutes for iron in the crystal lattice, forming a solid solution. To recover the 

nickel, the entire ore must be treated. In the chloride leach process described, the pyrrotite was 
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leached with HCl, forming a ferrous chloride-nickel chloride solution. Once the nickel was 

removed from solution, a ferrous chloride solution remained. This was fed to a fluidized bed 

pyrohydrolyzer to regenerate HCl; the bed temperature was approximately 850
o
 C. The pyrrhotite 

chloride leach process is no longer in use, largely due to the energy demand of the 

pyrohydrolyzer. 

Ferrous chloride pyrohydrolysis is also used in titanium and TiO2 production. Most titanium is 

mined as ilmenite, FeTiO3; this must be converted to TiO2 for sale or conversion to titanium 

metal. To do this, the ilmenite is smelted in an electric furnace with a reducing agent to produce 

liquid iron and an impure slag phase containing TiO2, MgO, CaO, Al2O3, and other oxides. Rio 

Tinto Fer et Titane (formerly QIT) treat this by the “UGS” process (which stands for “upgraded 

slag”). In the UGS process, the impure slag is leached by HCl under pressure. This leaves a 

residue of >94% TiO2 which undergoes further processing, and a spent solution containing FeCl2 

(46 g/L), AlCl3, MgCl2 (21 g/L)¸ CaCl2 (1.5 g/L), and other chlorides
17,18

. The spent solution is 

fed to a Keramchemie fluid bed pyrohydrolyzer. The aluminum chloride converts to Al2O3 at a 

rather low temperature, approximately 300
o
 C. Interestingly, instead of forming MgO or CaO, the 

hydrolyzed magnesium and calcium chlorides combine with the iron oxide to form a spinel of the 

formula CaFe2O4 or MgFe2O4. This spinel formation means that the fluidized bed, operating at 

800
o
-900

o
 C, can produce hydrogen chloride at temperatures below that at which calcium oxide 

forms. The spinel, along with the iron oxide formed, is disposed of as an environmentally inert 

waste product. The HCl generated by the hydrolysis reactions is condensed as hydrochloric acid 

and recycled to the leach.  
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1.3.3 Jaguar Process 

An interesting implementation of solution pyrohydrolysis specifically for nickel saprolite 

treatment is found in the Jaguar conceptual process. In this process, the saprolite ore is leached by 

HCl and undergoes dissolution, with only silica, SiO2, remaining behind as a solid. After nickel, 

cobalt, and iron are removed from solution, what remains is a barren brine with roughly 25 wt% 

MgCl2. This brine is fed to either a spray or fluidized bed pyrohydrolyzer and the solution 

completely hydrolyzes to MgO and HCl. The mixture of combustion gases, HCl and steam 

exiting the pyrohydrolyzer is used to preheat and pre-dehydrate the incoming solution in 

countercurrent fashion. As written for a 25% solution, the solution inside the pyrohydrolyzer 

undergoes the reaction, 

                       MgCl2(aq) + 15.8H2O(aq)   MgO(s) + 2HCl(g) + 14.8H2O(g)                               (1-9) 

The HCl and water exiting the pyrohydrolyzer is condensed, forming azeotropic (20 wt%) HCl 

solution for recycle. As can be expected, the extensive boiling off of water represents an 

enormous heat load, on top of the high enthalpy requirement for the reaction, 

                                     MgCl2(aq) + H2O(a) MgO(s) + HCl(g)                                                   (1-10) 

1.3.4 In-Solution Hydrolysis 

In-solution hydrolysis or “hydrolytic distillation” represents a departure from spray roasters and 

fluidized beds for the conversion of ferrous chloride to hydrogen chloride. In this technique, a 

ferrous chloride solution is concentrated so that its boiling point becomes very elevated. The 

solution is heated to 175
o
 C or higher; because of the elevated boiling point, the water vapour 

pressure is still below one atmosphere at this point. At this elevated temperature, iron begins to 
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hydrolyze in the solution, producing hematite. Hydrogen chloride has low solubility in the hot, 

concentrated brine, and so it volatilizes off as a gas.  

One implementation of this process was used by PORI Inc. to treat pickle liquor
19

. In the PORI 

process, the pickle liquor undergoes a pre-evaporation step to obtain 36 wt% FeCl2. The 

concentrated liquor is fed to an autoclave where it is entirely oxidized to FeCl3 at approximately 

150
o
 C and 7 atmospheres of pressure; the retention time in the autoclave is 2 hours. The ferric 

chloride solution then passes to a hydrolyzer where its temperature is raised to approximately 

175
o
 C. The ferric chloride undergoes hydrolysis at this temperature, yielding hematite, Fe2O3, 

which can readily be filtered out. Because the pre-concentration step has removed much of the 

water, concentrated (30-33 wt%) hydrochloric acid is produced, as opposed to the azeotropic acid 

produced by spray roaster and fluidized bed pyrohydrolysis operations. This in turn allows the 

pickling operation to take place with stronger acid, which may be desirable. The production of 

concentrated hydrochloric acid, as reported in this reference, implies that the partial pressure of 

HCl gas over the solution is approximately 1 atmosphere.  

Further investigation of in-solution hydrolysis or “hydrolytic distillation” has been performed by 

Demopoulos et al. in connection with treating mixed magnesium chloride-iron chloride brines 

from a conceptual laterite nickel leach
20

. In one test, a solution of 360 g/L MgCl2 and 30 g/L 

FeCl3 was heated to 200
o
-220

o
 C for 5 hours; iron was quantitatively converted to HCl and 

hematite. The HCl was collected as azeotropic (20 wt%) hydrochloric acid. It is unclear what the 

boiling point of the MgCl2-FeCl3 brine would be, but assuming a density of ~1.2, 360 g/L MgCl2 

corresponds to a 30 wt% solution. As a pure MgCl2-H2O solution, this would have a boiling point 

of only around 115
o
 C. The added FeCl3 would certainly act to raise the boiling point of the 

solution beyond this, but it is doubtful that a solution of this composition would have a boiling 
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point above 200
o
 C. It is suspected that significant evaporation of water from the MgCl2-FeCl3 

brine took place during the experiment, perhaps unnoticed; this would concentrate the brine so 

that its normal boiling point was raised to above 200
o
 C. It is therefore unclear at which 

concentration the solution hydrolysis actually took place. If significant evaporation of the solution 

took place the energy use of in-solution hydrolysis would approach that of solution 

pyrohydrolysis. The production of hematite rather than a hydrated iron oxide phase, however, is 

heartening and suggests that future research of this iron control strategy would be fruitful.  

1.3.5 Kieserite Precipitation 

Another method for HCl regeneration has been developed recently by Anglo Base in South 

Africa
10

. Anglo Base’s process exploits the advantages of a chloride leach while avoiding some of 

the disadvantages of solution pyrohydrolysis. In the process, saprolite is leached by strong HCl to 

produce a concentrated brine consisting largely of MgCl2. After removal of iron, nickel and 

cobalt, sulphuric acid is added to the brine at a temperature of approximately 90
o 
C. Sulphate 

replaces chloride as the counterion for magnesium; under these conditions, kieserite, 

MgSO4·H2O, precipitates. Meanwhile HCl is produced; because its solubility is low at high 

temperatures and in concentrated brines, it is given off as a gas and recycled to the leach step: 

                            MgCl2(aq) + H2SO4(aq) + H2O(aq)  MgSO4∙H2O(s) + 2HCl(g)                         (1-11) 

The kieserite is fed to a furnace with coal where it is first dehydrated and then decomposed to 

MgO + SO3. The SO3 is recycled to the kieserite precipitation step represented by Reaction 1-11; 

upon contacting water it immediately forms H2SO4. The SO3 recycle loop allows the magnesium 

to be removed without having to resort to evaporating water or concentrating the solution. 

Furthermore, the thermal decomposition step can use coal as an energy source rather than the 
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more expensive natural gas. Coal cannot be used for direct hydrolysis of chlorides because the 

sulphur content of the coal is oxidized to SO3 which is then absorbed along with the HCl, 

contaminating it
9
. In a process in which sulphuric acid is regenerated, this of course is not an 

issue. The brine from which HCl has been volatilized is returned to the leach step along with the 

HCl produced, so that the leach takes place in a brine rather than water. The use of sulphuric acid 

to regenerate HCl does have the significant disadvantage of producing a mixed sulphate-chloride 

brine. This adds to the chemical complexity of the solution. Other problems that were avoided by 

the use of chloride solutions would also likely reappear in a sulphate-containing brine: for 

example, if calcium or aluminum is present in the ore, gypsum and alunite scaling could create 

difficulties. Given the lower solubility of most sulphates compared with chlorides, care would 

have to be taken that other solid sulphate phases such as jarosite also do not precipitate out.  

1.3.6 Sulphuric Acid and Lime Addition 

Sulphate precipitation is also used in the conceptual Intec Nickel Laterite process
2
. In the process, 

H2SO4 is added to a calcium chloride brine to produce HCl in-situ as the leach is taking place. 

The sulphate reacts with the calcium cation to produce a calcium sulphate precipitate (from the 

process description, it is not clear whether this will be gypsum, hemihydrite, or anhydrite): 

                                          H2SO4(aq) + CaCl2(aq)  CaSO4(s) + 2HCl(aq)                                    (1-12) 

Meanwhile the HCl reacts with the magnesium silicate ore to bring MgCl2 into solution. After 

removal of nickel, cobalt, and iron, the magnesium is removed by precipitation with lime:                                   

                                MgCl2(aq) + CaO(s) + H2O(aq)  CaCl2(aq) + Mg(OH)2(s)                            (1-13)  

The magnesium hydroxide may then be calcined to MgO to form a saleable product.  
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Like the kieserite process, this method precipitates out a sulphate while simultaneously 

regenerating HCl. However, rather than performing thermal decomposition, the process envisions 

the high-purity calcium sulphate being sold along with the MgO. This means that the sulphuric 

acid used in Reaction 1-12 and the CaO used in Reaction 1-13 are not regenerated and must 

therefore be purchased. While an energy-intensive thermal decomposition step is thus avoided, 

the economics of the process will depend upon the cost of sulphuric acid and lime, and the price 

and market available for calcium sulphate and magnesia. It is also of interest to note that the 

precipitation of magnesium hydroxide in Reaction 1-13 is similar to that used in conventional 

sea-water magnesia plants; these plants require large, capital-intensive settling tanks to clarify the 

milk of magnesia resulting from the reaction
21

. 

1.3.7 IMC process 

Another method of producing HCl was developed by International Minerals and Chemicals to 

process a MgCl2 brine left over from the processing of langbeinite, K2SO4·MgSO4·4H2O, and 

carnallite, KCl·MgCl2·6H2O
22

. Processing of these double salts typically takes advantage of the 

fact that potassium salts are much less soluble than magnesium salts; therefore under the 

appropriate conditions the less valuable magnesium chloride or sulphate will enter solution while 

the much more desirable potassium chloride or sulphate will remain behind as a solid phase, 

which is filtered out and sold. This results in a waste MgCl2 brine of roughly 22 wt% strength, 

containing various other salts as impurities.  

In the IMC process, the waste brine is first concentrated to 32 wt% MgCl2 by evaporation; the hot 

brine then strikes a series of cooling drums on which magnesium chloride hexahydrate and 

tetrahydrate crystallize out as flakes. The flakes are dried to a composition of approximately 

MgCl2·3H2O, and the dried flakes decomposed in a rotary kiln. A final high-temperature rotary 
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kiln decomposes sulphates that are still present. As a solid hydrate with low water content is 

decomposed rather than a solution, concentrated, 33 wt% HCl is generated rather than azeotropic.  

1.4 Objective of This Work 

This work attempted to find a new, simpler and more energy efficient method of HCl generation 

or regeneration from concentrated MgCl2 brines, with lower energy cost and greater ease of 

operation than other current and proposed methods. Work for this thesis centred first on pressure 

hydrolysis of molten salt hydrates. Experimental difficulties caused research on this system to be 

discontinued; however, further research was performed which identified magnesium 

hydroxychloride precipitation and decomposition as a potentially even more attractive alternative.   

1.4.1 Pressure Hydrolysis of MgCl2 Molten Salt Hydrates 

The first alternative process investigated envisioned decomposing a concentrated melt of 

composition roughly MgCl2∙6H2O in an autoclave at ~250
o
 C under an autogenous pressure of 5-

10 atm. The envisioned process had two steps. First, magnesium hydroxychloride, MgOHCl, 

would be produced:  

                                    MgCl2∙6H2O(l) MgOHCl(s) + HCl(g) + 5H2O(g)                                   (1-14) 

The hydroxychloride is only stable in melts more concentrated than approximately the 

hexahydrate. Therefore magnesium hydroxide would be produced by diluting the melt past the 

hexahydrate composition and performing the repartition reaction: 

                            MgOHCl(s) + 3.5H2O(l)   ½ Mg(OH)2(s) + ½ MgCl2∙7H2O(l)                      (1-15) 

The magnesium chloride molten salt hydrate formed by this reaction would be recycled to the 

beginning of the flowsheet. In this flowsheet, the saprolite ore would be dissolved in a 
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concentrated magnesium chloride melt of composition close to MgCl2∙6H2O, with the nickel, 

cobalt and iron dissolving in the melt along with the magnesium. The Fe, Ni, and Co would be 

removed by precipitation as hydroxides after addition of MgO. The melt, now containing only 

MgCl2 and water, would undergo hydrolysis and be repartitioned according to Reactions 1-14 and 

1-15, forming magnesium hydroxide as a stable end product. The simplified flowsheet is shown 

in Figure 1-1. 

The main advantage of this flowsheet was considered to be the fact that a concentrated molten 

salt hydrate (i.e., a solution with composition close to MgCl2∙6H2O) would be circulated between 

the leach and decomposition stages. As the leach solution would already be concentrated, only a 

very limited amount of water evaporation would be necessary to concentrate the melt to the level 

necessary for the hydrolysis reaction. In addition, the high pressure (~10 atm.) used in the 

hydrolysis reactor would allow a lower decomposition temperature to be used than in solution 

pyrohydrolysis. In fact 250
o
-300

o
 C can be achieved by subcritical steam raised in an ordinary 

(coal-fired) boiler, transferring heat to the melt through a heat exchanger; hydrolysis could 

therefore be achieved without resorting to the use of natural gas or other expensive liquid 

hydrocarbons. 

Unfortunately, experimental trials of this concept encountered severe problems, and ultimately 

had to be curtailed. Subsequently another conceptual flowsheet, hydroxychloride precipitation 

and decomposition, was developed and found to be a superior alternative. The modelling of the 

hydrolysis and repartition reactions, and experiments on melt hydrolysis, will be discussed in 

more detail in Chapter 3.  
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Figure 1-1 Conceptual flowsheet for pressure melt hydrolysis process
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1.4.2 Precipitation and Thermal Decomposition of Magnesium Hydroxychlorides 

The second alternative process studied in this thesis was the precipitation and decomposition of 

magnesium hydroxychloride salts from MgCl2-bearing solutions. In this alternative process, MgO 

is added to the barren magnesium chloride brine generated by the saprolite leach after Ni, Co, Fe, 

and other metals have been removed. One would expect that when MgO is added to a solution, it 

would simply hydrate to Mg(OH)2. Indeed, in dilute solutions this is exactly what happens. 

However, in solutions above approximately 10% MgCl2, a magnesium hydroxychloride 

(MgwOxHyClz) precipitates out. The precise stoichiometry of the precipitate is determined by 

temperature and solution composition. For example, one hydroxychloride product can be 

produced by the reaction, 

                                 2MgO(s) + MgCl2(aq) + 6H2O(aq)  2MgO∙MgCl2∙6H2O(s)                       (1-16) 

Various different hydroxychloride species can be precipitated, depending on the solution 

temperature and MgCl2 concentration. Species that have been identified as either metastable or 

stable phases are: 

2MgO·MgCl2·6H2O      “2-form” 

3MgO·MgCl2·11H2O     “3-form” 

5MgO·MgCl2·13H2O    “5-form” 

9MgO·MgCl2·14H2O     “9-form” 

In addition, the familiar hydroxychloride MgOHCl, when its chemical formula is doubled, can be 

rewritten as: 

MgO·MgCl2·H2O “1-form” 
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A review of the literature on magnesium hydroxychlorides, with more detail, will be given in 

Sections 2.3, 2.4, and 5.1.  

Since the formulas for these species are rather long, they are referred to this thesis, as well as in 

the literature, as “2-form”, “3-form”, etc. The compound MgOHCl is termed simply “magnesium 

hydroxychloride”; it only forms at higher temperatures (above at least 155
o
 C).  

When the various magnesium hydroxychloride compounds are precipitated, the chloride units are 

captured and concentrated in the solid precipitate. In two separate steps, the precipitate can be 

dehydrated and decomposed, producing a concentrated stream of HCl gas and MgO for recycle 

and sale: 

                           2MgO∙MgCl2∙6H2O(s)  2MgO∙MgCl2·H2O(s) + 5H2O(g)                             (1-17) 

(229 
o
C) 

                                     2MgO∙MgCl2·H2O(s)  3MgO(s) + 2HCl(g)                                          (1-18) 

(565 
o
C) 

By adding MgO to concentrated brines, a magnesium hydroxychloride is precipitated. This is 

conveyed to the dehydration and decomposition steps as a solid, yielding HCl upon 

decomposition. Further details on the decomposition mechanism of the hydroxychlorides is given 

in Section 5.8. It is important to note that the two-step dehydration and decomposition process 

produces a dry stream of HCl, which can be absorbed into water to make concentrated (33 wt%) 

acid, or be further cleaned and used or sold as a gas. By contrast, solution pyrohydrolysis and 

pressure hydrolysis would only yield azeotropic (22 wt%) hydrochloric acid. Moreover, the use 

of solids rather than a solution as a dehydration and decomposition feed is expected to simplify 

materials handling and equipment operation. 
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Reactions 1-17 and 1-18 can be expanded into processing steps in the conceptual flowsheet 

shown in Figure 1-2. In the flowsheet, the saprolite ore is leached in concentrated (33 wt%) HCl, 

producing a brine of up to 39 wt% MgCl2. After removal of the silica residue, iron, nickel and 

cobalt are precipitated out by pH adjustment using recycled MgO. The barren MgCl2 brine then 

goes to a tank at controlled temperature where additional MgO is added to precipitate out a 

hydroxychloride, preferably the 2-form. Seed will be added here to prevent metastable phase 

formation and ensure that large, filterable crystals are formed. The precipitate is dehydrated on a 

fluidized bed to evaporate off most of its bound water as per Reaction 1-7. It then passes to a 

second fluidized bed where it is converted to MgO with HCl gas exiting with the exhaust gases. 

The exhaust gases are finally contacted with water in an absorption tower to produce concentrated 

(33 wt%) hydrochloric acid.  
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Figure 1-2 Conceptual flowsheet for a saprolite leach using hydroxychloride precipitation and thermal decomposition for lixiviant 

regeneration 
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1.4.3 Application to Carnallite Processing 

It has become apparent that saprolite nickel treatment is not the only place where conversion of a 

magnesium chloride brine could be applied. Carnallite, KCl·MgCl2·6H2O, is frequently found in 

the underground salt deposits mined for potash (KCl). The potassium chloride content of 

carnallite is valuable since it can be sold as fertilizer; the magnesium chloride content must be 

removed and is of little commercial value. A process has been developed to separate the 

magnesium chloride from the potassium chloride: the carnallite is simply dissolved in a limited 

amount of water. This causes the KCl to remain solid, while the magnesium chloride almost 

entirely enters the aqueous phase. The result is a barren “mother liquor” or end brine of roughly 

22 wt% MgCl2. The mother liquor presents a serious environmental problem as no satisfactory 

means of disposing of it has yet been found. As an illustration of the scale of the problem, in the 

1960s proposals were put forth in East Germany to construct a pipeline that would transport the 

end brines from the country’s salt mines to the sea
23

. Deep well injection has been practiced as a 

disposal method, but this is certainly no longer acceptable from an environmental stewardship 

point of view. It will be recalled from Section 1.3.7 that International Minerals and Chemicals 

Corp.
22

 developed a flowsheet in the 1950s to hydrolyze waste mother liquor using a series of 

drying and decomposition steps; the MgCl2 brine was ultimately converted into MgO and 

concentrated hydrochloric acid which were sold. This thesis investigates hydroxychloride 

precipitation and decomposition as a possible alternative method of converting waste mother 

liquor into saleable HCl and MgO, thereby obtaining valuable products from a waste solution. 

The problem of lixiviant (re)generation from magnesium chloride, then, is not limited to saprolite 

nickel flowsheets; magnesium chloride brine decomposition is a generalized process addressing a 

generalized problem. That is to say, there are many sources of magnesium chloride brine 
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(carnallite, laterite leaching, and seawater evaporation, for example) and a successful 

decomposition process would be able to remove a waste product or add value regardless of where 

the brine came from. 

1.5 Thesis Organization 

This thesis will discuss existing strategies for magnesium chloride decomposition. It will then go 

on to discuss the pressure hydrolysis concept and experiments. Finally, the hydroxychloride 

precipitation and decomposition tests will be discussed. 

Chapter 2 will discuss previous work on pressure hydrolysis and hydroxychloride precipitation-

decomposition. 

Chapter 3 will discuss the concept of pressure hydrolysis in depth. It will model the MgCl2-H2O 

system and develop a flowsheet based on the model’s results. It will then discuss the pressure 

melt hydrolysis experiments conducted.  

Chapter 4 will discuss the experimental method for the hydroxychloride precipitation and 

decomposition trials. 

Chapter 5 will give the results of the hydroxychloride precipitation-decomposition experiments, 

deriving phase stability relationships, thermochemical values, and decomposition kinetics. 

Chapter 6 will integrate the results of Chapter 5 into alternative flowsheets for the treatment of 

saprolite by hydrochloric acid leaching and for MgCl2 brine processing.  The energy use of these 

flowsheets will be compared with those for solution pyrohydrolysis and Rotary Kiln-Electric 

Furnace saprolite treatment. Finally, important results of this investigation will be summarized 

and future work will be discussed.  
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Chapter 2 

Literature Review on the MgCl2-MgO-H2O System 

and Previous Work 

 

This chapter reviews important previous work on the chemistry of the magnesium chloride-

magnesium oxide-water system. It then discusses previous work relating to pressure melt 

hydrolysis and magnesium hydroxychloride precipitation and decomposition.  

2.1 The MgCl2-H2O System 

The binary system magnesium chloride-water is well-known and has received much study. 

However, the data are scattered among various sources, many of them in hard-to-access journals 

or in foreign languages. It therefore seemed desirable to collect here some of the data on this 

system.  

2.1.1 Liquidus and Boiling Point 

The liquidus and boiling points of MgCl2 solutions in water are presented in Figure 2-1. Data are 

collected from various authors.
24-38

. The data points are listed in Appendix 1. In preparing the 

figure, the points of Akhumov and Vasil’ev
38

 were found to be badly in disagreement with those 

of the other authors, and were excluded from the graph. Their data may, however, be found in 

Appendix 1. 
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Figure 2-1 Liquidus and boiling points of the MgCl2-H2O system. See references 24-38 and Appendix 1.  
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Figure 2-1 shows the boiling point curve, which starts at 100
o
 C for pure water and rises to 160

o
 C 

at 46 wt% MgCl2. This corresponds to the composition MgCl2·6H2O. The liquidus curve is also 

shown, with the various solid hydrates of MgCl2 labeled.  

Magnesium chloride precipitates out of solution as hydrates. The various hydrates and the 

abbreviations used to denote them on the graph are listed below: 

MgCl2·12H2O  dodecahydrate. Forms below 0
o
 C and so does not appear on this graph. 

MgCl2·8H2O  octahydrate. Metastable phase forming below 0
o
 C and not shown.  

MgCl2·6H2O  hexahydrate. Labeled as “hexa” on graph. 

MgCl2·4H2O  tetrahydrate, labeled as “tetra” 

MgCl2·2H2O  dihydrate, labeled as “di” 

MgCl2·H2O  monohydrate, not shown on graph 

MgCl2 anhydrous, not shown on graph. 

Note also that “L” on the graph signifies “liquid”.  

With the exception of the dodecahydrate, magnesium chloride hydrates melt incongruently – that 

is to say, on melting the liquid does not have the same composition as the solid. For example, the 

hexahydrate, which is stable at room temperature, melts incongruently at 117
o
 C. At this 

temperature, it separates into a mixture of solution and tetrahydrate. The hexahydrate is the stable 

phase in equilibrium with solution up to 117
o
 C. Between 117

o
 and 181

o
 C the tetrahydrate is 

stable; the dihydrate is stable above 181
o
 C. It is unclear where the upper stability limit of the 

dihydrate lies; as can be seen from the graph data points above 250
o
 C are very sparse. Based on 

the data available this upper limit lies between 250
o
 and 300

o 
C.  
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It should be noted that these equilibrium phases and temperatures are cited for the special case of 

solids in equilibrium with MgCl2 solutions (i.e., at the liquidus). To the right of the liquidus, the 

solid phase has an equilibrium water vapour pressure which varies as a function of temperature; if 

the vapour pressure is higher than the equilibrium value for a given temperature, the solid will 

convert into a higher hydrate. At the liquidus, there are three phases present (solid, liquid, and 

gas) in a two-component system (comprising MgCl2 and H2O). Therefore by the Gibbs phase rule 

the system is monovariant at the liquidus and vapour pressure is constant for a given temperature, 

regardless of the amounts of solid, liquid and gas present.  

2.1.2 Molten Salt Hydrates 

As a magnesium chloride brine becomes more concentrated, such that there are less than 

approximately eight water molecules per mole of MgCl2, its chemical properties change enough 

that it is now denoted a molten salt hydrate.  

A molten salt hydrate (MSH) is a highly concentrated solution of a hygroscopic salt such as 

MgCl2, CaCl2, LiBr, Na2SO4, and others. MSH-forming salts normally precipitate out of aqueous 

solution as solid hydrates; as an illustration, CaCl2∙6H2O precipitates out of a saturated aqueous 

CaCl2 solution at room temperature. Molten salt hydrates are written as, for example, 

MgCl2∙4.6H2O; this reflects the very low amount of water in solution and displays the similarity 

of MSHs to solid hydrates. MSHs are typified by very high salt solubilities, extremely high 

boiling point elevations and freezing point depressions, very depressed water vapour pressures, 

and high enthalpies of mixing, as well as corrosivity and a tendency towards hydrolysis
39

. As 

Figure 2-1 shows, normal boiling points for MgCl2 solutions exceed 160
o
 C in the regime of 

molten salt hydrates. These properties set MSH-forming salts apart from concentrated solutions 

or brines of more common salts such as NaCl. 
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The concept of “molten salt hydrate” as a regime distinct from that of concentrated brines was 

first put forth by Emons
39

. Emons divided solutions into “dilute solutions” “concentrated 

solutions”, “molten salt hydrates”, and “hydrous melts”. Hydrous melts finally merged into 

anhydrous molten salts. Emons viewed the molten salt hydrate regime as an intermediate stage 

between dilute solutions and molten salts (i.e. ionic liquids). In dilute solutions Mg
2+

 and Cl
-
 ions 

were envisioned as moving independently through water, which functioned as a dielectric 

continuum. In molten salts, the ions were seen as occupying lattice or sublattice positions within 

the melt. However, in a molten salt hydrate, the magnesium ion was envisioned as moving around 

with a shell or hydration sphere of water molecules attached to it. Nevertheless the force binding 

the water molecules was weak enough that free water still existed that could escape from the 

hydration sphere and volatilize or move to other ions. This situation is summarized in Figure 2-2. 

 

Figure 2-2 Hydration levels of cations moving from dilute solutions to molten salts, as 

conceptualized by Emons. Figure prepared by Kevin McLean based on a figure in Emons.
39
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This thesis uses a looser set of definitions than Emons. In this thesis, the term “molten salt 

hydrate” refers to solutions where the second hydration sphere of the cation is almost completely 

empty, and where the solution chemistry is dominated by first-sphere interactions. For MgCl2 

solutions, the MSH regime begins when there are than approximately eight moles of water per 

mole of salt. As used in this work, then, the MSH range stretches from ~MgCl2·8H2O to the 

liquidus. This is the concentration range in which MSH-related phenomena become important. In 

this thesis, “brine” is used to refer to any salt solution regardless of concentration, and can denote 

dilute solutions, concentrated solutions, or MSHs.  

MSH-forming salts typically comprise a divalent cation (such as an alkali-earth or base metal) 

and a halide anion (usually chloride or bromide). However, other cations, for example the 

monovalent lithium cation, can also form MSHs. In all cases the salt comprises a “high-field 

cation” which, due to a combination of charge and radius, can create a high electric field which in 

turn has a strong effect on polar water molecules. Water molecules surround the cation in a 

tightly bound primary hydration sphere and a more loosely bound secondary hydration sphere; 

with MSH-forming cations, the first hydration sphere is extraordinarily tightly bound. The 

number of water molecules in this sphere is approximately that of the cation’s coordination 

number: in the case of Mg
2+

, this number is 6. When the concentration of a solution has increased 

such that the second hydration sphere is almost bare, the first-sphere interactions dominate the 

solution chemistry and the MSH regime has been reached. The vigorous first-sphere interactions 

in an MSH account for its unusual properties listed above.   

It is important to note that while dilute solutions can be described by simple functions, such as the 

Debye-Hückel equation and its extensions, such functions do not adequately describe component 

activities in the the molten salt hydrate range. This is illustrated in Figure 2-3: the lower line 
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shows vapour pressure data
40

 over an MgCl2-H2O solution at various compositions and 250
o
 C, 

while the upper line shows the vapour pressures which would occur over an ideal (Raoultian) 

solution in which water activity is equal to its mole fraction (χ = a). It is evident from the graph 

that the deviation from ideality once the MSH regime is attained is quite significant. 
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Figure 2-3 Vapour pressures over MgCl2 solutions at 250
o
, compared with Raoult’s Law. 

Data of Urusova and Valyashko
40

. 

 

For this thesis, the most important aspect of chloride molten salt hydrates in general, and 

magnesium chloride melts in particular, is that they readily hydrolyse. That is, the salt can react 

with the water present in the melt to create HCl and an oxide. For example, 

                                     MgCl2∙3.7H2O(l)  MgOHCl(s) + HCl(g) + 2.7H2O(g)                             (2-1) 

and 

                                  MgCl2∙7.3H2O(l)  Mg(OH)2(s) + 2HCl(g) + 5.3H2O(g)                             (2-2) 
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The hydrolysis starts to occur in significant amounts only when the solution composition has 

become more concentrated than MgCl2·6H2O, where only enough water remains to fill the first 

hydration sphere. Reactions 2-1 and 2-2 show the hydrolysis reaction at two different 

compositions. Compositions above and below the hexahydrate composition were arbitrarily 

chosen; the reactions are intended to show the different oxide hydrolysis products which form at 

different compositions. Details of MSH hydrolysis will be set forth in Chapter 3.  

Figure 2-4 shows the calculated proportion of HCl in the gas phase over an MgCl2 solution at 

various concentrations at 250
o
 C; the details of this calculation will be covered in Chapter 3. 

Interestingly, hydrolysis only occurs in significant quantities once the solution is more 

concentrated than the hexahydrate composition (which is equal to 14.3 mole percent MgCl2) – 

that is, hydrolysis becomes important when only the first hydration sphere of the Mg
2+

 ion is 

filled. As the graph shows, at concentrations close to the liquidus the vapour phase can contain 

more than 6 vol% HCl.  

 



 

 

 

41 

 

Figure 2-4 H2O partial pressures and volume percent HCl in the gas over MgCl2 solutions, 

250
o
 C. Vapour pressure data is taken from Urusova and Valyashko

27
. 

2.1.3 Vapour Pressures at the Liquidus 

The vapour pressure at the liquidus is important to know for thermodynamic investigations of the 

MgCl2-H2O system. The vapour pressure of water gives the activity of water. In a Gibbs-Duhem 

integration (which will be discussed further in Chapter 3), the water activity is integrated across 

many concentrations at a constant temperature to yield the activity of MgCl2. The activity of 

water (i.e. vapour pressure) at the liquidus provides one limit of integration (the pressure of pure 

water being the other) and is therefore important to know. Water vapour pressures at the liquidus 

are presented in Figure 2-5, in which data from various authors are collected.
29, 41-53

 The data 

points may be seen in Appendix 2.  
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Figure 2-5 Water vapour pressures at the liquidus for the MgCl2-H2O system. See references 32, 40-52. and Appendix 2. These data are 

used as a constant of integration in the Gibbs-Duhem integration described in Chapter 3.  
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2.1.4 Other Data and Modelling 

This review does not pretend to present a comprehensive listing of all the data available. Indeed, 

it ignores the large quantity of vapour pressure, osmotic coefficient, and heat capacity 

measurements taken on unsaturated MgCl2 solutions at a variety of compositions, temperatures, 

and pressures. Wang et al.
54

 present a recent overview of these data from numerous sources. 

Wang et al. have used these data to calculate parameters for a thermodynamic description of 

MgCl2 solutions based on the Pitzer model. Other authors, for example Holmes and Mesmer
55

, 

have also made efforts to describe the MgCl2-H2O system by the Pitzer model or its 

modifications. The Pitzer model uses a series of equations with empirical parameters to predict 

the activity coefficients of solution components; it is especially useful at higher concentrations.  

The Debye-Huckel and Davies equations for determining activity coefficients are more well-

known than the Pitzer model, however, and some discussion on their theory and applicability is 

merited. This will also serve as a lead-in to a discussion of Pitzer and other models used to 

describe high-strength solutions.  

The Debye-Huckel equation was derived on the basis of classical electrochemistry; it considers 

ions in solution as charged hard spheres with water acting as a dielectric continuum
89

. In the 

Debye-Huckel model, activities of solutes are determined entirely by electrostatic interactions 

between ions. The equation is given in Equation 2-3 for a generic salt XY:  

                                                                                                                                            (2-3) 

With the Debye-Huckel equation, only the ionic strength I (     
    , m = molality) and charges 

of the ions zx and zy need be known, as well as the temperature (on which the constant A, 

reflecting the electric permeability of water, is dependent), to obtain the activity coefficient. 
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Therefore the equation will assign the same activity coefficient to a .05 molal solution of ZnCl2 as 

to a .05 molal solution of Na2SO4. The Debye-Huckel equation is only strictly valid for solutions 

approaching infinite dilution, so in practice extensions such as the Davies equation have been 

employed
56

: 

                                                                
  

       
                                                  (2-4) 

The Davies equation makes empirical modifications to the Debye-Huckel equation to increase the 

range in which it can be used. Again, only the ionic charges and ionic strength of the solution 

need be known (although the constant A is again dependent on the temperature). The Davies 

equation is generally used at ionic strengths up to 0.1 (mol/kg)
1/2

; beyond this the accuracy 

becomes poor.  

Higher-concentration models such as the Pitzer model take account of the fact that activity 

coefficients are not only determined by electrostatic interactions between ions, but also by other 

forces. For example, at high concentrations ion-association starts to take place: ions may share 

part of their hydration sphere with other, oppositely charged, ions. This means that the ions 

surrounded by their waters of hydration can no longer be considered hard, unbreakable spheres. 

Different ions have more or less strongly bound hydration spheres, and interactions between ion 

X and ion Y are different from interactions between, for instance, Y and Z. Apart from two-ion 

interactions, three-ion interactions are also possible – where, for example, the hydration spheres 

of one Mg
2+

 ion and two Cl
-
 ions are shared.  

As a result of these considerations, the Pitzer model uses binary and ternary ion-interaction 

parameters. In contrast to the terms in the Debye-Huckel and Davies equations, these parameters 

are unique for each solute, and are determined by a series of polynomial equations. These 
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parameters are then used to describe Gibbs energies for the components in solution. The activity 

of the solute and other thermodynamic properties can then be obtained by appropriate 

differentiation of the Gibbs energy.  

Because of the use of ion-interaction parameters, the Pitzer model can predict the activities of 

solutes with high accuracy. The model is valid from highly dilute solutions to concentrations of 

approximately 6 molal; in highly concentrated melts at higher temperatures, such as are 

encountered in the MgCl2-H2O system, the accuracy becomes rather poor
39

. The accuracy will be 

further discussed in Chapter 5.  

Modelling of highly concentrated electrolyte solutions has also been successfully performed 

using OLI System’s Mixed Solvent Electrolyte model. OLI Systems claims a validity range from 

infinite dilution to molten salts
57

. For this thesis, however, the Pitzer model was used because of 

the availability of computer software applying it.   

2.2 MSH Pressure Hydrolysis 

The initial focus of interest of this thesis was the hydrolysis of magnesium chloride molten salt 

hydrates under high pressure. It was intended that this would result in the design of a saprolite 

treatment flowsheet based on an HCl leach followed by Pressure Melt Hydrolysis in which the 

MSH would be hydrolyzed. Previous work on MSH pressure hydrolysis is reviewed here. 

2.2.1 CO2 Sequestration in MgCl2 MSHs 

A conceptual flowsheet employing MgCl2 molten salt hydrates has been modelled by Wendt et 

al., with the goal being not to obtain nickel, but to react the magnesium with CO2 in a carbon-

sequestration scheme
58,59

. The reaction product, magnesite (MgCO3), would permanently store 

carbon dioxide as a benign, thermodynamically stable mineral. At temperatures of 250
o
 C and 
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above, magnesium chloride molten salt hydrates will readily undergo hydrolysis. 250
o
 C is above 

the boiling point of the magnesium chloride solution, and so this operation is performed in an 

autoclave. Because of the vapour pressure-lowering effects of magnesium chloride in the MSH 

regime, the autogenous pressure over the melt at 250
o
 C is only 5-10 atm. The hydrolysis 

generates HCl gas, as well as solid magnesium hydroxide or hydroxychloride. In Wendt et al.’s 

scheme, magnesium silicate and carbon dioxide are introduced into a reactor along with a 

magnesium chloride melt. The conditions are such that the HCl will react with the magnesium 

silicate, yielding more MgCl2, while the CO2 will react with the hydroxide: 

                                      MgCl2·6H2O(l)  Mg(OH)2(s) + 2HCl(g) + 5H2O(g)                               (2-5) 

                           2HCl(g) + 5H2O(g) +  ½ Mg2SiO4(s)  MgCl2·6H2O(l) + ½ SiO2(s)                    (2-6) 

                                        CO2(g) + MgOHCl(s)  MgCO3(s) + HCl(g)                                          (2-7) 

                                   ½ Mg2SiO4(s) + CO2(g)  MgCO3(s) + ½ SiO2(s)   (Sum)                          (2-8) 

The sum of all these reactions is simply that magnesium silicate reacts with carbon dioxide to 

produce magnesium carbonate and silica, as shown by reaction 2-8. No magnesium chloride is 

created or consumed. While the direct reaction represented by 2-8 is thermodynamically 

favourable, it suffers from extremely slow kinetics. The use of magnesium chloride MSHs 

harnesses the relatively quick hydrolysis kinetics of MgCl2 solutions to speed up the reaction. In 

effect, the MSH acts as a catalyst.  

2.2.2 Role of MSHs in Geothermal Energy 

Another source of interest in pressure hydrolysis comes from the field of geothermal energy, in 

which steam from natural geysers is exploited for power. In several geothermal locations, the 

steam contains HCl, with a condensate pH of 1-2. This has caused problems as the acidic steam 
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corrodes the steel piping carrying it to the power house. Investigations have concluded that the 

HCl is generated by the hydrolysis, under pressure, of hot brines underground, generating gaseous 

HCl that is carried up with the steam
60,61

. It is speculated that as a geothermal well is exploited 

and steam is taken away, underground water flows towards it. As the water boils off, salts such as 

MgCl2 and CaCl2 present in the groundwater build up, until finally their concentration reaches the 

point where a significant amount of hydrolysis takes place.  Presumably the oxides formed stay 

behind and plug up pores, which in the long term would hamper water flow. The presence of HCl 

makes mitigation strategies necessary, such as pumping fresh water underground to make up for 

what is lost as steam. 

2.3 Magnesium Hydroxychlorides  

The earliest use of magnesium hydroxychloride was in Sorel cement. Sorel discovered that when 

a strong magnesium chloride brine was mixed with magnesia in a given proportion, the mixture 

sets to a hard cement
62

. The process allowing this to happen has proved to be the formation of 5-

form and 3-form magnesium hydroxychloride crystals, which form small needles interlacing with 

each other. Numerous researchers subsequently studied the chemistry of Sorel cement (also called 

oxychloride cement). The earlier research is summarized in Gmelin
63

, while Demediuk et al.
64

 

provide a good overview of work up to the 1950s. Since the 1950s, little further research appears 

to have been done; as Sorel cement decomposes on long exposure to water interest in it has 

waned.  

One of the important unknowns about magnesium hydroxychlorides is the stoichiometry of the 

solid precipitating out of solution. The magnesium hydroxychloride takes the formula 

xMgO·MgCl2·yH2O, with different species having different MgO to MgCl2 ratios. Possible 
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phases include the “2-form” (2MgO·MgCl2·6H2O) and the “3-form” (3MgO·MgCl2·11H2O), for 

example. A “5-form” and “9-form” are also possible. Early researchers discovered that different 

hydroxychloride species precipitated out depending on the temperature and composition of the 

MgCl2 solution.  

The chemistry of magnesium hydroxychlorides has been investigated in the last century by 

Demediuk et al.,
64

 Feitknecht and Held
65

, and others; a listing of important authors can be found 

in Chapter 5 in a discussion of the results of this investigation. Depending on the temperature and 

the concentration of the MgCl2 brine, the stable solid phase varies. When MgO is added to a brine 

of more than 10.4 wt% MgCl2 at 25
o
 C¸ the 3-form precipitates. At higher concentrations and 

temperatures, however, addition of MgO to the brine produces the 2-form as the hydroxychloride 

product. Bury and Davies realized that the system readily goes into metastable equilibria (for 

example, 5-form often forms rather than 3-form) and that seeding with the stable phase is 

essential
66

. This has been ignored by many later researchers who have presented metastable 

phases as representing true equilibria.  

Thermal decomposition of the 3-form hydroxychloride was studied by Kashani-Nejad
67

 and 

Chauhan
68

.  Herbstein
69

 and McDonald and Wadsworth
70

 studied the products of MgCl2·6H2O 

decomposition, including several hydroxychlorides. Ball has also studied hydration and 

dehydration reactions for magnesium hydroxychlorides
71

.  

A process in which Sorel cement is used as an intermediary in obtaining HCl from brines is 

described briefly by Talmi
72

. Brines from the Dead Sea were mixed with MgO to produce an 

oxychloride cement which was allowed to set to a solid. This was then crushed and fed to a 

furnace where it was heated to 500-600
o
. The cement broke down, releasing HCl and MgO. The 

resulting calcine was found to contain a significant amount of unreacted MgCl2; it was proposed 
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that this salt be washed away. Washing magnesia would of course produce Mg(OH)2 which can 

easily form a slowly settling suspension. The magnesium hydroxide would then have to go 

through a second calcination to recover magnesia. It appears that this process was never 

commercialized. However it can be considered the forerunner of the conceptual process outlined 

in Chapters 4, 5 and 6.  

2.4 Aquocomplex Formation 

One of the most interesting aspects of hydroxychloride precipitation in the MgCl2-MgO-H2O 

system is the transient dissolution of magnesia. This phenomenon was investigated in some detail 

by D’Ans and Katz
73

 and Lukens
74

. When MgO is added to an MgCl2 solution at a rate of a few 

grams per liter, the solution becomes highly supersaturated: the magnesia dissolves to form a 

magnesium oxychloride aquocomplex. When magnesia was added to hot (90
o
 C) MgCl2 brines in 

the present investigation, it dissolved within a few minutes, and the solution visibly became 

clearer. Filtration after 15 minutes yielded a perfectly clear solution. After a wait of a half hour to 

several hours, the solution once more became murky, crystals began to precipitate out, and 

eventually the solution became viscous and gelatinous. On analysis, this precipitate would prove 

to be Mg(OH)2, or a stable or metastable hydroxychloride. A conceptual reaction for this process 

can be written, 

MgOs + nMgCl2(aq) [MgO·nMgCl2(aquocomplex)]
†
  3MgO·MgCl2·11H2O or 

                2MgO·MgCl2·6H2O    or 

                Mg(OH)2 

 

 (2-9) 

Here the dagger symbol (†) denotes that the aquocomplex is an unstable intermediary. It should 

be pointed out that aquocomplex formation only takes place when MgO is added, not Mg(OH)2. 
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Indeed, various authors agree that the formation of hydroxychloride is very slow when 

magnesium hydroxide is used instead of magnesia. Aquocomplex formation is apparently linked 

to the hydration of magnesia.  

In this investigation, it was observed that the amount of MgO dissolved and the speed with which 

it did so was strongly dependent on the MgCl2 concentration. This observation is supported by 

Chassevent
75

, who added an excess of MgO to MgCl2 solutions and measured the maximum MgO 

concentrations attained. Chassevent’s data are shown in Table 2-1. The temperature at which he 

performed his investigation is not mentioned but is presumed to be room temperature: 

Table 2-1 Maximum transient concentrations of dissolved MgO in MgCl2 solutions. Data of 

Chassevent
75

 

Wt % MgCl2  0 (pure water) 10% 20% 25% 30% 

g MgO per 

1000g water  

(0.0086) 1 14 27 43 

 

Robinson and Waggaman measured the equilibrium solubility of MgO in solutions at 25
o
 C after 

reprecipitation had taken place
76

. They found that equilibrium concentrations steadily increased 

with concentration; at 34% MgCl2 it reached 0.046 g MgO per 1000 g of water. This is five times 

larger than the equilibrium concentration for pure water, but still only a thousandth of the 

concentration of the transient aquocomplex.  

Lukens provided further insight into the dynamics of aquocomplex formation and breakdown
74

. 

Lukens added magnesia to 21% MgCl2 solutions in three amounts: 0.5 g per 100 mL, 1 g per 100 

mL, and 2 g per 100 mL. He then measured the dissolved MgO of each solution over time, 

keeping the solutions thermostatted at a temperature of 30
o
 C. In the 2-gram solution, the 

concentration of MgO immediately went to more than 11 g/L and then dropped, precipitating out 

hydroxychloride. In the 1-gram solution, the concentration of MgO increased to 8 g/L after 
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roughly an hour. It then dropped at the same rate as in the 2-gram solution. The 0.5-gram solution 

reached a maximum MgO concentration of about 4.5 g/L after an hour, stayed constant for 

another three hours, and then dropped very slowly. What can be learned from this is that  

(1) the maximum transient concentration of the aquocomplex depends on the total 

amount of MgO added;  

(2) the rate of breakdown of the complex is independent of the degree of supersaturation 

(i.e. maximum aquocomplex concentration) attained; however 

(3) there is a threshold degree of supersaturation below which the rate of breakdown of 

the aquocomplex is extremely slow. 

These lessons stand in contrast to Feitknecht and Held
65

, who concluded that the speed at which 

complex breakdown and crystallization occurs is proportional to the degree of supersaturation.  

In fact it appears that crystallization kinetics are governed by self-seeding. In this scenario crystal 

formation from solution has a very high activation energy, and therefore most of the 

crystallization takes place on seed crystals. If these are absent, the solution undergoes a long 

incubation period while enough seed crystals spontaneously form. Crystallization thus 

experiences exponential growth, with a long period of very low growth rates followed by one of 

very rapid rates. The experiments conducted in the present work  have frequently displayed an 

incubation period of several hours in which nothing happens in the solution, followed by very 

rapid crystallization in which the solution becomes a gel within 30 minutes or an hour. Addition 

of seed has also dramatically improved crystallization times for lower-concentration solutions.  
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Chapter 3 

Pressure Melt Hydrolysis – Theory and Experiments 

 

The overall goal of this work was to explore alternative methods of converting magnesium 

chloride solutions to MgO and HCl, looking especially at the context of saprolite leaching. 

The first method explored was pressure melt hydrolysis. In pressure melt hydrolysis, a 

magnesium chloride molten salt hydrate of composition MgCl2·nH2O (n = 2-5) is heated in an 

autoclave to a temperature between 250 and 350 
o
C. The melt builds up an autogenous water 

vapour pressure of 5-10 atmospheres. Under these conditions, the melt hydrolyzes, producing 

MgOHCl and HCl gas (Reaction 3-1). In a later step, water is added to the MgOHCl so that it 

disproportionates into Mg(OH)2 and an MSH (Reaction 3-2). Calculations show that 

disproportionation will occur when the MgOHCl encounters a solution of composition more 

dilute than MgCl2·6H2O.  

                                  MgCl2∙3.5H2O(l) MgOHCl(s) + HCl(g) + 2.5H2O(g)                                 (3-1) 

                              MgOHCl(s) + 3H2O(l)   ½ Mg(OH)2(s) + ½ MgCl2∙6H2O(l)                         (3-2) 

Existing high-temperature vapour pressure data were used to model the magnesium chloride-

water system. The Gibbs energies of magnesium chloride and water were obtained from the data 

and used to determine the partial pressures of HCl that could be expected to develop above the 

melt at a given composition and temperature. These partial pressures of H2O and HCl could then 

be used to determine mass flows and energy requirements in a conceptual saprolite treatment 

flowsheet based on pressure melt hydrolysis.  
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Experiments were undertaken to validate the model; however, continual problems were 

encountered with the operation of the various pieces of experimental equipment used. Over the 

course of two years, two experimental autoclaves were designed and built, with one undergoing 

extensive modifications.  After considerable effort attempting to obtain reliable experimental 

results, it was concluded that the pressure melt hydrolysis route was not practicable due to the 

severe operating conditions. In addition, problems with the water balance had become apparent in 

the conceptual flowsheet. As a result, it was decided to abandon the pressure melt hydrolysis 

route and explore alternative flowsheets. A fresh round of flowsheet development led to 

hydroxychloride precipitation and decomposition being identified as a promising new route; a 

conceptual flowsheet based on that route was produced. Experiments were then performed to 

evaluate the suitability of the hydroxychloride precipitation-decomposition route. In this thesis, 

work on both routes is described. Hydroxychloride precipitation and decomposition will be 

discussed in later chapters; this chapter relates the concept, models, and experiments in pressure 

melt hydrolysis and sets forth the various problems encountered.  

3.1 Theoretical Background 

3.1.1 Data Sources 

For the two-component system MgCl2-H2O, it is possible to obtain a full thermodynamic 

description of a melt at a given composition by taking vapour pressure measurements. Such 

measurements have been taken by Emons, Voigt and Wollny
77

 and Urusova and Valyashko
40,27

. 

In addition, as discussed in Chapter 2, Derby and Yngve
43

 have provided vapour pressure data for 

the special case of a melt in equilibrium with the solid hydrate (at the liquidus). Vapour pressure 
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graphs from Emons et al. are given in Figure 3-1, and the results of Urusova and Valyashko are 

shown in Figure 3-2.  

 

Figure 3-1 Vapour pressures of MgCl2-H2O solutions at constant composition                  

Data from Emons et al.
77

 In the legend, n refers to the number of moles of water per mole of 

MgCl2. 
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Figure 3-2 Vapour pressures of MgCl2-H2O solutions at constant temperatures. Data of 

Urusova and Valyashko
27,40

. 

Emons et al. took vapour pressure measurements of MgCl2 MSHs of constant composition while 

varying the temperature
77

. As shown in Figure 3-1, the vapour pressure data for each given 

composition form straight lines when graphed as lnP vs. 1/T (where P represents pressure and T 

the temperature). From the slopes of the lines the average enthalpy of vaporization for a melt at 

that composition can be obtained using the Clausius-Clapeyron equation (assuming ideal gas 

behaviour). The Clausius-Clapeyron equation
78

 is given in Equation 3-3:  

    

  
 
     

   
 

(3-3), 

where ΔHvap gives the average enthalpy of vaporization and R is the universal gas constant.  

Using the fact that  
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(3-4), 

the equation may be rewritten as,  

                                                          d(1/T)

d(lnP)
RΔH vap 

                                                        (3-5)  

 

In addition, the lines can be used to predict the vapour pressure at any temperature for the given 

composition.  

In contrast to Emons et al.’s method, Urusova and Valyashko
27,40

 took vapour pressure 

measurements at constant temperature while changing the composition. Significantly, these 

isotherms were carried out all the way to the liquidus composition – corresponding to the last 

point on the right-hand end of each of the vapour pressure curves in Figure 3-2. As a result, their 

measurements can be used to find the free energy of MgCl2 in the melt using Gibbs-Duhem 

integration. The obtained free energies in turn allow a prediction of the melt’s hydrolysis 

behaviour to be made.    

3.1.2 Gibbs-Duhem Integration and Derivation of pHCl Values 

For a two-component system (e.g. MgCl2-H2O), Gibbs-Duhem integration allows the unknown 

chemical potential of one of the components to be deduced from the known chemical potential of 

the other component. In the case of the magnesium chloride-water system, the chemical potential 

of water is known from vapour pressure measurements while that of the magnesium chloride 

hydrate salt is unknown. Doing this integration is critical: ultimately, it can be used to determine 

to what extent the salt hydrate dissolved in the melt phase decomposes, as given by Reaction 3-6: 



 

 

 

57 

                       MgCl2∙2H2Omelt  MgOHCls + HClg + H2Og                                          (3-6) 

Without knowing the chemical potential of MgCl2∙2H2O dissolved in the melt it is impossible to 

determine the equilibrium vapour pressures of HCl and H2O – that is, it is impossible to predict 

the extent to which hydrolysis occurs.  

To determine the salt’s chemical potential at 250 
o
C, the melt is viewed as a solution whose 

components are water vapour and solid MgCl2·2H2O (which is the solid phase at the liquidus at 

that temperature).  The chemical potential H2OG  in this system is found by measuring the vapour 

pressure in equilibrium with the melt: 

                                              

H2O

o

gH2O,H2O RTlnP(T)ΔG(T)G                                            (3-7) 

Here 
o

H2OΔG (T) represents the standard Gibbs energy at standard state at temperature T. The 

standard state used here is steam at 1 atm; ideal gas behaviour is assumed (pressure = fugacity). 

ΔG
o

H2O(T) is related to the standard Gibbs energy of formation at 298 K, ΔG
o
f, H2O by the relation, 

     
            

                    
      

    

 
  

 

    

 
 

    

  

(3-8). 

In Equation 3-8, ΔH
0

f,H2O and ΔS
0
H2O are the enthalpy and entropy change of the formation 

reaction 

                                                         H2(g) + 1/2O2(g)  H2O(g)                                                    (3-9) 

at 298 K, and n is the stoichiometric coefficient of each component i. Equation 3-8 employs a 

formalism whereby n is positive for reaction products and negative for reagents. 
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 The standard Gibbs energies of all pertinent compounds at the temperatures of interest were 

obtained from FACTSage thermochemical software.  

The chemical potential         of water at the temperature and composition of interest can be 

obtained using Equation 3-7. This can then be substituted into Equation 3-10 to obtain the 

chemical potential of MgCl2·2H2O by Gibbs-Duhem integration. 

                                              
0GdχGdχ H2OH2Osaltsalt 

                                                     (3-10) 

Here χ represents the mole fraction, and the subscript “salt” is simply shorthand for MgCl2·2H2O.  

Rearranging Equation 3-10, and knowing that χH2O = 1-χsalt, 

                                            

H2O

N

liquidus

N

liquidus salt

salt
salt Gd

χ

χ1
Gd 




                                           (3-11) 

Integration is along an isotherm, going from χsalt evaluated at the liquidus to the desired mole 

fraction χsalt. Integrating the left hand side, Equation 3-12 is obtained. 

                                 
       
     

      

 

        

 

 (3-12) 

As can be seen from Equation 3-12, the chemical potential of MgCl2·2H2O at the liquidus 

provides the constant of integration. Since the liquid and solid phases are in equilibrium with each 

other at the liquidus, the chemical potential of MgCl2·2H2O in the melt is equal to the chemical 

potential of MgCl2·2H2O in the solid phase. As MgCl2·2H2O is a pure solid, its activity is unity. 

Since 
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(3-13), 

and  

                  
                 

  

(3-14),  

we know that 
o

salt(s)salt G(liquidus)G  . Substituting this into Equation 3-12, and rearranging 

slightly, we obtain,   

                 
   

       

     

 

        

       

 (3-15)

 

The expression H2O

χ

liquidus salt

salt Gd
χ

1χ



 was integrated graphically from a plot of (χsalt-1)/χsalt versus 

H2OG  using a Microsoft Excel spreadsheet. An example of this curve, plotted for 250 
o
C, is 

presented in Figure 3-3. Points on the plot are assumed to be connected by straight lines for the 

integration.  
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Figure 3-3 Curve for graphical integration of Equation 3-10. Values are calculated at 

various compositions. Points correspond to data of Urusova and Valyashko
27,40

 shown in 

Figure 3-2. 

 

Once the integral on the right-hand side of Equation 3-15 was evaluated at different values of χ, it 

was combined with      
  (obtained from FACTSage) to obtain        at each composition. The 

results can be seen in Figure 3-4.  
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Figure 3-4 Chemical potential of MgCl2·2H2O calculated at various compositions in MSHs 

at 250 
o
C. Points correspond to vapour pressure points of Urusova and Valyashko

27,40
 given 

in Figure 3-2.   

 

Once the chemical potential of the salt was obtained by Equation 3-15, all the data needed to 

predict the extent of hydrolysis was in hand.        and       (evaluated using Equation 3-7) were 

used to obtain changes in Gibbs energies and HCl partial pressures for hydrolysis reactions. 

Hydrolysis could occur by one of three reactions, outlined by Reactions 3-16, 3-17, and 3-18: 

                  MgCl2·2H2Omelt  MgOHCls + HClg + H2Og      (producing hydroxychloride)    (3-16) 

     MgCl2·2H2Omelt  Mg(OH)2s + 2HClg                (producing hydroxide)               (3-17) 

     MgCl2·2H2Omelt  MgOs + 2HClg + 2H2Og     (producing oxide/periclase)       (3-18) 
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By these calculations, and similar calculations along Urusova and Valyashko’s 300
o
 C and 350

o
 C 

vapour pressure isotherms
27,40

 , the HCl partial pressures over the melt at these temperatures were 

obtained. The calculated HCl partial pressures are shown in Figure 3-5. Figures 3-6, 3-7, and 3-8 

compare the HCl partial pressures with the reported H2O partial pressures, again using Urusova 

and Valyashko’s data. In these figures, the HCl content is given as percent HCl in the gas phase, 

and the calculated solid oxide phase is also marked on the graphs.  

 

Figure 3-5 Calculated HCl partial pressures above MgCl2-H2O melts. Points correspond to 

vapour pressure data of Urusova and Valyashko
27,40

 shown in Figure 3-2. 
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Figure 3-6 H2O vapour pressure and calculated percent HCl above MgCl2 solutions at 250 
o
C. H2O vapour pressure data are from Urusova and Valyashko.

27,40
  

 

Figure 3-7 H2O vapour pressure and calculated percent HCl above MgCl2 solutions at 300 
o
C. In this graph, the assumption is made that MgCl2 monohydrate forms at liquidus. H2O 

vapour pressure data are taken from Urusova and Valyashko.
27,40
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Figure 3-8 H2O vapour pressures and percent HCl above MgCl2 solutions at 350 
o
C. H2O 

vapour pressure data taken from Urusova and Valyashko.
27,40

  

 

Figures 3-5 through 3-8 show that significant hydrolysis occurs when the composition becomes 

more concentrated than about 6 moles H2O/mole MgCl2 (14 mole % MgCl2) for each 

temperature. Once this composition is surpassed, the extent of hydrolysis increases sharply with 

MgCl2 concentration. It is interesting to note that hydrolysis begins to an appreciable extent only 

when the first hydration sphere of water remains around the salt cation. The farther the 

composition moves into the realm of molten salt hydrates, the greater the extent of hydrolysis. 

The activity of water in the molten salt hydrate regime is greatly depressed, and therefore the 

extent of hydrolysis would be expected to decrease. The lowering of water activity, however, is 

more than made up for by the increasing chemical potential of magnesium chloride demonstrated 

in Figure 3-4.   
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3.1.3 Determination of Solid Oxide Phase Species 

As demonstrated by Reactions 3-16, 3-17, and 3-18, the hydrolysis of MgCl2 in the melt could 

produce MgO, Mg(OH)2, or MgOHCl. Having obtained the calculated Gibbs energies of water 

and MgCl2 in the melt, it is possible to determine which of these oxide phases is stable. The 

calculations indicate that the stable hydrolysis product is MgOHCl for compositions more 

concentrated than roughly MgCl2∙6H2O at 250
o
, 300

o
 and 350

o
 C; at more dilute compositions the 

stable hydrolysis product is Mg(OH)2. MgO never forms in the temperature range investigated 

(250
o
-350

o
 C). This is significant for practical applications. To form a gas stream with enough 

HCl to be suitable for recycling, it can be seen from Figures 3-6, 3-7 and 3-8 that one must  

operate at a concentration greater than hexahydrate, nH2O < 6. Yet at concentrations higher than 

hexahydrate, the hydrolysis product will be MgOHCl, not Mg(OH)2, and so the solid phase would 

require disproportionation as an additional step to produce Mg(OH)2, as per Reaction 3-2.  

As discussed above, the liquidus provides the constant of integration or boundary condition in 

finding the chemical potential of the salt. Therefore, it is important that the position of the 

liquidus and the composition of the solid phase be accurately known. At 250 
o
C, the position of 

the liquidus is well known and the solid phase is known to be MgCl2∙2H2O. As can be seen in 

Figure 2-1, however, for the 300
o
 and 350

o
 C isotherms, the position of the liquidus is much more 

poorly determined. It is unclear whether the solid phase is magnesium chloride dihydrate, 

MgCl2∙2H2O, or monohydrate, MgCl2∙H2O. Of course, this introduces significant uncertainties 

into the determination of the salt’s chemical potential. In performing the integrations, this work 

assumes a monohydrate solid phase at 350 
o
C. Calculations have been performed for both 

monohydrate and dihydrate solid phases for the integration of the 300 
o
C isotherm; as Figure 3-5 

shows, there is a significant change in vapour pressure depending on which solid phase is chosen. 
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3.1.4 Pitfalls and Assumptions  

An important question for the experimental work was whether the oxide phase had significant 

solubility in the melt. The Gibbs-Duhem integration performed above assumed that the hydrolysis 

products in the melt had minimal solubility. This assumption is significant because it means that 

the system consists essentially of two components, MgCl2 and H2O. This is to say the system 

MgCl2-MgO-H2O is approximated as the system MgCl2-H2O – as a “pseudobinary” system. This 

approximation is only valid if magnesium oxides have low solubility in the melt, leaving the 

activities of MgCl2 and H2O substantially unaffected. If the oxides indeed have significant 

solubility in the melt, it is necessary to find the activities of all three components in the system – 

MgCl2, H2O, and MgO or HCl. A Gibbs-Duhem equation with three terms would then have to be 

used: 

                          0GdχGdχGdχ HClHClH2OH2Osaltsalt 
                                    (3-19)

  

The solubility of MgO increases with MgCl2 concentration; however, at ambient temperature, 

oxide solubility remains very low, even in concentrated solutions. Robinson and Waggaman
76

 

report 0.00006 wt% MgO in solutions of 2.36 wt% MgCl2, rising to 0.002 wt% at 34.22 wt% 

MgCl2 after 6 months at 25
o
 C. Chassevent

79
, reporting equilibria at 30

o
, gives 0.017 wt% MgO in 

a 4.0 wt% MgCl2 solution, rising to 0.012 wt% at 30.72 wt% MgCl2. The data points from these 

two authors are in poor agreement with each other; however the effect of MgCl2 in increasing 

MgO solubility is at least qualitatively apparent. It is possible that Chassevent reports higher 

values due to MgO contamination; magnesium chloride may decompose while undergoing 

dehydration.  
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Unfortunately, no oxide solubility data exists for MgCl2 solutions in the regime of molten salt 

hydrates at high temperatures. As discussed in Section 2-6, a soluble magnesium chloride 

aquocomplex forms when magnesium oxide is dissolved in magnesium chloride solutions, the 

solubility of which appears to increase with MgCl2 and temperature. While the dissolved 

hydroxychloride aquocomplex is unstable at room temperature, it may well become more stable 

at higher temperatures and MgCl2 concentrations and achieve a significant equilibrium solubility. 

This work has qualitatively observed that the stability of the aquocomplex is linked to the 

chloride concentration; therefore the high chloride concentrations in the MSH regime can be 

expected to stabilize the soluble aquocomplex. If MgO has significant solubility, either by itself 

or as an aquocomplex, the assumption of pseudo-binary behaviour for the MgCl2-MgO-H2O 

system would become invalid and a ternary Gibbs-Duhem integration would have to be used.  

Another possible pitfall in the thermodynamic calculations described in this section would be the 

existence of high-temperature magnesium hydroxychlorides other than MgOHCl. One such 

alternative hydroxychloride would be the two-form, 2MgO·MgCl2·6H2O; the upper temperature 

limit for its stability is unknown. In addition, previously unknown hydroxychlorides with other 

stoichiometries could also be present. Thermochemical information for hydroxychlorides other 

than MgOHCl is generally poorly known; therefore if MgCl2 MSH hydrolysis were to produce a 

hydroxychloride other than MgOHCl, it would not be possible to determine the Gibbs energy of 

the hydrolysis reaction and hence impossible to find the partial pressure of HCl. If a 

hydroxychloride phase were present other than MgOHCl, it would again invalidate the model for 

HCl partial pressures developed in this section.  
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3.2 Flowsheet Development 

3.2.1 Process Description 

The model developed in Section 3.1 gave information on the partial pressures of HCl and H2O 

generated at different temperatures and compositions. It also showed which solid phase 

(MgOHCl or Mg(OH)2) would form. These results were used to develop a flowsheet for 

processing saprolite nickel ore and subsequently regenerating the HCl lixiviant. This flowsheet is 

shown in Figure 3-9.  

In the flowsheet, a molten salt hydrate of composition roughly MgCl2·6H2O is recycled around 

the flowsheet rather than the aqueous solutions usually employed in conventional 

hydrometallurgy. The saprolite ore is fed to a hexahydrate melt and dissolved in HCl. The high 

boiling point of the MSH allows this step to occur in a hexahydrate melt at atmospheric pressure 

and temperatures up to 160
o 
C. Residual solids are removed by filtration. Nickel, cobalt, and iron 

are removed from the system by oxidizing with air or Cl2 to convert ferrous ions to ferric, and 

then successively raising the pH to obtain each metal sequentially as a hydroxide. The barren melt 

is now fed to an autoclave where it heated to 250
o
 C and dehydrated to MgCl2·3.5H2O. The melt 

now begins to hydrolyze, producing an equilibrium vapour composition of about 5% HCl and 

95% steam at a total pressure of approximately 18 atm; this generates solid MgOHCl. The gases 

are let out of the autoclave and recycled to the leach stage. The MgOHCl is recovered from the 

autoclave; water is added. This causes the hydroxychloride to repartition into magnesium 

hydroxide and aqueous MgCl2. The amount of water added is carefully regulated so that the final 

solution composition is approximately hexahydrate: 

                            MgOHCl(s) + 3H2O(l)  ½ Mg(OH)2(s) +  ½ MgCl2·6H2O(l)                        (3-20) 
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Figure 3-9 Conceptual flowhseet for saprolite treatment using pressure melt hydrolysis
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The hexahydrate melt would be recycled to the leach stage, while the Mg(OH)2 would be calcined 

to produce a saleable MgO product.  

The central motivations of the flowsheet were to allow hydrolysis to occur at a lower temperature 

than solution pyrohydrolysis, and to bypass the necessity of evaporating water. Lower 

temperatures would improve thermal efficiency; in fact, heat could be supplied to the autoclave 

by steam raised in an ordinary boiler, using a heat exchanger. And rather than boiling off water 

from a dilute solution, the proposed flowsheet would only need to concentrate a MgCl2·6H2O 

MSH to a MgCl2·3.5H2O MSH.  

3.2.2 Flowsheet Problems 

The flowsheet analysis in Section 3.2.1 turned out to ignore some important practical difficulties. 

Chief of these was the water balance. In an HCl leach, the saprolite will add Mg to the solution, 

thereby concentrating it. For the purposes of this thought-experiment, the saprolite is modelled as 

olivie, Mg2SiO4, and all reactions are assumed to go to completion. The dissolution of olivine by 

HCl in an MgCl2·6H2O MSH is given by Reaction 3-21: 

                      Mg2SiO4,s + MgCl2,a + 6H2Oa + 4HClg  3MgCl2,a + 8H2Oa + SiO2,s               (3-21)  

The melt composition after the leach is then MgCl2·2.7H2O. In fact, however, the HCl used in the 

leach is accompanied by water. The hydrolysis autoclave produces an exhaust stream of only 

approximately 5 vol% HCl, 95 vol% H2O. If this HCl + steam exiting the autoclave were 

condensed and distilled, it could produce azeotropic (20 wt%) HCl. However, if azeotropic HCl 

were used in the leach, the extra water accompanying the HCl would significantly dilute the melt:   

               Mg2SiO4,s + MgCl2,a + 38.4H2Oa + 4HClg  3MgCl2,a + 40.4H2Oa + SiO2,s            (3-22) 
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The final melt composition is now MgCl2·13.5H2O, and significantly more energy must be 

expended to concentrate it to a 3.5H2O composition. If the HCl and steam exiting the autoclave is 

used as a direct gas leach, the situation is even worse: the final melt composition is now 

MgCl2·28H2O.   

The situation could be remedied by using a direct gas leach, and keeping the solution in the leach 

stage at a temperature such that its water vapour pressure would be above that of the steam 

coming in. That is to say, the leach solution should be at or near its boiling point while the HCl + 

H2O leach gas is sparged through it. In this situation, the vapour pressure of the melt in the leach 

stage would be 1 atmosphere; meanwhile the vapour pressure of the steam in the leach gas would 

be approximately 0.95 atm and that of the HCl 0.05 atm. With a partial pressure lower than 1 atm,   

the steam would never condense into the melt. The HCl would still be able to react with the 

saprolite ore, however. This scheme would work from a thermodynamic equilibrium point of 

view. However a gas leach allows no room for storage – unlike azeotropic HCl, a gas cannot be 

stockpiled if there are hiccups in the plant’s operation. In addition problems might be encountered 

in mixing the HCl successfully into the boiling reactor. In practice, the HCl would have to be 

concentrated, using energy. One means of doing so would be to pass the HCl + H2O gas stream 

through a column with MgCl2 running countercurrently, as suggested in a patent by Gudmudsen 

et al
80

.  

This flowsheet would also encounter more practical problems dealing with the molten salt 

hydrates. The hexahydrate solidifies at 117 
o
C and boils at 160 

o
C; it must be kept between these 

temperatures. For more concentrated melts, the window of operations is even smaller. Near the 

liquidus the viscosity noticeably increases. Closer to the boiling point, evaporation is rapid. In the 

experiments for this study, containers of MSH always had to be covered to prevent evaporation; if 
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MSH was to pass through a tube, the tube had to be externally heated as the melt would solidify 

very rapidly onto cool surfaces, quickly plugging up the passage. In addition, the melts are rather 

corrosive to metal. These practical issues would cause severe problems in a real-world plant; for 

example, solid-liquid separation would have to be done in heated filters, possibly under pressure 

to force the viscous melt through.  

3.3 Melt Pressure Hydrolysis Experiments 

As described in Section 3.1, the thermodynamic model assumed that hydrolyzing MgCl2 molten 

salt hydrates at high temperatures could be modelled as occurring within a pseudo-binary system. 

That is, the analysis assumed that magnesium oxides had very little solubility in the melt so that 

rather than having three components, MgCl2, H2O, and MgO, the melt had only two, MgCl2 and 

H2O. Essentially all of the magnesium oxide would be present in the solid phase so that it would 

hardly affect the activities of MgCl2 and H2O. However, no data exist on oxide solubility in 

MgCl2 solutions at the temperatures and concentrations contemplated by the conceptual 

flowsheet. Indeed, the existence of an unstable magnesium hydroxychloride aquocomplex at 

lower concentrations and temperatures makes it at least plausible that a stable hydroxychloride 

aquocomplex could exist at higher temperatures and concentrations. Moreover, even if oxide 

solubility in high-temperature MgCl2 MSHs was in fact insignificant, it was uncertain whether the 

oxide phase would be MgOHCl, whose thermodynamic properties are well known, or some other 

hydroxychloride. As a result, it was decided to take experimental measurements of the activities 

of H2O and HCl over MgCl2 MSHs. If the HCl partial pressures measured were close to those 

predicted by the model, then the assumption of a pseudo-binary system and MgOHCl solid phase 

would stand. Otherwise, it would be apparent that one or both of these assumptions was wrong, 
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and the HCl and H2O partial pressure data collected could be used to determine either the correct 

solid phase or to perform a ternary Gibbs-Duhem integration.   

Accordingly, a series of experiments was performed to independently measure HCl and H2O 

partial pressures over MgCl2 melts at various compositions at 250
o
 C. These data would validate 

the thermodynamic model described in Section 3.1. The experiments were performed in a test 

autoclave, which underwent a number of changes as operational problems were encountered.  

3.3.1 First Autoclave Trials 

The first autoclave experiments were based on the work of Hossbach
81

. These used an apparatus 

shown in Figure 3-10.  
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Figure 3-10 Sketch of first autoclave design (as used by Hossbach
81

) 

1. Lid; 2. Upper section; 3. Lower section; 4. Bored-through Swagelok Ultra-Torr fitting; 5. 

Thermocouple well; 6. Plunger; 7. Thermocouple well; 8. Pressure gauge; 9. Valve; 10. Closed-

end tube (in LN2 bath) 

 

 

12.7 mm 

(0.5 in) 

69.9 mm 

(2.75 in) 

69.9 mm 

(2.75 in) 

76.2 mm (3.0 in) 
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The autoclave, constructed entirely of 316 stainless steel, had a diameter of 76.2 mm (3 inches) 

and an overall height of 152.4 mm (6 inches). The autoclave was divided into an upper chamber 

(2) and a lower chamber (3). The lower chamber, upper chamber, and lid could be separated from 

each other for easy disassembly and cleaning; the three parts were held together by eight bolts 

through the flanges and sealed by O-rings. A plunger (6) passed through a bored-through 

Swagelok Ultra-Torr fitting in the lid (4), which sealed it with a Kalrez O-ring. An assembly 

above the autoclave allowed the plunger to be raised and lowered by a screw thread. The wide 

disk at the bottom of the plunger was also fitted with a Kalrez O-ring and made a seal with the 

bottom of the upper chamber when the plunger was screwed all the way up. In this way the upper 

chamber could be separated from the lower chamber. The cylinder was connected by means of a 

valve (9) to a closed-end, stainless steel tube (10) kept in a bath of liquid nitrogen. A pressure 

gauge (8) allowed the total pressure to be monitored. Thermocouple wells (5 and 7) allowed the 

temperature to be monitored in both the upper and lower chambers. The salt hydrate was kept in a 

quartz beaker in the lower chamber (3). 

 In operation, between 1 and 5 g of solid MgCl2·6H2O, with a weighed quantity of water, was 

placed in a quartz beaker and loaded into the apparatus. The water content of the MgCl2 

hexahydrate was previously precisely determined. A vacuum pump quickly evacuated the 

cylinder. With the plunger open, the cylinder was heated to a temperature of 250
o
 C (which was 

considered to be the maximum temperature capability of the sealing material). The autoclave was 

heated by a heating tape wrapped around the cylinder; a temperature controller was used to 

regulate the temperature. The difference in temperature between the upper and lower chambers 

was 3 
o
C or less. The cylinder was kept at temperature for an hour, which was deemed long 

enough for the system to reach chemical equilibrium. During this period, the open plunger 
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allowed the gas to equilibrate across both chambers. After an hour, the plunger was closed, and 

the valve (9) was opened allowing the hot gases from the upper chamber to move to the closed-

end tube in the liquid nitrogen (10). It was expected that upon meeting the cold walls, the gases 

would condense here. At the end of the experiment, the tube was disconnected, weighed, and the 

contents analyzed. Operation required closing of the plunger because otherwise water would 

evaporate from the melt to make up for the vapour leaving the chamber. This would quickly 

change the composition of the melt and mean that the system would not be in equilibrium as it 

was being measured.  

This system encountered numerous problems. The hydrochloric acid corroded the collection tube 

and the pressure gauge (even though a gauge with a stainless-steel Bourdon tube had been 

selected). Condensation of vapour in the collection tube was very slow; it appeared that 

movement of the gas from the upper chamber to the collection tube was very slow without a 

sweep gas.  

Because of these problems, the setup was modified as shown in Figure 3-11.  
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Figure 3-11 Modified autoclave used for pressure melt hydrolysis experiments 

1. Lid; 2.Upper chamber; 3. Lower chamber; 4. Swagelok Ultra-Torr fitting; 5. Thermocouple 

well; 6. Plunger; 7. Thermocouple well. 

 

In the modified autoclave, the pressure gauge and connection to the cold tube were removed. 

Operation now hinged solely upon the plunger forming a barrier between the upper and lower 

chambers.  

12.7 mm (0.5 in) 

69.9 mm (2.75 in) 

69.9 mm (2.75 in) 

76.2 mm (3.0 in) 
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Operation of the modified autoclave took place as described for the earlier design shown in 

Figure 3-10, except that after an hour at 250
o
 C, the plunger was closed and the setup was allowed 

to slowly cool. The water in the bottom chamber was expected to recombine with the cooling 

melt; meanwhile the HCl would re-form MgCl2 by back-reaction with the MgO. Some water and 

HCl, of course, would remain trapped in the upper chamber. After the setup had entirely cooled, it 

was disassembled and the beaker with frozen salt hydrate was removed. The salt hydrate was 

weighed and then dissolved and titrated for Mg
2+

 and Cl
-
. This gave the salt concentration and the 

amount of MgO present. These quantities in turn yielded the moles of water and HCl trapped in 

the upper chamber. As the volumes of each chamber were well-known, the gas pressures could be 

calculated by the Ideal Gas Law.  

The actual operation encountered severe sealing problems. In run after run, the O-rings between 

the lower and upper chambers and between the upper chamber and the lid would lose their seal. 

Various types of material were used: Kalrez, PTFE, silicone, and viton. The main problem was 

that the operating temperature of 250 
o
C was above the upper working limit of most elastomeric 

sealing materials. Viton rings simply broke down from the heat. Silicone rings have an upper 

service temperature of 240 
o
C, but appeared to hold to 250 

o
C. At the end of the run the silicone 

and PTFE rings would turn out to have completely taken on the shape of the O-ring groove, 

without returning to their previous shape after removal of pressure. Kalrez rings would seal for 

one run, after which they had a torn and ripped appearance. In general they would not seal for the 

second run. Due to the high cost of Kalrez O-rings, it was not possible to use a new set routinely 

for each run. 

A leak test with pressurized air before each run confirmed that the O-rings were sealing. The 

same test at the end of the run showed leaks at both the upper chamber-lid seal and lower 
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chamber –upper chamber seal. Clearly the action of heat destroyed the ability of the O-rings to 

seal, but it is unclear what the exact mechanism was.  

3.3.2 Experimental Results – First Autoclave 

As can be seen in Appendix 3, a number of runs were performed using the first autoclave design. 

Only one run appeared to be successful; in the other runs performed with this apparatus, leaks 

developed. There were two different means of detecting leaks. In the runs where a pressure gauge 

was still attached to the autoclave, an overall increase in pressure was noted as the apparatus 

heated up – an occurrence which was anticipated from Figure 3-1. When the gauge started 

suddenly showing a decrease in pressure either while heating or while at 250 
o
C, the autoclave 

was presumed to have sprung a leak and the experiment was terminated. 

Where no pressure gauge was used, or where it did not show an unexpected decline in pressure, 

the run could be checked for leakage by performing a mass balance. First, the salt residue 

collected after a run was titrated for Mg
2+

 and Cl
-
  and weighed. This allowed a determination of 

the number of moles of MgCl2, MgO, and H2O content in the residue to be made. These were 

then compared with the weighed-in amounts of MgCl2 and H2O from the beginning of the run; 

the difference represented how many moles of H2O and HCl were trapped in the upper chamber. 

Knowing the volume of the upper chamber, and applying the ideal gas law, it was then possible to 

determine the pressure that was exerted in the upper chamber at 250
o
 C: 

        
  

      
 

(3-23) 
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where P represents pressure, nupper represents the number of moles of gas (H2O + HCl) present in 

the upper chamber, R is the universal gas constant, T is the absolute temperature, and Vupper is the 

volume of the upper chamber. Of course, the pressure in the lower chamber had to be the same as 

the pressure in the upper chamber before the plunger was closed. The volume of the lower 

chamber was also known, and so the ideal gas law could be used once again to determine the total 

number of moles of gas that had left the salt solution: 

       
       
  

 

(3-24) 

where ntotal represents the number of moles of gas (H2O + HCl) present in the entire autoclave, 

and Vtotal represents the volume of the entire autoclave.  

When ntotal was known, it was multiplied by the fraction of H2O to determine nH2O, the total 

number of  moles of water that had evaporated from the melt and entered the gas phase at 

equilibrium at 250 
o
C. This was a small correction as the HCl content was usually a small 

percentage of the total gas volume. When nH2O was known it could be subtracted from the moles 

of water weighed in to the autoclave; this gave the composition of the MgCl2 solution at 

equilibrium and 250 
o
C. After all these calculations, it was finally possible to check the 

experimental data against data that was already known: the vapour pressure over MgCl2 solutions 

at 250 
o
C is given in the data set of Urusova and Valyashko at different compositions. This gave 

the expected vapour pressure over the melt at that composition. The expected pressure could then 

be compared with P, the calculated actual pressure over the melt. When P was very far from the 

curve of Urusova and Valyashko, it could be concluded that a leak had occurred.  

A sample calculation for run 8/10 demonstrates the mass balance method. 
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Sample calculation – run 8/10 mass balance 

1) Weighed in quantities:  0.0155 mol MgCl2  

    0.0930 mol H2O (as water of hydration with MgCl2) 

  weight:  3.155 g (all as MgCl2·6H2O) 

 

2) Analysis of residue:  0.0151 mol Mg, corrected to 0.0155 mol  

    0.0295 mol Cl, corrected to 0.303 mol 

  weight:  2.740 g, corrected to 2.813 g 

    0.0749 mol H2O (obtained by mass balance) 

3) Moles of gas in upper chamber (by difference between steps 1 and 2): 

    0.0181 mol H2O 

    0.0007 mol HCl 

   Total: 0.0188 mol.      

  Composition:  3.7 mol% HCl, balance H2O   

 

4) Pressure in upper chamber, by ideal gas law: 397 kPa  (approx. 3.9 atm) 

 (Vupper = 206 cm
3
) 

 This is also the total pressure in the entire apparatus. 

 

5) Moles of gas in entire autoclave, by ideal gas law:  

    0.0334 mol H2O 

    0.00129 mol HCl 

 (Vtotal = 380 cm
3
) 

 

6) Composition of melt (by subtracting quantities in step 5 from those in step 1): 

    0.0155 mol Mg
2+ 

    0.00129 mol O
2- 

    0.0297 mol Cl
- 

    0.0583 mol H2O 

 This corresponds to a composition of MgCl2·3.8H2O, or 21 mol% MgCl2.  

 

7) Determination of expected pressure 

 Urusova and Valyashko’s data gives an expected vapour pressure of approximately 4.5 

 atm.  

 

The calculated pressure, 3.9 atm, is found to be close to the expected pressure of 4.5 atm. The 

match is not very good, but the vapour pressure versus composition curve has a large slope in the 

area in question which means that small errors in the value of the composition represent large 

errors in determining the vapour pressure. This point is plotted in Figure 3-12 and it can be seen 
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to be rather close to Urusova and Valyashko’s vapour pressure curve. The points for Run 11/19 

are plotted in the same chart and their distance from Urusova and Valyashko’s vapour pressure 

curve is striking.  

 

Figure 3-12 Results from first autoclave 

The lines show total vapour pressure and volume percent HCl predicted by the model. The 

triangular points show the results of autoclave 1. Each experiment yielded two points – one for 

total vapour pressure, and the other for percent HCl. Points shown are from Run 8/4 and Run 

11/19.  

 

In her experiments, Hossbach
81

 found pH2O:pHCl ratios of around 800 to 6100 over an 

MgCl2·3.34H2O melt. The model produced in this this investigation predicts a pH2O:pHCl ratio 

of about 22 for 250 
o
C and n = 3.5H2O; for n = 3.1H2O at the same temperature, the ratio 

becomes roughly 13. 
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Sources of error  

There are a number of sources of error for the experiments with the first autoclave. These include 

the accuracy of weighing the reagents in as well as weighing the residue after the run. In 

weighing the reagents in, it is possible that the mildly hygroscopic MgCl2·6H2O absorbed some 

water while being carried from the scale to the autoclave. The titration of the residue gave further 

opportunity for measurement error. When titrating the salt residue it was found in every case that 

there would be slightly less Mg
2+

 in the residue than had been weighed in. This was interpreted as 

loss of MgCl2 by splashing out during boiling. In analyzing the numbers from the residue, the 

number of moles of magnesium was adjusted to equal the moles of Mg weighed in. The number 

of moles of other elements were similarly adjusted. Not making the adjustment would have meant 

incurring error when subtracting weighed-in quantities from residual quantities. Error in 

measuring the temperature carried over into pressures calculated by the ideal gas law. And 

finally, the mass balance calculations assumed that all of the water and HCl gas in the lower 

chamber recombined with the salt residue when the autoclave was cooled down. While cooling 

was undertaken gradually to allow this process to happen, it was impossible to confirm that full 

recombination had in fact occurred.  

The results produced by Autoclave 1 were prone to large uncertainties and in general this can be 

attributed to the lack of mutually-supporting data points. There was no facility, for example, for 

independently determining the gas composition. Attempts to measure the pressure had to be 

halted when it became clear that the atmosphere attacked the delicate bourdon tubes of the 

pressure gauges.  
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3.3.2 Second Autoclave Experiments 

It proved impossible to solve the sealing problems of the first autoclave, and so a second 

autoclave was built, as shown in Figures 3-13 and 3-14.  

 

Figure 3-13 Second autoclave design – overall view . Figure used by permission of Ottawa 

Fluid Systems Technologies. 
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Figure 3-14 Second autoclave design – view from side 

1. Chamber containing melt (right chamber, corresponding to bottom chamber in earlier design); 

2. 12.7 mm (½-inch) valve; 3. Left chamber (corresponding to upper chamber in earlier design); 4 

& 5. Fittings to hold thermocouple well; 6 &7. 6.4 mm (¼-inch) valve. Figure used by permission 

of Ottawa Fluid Systems Technologies. 

 

The second autoclave solved the sealing difficulties by using 25.4 mm (1 inch) diameter 316 

stainless steel tubing connected with Swagelok VCR fittings. VCR fittings use a metal gasket (in 

this case, stainless steel) which could be pressed against a gland at the end of the tubing. The 

overall  concept of operation was similar to that of the modified first autoclave. The setup was 

held vertically as shown in Figure 3-14.  The autoclave consisted of two chambers (1, 3) which 
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could be separated by a 12.7 mm (½ in.) Swagelok valve (2). Thermocouple wells were fitted into 

each chamber from the top (4, 5). Two smaller valves (6, 7), on the left side, allowed a gas purge 

to take place.  

In operation, a quartz test tube containing a weighed amount (approximately 1 g) of magnesium 

chloride hexahydrate and water was loaded into the right arm. The centre valve (2) was kept open 

and the setup quickly evacuated by a vacuum pump. The setup was then brought to 250 
o
C by 

means of heating rope coiled around the tubing. After an hour at 250 
o
C, the center valve was 

closed, separating the right chamber from the left chamber. At this point nitrogen gas was 

introduced through the bottom valve (6) of the left chamber, exiting through the upper valve (7). 

This purged the H2O and HCl trapped in the left chamber. The purge gas was led through a bed of 

drierite (anhydrous CaSO4 desiccant) and several NaOH traps. These captured water and HCl, 

respectively. The amount of water captured could be determined by weighing the drierite bed; the 

HCl could be determined by titration. After the experiment the test tube containing the salt 

hydrate residue could be removed and analyzed for Mg
2+

 and Cl
-
, which would give the gas 

composition over the melt at equilibrium by mass balance, in the same way as described in 

Section 3.3.2. This ensured that two independent methods of determining the equilibrium gas 

composition could be used and checked against each other.  

While the seals at all points held well, this autoclave design suffered from large temperature 

gradients. The autoclave consisted of several feet of stainless steel tubing; stainless steel has poor 

thermal conductivity. As a result, temperatures could differ by 50 degrees C between points only 

30 centimetres apart. The situation was not aided by the use of heating cord, which it was difficult 

to wrap evenly around different sections. After some trials, a sheet of copper was wrapped around 

the left chamber, which significantly improved the local temperature distribution. Overall, 
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however, the temperature distribution problem still remained. Since a vapour-liquid equilibrium 

was being measured, this level of variance in the temperature could significantly change the 

vapour pressures of the water and HCl, and thus alter the reaction equilibrium. A number of tests 

also produced much less water vapour and HCl than had been predicted by the model, and no 

satisfactory result was obtained. On further investigation it became apparent that a crack had 

appeared in part of the tubing, which was allowing gases to escape. At this point it was decided to 

terminate further experimentation in pressure melt hydrolysis.  

3.3.3 General Problems in Autoclave Operation 

The pressure melt hydrolysis experiments encountered great difficulty in keeping corrosive gases 

sealed at high temperatures and elevated pressures. In addition, this liquid-vapour equilibrium 

system was very sensitive to melt composition and temperature – an error of a few percent in melt 

composition could greatly change the HCl partial pressure generated. The lowest temperature at 

which hydrolysis could be expected to occur to a significant extent was still above the upper 

service limit for most elastomeric seals. Stainless steel gaskets held, but required a specialized 

sealing system, and corrosion was noted where the HCl-H2O gas was allowed to condense on 

cold spots on the stainless steel walls. All of these difficulties prevented meaningful results from 

being collected from the laboratory work. After consideration, it became apparent that these 

extreme reaction conditions would cause similar problems in a real-world melt pressure 

hydrolysis system.  

These considerations highlighted the need for a simple, easy-to-manage process to convert 

magnesium chloride solutions into MgO and HCl. Such a process would use readily available 

equipment and would tolerate wide variability in conditions enabling easy process control. After 

further deliberation, an alternative process meeting these criteria was identified based on the 
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precipitation of magnesium hydroxychloride compounds from concentrated MgCl2 brines and 

MSHs. The background, experiments and flowsheet for this process are described in the 

following three chapters.   
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Chapter 4 

Experimental Methods – Magnesium Hydroxychloride Precipitation 

and Decomposition 

 

Magnesium hydroxychloride precipitation and decomposition was identified as a promising 

alternative route to accomplish magnesium hydrolysis and lixiviant regeneration. The chemistry 

behind this route has been described in more detail in Chapter 2. Hydroxychloride precipitation 

and decomposition entails adding MgO to the barren MgCl2 brine and precipitating out either the 

2-form or 3-form hydroxychloride. This precipitate is dehydrated at a temperature between 150
o
 

and 300
o
 C, and then decomposed at a temperature between 500

o
 and 600

o
 C to yield dry HCl gas. 

The decomposition residue consists of MgO, part of which is recycled to precipitate more 

hydroxychloride and part of which is sold as a by-product. The dry HCl gas, the second product 

of the decomposition reaction, is suitable for absorption as concentrated (33%) HCl. For a 

saprolite chloride leach flowsheet, this acid is recycled to the leach step. In the process, therefore, 

the chloride units are captured in a solid precipitate; when this is decomposed at high 

temperatures they are released as regenerated HCl. A simple flowsheet showing the steps in a 

conceptual saprolite chloride leach process is presented in Figure 4-1.  
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Figure 4-1 Simplified conceptual flowsheet for hydroxychloride precipitation-decomposition 

process.  

 

To move hydroxychloride precipitation and decomposition closer to commercialization, more 

information was desired in particular for three operations: hydroxychloride precipitation, iron 

control, and thermal decomposition of the hydroxychloride. These operations are labeled A, B, 

and C in Figure 4-1. To obtain this information, three sets of experiments were performed: 

- A phase stability study, to determine which stable phase would precipitate in the 

hydroxychloride precipitation step (A). This study would also provide useful 

thermodynamic data on the hydroxychlorides. 

- An iron precipitation study, to understand which iron phase would precipitate in the iron 

precipitation step (B). 

- A thermal decomposition study, to understand the reaction kinetics in the decomposition 

step (C) producing HCl and MgO. An additional study would determine in how many 

stages the dehydration step proceeds.  

The experiments were also intended to shed light on the physical handling properties of the 

material. These include crystal size and filterability of the precipitate, as well as its stickiness; the 



 

 

 

91 

viscosity of the solution at high concentrations (and therefore the ease with which it can be stirred 

or filtered); and reactivity and particle size of the calcine after decomposition. 

4.1 MgCl2-Mg(OH)2-H2O Phase Stability Study 

In the flowsheet in Figure 4-1, it is important to know which phase precipitates in the 

precipitation step (A) under different specific conditions. There are various possible species 

which can precipitate, as either stable or metastable phases, in the MgCl2-MgO-H2O system: 

Mg(OH)2, 3MgO·MgCl2·11H2O (3-form),  2MgO·MgCl2·6H2O (2-form), 9MgO·MgCl2·14H2O 

(9-form), or 5MgO·MgCl2·13H2O (5-form). MgOHCl is another possible solid phase in this 

system, but the reaction, 

                                      MgCl2(aq) + MgO(s) + H2O(aq)  2MgOHCl(s)                                       (4-1) 

has a positive Gibbs energy as written at the liquidus at temperatures below 155
o
 C. 155 

o
C is 

considerably above the temperature range of this study. With the data available, it is not possible 

to determine the Gibbs energy of this reaction away from the liquidus.  

The precipitation study was undertaken to produce a phase diagram of the system showing which 

phase was thermodynamically stable at a given temperature and composition. Unfortunately, 

these basic thermodynamic data were lacking. Some phase predominance information was 

available
64,63

, but often reported metastable phases.  

An additional benefit of the phase stability study was that once a phase predominance diagram 

was obtained, the position of the phase boundaries made it possible to derive standard enthalpy 

and entropy values for the different hydroxychloride species. The enthalpy data could then be 

used to estimate heat requirements for the dehydration and decomposition processes; enthalpy 
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and entropy data together were used to estimate the temperatures at which the dehydration and 

decomposition reactions took place.  

Some information on the predominant phases in the MgCl2-MgO-H2O system is available from 

the literature. These literature values will be discussed more fully in Chapter 5, where they will be 

combined with data from this study to create a phase diagram. Previous authors have determined 

that the stable phase present at 25-50
o
 C in solutions more concentrated than 10 wt% MgCl2 is the 

3-form, 3MgO·MgCl2·11H2O, and that the 5-form is a metastable phase. Various values for the 3-

form/Mg(OH)2 boundary have been reported. The 2-form was known to exist at high 

concentrations and temperatures above 100
o
 C, but the phase boundary between it and the 3-form 

was not well defined
63

.  Accordingly, the experiments centered on finding the boundary between 

2-form and 3-form.  

Tests were performed at 75, 90, 100, 110, and 135
o
C, using solutions of various MgCl2 

concentrations. The solution concentrations tested were 24.5, 30, 35, 37, 39, and 46 weight 

percent MgCl2, corresponding to the approximate concentrations of the dodecahydrate (30 wt%), 

the octahydrate (39 wt%) and the hexahydrate (46 wt%), respectively.  

 4.1.1 Experimental Method – Phase Stability Study 

For each run, 500 g of a solution of given MgCl2 concentration was prepared. To prevent 

evaporation, solutions were kept in a covered 1000 mL beaker with an opening only large enough 

to admit a thermocouple, as illustrated in Figure 4-2. 
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Figure 4-2 Setup for phase stability study trials 

1. 1000 mL Pyrex beaker; 2. Thermocouple; 3. Rubber stopper; 4. Stir bar; 5. Stirrer-hotplate. 

 

The solution was heated to the temperature of interest while stirring on a stirrer-hotplate. When 

the temperature of interest was reached, 3.5g of “light” MgO (Alfa Aesar) was added to the 

solution.  What happened next depended on the strength of the solution. For the 30 and 24.5% 

solutions it was necessary to filter out the excess MgO after 15 minutes. The clear filtrate, which 

had cooled down during filtration, was then brought back to the temperature of interest and 

approximately 1 gram of 3-form hydroxychloride, recovered from a previous run, was added as 

seed. After a wait of several hours, the solution became milky, viscous, gel-like and unstirrable, 

similar in appearance to yogurt. It was possible to see individual needle-like crystals in 

suspension, especially when the gel was diluted in water or alcohol. The washed precipitates 

usually gave well-defined XRD spectra; as XRD spectra can only be obtained from crystals, the 

gel must have been composed of crystals in suspension. The gelling took place relatively rapidly, 
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over the course of a half hour to an hour. After gelling the solution was vacuum filtered and the 

crystals were recovered.  

Filtration of excess MgO after its addition and adding hydroxychloride seed was found to be 

necessary at these concentrations because otherwise metastable phases such as brucite and 9-form 

would form instead of the desired 3-form. The addition of seed crystals greatly improved the time 

needed for precipitation. Precipitation was usually not quantitative, because once the gel formed 

the magnetic stirrer was not able to keep the solution stirred; the run would then have to be ended 

as the solution would otherwise heat unevenly. Lukens
74

 claimed that stirring of the solution 

promoted gel formation; it is expected that in a real-world process the hydroxychloride 

precipitation could take place with seed, in an unstirred tank, so as to promote the formation of 

larger, easily filterable crystals.  

For tests with MgCl2 concentrations ≥ 35 wt%, no filtration of the MgO or seeding was 

necessary. In these tests, once the solution reached the temperature of interest, 3.5 g of MgO was 

added, care being taken to prevent the magnesia from forming lumps. After a wait of up to six 

hours, gelling took place as described above, and the solution was vacuum filtered. Whatman #50 

filter paper was used, with a pore size of 2-3 microns. When a filter paper with an 11 µm pore 

size was used, some crystals were found to have come through into the filtrate. Therefore the size 

of the precipitate crystals was above 2 µm, with a portion of the precipitate below 11µm. Due to 

difficulties in drying the precipitate, however, no formal study of the particle size distribution was 

undertaken.  

The recovered precipitate was washed in absolute ethanol seven or eight times. Each wash took 

place as follows: the filter cake was loaded into a small bottle or jar and roughly 100 mL of 

ethanol was added. The sealed bottle was then shaken by hand for 1 minute and subsequently 
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vacuum filtered. After all the washes were complete, the precipitate was put in a 100
o
 C oven for 

several hours to evaporate the alcohol. Previous researchers
63

 had found that washing in water, or 

even in 96% ethanol, broke down the sample; the MgCl2 portion of the hydroxychloride would 

dissolve into the water, leaving Mg(OH)2 behind. The ethanol wash takes advantage of the fact 

that water and dissolved MgCl2 in the liquor dissolve readily in the alcohol, while oxides and 

hydroxychlorides are practically insoluble in it.  

A sample of the washed and dried precipitate was dissolved in 3 N H2SO4; dissolution was 

complete in less than a minute under light stirring. This solution was then titrated for Cl
-
 with 

AgNO3 using potassium chromate as indicator, and titrated for Mg
2+

 with disodium EDTA using 

eriochrome T as indicator, following the recommendation of Skoog
82

. Oxide content was 

determined by the molar balance. With these results, it was possible to determine the formula of 

the precipitate. Alkalimetric titrations, to directly measure the O
2-

 content, were attempted but 

gave poor results. It should be possible to find the water content by mass balance; however the 

alcohol wash and drying removed several molecules of bound water so that the water content 

could not be accurately determined. 

In most cases, a sample of the washed and dried precipitate was also submitted to powder XRD. 

This confirmed the results of the chemical analysis, usually displaying the spectra of the 2-form 

or 3-form. Often, the XRD spectrum would also have a few peaks matching those of other phases 

such as the 5-form or 9-form. The presence of these other phases would be shown by the 

appearance of their major peaks. However, the chemical analysis remained evidently unaffected 

by these metastable phases, and their spectrum was only partially present; therefore it is presumed 

that they were present only in very small quantities. The appearance of these peaks, however, 

demonstrates the propensity of this system to produce metastable phases.  
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4.2 Precipitation from Iron-Bearing Solutions 

When saprolite is dissolved in hydrochloric acid, iron is brought into solution as well as 

magnesium; as a result the leach liquor contains iron chloride as well as magnesium chloride. 

This iron must be removed from solution; in the simplified flowsheet in Figure 4-1, this occurs at 

point B. As described more fully in Chapter 1, two different ways of iron control may be used. 

The solution may be heated in order to induce in-solution hydrolysis or “hydrolytic distillation”. 

Alternatively, the iron may be precipitated out by MgO addition. Tests of in-solution hydrolysis 

by other researchers reported the formation of hematite, which is desirable due to its filterability. 

In this study, however, precipitation by MgO addition was the iron control strategy chosen: it 

appeared to be a simple method making use of recycled MgO which the thermal decomposition 

step (C) would produce in abundance.  

Ferric hydroxide can be precipitated at a lower pH than ferrous, so it was felt that converting the 

iron to ferric by air sparging would be helpful in the flowsheet. A number of ferric oxide phases 

can precipitate when MgO is added to the solution, varying by level of hydration. Fe2O3, 

hematite, may be considered to be anhydrous ferric oxide. A number of species with the formula 

FeOOH (such as goethite and lepidocrocite) can be written as hematite with one water of 

hydration, Fe2O3·H2O. Finally, ferrihydrite, Fe(OH)3, constitutes the most completely hydrated 

ferric oxide. It was unclear which of these ferric oxide phases would precipitate; as a result 

several tests were performed to investigate which iron oxide phase would form and to shed light 

on the physical properties of the precipitate. These runs were intended to act as a scoping study 

for future work on iron precipitation in concentrated chloride media.  

To test the iron control process, three precipitation runs were performed in which ferric chloride 

was added to the MgCl2-H2O matrix; the compositions tested were 30% MgCl2, 1% FeCl3; 35% 
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MgCl2, 1% FeCl3; and 30% MgCl2, 5% FeCl3.  In each run, 500 g of the ferric chloride-doped 

solution was heated to 90
o
 C and 3.5 g MgO was then added. The solution was stirred at 90

o
 C for 

four hours in a covered beaker in the same experimental setup as for the precipitation runs, shown 

in Figure 4-1. After four hours, the solution was filtered. The filter residue was washed in ethanol 

in the same manner as for the phase stability study, described in Section 4.1.1. The elemental 

composition of the washed precipitate was determined by ion chromatography (to determine Cl
-
) 

and ICP (for Fe and Mg).  

4.3 Thermal Decomposition Study  

In the conceptual flowsheet, the hydroxychloride precipitate goes to a dehydration step to remove 

most of the bound water, and thence to a decomposition step (labeled C in the simplified 

flowsheet in Figure 4-1) in which it is decomposed to MgO and HCl gas. The thermal 

decomposition experiments determine the conditions for this latter step in the flowsheet.  Of 

particular interest is the temperature at which the decomposition reactor is likely to operate. The 

temperature at which the decomposition step is thermodynamically favourable can be estimated 

from the thermodynamic data obtained from the precipitation study; however the actual operating 

temperature is likely to be determined by the reaction kinetics and might be significantly above 

the equilibrium temperature. Therefore data on the thermal decomposition kinetics was desired.  

As a result, the third set of experiments studied the kinetics of thermal decomposition of the 2-

form. The 2-form was used because it was expected that a likely nickel laterite flowsheet would 

use high temperatures and highly concentrated brines, and that therefore the hydroxychloride 

precipitate obtained would be 2-form.  



 

 

 

98 

Some previous literature on magnesium hydroxychloride decompositions exists already: 

Herbstein et al
69

. investigated the decomposition kinetics of the 2-form hydroxychloride, and 

Kashani-Nejad et al
67

. have published a study of the decomposition kinetics of the 3-form.  

4.3.1 Experimental Method – Thermal Decomposition Study 

The 2-form hydroxychloride was obtained from previous precipitation experiments. After 

washing, the sample was dried overnight at 100
o
 to remove adhering alcohol. Decomposition was 

performed using a vertical quartz tube of 42 mm O.D. placed inside a tube furnace. An 

approximately 1 gram sample was placed on a fritted quartz disk mounted inside the tube. On 

being loaded into the furnace the sample was heated to 275
o
 C. It was then maintained at this 

temperature for 30 minutes under nitrogen flowing at 5 litres per minute (LPM). Earlier tests had 

showed that this left 1 molecule of water, with the sample undergoing Reaction 4-2: 

                                 2MgO·MgCl2·6H2Os  2MgO·MgCl2·H2Os + 5H2Og                              (4-2) 

 The sample was subsequently heated to the decomposition temperature (450
o
, 500

o
, or 550

o
 C) 

and held there for various lengths of time under flowing nitrogen at 5 LPM. When the allotted 

time was up, the flow of nitrogen was stopped and the setup was allowed to cool down, a process 

which took 2-3 hours. The quartz tube could then be taken from the furnace and the sample 

removed. The heating and cooling took a long time compared to the time spent at the 

decomposition temperature; however no nitrogen flow took place during these periods. It is 

assumed that with no transport of reaction products away from the bed, a negligible amount of 

decomposition took place during these times. The results appear to corroborate this assumption.  

As soon as the sample was removed from the quartz tube, it was put in a jar with an air seal. 

Some of the samples were weighed after removal and were found to slowly gain weight. This 
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indicates that the decomposed sample is mildly hygroscopic. It should be noted that the 

composition of the decomposition product was always determined by chemical analysis (titration 

for Cl
-
 and Mg

2+
) and never by weight loss, to eliminate errors from this source.  

Three runs were performed at each temperature (450
o
, 500

o
, and 550

o
 C). The solid residue was 

titrated for Mg
2+

 and Cl
-
, and the oxide content determined by charge or mole balance, in the 

same manner as in the analysis of the hydroxychloride precipitates in Section 4.1.1. This analysis 

made it possible to determine how much chloride left the sample, presumably as HCl. The ratio of 

chloride remaining to chloride initially present, expressed as a percentage, was presented as the 

extent of decomposition or “percent decomposition”. 

At 500 and 550
o
 C an additional run at a higher nitrogen flow rate, 10 LPM, was also performed. 

The extent of decomposition for these runs was the same as, or slightly less than, those for 5 LPM 

N2. This confirmed that at 5 LPM N2, the rate of decomposition was not limited by gas transport 

away from the reactor bed. Therefore the rate of decomposition found by these experiments truly 

reflected the reaction kinetics, and was not limited by mass transfer. In a real-world reactor such 

as a fluidized bed, transport between the gas and solid phases can be assumed to be very good, 

and so the limiting factor on the reaction rate would likely be reaction kinetics rather than mass 

transfer.  

4.4 SEM, DTA, TGA, and MS Analysis 

In order to further elucidate the structure of the hydroxychloride precipitate, hydroxychloride 

samples were submitted to several ancillary analyses. Scanning Electron Microscopy (SEM) was 

performed to determine the crystal form and estimate crystal size distribution. In addition, 

simultaneous Differential Thermal Analyis (DTA), Thermogravimetric Analysis (TGA) and Mass 
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Spectrometry (MS) were performed. These used a special apparatus in which the weight loss of 

the sample was measured at the same time as differential thermal analysis was performed. The 

TGA sweep gas was fed to a mass spectrometer which was able to determine the molecular 

weights of the molecules in the gas stream. In this way it was possible to determine at which 

temperatures the sample lost weight, and the chemical nature of the component lost. These results 

could be used to determine in how many steps the dehydration and decomposition took place and 

to provide information on the nature of the intermediate decomposition products.  
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Chapter 5 

Results and Discussion 

 

The phase stability study provided an approximate delineation of the 2-form/3-form boundary. 

Basic thermodynamic properties – ΔHf
0
 and S

0
 – were then derived from this information. In 

addition, the experiments gave other useful information concerning the need for avoiding 

metastable phase formation, the formation and structure of the magnesium hydroxychloride 

aquocomplex, and filterability and materials handling aspects of the precipitates. The DTA-TGA 

study provided insight into the decomposition pathway of the 2-form and 3-form, and gave 

information on the identity of the intermediate decomposition product. The thermal 

decomposition study (on the 2-form hydroxychloride) provided kinetics data for its high-

temperature decomposition.These were comparable to the results of studies in the literature on 

MgCl2·6H2O thermal decomposition. The results of all these trials were used to develop a 

proposed hydroxychloride decomposition mechanism.  

5.1 Phase Stability Study - Results  

5.1.1 Previous Work 

A discussion of previous work might formally belong in the literature review in Chapter 2. 

However, it is included here to provide a complete understanding of the phase diagram. Several 

authors have produced experimental phase stability data. However, the slowness of this system to 

reach equilibrium and the prevalence of metastable phases have created significant uncertainty in 

these data. The 5-form, for example, is metastable, slowly converting to the 3-form. Nevertheless 

the 5-form can exist over long periods of time, and has been reported as the stable phase in some 
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studies. In the current investigation, magnesium hydroxide and the 9-form often precipitated as 

metastable phases.  

Demediuk et al.
64

 present the most recent large study of the MgCl2-MgO-H2O system, including a 

phase diagram showing the stability boundaries between the various hydroxide and 

hydroxychloride precipitates. However, their data include metastable phases and therefore the 

reported stability boundaries are only approximate. Earlier phase stability work was presented by 

Bianco
83

. Bianco’s phase boundaries stretch past the boiling points of the solutions in question; it 

is therefore presumed that Bianco’s solutions boiled off water and became steadily more 

concentrated throughout her experiments. As a result Bianco’s data, despite the relatively large 

number of data points, do not add much useful information. Other early work has been reviewed 

and compiled in Gmelin
63

. 

Points given in the literature by previous authors were used to determine the 3-form/Mg(OH)2 

phase boundary, at which Mg(OH)2 and the 3-form coexist. While a comprehensive study is 

lacking, points from different authors can be used to provide at least an approximate coexistence 

line. These points are summarized in Table 5-1. It is apparent from Table 5-1 that points for the 

phase boundary are quite scattered. Values for the 3-form-Mg(OH)2 coexistence point at 25
o
 C, 

for example, vary from 10.62 to 18 wt% MgCl2. This most likely occurs because Mg(OH)2 

precipitates out as a metastable phase and can remain unchanged for exceptionally long periods of 

time. As can be seen from Table 5-1, metastable Mg(OH)2 can persist over periods of months. 

The experience of the present author entirely corroborates this supposition. Given the prevalence 

of metastable phases, especially metastable Mg(OH)2, it is probable that for a given temperature 

the lowest-concentration values are closest to the true phase boundary. Therefore in this study’s 

phase stability diagram a rough line has been drawn between the point at 25 
o
C from Bury and 
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Davies
66

 to the 50 
o
C point of Maeda and Yamane

84
 to represent the Mg(OH)2/3-form phase 

boundary. 

Table 5-1 3-form/Mg(OH)2 phase boundaries reported by various authors 

Author  Composition & 

phase (wt % 

MgCl2) 

Stable phases Temperature 

(
o
 C) 

Notes 

Robinson & 

Waggaman
76

 

15.1-17.5 

 

Mg(OH)2 + 

3-form 

25 Shaken in bottles 

in thermostat 6 

months.  

Bury & Davies
66 

10.62 

 

Mg(OH)2 + 

3-form 

25 Shaking for 2 

months in 

thermostat; trace 

of seed added. 

Composition 

listed here is first 

appearance of 

hydroxychloride 

Bianco
83

 16.0 3-form + 

Mg(OH)2 

50
 

 

         “ 21.6         “ 75  

         “ 23.6 9-form 

+Mg(OH)2 

100 Data points above 

100
o
 fall above 

b.p. of solution – 

presume boiloff 

Chassevent
79

 13.12-17.21  30 Chemical and 

XRD analysis. 

Agitation for 1 

year in thermostat 

Lukens
74

 18.0 5-form + 

Mg(OH)2 

25  

Maeda & 

Yamane
85

 

(Gmelin) 

17.49 3-form + 

Mg(OH)2 

25
 

 
 

Maeda & 

Yamane
84

 

(Gmelin) 

14.01 3-form + 

Mg(OH)2 

50  

Feitknecht & 

Held
65

 

< 12.5  ~ 25 3-form observed 

to form at 12.5%, 

ambient temp. 
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5.1.2 Phase Stability Experiments in This Study 

More than 100 runs were performed for the phase stability study; for a variety of reasons, most of 

these failed to demonstrate which phase was stable at the given conditions. The results of this 

study’s successful precipitation runs are given in Table 5-2. A number of interesting, yet 

unsuccessful runs are discussed in Section 5.2. Brief descriptions of all phase stability study 

experiments are given in Appendix 4.  

In Table 5-2, the columns give the MgCl2 concentration and the rows give the temperature. Each 

box contains the run identifier, the MgO:MgCl2 mole ratio as determined by titration, the time 

between addition of MgO and filtration of the precipitate (or between addition of seed and 

filtration), and the phases detected by XRD,. The XRD phases are listed as follows: II, 2-form; 

III, 3-form; V, 5-form; IX, 9-form; B, brucite (Mg(OH)2) ; H, halite (NaCl); S, sylvite (KCl). 

Where no XRD phase is listed, either no XRD was performed, the XRD spectrum obtained for 

the sample was too noisy for adequate identification, or the spectrum indicated an amorphous 

sample.  

As an example, the listing 

9/6-1 
3.02 

6 h 

III, B 

in the table indicates that Run 9/6-1 produced a precipitate which, when washed and dried, had an 

MgO:MgCl2 ratio of 3.02. This precipitate was recovered approximately six hours after addition 

of MgO. XRD analysis detected 3-form, as well as peaks of brucite.  

It is important to note that the final determination of the precipitate’s identity was done using the 

MgO:MgCl2 ratio obtained through chemical analysis. The species determination by XRD was 



 

 

 

105 

used only as a confirmation of the chemical analysis. For a number of samples no XRD 

identification was possible: the spectrum obtained would be too noisy, with numerous unmatched 

peaks, or would have too few peaks for good identification. Several causes could have 

contributed to the poor XRD results. If the sample was contaminated with a metastable phase, it 

would have contributed to the noise. The reaction conditions may not have promoted good crystal 

growth, leading to the formation of amorphous phases. Or, the crystals that did form were too 

small.  
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Table 5-2 Results of this investigation’s phase stability study (2-form/3-form boundary). See 

previous page for full explanation. 

Temperature MgCl2 concentration (wt%) 

(
o
C) 24.5% 30% 35% 37% 39% 46% 

135
o (boils) (boils) (boils) (boils) (boils) 7/14-1d 

1.87 

4 h 

II 

110
 o
 (boils) 9/20-2 

3.58 

1 h 

III, IX 

9/21-2 

2.28 

6 h 

II 

 9/21-1 

1.98 

1 h 

II 

(freezes) 

100
 o
   10/2-4 

2.18 

4.5 h 

 

  (freezes) 

90
 o
 9/23-1a 

3.52 

4 h 

H, S 

9/15-1 
3.08 

0.5 h 

III, maybe IX 

9/6-1 
3.02 

6 h 

III 

 

11/8-1 
3.25 

8h 

 

10/2-6 
2.34 

4 h 

II 

8/15-2 
2.18 

2.5 h 

II, maybe III 

8/14-2 
2.23 

2 h 

8/13-1 
2.07 

2.5 h 

8/3-2c 

2.03 

7 h 

8/4-2 
2.09 

3.5 h 

11/8-2 
2.50 

3 h 

II 

(freezes) 

80
 o
    10/2-5 

3.04 

7.5 h 

 

(freezes) (freezes) 

75
 o
 9/23-2a,b 

2.80 

2 h 

H, S 

   (freezes) (freezes) 

a: Mother liquor composition. Ratio is given as MgO:(MgCl2 + MgSO4). b: MgO was dissolved at 90o, solution brought to 75o after 

filtering.  c: 1.5 g MgO added   d: Washed 10 times in ethanol 

 

This study’s data points from Table 5-2 have been combined with the points from previous 

authors listed in Table 5-1 to form the phase diagram in Figure 5-1. 
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Figure 5-1 Phase diagram of the MgCl2-Mg(OH)2-H2O system under oxide phase saturation 

“2-form” and “3-form” series were determined in this study and are listed in Table 5.2. 

“Mg(OH)2” series is taken from the literature – see Table 5.1. 9-form boundary is as given by 

Demediuk
64

 

 

As can be seen from the figure, the 3-form/Mg(OH)2 boundary runs along the leftmost of the 

available data points; as discussed in Section 5.1.1, the other data points are presumed to reflect 

metastable equilbria. The 9-form boundary is presented as reported by Demediuk et al.
64

 The 

experiments did not determine the stable phase in this region, and so it is not possible to say 

whether the 9-form is stable in the region or is merely a metastable phase.  

This study gave a number of points in which either 3-form or 2-form precipitated, but no points 

were obtained in which the 2-form and 3-form were found together. Given that stable coexistence 

of the two phases occurs only along a line in the temperature-composition plane, this is not 

surprising. XRD analysis of run 8/15-2 did show both 2-form and 3-form as being present, but it 
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is assumed that the 3-form is metastable in this case. As a result, the 2-form/3-form boundary line 

was simply drawn between the two sets of points.  

5.1.3 Physical Properties and Handleability of the Precipitate 

The runs in all cases gave fine, slow-filtering precipitates. As mentioned in Chapter 4, in a few 

cases when Whatman #1 filters were used, with 11 µm pore size, some crystals were noted to 

have passed through the filter into the filtrate. When Whatman #42 or #50 filters were used 

instead, with ~2 µm pore size, no crystals were seen to pass through. Filtering approximately 500 

g of solution with precipitate, under suction, took 15-30 minutes on these filters. The resulting 

filter cake typically had the consistency of paperboard; often, but not always, it could easily be 

removed from the filter and folded up. The water content of the precipitates so obtained was very 

high. After a precipitate was collected, washed seven times in ethanol, and dried at 100
o
 C 

overnight, it would typically have lost 95% of its weight. Not all of this weight loss represents 

water present in the filter cake, however, because washing in alcohol and drying is known to 

remove several waters of crystallization in the hydroxychlorides. If the 2-form lost two waters of 

crystallization, its weight would decrease about 13%. Even taking into account the weight loss 

arising from this source, though, it appears that the filter cake still comprises more than 90 wt% 

entrained liquor.  

The slow filtering properties, paper-like nature, and high water content of the precipitate can all 

be explained as the effect of the needle-like crystal structure which numerous previous 

researchers have reported and which is also found in this investigation’s SEM study (see Section 

5.5). This same interlocking of crystals would give the filter cake the structural strength to remain 

intact like a sheet of cardboard, rather than falling apart when disturbed. 
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5.2 Phase Stability Study – Further Results 

Apart from those described in Table 5.2, numerous runs were performed which did not give an 

acceptable result. Some of these runs failed because the correct “recipe” was still being sought to 

produce hydroxychloride. Others encountered difficulties because of the effects of factors such as  

seed or MgO addition. Many of these “failed” runs indeed produced no useable results. There 

were a number of runs, however, which while not producing a well-defined result that could be 

graphed as a point on the phase stability diagram, did nevertheless produce valuable lessons or 

illustrations of principles set out by earlier researchers. Summaries of these runs can be found in 

Appendix 4 as well.  

5.2.1 Scoping Trials 

At the beginning of experimentation, a number of scoping trials had to be performed to establish 

the correct experimental methodology and precipitation conditions. For example, many runs were 

performed before it was understood that excess MgO had to be filtered out of solution in the trials 

in more dilute brines; many of the earlier runs therefore formed large amounts of Mg(OH)2 which 

made it impossible to perform chemical analysis on the precipitate. A number of runs at 

concentrations below 30 wt% MgCl2 produced Mg(OH)2 as a metastable phase because it was not 

yet understood that the lower-concentration runs required seeding. Several runs were also 

performed at room temperature. These encountered slow kinetics, with days required to form a 

precipitate; later runs were performed at temperatures above 70
o
 C to achieve faster rates of 

precipitation. In other early runs, magnesia was added at a high temperature, for example 100
o
 C, 

to promote its dissolution and enhance aquocomplex formation, and the solution was then slowly 

cooled to a lower temperature, such as 50
o
 C, at which hydroxychloride would precipitate. The 

data from these runs was not used because the solution was not isothermal during precipitation.  



 

 

 

110 

An important problem which hampered much of the initial work was the use of impure reagents. 

In the earlier runs, bulk magnesium chloride hexahydrate was used (98%, Alfa Aesar). This 

contains a small amount of NaCl and CaSO4 impurities. This small amount of impurities ought 

not to have caused problems; however, sodium chloride and calcium sulphate are nearly insoluble 

in ethanol, which was used to wash the precipitate. As a result, the washed precipitate became 

enriched in these salts. XRD spectra of various samples made with bulk magnesium chloride 

hexahydrate showed very strong signals for halite (NaCl) and anhydrite (CaSO4). Because the 

composition of the ore was determined by analyzing for magnesium and chloride, the extra 

chloride attached to the NaCl introduced significant error into the composition determination. In 

addition, magnesium was detected by titration with EDTA, which also chelates calcium. 

Therefore the calcium content of the CaSO4 also skewed the analyses. Later runs were performed 

with purified MgCl2 hexahydrate (ACS MgCl2·6H2O, Alfa Aesar), which gave acceptable results. 

5.2.2 24.5% MgCl2 Runs 

The runs at 24.5% MgCl2 concentration presented significant difficulties. At this concentration, it 

was difficult to obtain a precipitate. In two runs at this concentration and 90
o
 C (9/16-1 and 9/18-

1), 1 g and 0.1 g of seed were added respectively. At the end of the run (after 3 hours for 9/16-1 

and 7 hours for 9/18-1) no detectable increase in precipitate was obtained. In run 9/20-1, about 

0.8 g MgO was added slowly to 500 g solution, instead of the usual 3.5 g. Also in a switch from 

regular practice, the excess MgO was not filtered out. Subsequently 0.47 g of 3-form seed was 

added. On filtration after almost eight hours, no recoverable residue was obtained – including the 

seed. The seed had dissolved in the melt and did not reprecipitate. It is unclear why this should 

have happened. As the seed had been washed in ethanol and dried, it would have had somewhat 

less than the 11 molecules of bound water it possessed as a precipitate; perhaps the 
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thermodynamics are favourable for the dissolution of dehydrated hydroxychloride to form the 

aquocomplex. Following the results of Lukens
74

, the aquocomplex at such a low concentration 

might precipitate out as hydroxychloride only very slowly.  

5.2.3 Mother Liquor Runs 

More insight on aquocomplex formation was given by runs 9/23-1 and 2. These runs took place 

in solutions in which NaCl, KCl, and MgSO4 had been added to the original 24.5% solution. This 

was intended to mimic the “mutterlauge” or mother liquor obtained as a product of carnallite 

processing. The composition of mother liquor is given,
23

 in grams per liter, as: 

MgCl2  288 g/L  3.40 molal 

KCl 48 g/L  0.73 molal 

NaCl 40 g/L  0.77 molal 

MgSO4 13 g/L  0.12 molal 

H2O 884 g/L 

 

The addition of magnesium sulphate to the solution increased the magnesium concentration 

slightly as compared to the MgCl2-water runs, but especially to be noted is the great increase in 

chloride ions as a result of the potassium and sodium chlorides. Without the KCl, NaCl, and 

MgSO4 components mother liquor would contain 3.4 molal Mg
2+

 and 6.8 molal Cl
-
. The KCl and 

NaCl bring the chloride molality up by 22%, to 8.3 molal. The MgSO4 contributes a slight 

increase in magnesium concentration to 3.5 molal; in addition, the 0.1 molal sulphate ion present 

may act to stabilize the aquocomplex in the same manner as the chloride ion. It is speculated that 

the added chloride ions help to stabilize the aquocomplex. Certainly the addition of these extra 

salts greatly increased the amount of precipitate recovered and greatly decreased the time for 

precipitation to take place.  
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In run 9/23-1, 500 g of mother liquor was heated to 90
o
 C. 3.5 g MgO was added, the excess 

filtered off, and ~ 1 g of seed added to the reheated filtrate. After only four hours, the solution had 

become viscous and jelly-like. 6.9 g of washed, dried precipitate was recovered. XRD analysis of 

the precipitate revealed only sylvite (KCl) and halite (NaCl). The presence of these salts is 

considered to be an artefact: the precipitate was washed in anhydrous ethanol as all the others 

were. The solubility of KCl and NaCl in ethanol is quite low, however, so that they were retained 

during the washing process. KCl is sparingly soluble in ethanol while NaCl has a solubility of 

0.65 g/kg ethanol; in each titration run the solution contained 20 g of NaCl and 24 g of KCl.   

Analysis by titration, ICP and IC gave the composition shown in Table 5-3. 

Table 5-3 Analysis of run 9/23-1 

Element or ion µg/g sample Equivalent µmol per gram 

K 83800 2140 

Na 21700 944 

Mg 212000 8720 

S 13800 430 

SO4
2-

 30000 312 

Cl
-
 220000 6200 

O
2-

 (from charge balance) (109000) (6791) 

H2O (from mass balance) (310000) (17200) 

 

O
2-

 and H2O content were determined by charge balance and mass balance, respectively. As 

magnesium oxysulphate salts can form as well as magnesium hydroxychlorides, it is likely that a 

mixed hydroxychloride-hydroxysulphate precipitated. The original 3-form seed did not show up 

in the XRD analysis, and so it appears likely that it was transformed into an amorphous mixed 

hydroxy double salt. Assuming that K and Na are present solely as KCl and NaCl, the charge-

mass balance shows that the MgO:(MgCl2 + MgSO4) ratio is 3.52. It gives a H2O:(MgCl2 + 

MgSO4) ratio of 8.91. 
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The results of Run 9/23-2, shown in Table 5-4,  are rather similar to those of run 9/23-1 shown in 

Table 5-3. In run 9/23-2, MgO was dissolved in the brine at 90
o
 C as in 9/23-1; however after 

filtering the solution was brought up to only 75
o
 C. Presumably this decreased the solubility of 

the aquocomplex, resulting in the faster precipitation time. XRD once again showed spectra only 

for halite and sylvite. 8.0 g of washed, dried precipitate was recovered. The same mass-charge 

balance was performed as for 9/23-1. This gave a MgO:(MgCl2 + MgSO4) ratio of 2.80 and an 

H2O:(MgCl2 + MgSO4) ratio of 8.07.  

Table 5-4 Analysis of run 9/23-2 

Element or ion µg/g sample µmol equivalent 

K 98600 2520 

Na 36200 1570 

Mg 179000 7360 

S 15700 490 

SO4
2-

 35300 367 

Cl
-
 256000 7220 

O
2-

 (from charge balance) (89300) (5581) 

H2O (from mass balance) (290000) (16100) 

 

Runs 9/23-1 and 9/23-2 give similar results to each other. The presence of sulphate ion is a 

complicating factor that keeps analysis from being made with certainty; however it seems 

plausible that the precipitate is an amorphous, mixed hydroxychloride-hydroxysulphate product 

with a composition close to that of the 3-form.  

5.2.4 Effects of Excess Magnesia 

A series of runs at 30% MgCl2 and  90
o
 and 110

o
 C was attempted without seed, and with or 

without removing excess, undissolved magnesia. The results, shown in Table 5-5, illustrate the 

necessity of stabilizing the stable phase with seed, and removing excess MgO or Mg(OH)2 at this 

concentration and lower concentrations. It appears that when MgO is allowed to hydrate to 
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Mg(OH)2 instead of forming the aquocomplex, the further conversion into the stable 

hydroxychloride is very slow. Run 9/13-1, the only run listed in the table in which excess 

magnesia was filtered off, was also the run with the lowest MgO:MgCl2 ratio in the precipitate 

and the only run to produce a detectable hydroxychloride phase. The 3-form, which is stable at 

the given concentration and temperature, did not form because no seed was added. 

Table 5-5 Results of precipitation runs at 30% MgCl2 

Run ID Amount 

MgO added 

Temperature 

(
o
C) 

Filtration of 

excess MgO? 

Time Result 

8/6-2 2.5 g 110
o
 no 4 h MgO:MgCl2 = 

21 

8/8-1 3.0 g 110
o
 no 7.5 h Ratio = 12 

8/8-2 3.5 g 110
o
 no 8 h Ratio = 89 

9/6-2 3.5 g 90
o 

no 8 h Ratio = 13 

XRD: B 

9/13-1 3.5 g 90
o
 yes 5 h  Ratio = 5.6 

XRD: IX 

 

5.2.5 Effect of Aquocomplex Concentration on Crystallization Speed 

Work on solutions at 39% MgCl2 and 90 
o
C revealed the relationship between amount of MgO 

added and time until precipitation. The results are summarized below: 

Run 8/3-1 0.4 g MgO was added to 500 g 39% MgCl2 solution at 90 
o
C. After 1 hour, the solution 

had completely clarified – all the magnesia had dissolved. After 8 hours, only some very fine 

hair-like particles were seen and no precipitate was recovered. 

Run 8/3-2 The conditions were the same as for 8/3-1, but now 1.4 g MgO were added. After an 

hour, most of the magnesia had dissolved and the solution was a uniform transparent grey. After 7 

hours, a precipitate was recovered which proved to be 2-form. 
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Run 8/4-2 Here 3.5 g MgO was added. The solution thickened after 3.5 hours and had to be 

filtered. This amount of MgO was used for all subsequent runs. As can be seen from Table 5-2, 

other runs at this concentration and temperature took between 2 and 2.5 hours to thicken.  

It can be seen from these three runs that the time to thickening is greatly affected by the amount 

of MgO added. Following Lukens
74

 and Feitknecht and Held
65

, adding more MgO increases the 

amount of aquocomplex formed and increases the degree of supersaturation of the solution. This 

in turn shortens the incubation period before precipitation begins. From a kinetics perspective, it 

appears that the aquocomplex activity has to be high enough to overcome the activation energy 

barrier for crystal formation.    

Looking at the runs in which seeding was not employed, it is evident from Table 5-2 that time to 

thickening decreases as the MgCl2 concentration increases. Probably the extra magnesium 

chloride serves to stabilize the aquocomplex. It is not clear at present whether specifically 

magnesium chloride is needed for the complex, or simply chloride ions. The experience of the 

mother liquor runs suggests that only chloride ions are needed, so that the aquocomplex would 

have the form 

Cl
-
‒Mg

2+
‒OH

-
 

The prevalence of metastable phases gives support to the idea, discussed in more detail in Chapter 

2, that the likely mechanism for the formation of the hydroxychloride phases is by precipitation 

from the soluble aquocomplex. In this scheme, the reaction mechanism is, 

MgO(s) + nMgCl2(aq) [MgO·nMgCl2(aquocomplex)]
†
  3MgO·MgCl2·11H2O(s) or 

                2MgO·MgCl2·6H2O(s)    or 

                Mg(OH)2(s) 

 (5-1) 
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The symbol † indicates an unstable intermediate. If solid MgO is allowed to hydrate to solid 

Mg(OH)2 instead of forming the aquocomplex, the reaction 

                         3Mg(OH)2(s) + MgCl2(aq) + 8H2O(aq)  3MgO·MgCl2·11H2O(s)                        (5-2) 

then takes place. However, the scatter in the Mg(OH)2/3-form boundary found in Table 5-1 

indicates that Reaction 5-2 is very slow (as are similar reactions converting Mg(OH)2 to other 

hydroxychlorides). Therefore, if more MgO is added to a system than can immediately be 

dissolved and converted to the aquocomplex, it will hydrate to Mg(OH)2 and further reaction into 

hydroxychloride will be very slow. In this case the system is likely to contain metastable 

magnesium hydroxide which has not yet reacted with the magnesium chloride.  

A generalization from this observation is that converting a hydroxychloride richer in MgO (a 

“higher” hydroxychloride) to one poorer in MgO (a “lower” hydroxychloride) will also be slow. 

As Feitknecht and Held
65

 found, formation of the 3-form is often preceded by precipitation of the 

5-form, which then slowly converts to the 3-form.  

       3[5MgO·MgCl2·13H2O(s)] + 2MgCl2(aq) + 16H2O(aq)  5[3MgO·MgCl2·11H2O(s)]           (5-3) 

Therefore higher oxychlorides can also be present as metastable phases. An example of this 

occurring can be seen in the phases identified by XRD in Table 5-2. In two instances, the 9-form 

is present alongside the 3-form. By the Gibbs Phase Rule, if both phases are stable the system is 

univariant and those two instances represent two points that happen to fall exactly on the 3-

form/9-form boundary, with the 9-form stable in a very small region not detected by this 

investigation. What is more likely is that the 9-form is present as a metastable phase in the 

stability region of the 3-form.  
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In the runs at concentration above 30%, metastable magnesium hydroxide was not formed. This 

appears to be connected with the higher aquocomplex solubility at these concentrations. At 30% 

concentration and below, filtration of excess MgO from the brine successfully prevented 

metastable Mg(OH)2 from forming. Addition of seed, however, was still necessary to prevent 

metastable hydroxychloride phases (such as the 5-form) from forming.  

5.3 Ferric Chloride Runs and Iron Control 

The conceptual saprolite leach flowsheet envisions iron removal by precipitation with MgO. The 

iron would be oxidized to ferric (Fe
3+

) by air sparging; after raising of the pH by MgO, it would 

come out of solution as some hydrated iron oxide phase such as FeOOH or Fe(OH)3. Ferric 

hydroxide can be precipitated at a lower pH than ferrous hydroxide, so it was felt that converting 

the iron to ferric would be helpful.  To test this process, three precipitation runs were performed 

in which ferric chloride was added to a MgCl2-H2O matrix. The compositions used were 30 wt% 

MgCl2 + 1 wt% FeCl3; 35 wt% MgCl2 + 1 wt% FeCl3; and 30 wt% MgCl2 + 5 wt% FeCl3. In each 

run, 500 g of the ferric chloride-doped solution was heated to 90 
o
C and 3.5 g MgO added. The 

solution was stirred at 90 
o
C for four hours in a stoppered or covered beaker and then filtered.  

All of the solutions were red-orange to begin with. On addition of the MgO, they turned red-

brown, a colour quite similar to that of laterite soils. The colour change seems to indicate an 

immediate precipitation of ferric hydroxide. The three solutions were all very slow-filtering. Run 

10/2-3, with the highest amount of FeCl3, filtered so slowly that the attempt had to be abandoned. 

In addition, red particles were coming through the 2-µ filter, indicating a very fine particle size 

for the iron-bearing precipitate. The solution from 10/2-3 was put in a beaker and allowed to 

settle. After a week, the brick-red solids had settled 2 or 3 mm leaving a clear supernatant. The 
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pH of this solution, measured after several weeks, was zero. It should be noted that the amount of 

MgO added was less than the molar equivalent of the FeCl3 present.  

The solutions with less ferric chloride, runs 10/2-1 and 10/2-2, were successfully filtered and 

gave a very wet, muddy, red filter residue. This residue was washed several times in ethanol, 

dried at 100 
o
C, and submitted to chemical analysis. XRD analysis was unable to detect any 

crystalline phases in either precipitate. ICP and IC analysis results are given in Table 5-6. 

Table 5-6 Results of run 10/2-1 

Element or ion µg/g sample Equivalent µmol/g sample 

Fe 323000 5780 

Mg 113000 4650 

Cl
-
 64900 1830 

O
2-

 (from charge balance) (198000) (12400) 

H2O (from mass balance) (301000) (16700) 

 

Assuming that the chloride associates only with magnesium, the charge-mass balance gives an 

MgO:MgCl2 ratio of 4.08. It is as if the magnesium hydroxychloride precipitated as a mixture of 

3-form and 5-form. The 3-form has 11 water molecules per mole of MgCl2, the 5-form has 13. 

Taking the average of these and assuming that 12 moles of water are associated with each mole of 

MgCl2, it is deduced that 1.0 moles of water are associated with each mole of Fe. It is therefore 

speculated that the iron oxide phase is an amorphous hydrous iron oxide of the approximate 

formula Fe2O3·2H2O.  

The analysis for run 10/2-2 is given in Table 5-7. Making the same mass-charge balances as for 

10/2-1, an MgO:MgCl2 ratio of 3.39 is obtained. Again allowing for 12 moles of water to be 

associated with each mole of MgCl2, a mole balance assigns 3.2 moles of water to each mole of 

Fe. This gives an iron oxide phase with approximate formula Fe2O3·6H2O. The results for the 

three runs are summarized in Table 5-8. 
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Table 5-7 Analysis of run 10/2-2 

Element or ion µg/g sample Equivalent µmol/g sample 

Fe 318000 5690 

Mg 110000 4520 

Cl
-
 73100 2060 

O
2-

 (from charge balance) (192000) (12000) 

H2O (from mass balance) (307000) (17000) 

 

The iron oxide phases in these two runs have two different levels of hydration, but overall the 

results are very similar. It appears that the magnesium precipitates out as an amorphous phase 

with composition between that of the 5-form (metastable in these conditions) and 3-form (stable 

under the prevailing conditions). The iron seems to report as a heavily hydrated amorphous iron 

oxide. Unfortunately, the amorphous phases were not conducive to XRD analysis and so it is not 

possible to make determinations of phase compositions with certainty.  

The various operations in handling the precipitate – filtration, washing, and drying – were not 

expected to affect the stability of the product. The same operations were performed for these 

precipitates as for those obtained in the pure magnesium hydroxychloride precipitation 

experiments. While washing in ethanol may remove some waters of crystallization, all of the pure 

magnesium hydroxychlorides prepared in earlier experiments underwent a similar wash followed 

by oven drying and remained clearly identifiable by chemical analysis, with most also giving 

clear XRD spectra. Moreover, regardless of whether or not bound water is removed by washing 

and drying, the basic proportions of Mg
2+

, Fe
3+

, Cl
-
, and O

2-
 remain the same.  
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Table 5-8 Summary – ferric chloride runs 

Run ID Composition Result 

10/2-1 30 wt% MgCl2, 1 wt% FeCl3 Hydrous ferric oxide 

precipitate 

MgO:MgCl2 4.08 

10/2-2 35 wt% MgCl2, 1 wt% FeCl3 Hydrous ferric oxide 

precipitate 

MgO:MgCl2 3.39 

10/2-3 30 wt% MgCl2, 5 wt% FeCl3 Unfilterable, very fine crystals 

pH 0 

 

Given the poor filterability of the precipitates, ferric hydroxide production would be a 

problematic iron control strategy for a saprolite flowsheet. A real-world operation would require a 

large clarifier to obtain an adequate flow rate of the pregnant solution. Alternatively, specialized 

equipment as well as various flocculants could be used to increase the settling rate. The 

processing of bauxite to alumina by the Bayer process produces a similar hydrated iron oxide 

precipitate, “red mud”, with similar filtration and settling problems. Some of the settling 

equipment used in the Bayer process could likely be used to treat the precipitates from the iron-

removal step here. It would not be possible for this process to employ the flocculants used in the 

Bayer process, as the Bayer process operates in a strongly alkaline environment and the solution 

pH in this process must be at least below roughly 8 to prevent magnesium hydroxychloride 

precipitation. Therefore for a real-world implementation of this process, new flocculants would 

have to be developed to enhance clarification. Moyes
2
 indicates that temperature, residence time, 

and solution Eh and pH can all be optimized to promote formation of hematite rather than 

hydrated oxides in the precipitation of iron from mixed ferric chloride – magnesium chloride 

solutions. No attempt was made in this study to optimize these conditions, and certainly changing 

these conditions will improve the physical properties of the precipitate. 
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There are a few alternative iron control strategies.  Iron could be kept in the ferrous state and then 

precipitated either as ferrous hydroxide, Fe(OH)2, or as ferrous hydroxychloride, Fe2(OH)3Cl. 

Which of these iron oxide-iron chloride products can be made will depend on pH, oxidation 

potential, and iron and chloride activity. It is unclear whether these precipitates would have better 

handling and physical properties than Fe(OH)3. Ferrous hydroxide, however, slowly oxidizes to 

magnetite, Fe3O4 at low pH and oxidizing conditions. If the conversion to magnetite could be 

made to occur at an acceptable speed, then ferrous chloride could be precipitated to Fe(OH)2 by 

addition of MgO; the Fe(OH)2 would then be allowed to convert to Fe3O4 in the solution; finally 

Fe3O4 would be removed from solution either by filtration or by magnetic separation.  Another 

option is to perform in-melt iron hydrolysis, which is described in Section 1.3.4; it is claimed that 

this operation produces readily filterable hematite and concentrated HCl.  

5.4 TGA and DTA results 

5.4.1 Results of this investigation 

As described in Chapter 4, four samples were submitted to TGA-DTA-MS analysis. Two fresh 

samples, 11/8-1 and 11/-2, were prepared. In addition, two older samples from previous runs, 

10/2-4 and 10/2-5, were also analyzed; at the time of analysis, these samples had aged 

approximately six weeks in sealed jelly jars. Samples 10/2-4 and 10/2-5 were analyzed by 

titration for Mg
2+

 and Cl
-
 as described in Chapter 4; samples 11/8-1 and 11/8-2 were analyzed by 

ICP. XRD analysis was not able to detect crystalline phases in the older samples. The 

compositional and XRD analyses are listed in Table 5-9. 
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Table 5-9 Samples Used for TGA-DTA-MS Analysis 

Run Identifier Composition (MgO:MgCl2) XRD  

10/2-4 2.18 - 

10/2-5 3.04 - 

11/8-1 3.14 Some peaks of II 

11/8-2 2.40 II 

  

The DTA-TGA and MS curves for the samples are presented in Figures 5-2 through 5-9. The 

mass spectrometer detects molecules of a given molecular weight. In these analyses, the machine 

was set to detect water (MW = 18), HCl (MW of most common isotope = 36) and CO2 (MW = 

44). The detection of CO2 was undertaken to determine if any of the samples had formed 

carbonates on exposure to air. No significant quantities of CO2 were detected, however, and so 

the MW 44 curve is omitted in the following graphs.  
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Figure 5-2 DTA and TGA curves for Run 10/2-4 (2-form) 

 

Figure 5-3 Mass Spectrometry curves for H2O and HCl for Run 10/2-4 (2-form) 
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Figure 5-4 DTA-TGA curves for Run 11/8-2 (2-form) 

 

Figure 5-5 Mass Spectrometry curves for H2O and HCl for run 11/8-2 (2-form) 
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Figure 5-6 DTA-TGA curves for Run 10/2-5 (3-form) 

 

Figure 5-7 Mass Spectrometry curves for H2O and HCl for Run 10/2-5 (3-form) 
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  Figure 5-8 DTA-TGA Curves for Run 11/8-1 (3-form)

 
Figure 5-9 Mass Spectrometry Curves for H2O and HCl, Run 11/8-1 (3-form) 
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The DTA and MS peaks for each species are listed in Tables 5-10 through 5-13, along with the 

weight losses determined by thermogravimetry. The MS peaks in the tables refer to water except 

where they are specifically noted to represent HCl. The weight percent in the TGA columns refers 

to percent of sample remaining. For clarity, the tables are grouped together on a single page. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

128 

Table 5-10 Peaks for 10/2-4 (2-form) 

MS Peaks – 
o
C DTA Peaks – 

o
C TGA Peaks and %Weight 

*186-193 172  

217 212 212
o
 C – 88% 

†266 266 266
o
 C – 78% 

‡334   

388 388  

‡434-448 442 442
o
 C – 57% 

‡438 - HCl   

 

Table 5-11 Peaks for 11/8-2 (2-form) 

MS Peaks – 
o
C DTA Peaks – 

o
C TGA Peaks and %Weight 

83   

*188 188 218
o
 C – 83% 

†267 269 270
o
 C – 75% 

403 406  

451 460 461
o
 C – 53% 

457 - HCl   

 

Table 5-12 Peaks for 10/2-5 (3-form) 

MS Peaks – 
o
C DTA Peaks – 

o
C TGA Peaks and %Weight 

78-92   

132   

*186 186 198
o
 C – 81% 

‡336   

372   

‡434 446 506
o
 C – 50% 

‡439-HCl   

 

Table 5-13 Peaks for 11/8-1 (3-form) 

MS Peaks – 
o
C DTA Peaks – 

o
C TGA Peaks and %Weight 

86   

*184 181 190
o
 C – 82% 

†262 262 260
o
 C – 78% 

‡331-370 327  

‡434 442 452
o
 C – 52% 

‡439-HCl   
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In general, the tables show very good agreement between the mass spectrometry peaks and DTA 

peaks. The TGA curves were harder to correlate with the MS and DTA curves owing to the 

difficulty of determining where a plateau in weight loss started. All the samples had a similar 

decomposition history, in which water was released in a series of steps, with HCl being released 

in a final step at 434
o
-451

o
 C. In every case, the final HCl release step occurred simultaneously 

with a water release step. That the HCl and water release were indeed simultaneous is suggested 

by the single DTA peak at this temperature in each of the graphs. It is also notable that every 

sample underwent significant water loss, accompanied by a strong endothermic reaction, around 

188
o
 C. Shared peaks on the MS and DTA peaks among the various samples are denoted by: 

 * Peak shared by all samples 

 † Peak shared by 10/2-4, 11/8-2, 11/8-1  (Peak at 266
o
 C) 

 ‡ Peak shared by 10/2-4, 10/2-5, 11/8-1 (334
o
 & 434

o
 C, 438

o
 C – HCl) 

 

Although all the MS and DTA curves shared several identifiable peaks, the graphs for 3-form 

(10/2-5, 11/8-1) and 2-form (10/2-4, 11/8-2) samples differed in their major peaks – i.e., peaks 

that were much larger than others, showing loss of large amounts of mass or large enthalpy 

movements. The MS curves for the 3-form samples had only two major peaks: an H2O peak 

around 185
o
 C and an HCl peak at 439

o
 C. This was mirrored by their DTA curves, which had 

major peaks around 183
o
 C and 444

o
 C. The MS curves for the 2-form samples had two major 

H2O peaks, around 187
o
 C and 266

o
 C; in addition a major peak for HCl appeared around 450

o
 C. 

The DTA curve for 11/8-2 showed a broad peak around 180
o
-200

o
; however, this peak is small in 

the 10/2-4 DTA. Both DTA curves have sharp peaks at 266
o
 C and 440

o
-450

o
 C. In summary, it 

appears that the 3-form reliably shows an evaporation reaction at around 185
o
 while the 2-form 

reliably shows an evaporation reaction at around 266
o
 C while possibly also undergoing an 

evaporation reaction at around 187
o
 C. The 187 

o
C evaporation reaction in the 2-form may be due 
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to 3-form contamination in one of the samples. Both 2-form and 3-form decompose to produce 

HCl and H2O at 440
o
-450

o
 C. These temperatures will be revisited in Section 5.8 where they will 

be compared against derived temperatures for evaporation and decomposition reactions for these 

compounds.  

5.4.2 Comparison with literature data 

Cole and Demediuk
86

, Ball
71

, Kashani-Nejad
67

, and Chauhan
87

 have published thermogravimetric 

or differential thermal analysis curves for the 2-form or 3-form. These authors’ results are 

presented in Tables 5-14 and 5-15 and may be compared to those of this investigation. Cole and 

Demediuk
86

 gave the temperatures at which the slopes of their TGA curves were at a maximum 

and this is given in the table as “TGA slope maxima”. Cole and Demediuk’s calculated values for 

moles of bound water lost, based on their TGA curves, are also listed in the tables. Ball
71

 

performed TGA curves at controlled water vapour pressures of 3.2 kPa and .013 Pa. Ball’s results 

were presented only as a figure; the weight loss steps were estimated as temperature ranges from 

this figure. Kashani-Nejad
67

 performed a TGA study on the 3-form and listed what are evidently 

the temperatures at which the slope of the curve was at a maximum. Chauhan
87

 presented DTA 

results on the 3-form in a small figure from which it is difficult to estimate the temperatures of the 

peaks. The figure shows two major peaks, one of which appears to be at approximately 150
o
 C 

and the other at ~225
o
 C. In Tables 5-14 and 5-15, “C & D” refers to Cole and Demediuk; “K-N” 

refers to Kashani-Nejad. Peaks from a single author which are not close to peaks from other 

authors have been omitted from the tables; and only the largest peaks from this study are given in 

the table.  
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Table 5-14 Selected DTA-TGA peaks for 3-form, compared against Cole and Demediuk
86

 (C&D), Ball
71

, Kashani-Nejad
67

 (K-N), and 

Chauhan
68

.  

Cumulative moles 

water lost  

C & D 

DTA peaks (
o
C) 

C & D 

TGA slope 

maxima (
o
C) 

C & D 

TGA, 3.2 kPa 

H2O (Ball) 

(
o
C) 

TGA, .013 Pa 

H2O (Ball) 

(
o
C) 

TGA slope 

maxima (
o
C) 

(K-N) 

DTA peaks 

(
o
C) 

Chauhan 

DTA peaks 

(
o
C) 

This work 

  96 100-125 75-100 108   

3.08 145 143 150-175 125-150  ~150  

3.90 170      184 

7.68 220  190-230 180-230  ~225  

10.55 430 410   398  444 

 

 

Table 5-15 DTA-TGA results of Cole and Demediuk
86

 (C&D) and Ball
71

 for 2-form 

Cumulative moles 

water lost  

C & D 

DTA peaks (
o
C)  

C & D 

TGA slope 

maxima (
o
C) 

C & D  

TGA, 3.2 kPa 

H2O (
o
C)  

Ball 

TGA, .013 Pa 

H2O (
o
C)  

Ball 

DTA peaks 

(
o
C) 

This work 

  188 200-250 150-200 172 

2.28 245 268 280-300 225-250 268 

4.14 284     

5.31 ~470 418   451 

 

 



 

 

 

132 

The data in Tables 5-14 and 5-15 have been arranged so that DTA peaks or TGA slope maxima 

showing similar temperatures are grouped together on the same line. Taking the first line of Table 

5-14 as an example, 96
o
 C, 100

o
-125

o
 C, 75

o
-100

o
 C, 108

o
 C, and 78

o
-92

o
 C are taken to refer to 

the same endothermic, water-losing step. It is striking how poorly these results from different 

studies agree with each other. Temperatures listed for the same step can vary by more than 40
o
 C. 

Ball’s results show that the water vapour pressure has a very strong effect on the position of the 

TGA curve: each step occurring under .013 Pa water vapour pressure occurs at a temperature up 

to 50
o
 C lower than under 3.2 kPa. Therefore water vapour pressure is an important variable 

affecting TGA, and therefore also DTA results. A poorly dehydrated sweep gas would 

significantly affect the results in a TGA study. Alternatively, if the gas flow rate is too low and 

water vapour is allowed to build up near the reaction site instead of being allowed to escape, it 

could likewise slow down the reaction and shift the TGA curve. Therefore it is very difficult to 

use DTA or TGA curves to determine the temperature at which volatilization into the gas phase 

occurs under equilibrium conditions; the sensitivity to local vapour pressure above the sample is 

too high.  

From Table 5-14 and 5-15, it appears that this study’s data are fair agreement with those of Cole 

and Demediuk. For the 3-form, the peaks at 184
o 
and 444

o
 C seem to match up against the 170

o
 

and 430
o
 C peaks of Cole and Demediuk. However, Cole and Demediuk present additional peaks 

at 145
o
 and 220

o
 C which were not detected in this study. These two peaks perhaps coalesced 

together to form the 170 
o
C obtained by this study.  

For the 2-form, this study detected a peak at 172 
o
C which is not reported by Cole and Demediuk. 

Since this peak is small in Figure 5-2, its presence is probably due to contamination by 3-form, 

which also has a large, sharp peak near that temperature. This study gives two other DTA peaks 
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for the 2-form, at 268
o
  and 451

o
 C. The 268 

o
C peak may represent a coalescing of Cole and 

Demediuk`s peaks at 245
o
 and 284

o
 C. This study`s peak at 451 

o
C appears in substantial 

agreement with Cole and Demediuk’s peak at approximately 470 
o
C.    

5.5 SEM Study 

Samples 10/2-4, 10/2-5, 11/8-1, and 11/8-2 were submitted to analysis by SEM to obtain 

information about crystal structure and average crystal size. The results are shown in Figures 5-10 

through 5-13.  
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Figure 5-10 SEM for 10/2-4 (2000x magnification). 2-form. 
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Figure 5-11 SEM for 10/2-5 (2000x magnification). 3-form. 
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Figure 5-12 SEM for 11/8-1 (2000x magnification). 3-form. 
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Figure 5-13 SEM for 11/8-2 (2000x magnification). 2-form. 
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All of the SEM micrographs, whether from 2-form or 3-form samples, are quite similar. In each 

one, long, needlelike crystals can be seen, up to 1 µm thick and extending up to 50 µm in length. 

The crystals are intermingled with each other to form a uniform mat or  structures with the 

appearance of  cotton balls. The crystals for Runs 10/2-5 and 11/8-1, producing 3-form, appear to 

be thicker than those of Runs 10/2-4 and 11/8-2 where 2-form was precipitated. The crystals for 

these latter two runs have a finer, more hair-like appearance. The increase in thickness may be 

due to the 3-form runs’ longer incubation period: Runs 10/2-5 and 11/8-1 were stirred for 7.5 and 

8 hours, respectively; meanwhile Runs 10/2-4 and 11/8-2 were stirred respectively for only 4.5 

and 3 hours. Therefore the 3-form crystals would have had time to grow larger. The difference in 

appearance may also simply be the result of which area happened to come under magnification in 

the SEM study, however.  

No correlation could be found between crystal size or thickness and the clarity of the XRD 

diffraction pattern. It might be expected that the thicker crystals, produced by Runs 10/2-5 and 

11/8-1 and apparently associated with the 3-form, would give sharper XRD patterns. However 

these runs produced very noisy patterns from which is was not possible to identify a crystalline 

phase. Interestingly, Run 11/8-2, which had the lowest incubation period of the four runs under 

discussion, was the only one to produce a clear XRD pattern with sharp, strong peaks and little 

noise. Reviewing the precipitates in Table 5-2 generally, no correlation could be found between 

XRD clarity and incubation time, temperature, solution strength, or species precipitated.  

Both the needlelike morphology of the crystals and their intermingling have been noted in other 

studies on magnesium hydroxychlorides and are typical of Sorel cements. It is speculated that the 

intertwining of the crystals is responsible for the high strength of Sorel cements. It can also be 

seen from the micrographs that the crystals form a “cage” keeping liquor in. This is likely 
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responsible for the precipitates’ low filtration rates and the very high water content in the filter 

cakes noted in Section 5.1.3. 

5.6 Thermodynamic Analysis  

5.6.1 Theoretical Overview 

The phase diagram developed from the phase stability study results, shown in Figure 5-1, can be 

used to determine the enthalpy and entropy of formation of the different forms of magnesium 

hydroxychloride. To do this, use is made of the fact that at the phase boundary two phases coexist 

in equilibrium with each other. For the boundary between Mg(OH)2 and 3-form this equilibrium 

can be written as, 

                           3Mg(OH)2(s) + MgCl2(aq) + 8H2O(l) = 3MgO·MgCl2·11H2O(s)                         (5-4) 

ΔGreaction = 0 

The standard Gibbs energies of formation are known for Mg(OH)2, MgCl2, and H2O. 

Furthermore, thermochemical software such as HSC
88

, using Pitzer equations, can give good 

estimates of the activities of MgCl2 and H2O at the temperatures and solution compositions along 

the phase boundary. With all this information, it is possible to find the Gibbs energy of the 3-

form, which was previously unknown. Since the Gibbs energy of reaction is zero at the phase 

boundary, Equation 5-5 can be written. 

                                   

(5-5) 

Here     represents the partial free energy of the component i at the temperature of interest.  
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The 3-form and Mg(OH)2 are pure solids and therefore are in their standard states, so that       
  

for these compounds. This is related to the standard Gibbs energy of formation from the elements 

at 298 K by the relations, 

     G
0

i = H
0

i –TS
0

i                 (5-6) 

Where H
0
 and S

0
 represent the standard enthalpy and entropy, and  

              H
0
i = H

0
i,298 + ∫CpdT             (5-7) 

            S
0

i = S
0

i,298 + ∫Cp/TdT             (5-8) 

The partial molar Gibbs energy     is related to the standard Gibbs energy G
0

i by Equation 6: 

      
         

(5-9) 

where R is the universal gas constant, T is the temperature in Kelvin, and ai is the activity of 

component i. In the case of the 3-form, the partial molar Gibbs energies     must be found for the 

solution components MgCl2 and H2O not at their standard states. These are found using a 

program such as HSC and their estimation is described in greater detail below.  

With the Gibbs energies of Mg(OH)2, MgCl2, and H2O, the three reagents in Reaction 5-4, 

known, Equation 5-5 can be rewritten, 

       
           

                 

(5-10) 

This exercise gives the standard free energy of formation for the 3-form at a given temperature. If 

the free energy of the 3-form is determined at two temperatures, then the standard enthalpy and 

entropy of formation can also be estimated. As 
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                                               ΔG
0

3form = ΔH
0
3form – TΔS

0
3form  ,                                                (5-11) 

when the standard Gibbs energy is graphed against temperature, the slope of the line will be the 

entropy while the intercept at T = 0 will be enthalpy. If many points of G
0
3form vs. T are available, 

one can take the second derivative of this line and find an expression for the heat capacity Cp. 

However, the data obtained in this investigation is not precise enough to allow this. Nevertheless, 

the enthalpy and entropy data will allow the Gibbs energy of the 3-form be estimated at various 

temperatures. Performing a similar process at the 2-form/3-form phase boundary, the standard 

enthalpy and entropy of the 2-form can be determined.  

Determining activity coefficients by computer models 

Water and MgCl2 were not in their standard states at the phase boundaries investigated. Therefore 

      and         had to be found. The program HSC 7.0 was used to obtain these values
88

. HSC 

contains a module which estimates component activities in aqueous solutions; this estimation is 

based on the Pitzer equation using parameters stored in its database. Standard states used were 

pure liquid for H2O and 1 m solution and infinite dilution for MgCl2. (The standard state used for 

solid components of the system was that of the pure crystalline solid.)  

HSC gave activity coefficients for H2O and MgCl2. For water, the activity was derived by 

multiplying the activity coefficient calculated by HSC by the mole fraction of water. For MgCl2, 

however, the program calculated the mean activity coefficient. A mean activity coefficient uses 

the geometric mean of the activity coefficients of ions in solution. For a generic salt MpXq, 

dissociating into pM cations and qX anions, the mean activity coefficient is defined by
89

   

       
 
  
  

 
    

(5-12) 
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Using the mean activity of MgCl2, then, the Gibbs energy of MgCl2 in solution is given by, 

                                              GMgCl2 = G
0

MgCl2 + RTln(4m
3

MgCl2) + 3RTlnγ±                            (5-13) 

Where mMgCl2 is the molality of MgCl2.  

Equation 9 is derived in Appendix 6. 

5.6.2 Thermodynamic Analysis – 3-form 

The phase boundary points separating the 3-form and Mg(OH)2 predominance regions are given 

in Table 5-16. The table also lists the activities of MgCl2 and H2O  as calculated by HSC for the 

given temperature and composition at each point. The   G
0

Mg(OH)2 was determined by HSC using 

information in its database. Finally, the standard Gibbs energy of formation of the 3-form, G
0
3-

form, as calculated by Equation 5-10, is given.  

Table 5-16 Phase boundary points used to derive 3-form thermochemical values 

wt % 

MgCl2 

Temp.  

(
o
C) 

Mole 

frac. H2O 

γH2O aH2O mMgCl2 γ±, 

MgCl2 

GH2O 

(J) 

GMgCl2 

(J) 

G
0

3form 

(J) 

10.62 25 0.9369 0.984 0.922 1.247 0.644 -306474 -791751 -6077397 

14.01 50 0.9154 0.966 0.884 1.710 0.7328 -308169 -787432 -6093475 

12.00 50 0.9282 0.980 0.910 1.431 0.6252 -308245 -790146 -6095581 

 

The values for G
0
3-form as given in Table 5-16 were plotted against temperature to give Figure 5-

14. 
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Figure 5-14 Standard Gibbs energies of the 3-form at the Mg(OH)2/3-form boundary 25
o
 

and 50
o
 C.  

 

Besides the two data points which were used to determine the thermodynamics, a third data point, 

for conditions at 12% MgCl2 and 50
o
, was also included. This is to determine what effect an error 

in the liquidus would have on the calculations. The effect of such an error is discussed in Section 

5.6.5.  

The two points for standard Gibbs energy were connected by a line with the equation, 

                                                 ΔG
0

3form = -5,885,744 – 643T                                                   (5-14) 

Equating this with ΔG
0
 = ΔHf

0
 – TS

0
, the enthalpy of formation and entropy of the 3-form are 

found to be, 

ΔHf
0
(3-form) = -5886 kJ/mol 

y = -643x - 5,885,744
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S
0
(3-form) = 643 J/mol·K 

5.6.3 Thermodynamic Analysis – 2-Form 

Knowing the enthalpy and entropy of the 3-form, it is possible to find the energy of the 2-form. 

The 2-form and 3-form are related to each other by the chemical equation, 

            2/3[3MgO·MgCl2·11H2O](s) + 1/3MgCl2(aq) = 2MgO·MgCl2·6H2O(s) + 4/3H2O(aq)     (5-15) 

In this analysis, the Gibbs energy of the 2-form is found at each temperature along the boundary 

by the equation,  

       
    

 

 
      

 

 
        

 

 
       
  

(5-16) 

The experiments did not determine any points in which the 3-form and 2-form coexisted. As a 

result, for the 3-form/2-form boundary, two boundaries can be drawn. One passes through the 

points on the 2-form side; the other passes through the points on the 3-form side. The true 

boundary, of course, is somewhere in between. The activity coefficients, partial Gibbs energies, 

and calculated standard Gibbs energies for the 2-form are given in Tables 5-17 and 5-18. 

Table 5-17 3-form/2-form boundary, 2-form side 

Wt% 

MgCl2 

Temp. 

(
o
C) 

Mole 

frac. 

H2O 

γH2O aH2O mMgCl2 γ±, 

MgCl2 

GH2O (J) GMgCl2 

(J) 

G
0
2form 

(J) 

39 90 0.7339 0.419 0.308 6.709 16.316 -315277 -744364 -3907187 

37 90 0.7502 0.487 0.365 6.163 10.774 -314757 -748891 -3909389 

35 100 0.7661 0.517 0.396 5.650 5.981 -315449 -753409 -3914260 

35 110 0.7661 0.588 0.450 5.650 4.883 -315995 -753670 -3917915 
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Table 5-18 3-form/2-form boundary, 3-form side 

Wt% 

MgCl2 

Temp. 

(
o
C) 

Mole 

frac. 

H2O 

γH2O aH2O mMgCl2 γ±, 

MgCl2 

GH2O (J) GMgCl2 

(J) 

G
0

2form 

37 80 0.75015 0.470 0.352 6.163 13.531 -313940 -748599 -3906095 

35 90 0.76607 0.555 0.425 5.650 7.340 -314299 -753152 -3911420 

30 110 0.80447 0.733 0.590 4.497 2.298 -315137 -763080 -3922185 

 

As there are two boundaries, along the 2-form side and the 3-form side, the Gibbs energies are 

plotted along two lines in Figure 5-15: 

 

Figure 5-15 Gibbs energies of 2-form along the 2-form/3-form boundary.  

Two boundaries are possible, along the 2-form side and the 3-form side. As the boundary location 

is uncertain the points are plotted along the 2-form side and the 3-form side. Points are connected 

by fitted straight lines.  

 

Taking the average of the slopes and the average of the intercepts, the thermochemical values for 

the 2-form are found to be, 

H
0

f, 2form = -3,723,000 ± 3000 J 
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S
0

2form = 514 ± 23 J/molK 

5.6.4 Comparative analysis of calculated thermochemical values 

Entropy in formation reactions 

A positive standard entropy for the 2-form and 3-form may seem counterintuitive, as a reaction 

forming the hydroxychloride from the elements, such as Reaction 5-17 or 5-18, should have a 

negative entropy.  

                                4Mg(s) + 7O2(g) + Cl2(g) + 11H2(g) = 3MgO·MgCl2·11H2O     (5-17) 

                                  3Mg(s) + 4O2(g) + Cl2(g) + 6H2(g) = 2MgO·MgCl2·6H2O      (5-18) 

Clearly, a reaction that goes from having many moles of gas to having a single mole of solid 

should have a decrease in entropy. However, it may be verified from thermodynamic tables, for 

example that given by Robie
90

, that in fact many solid compounds have positive standard 

entropies. This confusion arises because while compounds are assigned a standard enthalpy of 

formation, their standard entropy is not an entropy “of formation” – it merely reflects the integral 

∫Cp/TdT evaluated from absolute zero to the reference temperature (usually 298 K). Summing the 

appropriate standard entropies in Reaction 5-17 gives an entropy of formation from the elements 

in their standard states and 298 K  of -2582 J/molK. For Reaction 5-18, this figure is -1443 

J/molK. Therefore the entropies of formation from the elements are indeed negative, as expected. 

Comparison with H
0

f and S
0
 for other compounds 

The calculated H
0
 and S

0
 values can also be compared directly with values for other large 

molecules. The following values are taken from Robie
90

.  
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Table 5-19 Comparative H
0
f and S

0
 values for selected compounds. Values are taken from 

Robie
90

, except for those for the 3-form and 2-form.  

Species Molecular Weight 

(g/mol) 

H
0

f (kJ/mol) S
0
 (J/molK) 

3-form 414.2 -5886 643 

2-form 283.9 -3723 514 

5MgO·4CO2·5H2O 

(hydromagnesite) 

467.6 -6515 504 

CaMg3(CO3)4 

(huntite) 

353.0 -4530 300 

ZnSO4·7H2O 287.5 -3078 389 

Mg3Si2O5(OH)4 

(chrysotile) 

277.1 -4361 221 

 

As Table 5-19 shows, the H
0

f and S
0
 values for the 3-form and 2-form are comparable to the 

values for other relatively large molecules. It is interesting to note, however, that the standard 

entropies of the example compounds chosen in this table are all lower than the entropies 

calculated for the hydroxychlorides. This suggests that the calculated entropy values are 

somewhat overestimated.  

5.6.5 Sources of error in the thermodynamic analysis 

There are two potential sources of error in this analysis: the placement and accuracy of the phase 

boundary, and the accuracy of the estimates for water and MgCl2 activities in solution. As 

discussed in Section 5.3, the Gibbs energy for the hydroxychloride is derived from the Gibbs 

energies of its components at the phase boundary. For example, for the 3-form/Mg(OH)2 

boundary, the Gibbs energy is determined by the equation, 

                                   

(5-19) 

The partial molar free energies     of MgCl2 and H2O are a function of solution composition and 

temperature. Error in the determination of     can occur by inaccurate data on the solution 
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composition at a given temperature (i.e. inaccuracy in the placement of the phase boundary), or 

alternatively by inaccurate determination of      even when the location of the phase boundary was 

accurately known. 

The accuracy limits of the phase boundary determination are not well known. Moreover, the 

existence of metastable phases can mean that the placement of phase boundaries can be seriously 

in error. Indeed, it is for this reason that in performing the thermodynamic analysis, all but two 

points defining the 3-form/Mg(OH)2 boundary were rejected. There is of course no way of 

knowing whether some of the points in the 2-form/3-form boundary represent metastable phases; 

whether, for example, the 3-form precipitate obtained at some points might not slowly convert to 

2-form (or indeed 9-form). Because no points were obtained at which the 2-form and 3-form 

coexisted, and the existing points are fairly scattered on the phase diagram, the 2-form/3-form 

boundary has an error of 2-5% MgCl2 at any given temperature, or 10
o
 C at any given 

composition. 

The estimates for magnesium chloride and water activity at high concentrations introduce more 

error. The activities are obtained by Pitzer equations using Pitzer parameters stored in the HSC 

database. As the database is proprietary it was not possible to determine from which sources the 

parameters were taken or to make a judgment as to the parameters’ accuracy. However, it was 

possible to compare a few points generated by HSC with existing models of the MgCl2-H2O 

system, by for example Rard and Miller
91

 and Wang et al.
54

 Agreement was good (less than 1% 

variance) at low concentrations, up to about 2 molal MgCl2 and 50
o
 C, but the models diverged 

from each other and from the HSC numbers as concentrations and temperature increased. At 

temperatures around 100 
o
C and concentrations around 5 molal this divergence amounted to 5-

10%. The 2-form/3-form boundary is found at concentrations close to six molar MgCl2; Pitzer 
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equations are generally considered to be accurate for solutions up to six molar. Therefore the 

Pitzer equations were used in a regime very close to their limit of usefulness.  

At the Mg(OH)2/3-form boundary, the activities of MgCl2 and H2O were determined well within 

the useful region of the Pitzer equations. The main error here would arise from uncertainties in 

the placement of the boundary. Unfortuanately, no data on the error in this phase boundary is 

available. As described above, the two “boundary” points the farthest left on the phase diagram 

were chosen to represent the true boundary, with the others assumed to represent the presence of 

metastable Mg(OH)2. Therefore the 3-form/Mg(OH)2 boundary is defined by two points from 

different authors which were not replicated.  

As a sensitivity test, the Mg(OH)2/3-form boundary at 50 
o
C was moved from 14.01 wt% to 12.0 

wt% MgCl2. The Gibbs energy of the 3-form was then calculated at that point in the same manner 

as had been done in the original calculations. The 25
 o
C boundary point was left unchanged. 

When Equations 5-10 and 5-6 were used to calculate a new H
0
f and S

0
 for the 3-form using the 

new “erroneous” point, the results were -5,860,644 J per mol for enthalpy of formation, with a 

standard entropy of -727 J per mol K. Compared with the enthalpy and entropy originally 

calculated, this represents errors of 0.4% (25 kJ per mole) in the enthalpy determination and 13% 

(84 J per mol K) in the standard entropy. It is seen, then, that the enthalpy is not very sensitive to 

error in the placement of the boundary; however the enthalpy is. The high sensitivity of the 

entropy to the boundary position is a result of its being the slope of a line.  

The high sensitivity of the standard entropy makes determinations of equilibrium temperatures in 

reactions with the 3-form (for example, its dehydration reactions) similarly uncertain. A 

secondary means of entropy determination would be useful in lowering the uncertainty around 

this figure. One such alternative determination could be done by measuring the heat capacity of 
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the hydroxychloride at different temperatures, extrapolating down to absolute zero, and then 

performing the appropriate integration to obtain S
0

298.    

Because the actual uncertainty in the placement of the boundary is uncertain, however, it is not 

clear what the errors in H
0
f and S

0
 are. No error limits can be assigned for the enthalpy and 

entropy of the 3-form. 

The 3-form/2-form boundary gives similar error considerations. In this region the errors in the 

solution model become larger; as previously discussed, the Pitzer equations at the composition 

and temperature of the solution around the 2-form/3-form boundary are considered to have  ~10% 

error. Nevertheless, the errors in the Pitzer models still do not make a significant contribution to 

the error limits. The determination of the Gibbs energy of the 2-form at various temperatures 

contains the term 1/3RTlnaMgCl2 – 4/3RTlnaH2O. At the different temperatures and compositions at 

which the equation was solved, the value of this term ranges from 5 to 10 kJ. This is 0.1-0.2% of 

the derived Gibbs energies of the 2-form at these points. This translates into inaccuracies in 

activity determination of approximately 0.01-0.02% of the derived Gibbs energies.  

The imprecision in determining the 2-form/3-form boundary adds a far larger amount of error. 

This error is discussed in Section 5.6.3. The error in the enthalpy is determined to be 3 kJ, which 

is approximately 0.09% of the total enthalpy. The error in the entropy is found to be 23 J, out of a 

total value of 514 J; this is a 4.5% error. As in the case of the 3-form, the entropy, as the slope of 

a line, is much more sensitive to error in the boundary location than the enthalpy. Again, a 

separate determination of the standard entropy of the 2-form, for example by calorimetry, is 

desirable.  
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5.7 Thermal Decomposition Experiments – Results and Analysis 

Thermal decomposition trials were undertaken on samples of 2-form obtained from previous 

phase stability determinations. The full experimental method is given in Chapter 4. The results of 

the trials are shown in Figure 5-16. 
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Figure 5-16 Decomposition vs time for 2-form at 450
o
, 500

o
, and 550

o
 C. 

Runs were performed under 5 LPM flowing nitrogen except for those points marked at 10 LPM.  

 

The decomposition rate can be analyzed by two different methods. In the first, the results are 

fitted to standard first- and second-order rate equations conforming to the Arrhenius Law. The 

second method gives an alternative analysis of the decomposition rate deriving a purely empirical 

relation.  

5.7.1 Arrhenius rate analysis 

To determine the activation energy and the rate law, the reaction order must first be determined. 

In the decomposition setup, the product gases (H2O and HCl) were swept away rapidly by the 

nitrogen gas sweeping through, leaving behind the hydroxychloride and the MgO product. This 
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meant that a back-reaction was unlikely and the rate was probably determined solely by the 

amount of hydroxychloride present. Therefore it is reasonable to expect that the decomposition 

rate would be determined solely by the amount of reactant remaining.  

The reaction rate may typically be described as zero-order, first-order, or second-order. In a zero-

order reaction, the rate of decomposition is independent of the amount of reactant remaining:  

   
  

    

(5-20) 

Where fr denotes the fraction of hydroxychloride remaining, t represents time (in minutes), and k 

is a constant. The integrated equation is simply, 

                                                                       fr = -kt + C                                            (5-21) 

where C is a constant of integration. 

In first-order decomposition, the rate of decomposition is directly proportional to the amount of 

hydroxychloride remaining: 

   
  

      

(5-22) 

The integrated first-order rate law is then, 

                                                                  ln(fr) = -kt + C                                   (5-23) 

In a second-order rate law, the rate of decomposition is proportional to the square of the amount 

of hydroxychloride remaining: 
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(5-24) 

and the integral of this rate law is then, 

 

  
       

(5-25) 

Note that the k and C terms in equation 5 have absorbed the factor of -2 that arose in the 

integration.  

The rate law which applies in each case can be determined by graphing fr against t, ln(fr) against t, 

and 1/fr against t and checking to see whether the points fall on a line. It can be seen from 

equations 5-21, 5-23, and 5-25 that a straight line will form if the zero-order, first-order, or 

second-order rate law holds, respectively.  

The graphs to test the reaction order are shown in Figures 5-17, 5-18 and 5-19. 
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Figure 5-17 fr versus t, to test 0 order rate law 

 

 

 

Figure 5-18 ln(fr) versus t, to test first order rate law  
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Figure 5-19 1/fr versus t, to test second-order rate law 

The plot of fr versus t (zero order) in Figure 5-17 does not form a line. However, the points on the 

ln(fr) versus t plot (first order) in Figure 5-18  do lie close to lines at each temperature. The same 

is true of the 1/fr versus t plot (second order) in Figure 5-19. The zero-order rate law can therefore 

be eliminated from consideration as a governing the decomposition kinetics. However, with only 

three points at each temperature, there clearly is not enough data to distinguish between first and 

second order reactions.  

For a system following Arrhenius’s Law, the rate constant k, the slope of the lines in Figures 5-18 

and 5-19, is related to an activation energy Ea by Equation 5-26: 

         
  

  
  

(5-26) 
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where A is a constant, R is the universal gas constant (8.314 J/molK), and T represents the 

temperature (in Kelvin). When logarithms are taken of both sides, it becomes clear that ln(k) is 

linearly related to 1/T: 

            
  

 
 
 

 
 

(5-27) 

The graphs of ln(k) versus 1/T are shown in Figures 5-20 and 5-21 for the decomposition, using 

both first order and second order rate laws.  

 

Figure 5-20 ln(k) vs 1/T, with values of k taken from first-order analysis  
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Figure 5-21 ln(k) vs 1/T, with values of k taken from second-order analysis 

As can be seen, for both the first-order and second-order rate laws, the fit of ln(k) versus 1/T is 

not very good. This can be related back to the graphs of ln(fr) versus t and 1/fr versus t, above. In 

both graphs the line at 500
o
 C has a slope very close to that of the 450

o
 C. In the first order graph, 

the 500
o
 C line has a less negative slope than the 450

o
 C line, even though the trend is for the 

slopes to become more negative. In the second order graph, the 500
o
 C line has a smaller slope 

that the 450
o
 C line even though the trend is toward greater slopes.  

In the ln(k) vs 1/T graphs, the y-intercept is ln(A) while the slope of the line is –(Ea/R). For the 

first-order reaction, the relevant Arrhenius equation factors are: 

A1 = 667.8 

Ea,1 = 59,221 J 

In addition, graphing the integration constant C against 1/T yields a straight line, the equation of 

which is: 

                                                      C1 = 7748.1(1/T) -10.668                                                    (5-28) 
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Therefore for the first order reaction the rate equation can be written, 

                   
     

 
   

       

 
         

(5-29) 

For the second-order reaction, the Arrhenius equation factors are: 

A2 = 2,563,797 

Ea,2 = 101,962 J 

and the constant of integration is: 

                                                        C2 = -17,750/T + 24.035                                           (5-30) 

Therefore for the second order reaction the rate equation can be written, 

 

  
              

      

 
  

     

 
         

(5-31) 

The first order rate equation, Equation 10, predicts 95% decomposition within 1 minute at 690
o
 C. 

The second order rate equation, Equation 12, predicts 95% decomposition within 1 minute at 740
o
 

C. Both of these temperatures seem very high. The amount of time to decompose 75% of the 

sample, t75, can be estimated from Figure 5-16. At 450 
o
C, t75 is approximately 30 minutes. At 

500 
o
C, t75 has fallen to 15 minutes. At 550 

o
C, t75 is only 1 minute. It is clear that the 

decomposition kinetics speed up very rapidly when the temperature moves from 500
o
 to 550

o
 C. 

It can therefore be expected that the time to 95% decomposition, t95, should be attained between 

550
o
 and 600

o
 C.  
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5.7.2 Alternative rate analysis 

While it is reasonable to expect that the decomposition of the 2-form would have either first-order 

or second-order kinetics as discussed in Section 5.7.1, the number of data points is too small to be 

able to accurately determine the rate law or the activation energy. By trial and error, it was found 

that plotting the decomposition versus time data on a ln-ln axis produces an empirical rate law 

more in line with what is expected from laboratory and industrial experience. It is important to 

note that the rate law derived in this section is entirely empirical and therefore does not 

presuppose any reaction mechanism.  

Using a ln – ln axis, the decomposition versus time results, plotted in Figure 5-22, form straight 

lines at each temperature: 

 

Figure 5-22 ln-ln plot of decomposition vs time data. Points are connected by fitted straight 

lines. 
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At each temperature, the decomposition is a function of the form, 

                                              ln(%decomp) = k(T)·ln(t) + C(T)                                               (5-32) 

in which k and C are constants at the given temperature but vary with temperature. ln(k) was 

found to graph linearly against 1/T, the reciprocal of the absolute temperature, as is shown in 

Figure 5-23. C graphs linearly against 1/T in Figure 5-24, but with a somewhat less precise fit.  

 

Figure 5-23 ln(k) vs 1/T. Points are connected by a fitted straight line. 
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Figure 5-24 C vs 1/T. Points are connected by a fitted straight line.  

 

From this it can be seen that  

                                                         ln(k) = 10333/T – 14.818                                                 (5-33) 

and 

                                                           C = -12367/T + 19.441                                                   (5-34) 

(where T is the absolute temperature). 

When equations 5-33 and 5-34 are substituted into equation 5-32, a general equation for rate of 

decomposition is obtained: 

                 
     

 
                 

     

 
         

 (5-35)                          

(t = time in minutes, T = temperature in Kelvin) 

This predicts that 100% decomposition will take place within 1 minute at 561
o
, a result which 

agrees closely with Herbstein et al.’s determination for the breakdown of MgCl2·6H2O to MgO 
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(full reaction in 1 minute at 560
o
)

69
. According to Herbstein et al., this result is also found in 

practice in the Aman pyrohydrolyzer.  

Interestingly, the hydroxychloride decomposition process described by Talmi used similar 

temperatures
72

. This process was described in Chapter 2; in the process, Sorel cement was formed 

by mixing MgO with MgCl2 and this cement was then decomposed at 500
o
-600

o
 C. The Talmi 

process gives further support to the determination of rapid decomposition kinetics around 561
o
 C.  

5.8 Modelling of decomposition reactions 

To be able to apply the thermodynamic data derived in this chapter, it is necessary first to 

determine the reactions by which 2-form and 3-form break down into MgO. This work proposes a 

decomposition mechanism for the 2-form and 3-form given by Reactions 5-36 (for the 3-form) 

and 5-37 (for the 2-form), with each of these reactions followed by Reaction 5-38. The derived 

H
0

f and S
0
 data for the hydroxychlorides make it possible to determine at which temperatures, Teq, 

Reactions 5-36 and 5-37 become thermodynamically downhill at standard state.  

                            3MgO·MgCl2·11H2O(s)  2MgO(s) + 2MgOHCl(s) + 10H2O(g)                   (5-36) 

  Teq = 181 
o
C 

                                 2MgO·MgCl2·6H2O(s)  MgO(s) + 2MgOHCl(s) + 5H2O(g)                     (5-37) 

  Teq = 229 
o
C 

                           MgOHCls  MgOs + HClg                                        (5-38) 

Teq = 565 
o
C 

In the model, 2-form and 3-form dehydrate, producing MgOHCl as an intermediary. The 

MgOHCl then decomposes at 565 
o
C, producing HCl gas. The model therefore supposes a two-

step decomposition, a lower-temperature dehydration step in which first water is given up and 
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MgOHCl is produced, and a higher-temperature decomposition step where the MgOHCl breaks 

down to produce HCl. The choice of MgOHCl as the intermediate decompostion product is the 

result of the fact that no accurate thermochemical data is known for any other magnesium 

oxychloride species.  

The two-step decomposition model can be compared against data from the thermal decomposition 

kinetics study and the DTA-TGA study. While some aspects of the model are verified, others 

appear to be contradicted. 

The thermal decomposition study seems to verify the two-step decomposition model proposed by 

Reactions 5-36, 5-37 and 5-38. It was found that maintaining the 2-form sample at 275 
o
C for 30 

minutes prior to bringing it up to a higher temperature left a residue with the approximate formula 

2MgO·MgCl2·H2O. This could represent MgO + 2MgOHCl as the products of dehydration 

reaction 5-37. 275 
o
C is also in the vicinity of the temperature, 229 

o
C, at which this study’s 

calculations show Reaction 5-37 to become thermodynamically downhill at standard state. In 

addition, the thermal decomposition study found that the high-temperature HCl-producing 

reaction would proceed rapidly at 561 
o
C; this is close to the equilibrium temperature, 565 

o
C, at 

which Reaction 5-38 becomes spontaneous.  

The DTA-TGA studies lend additional support to the two-step decomposition model. The DTA 

for the 2-form shows strong peaks at 268 
o
C and 451 

o
C. One of the 2-form samples also had a 

strong peak at 188 
o
C (see Figure 5-4), but this may be due to contamination with 3-form. These 

two temperatures for the peaks are reasonably close to the equilibrium temperatures of Reactions 

5-37 and 5-38.  

The DTA peaks for the 3-form tell a similar story. The 3-form DTA shows two major peaks, at 

184
o
 and 444

o
 C. These seem to be close to the equilibrium temperatures of Reactions 5-36 (181

o
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C) and 5-38 (565
o
 C), and therefore could be expected to represent the endothermic release of 

water at the lower temperature and HCl at the higher.  

The mass spectrometry and TGA work to contradict the two-step model, however. For both 2-

form and 3-form, the MS curves show water being given off at the high-temperature step along 

with HCl. Reaction 5-38, the splitting up of MgOHCl, does not produce water and therefore some 

other, hydrated hydroxychloride form must be present. While the decomposition takes place in 

two steps, MgOHCl is not the intermediate decomposition product.  

The TGA curves also argue against the selection of MgOHCl as the intermediate decomposition 

product. The high-temperature decomposition step would have the stoichiometry, 

                                           2MgOHCl + 2MgO  4MgO + 4HCl                                          (5-39) 

for the 3-form, and the stoichiometry, 

                                            2MgOHCl + MgO  3MgO + HCl                                             (5-40) 

for the 2-form. With the HCl gas leaving the system, the TGA curve for the 3-form should have a 

ratio of 0.688 between the heights of its final plateau and the penultimate plateau; this is the ratio 

of molar weights of 4MgO divided by the molar weight of (2MgOHCl + 2MgO). For the 2-form, 

the corresponding ratio is 0.624. These ratios can be checked against the heights of the plateaux 

given in Tables 5-10 through 5-13. The actual ratio for the 3-form is 0.62; for the 2-form, it is 

0.73. The actual ratio is therefore too low for the 3-form and too high for the 2-form to represent 

Reaction 5-38.  

The TGA studies of Cole and Demediuk
64

, which are summarized in Tables 5-14 and 5-15, give 

further interesting information. Cole and Demediuk’s TGA results indicate an intermediate 3-

form decomposition product of composition roughly 3MgO·MgCl2·3H2O, and an intermediate 2-
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form decomposition product of composition roughly 2MgO·MgCl2·2H2O. This implies that the 3-

form does not dehydrate to a stoichiometry of MgOHCl, but that the 2-form does.  

The identity of the intermediate hydroxychloride decomposition product is therefore not yet 

settled. Further study, with direct analysis of intermediate decomposition products, is desirable. 

For the purposes of this thesis, the model as described by Reaction 5-36 through 5-38 will be 

used. It appears to be at least a reasonable approximation of the true decomposition pathway; 

moreover, no adequate alternative to MgOHCl as an intermediate species has been described in 

enough detail to obtain reliable thermochemical data.  
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Chapter 6 

Flowsheets, Energy Use, and Conclusions 

 

6.1 Flowsheet Development 

The experiments described in Chapters 4 and 5 were performed to provide more detail about steps 

in the simplified saprolite leach flowsheet presented in Figure 6-1.  

 

 

Figure 6-1 Simplified conceptual flowsheet for an HCl saprolite leach process with 

hydroxychloride precipitation and decomposition.  

 

Interest was especially claimed by the three steps labeled in the figure: A, hydroxychloride 

precipitation; B, iron precipitation; and C, hydroxychloride decomposition. The results presented 

in Chapter 5 now provide the sought-after details in each of these areas.   

6.1.1 Hydroxychloride Precipitation - A 

The results of the hydroxychloride precipitation trials are presented in Sections 5.1 and 5.2. The 

phase diagram presented in Figure 5-1 indicates that two species of hydroxychloride are stable at 

temperatures up to 135
o
 C: the 3-form, 3MgO·MgCl2·11H2O, and the 2-form, 
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2MgO·MgCl2·6H2O. Which species precipitates from solution when MgO is added depends on 

the solution composition and temperature. In solutions more dilute than approximately 10 wt% 

MgCl2 at 25
o
 C and 14 wt% MgCl2 at 50

o
 C, only Mg(OH)2 precipitates. In solutions with 

concentrations between approximately 10 and 30 wt% MgCl2, the 3-form hydroxychloride 

(3MgO·MgCl2·11H2O) precipitates. At concentrations of more than approximately 30 wt% 

MgCl2 and temperatures higher than roughly 90
o
 C, the 2-form (2MgO·MgCl2·6H2O)  

precipitates. The phase stability study further determined that seeding of the solutions weaker 

than 35 wt% MgCl2 is necessary to prevent the formation of metastable phases. Seeding was also 

found to enhance precipitation rates. 

As will be discussed further in this chapter, a leach of saprolite ore in concentrated hydrochloric 

acid can produce a barren brine of up to 39 wt% MgCl2. Therefore in the simplified flowsheet in 

Figure 6-1, it would be feasible for the leach to produce a brine concentrated enough for the 

precipitation step denoted by letter A to produce the 2-form. However, in applications treating 

more dilute brines, such as for example mother liquor processing with only 24.5 wt% MgCl2, the 

precipitation step would produce the 3-form. This distinction is important as dehydration and 

thermal decomposition for the two hydroxychloride forms occur at different temperatures and 

require different amounts of enthalpy input. 

6.1.2 Iron Control - B 

Another area of uncertainty in the simplified conceptual flowsheet in Figure 6-1 is represented by 

operation B – iron precipitation. It was envisioned that the iron content of the leach liquor would 

first be oxidized to produce ferric chloride, FeCl3, and then precipitated out by MgO addition. 

Section 5.3 reports on the iron precipitation trials. It was found that when MgO was added to 

solutions bearing 1 wt% FeCl3, an extremely wet, muddy, slow-filtering precipitate was formed. 
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This precipitate was amorphous and apparently comprised a mixture of 3-form and 5-form 

magnesium hydroxychlorides along with hydrated ferric oxide, the exact stoichiometry of which 

was not determined. A solution with 5 wt% FeCl3 produced an unfilterable precipitate which 

settled at a rate of millimetres per week.  

Improvements in iron precipitation could be achieved by careful control of solution Eh, pH, 

seeding, reaction time, and other parameters, as has been proposed in the literature. Clearly, 

determination of the appropriate conditions to produce a filterable precipitate would constitute a 

significant research project in its own right. Alternative iron control methods include solution 

pyrohydrolysis and in-solution hydrolysis/hydrolytic distillation; however both of these appear to 

involve extensive water evaporation and would therefore be very energy-intensive. Precipitation 

of iron from ferrous chloride, FeCl2, solutions to ultimately form magnetite, Fe3O4, might also be 

promising. Alternative iron control methods are reviewed in Section 5.3. 

6.1.2 Thermal Decomposition - C 

Operation C in Figure 6-1, the thermal decomposition of the hydroxychloride, represented a third 

area of uncertainty. The temperatures at which the hydroxychlorides broke down, and the steps in 

which they did so, were unknown; the temperature of the decomposition reactor was not 

determined. The hydroxychloride decomposition model presented in Section 5.8 shed some light 

on these questions. The model proposed a two-step decomposition mechanism for both the 2-

form and the 3-form: the hydroxychloride would first dehydrate to MgOHCl at a lower. This 

mechanism is represented by Reactions 6-1 and 6-2 for the 2-form. 

                                 2MgO·MgCl2·6H2O(s) = MgO(s) + 2MgOHCl(s) + 5H2O(g)                   (6-1) 

T = 229 
o
C ΔH

0
rxn = 313.2 kJ/mol 
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                                              MgO(s) + 2MgOHCl(s) = 3MgO(s) + 2HCl(g)                            (6-2)  

T = 565
 o
C ΔH

0
rxn = 195.2 kJ/mol 

For the 3-form, the corresponding reactions and temperatures are:  

                                    3MgO·MgCl2·11H2O(s) = 2MgO(s) + 2MgOHCl(s) + 10H2O(g)      (6-3) 

T = 181 
o
C   ΔH

0
rxn = 665.3 kJ/mol 

                                             2MgO(s) + 2MgOHCl(s) = 4MgO(s) + 2HCl(g)                    (6-4) 

T = 565
o
 C ΔH

0
rxn = 195.2 kJ/mol 

 

The temperatures for Reactions 6-1 and 6-3 were determined using the enthalpy and entropy 

values for the 2-form and 3-form derived in Section 5.6. The DTA results, given in Section 5.4, 

were used to confirm the 2-step decomposition model. These results indeed confirmed a two-step 

decomposition, at temperatures approximately matching those of the model. However, the DTA 

study suggested that MgOHCl is not in fact the intermediate decomposition compound.  

The thermal decomposition study, described in Section 5.7, suggested that the high-temperature 

decomposition of the hydroxychloride, modelled here in Reactions 6-2 and 6-4, would occur 

within one minute at 561
o
 C. This temperature is very close to that found in industrial MgCl2 

solution pyrohydrolyzers, and also close to the temperature at which Reactions 6-2 and 6-4 

become spontaneous at standard state.  However, because relatively few data points were taken, it 

is unclear what the accuracy of the kinetics determination was. Alternative decomposition 

kinetics determinations, using first-order and second-order rate laws, gave significantly higher 

temperatures for 95% decomposition of the 2-form within 1 minute.    

While the DTA study cast doubt upon the role of MgOHCl as the intermediate decomposition 

compound, it, along with the decomposition kinetics study, appear to generally support the two-
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step decomposition model and the temperatures assigned to Reactions 6-1 through 6-4. Therefore, 

in the conceptual flowsheet, the dehydration reactor temperature was set to 229 
o
C for the 2-form 

and 181 
o
C for the 3-form. The decomposition reactor temperature was set to 565

o
 C. The 

standard enthalpies of the 2-form and 3-form, determined by the thermodynamic analysis in 

Section 5.6, were used to determine the enthalpy requirements for the dehydration and 

decomposition processes in Reactions 6-1 through 6-4.    

6.1.3 Filterability and Handleability of Precipitates 

Both the precipitation of the magnesium hydroxychlorides and that of hydrated ferric oxide 

produced difficult-to-filter precipitates. In the phase stability experiments, the magnesium 

hydroxychloride precipitated out to form a gel, which filtered relatively slowly to give a filter 

cake with ~95 wt% entrained solution. It is presumed that these problems are due to the small 

crystal sizes formed (with at least some crystals < 11µm) combined with their long shape. The 

needle-like crystals likely interlock with each other, enclosing beads of water in the voids, and 

thereby readily forming gels and retaining water. 

The filterability of magnesium hydroxychloride could be improved by adding larger-diameter and 

more seed. The phase stability experiments described in Sections 5.1 and 5.2 gave support to the 

proposal that magnesium hydroxychloride precipitates out via an aquocomplex intermediary:  

MgO  [unstable aquocomplex]  hydroxychloride precipitate. 

The magnesium hydroxychloride therefore is not generated by the transformation of Mg(OH)2 in 

the solid state; rather it can precipitate out of solution onto the surface of a seed crystal. Seeding 

in the phase stability experiments noticeably improved precipitation speeds. However, as the only 

seed available was the precipitate from previous runs, overall crystal size remained small and 

therefore problems such as gelling and liquor entrainment continued. The limited amount of seed 
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available also meant that only relatively small amounts of seed could be added to each run; a 

typical seed ratio was 20% (with ~1 g of seed added to produce ~5 g of precipitate).   

In a real-world process, a large quantity of large-diameter seed would be added. In aqueous salt 

processing, 1 mm appears to be the smallest grain size at which desirable settling and filtration 

characteristics can be maintained. Therefore in a real-world process, hydroxychloride seed 

particles of approximately 1 mm diameter should be added to the precipitation reactor. These 

seeds could be initially obtained simply by crushing Sorel cement. It is unclear what quantity of 

seed is needed but precipitate recycle rates of 80% or more are not uncommon in 

hydrometallurgy. A large precipitate recycle rate would translate into a large amount of surface 

area onto which the hydroxychloride could crystallize; this would prevent the formation of small 

crystals. As the precipitate crystals left the tank, the smaller crystals could be screened out and 

recycled as seed, while the larger ones would be sent on to the dehydration and decomposition 

reactors. In this way a population of seed crystals would be maintained without needing to crush 

or mill material.  

It is important to note that the precipitation experiments conducted in this work were concerned 

mainly with determining phase boundaries, and no attempt was made to optimize precipitate 

filterability. Therefore the precipitates produced in this work’s experiments should not be seen as 

identical to those produced in a putative industrial setting. Nonetheless, precipitate filterability is 

key to a successful industrial implementation of the proposed flowsheet, and improving 

filterability and settleability constitutes an important field for future research.  

6.1.4 Flowsheets 

Two flowsheets have been developed, one in which 3-form hydroxychloride is decomposed, and 

one in which the 2-form is decomposed. These are shown in Figures 6-2 and 6-3. The 2-form 



 

 

 

172 

hydroxychloride would be used in situations where a high-strength magnesium chloride brine can 

be generated – as is possible with the proposed saprolite leach. The 3-form hydroxychloride 

would be precipitated when only more dilute brines, 11-30 wt% MgCl2, can be generated. This 

would be the case in the processing of mother liquor from carnallite treatment (24 wt% MgCl2) 

and solar-evaporation brines. It would also be used if it were deemed useful to perform saprolite 

ore treatment steps in a more dilute brine. For example, it may be found necessary to leach 

saprolite in a more dilute solution to enhance nickel extraction.  

The flowsheets were designed around the decomposition model described in Section 5.8. In 

accordance with that model, in each flowsheet, the hydroxychloride is fed first to a lower-

temperature fluidized bed for dehydration to MgOHCl, and then to a 565
o
 C fluidized bed for 

decomposition of the MgOHCl to MgO + HCl. The exhaust gases from the lower-temperature, 

dehydration step are used to preheat the incoming hydroxychloride. The exhaust gases from the 

565 
o
C decomposition step are assumed to undergo no heat exchange with any other part of the 

flowsheet. This constraint can reasonably be expected of a hot, HCl-bearing gas stream which 

would readily corrode most heat exchanger materials. The fuel is assumed to be natural gas, 

modelled here as methane, CH4. Natural gas rather than a cheaper fuel such as coal because of its 

low sulphur content. Hydroxychloride decomposition requires low-sulphur fuels; otherwise, SO2 

derived from the burning of the fuel accompanies the HCl gas produced in the decomposition 

reactor and is absorbed with it into aqueous solution, ultimately contaminating the hydrochloric 

acid produced. The same requirement for low-sulphur fuels holds for solution pyrohydrolysis of 

MgCl2 brines.  

Figure 6-4 shows a flowsheet which has been developed for the specific case of saprolite leaching 

in high-strength brines. The saprolite is first leached in concentrated (33%) HCl. Mass balance 
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calculations indicate that this can yield a stream of up to 39% MgCl2. It is envisioned that nickel, 

cobalt and iron are removed by pH adjustment, although alternative processes to do this could 

also be used (precipitation of Ni and Co by H2S or removal by ion exchange, for example). After 

clarification, the solution moves to a precipitation tank. MgO is added along with 

hydroxychloride seed, consisting of recycled precipitate crystals, along with crushed Sorel 

cement if required for make-up.  After precipitation and clarification or filtering, part of the 

hydroxychloride precipitate is recycled to the precipitation step as seed while the rest is bled off 

to the dehydration and decomposition steps. The 2-form bleed stream is dehydrated to MgOHCl 

in a fluidized bed at 229 
o
C. It then moves to another fluidized bed at 565

o
 C where it is 

decomposed, producing HCl gas along with a small amount of water and combustion gases 

derived from burning methane.  
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Figure 6-2 Decomposition flowsheet for 2-form hydroxychloride. The materials and energy flows are given as used in the flowsheet model.  

 

 



 

 

 

175 

 

Figure 6-3 Decomposition flowsheet for 3-form hydroxychloride. The energy and materials flows are given as used in the flowsheet model.  
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Figure 6-4 Flowsheet for treating saprolite in strong MgCl2 brines using HCl leach and precipitation-decomposition of 2-form 

hydroxychloride 
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6.2 Flowsheet Analysis 

6.2.1 Direct Gas Leaching 

In the flowsheet in Figure 6-4, the possibility exists for the dry HCl gas exiting the decomposition 

chamber to bypass the absorption tower and be sparged directly into the saprolite slurry in the 

leach step. This would improve the water balance still further, and probably also enhance the 

leach kinetics. However, from a process perspective this is not desirable; while it is possible to 

store significant amounts of liquid hydrochloric acid, this is not the case with a gas. It would 

certainly be difficult to find the materials of construction that could store HCl gas, which would 

probably also contain some water as well. Without storage, if the decomposition reactor were 

down for maintenance, it would be impossible to leach any ore and the entire process would have 

to be shut down. In a situation where excess HCl were produced, it would have to be wasted, 

probably by reaction with MgO. Alternatively, the flowsheet could be set up in such a way that 

saprolite is always in large excess in the leach tank, so that temporary increases in HCl gas 

production could always be absorbed by the ore. But this would mean that the level of free acid in 

the tank would always be very low; the presence of excess ore implies that the leach tank is 

always tending towards an equilibrium pH of approximately 9. This is likely not an optimal leach 

condition. Therefore the use of a direct gas leach, while prima facie tempting, in fact prevents 

optimization of the leach step.  

6.2.2 Energy Analysis 

A basic enthalpy/materials balance was performed on the 2-form and 3-form decomposition 

flowsheets given in Figures 6-2 and 6-3. The enthalpy and entropy values for the 2-form and 3-

form determined in Section 5.6 were used. As it was not possible to obtain heat capacity data for 

the 2- and 3-form, their heat capacities have been estimated, as constants, by simply adding those 
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of their MgO and MgCl2 components at 25
o 
C, plus 41 J mol

-1
K

-1
 per mole of water in the 

formula. The latter figure was arrived at from the observation that for MgO-Mg(OH)2 and MgCl2-

MgCl2·6H2O, the molar heat capacity of the compounds increased by an average of 41 J mol
-1

K
-1

 

for every mole of bound water added.  For example, the heat capacity of the 2-form, 

2MgO·MgCl2·6H2O was estimated as Cp (2-form) = 2×Cp(MgOs) + Cp(MgCl2,s) + 6×41. It is 

assumed that all the fuel is delivered as natural gas, modelled as methane; the use of methane or 

another low-sulphur fuel is required by the considerations set out in Section 6.1.4. Heat loss as 

the sensible heat of combustion gases was accounted for; however in other respects no thermal 

losses (by radiation, conduction, etc.) were modelled.   

For comparison, solution pyrohydrolysis of brines of various strengths was also modelled. 

Leaching saprolite in azeotropic HCl would produce a barren brine of  approximately 25 wt% 

MgCl2. In the model, a 25 wt% MgCl2 brine was preheated by HCl-bearing combustion gases 

exiting the pyrohydrolyzer, and then itself passed into the pyrohydrolyzer where it was 

decomposed at 565
o
 C. The HCl-bearing combustion gases were cooled to 100 

o
C by the brine 

preheating step and then condensed. Due to the water produced by burning methane, their 

composition would now be sub-azeotropic. Accordingly the model distills the exhaust condensate 

back up to azeotropic (20 wt%) hydrochloric acid, boiling off the excess water. As with the 

hydroxychloride decomposition step, the system is modelled as using methane for its fuel.  

In addition, the energy use of the Rotary Kiln Electric Furnace (RKEF) process and the Kieserite 

process were also modelled. The RKEF process is described in Section 1.1.5; its energy use was 

modelled using the figures given in Table 1-1. The Kieserite process is described in Section 1.3.5. 

Its energy use was modeled by using  tabulated thermodynamic data to find the enthalpy required 

for the reaction, 
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                                                MgSO4·H2O(s)  MgO(s) + SO3(g)                                               (6-5) 

 The enthalpy required by Reaction 6-5 was assumed to be supplied by coal, which was modelled 

as pure carbon. As a sulphate is precipitated in this process rather than a chloride or oxychloride, 

a sulphur-bearing fuel such as coal may be used. 

Table 6-1 shows the energy use, in terms of moles of methane and GJ, for decomposing the 2-

form and 3-form. The energy requirements for solution pyrohydrolysis, applied to brines of 

various strengths, are also given. Finally, the energy requirements of the Rotary Kiln Electric 

Furnace (RKEF) process and the kieserite process are given. For the RKEF and kieserite 

processes, the energy requirement is given in terms of the CH4 equivalent of the energy needed to 

treat one mole of Mg. In addition to energy and modelled methane requirements, calculated CO2 

emissions are also given. This varies by the fuel type used. For the RKEF process, two sets of 

numbers have been generated. The first assumes that the electricity the process uses is generated 

by a thermal, coal-fired power plant. The second set assumes that the electricity is available from 

a source such as hydropower, where no fossil fuel is consumed.  

Table 6-1 Comparative energy requirements for hydroxychloride precipitation-

decomposition and solution pyrohydrolysis 

Solid phase or wt% 

MgCl2 

Moles CH4 needed per 

2 moles HCl 

generated (or 1 mol 

Mg) 

GJ energy per tonne 

HCl  

Moles CO2 produced 

per 2 mol HCl (or 1 

mol Mg treated) 

2-form 0.97  10.7 0.97 

3-form 1.45  15.9  1.45 

35% pyrohydrolysis 1.1 12.1 1.1 

30% pyrohydrolysis 1.3 14.3 1.3 

25% pyrohydrolysis 1.5 16.5 1.5 

15% pyrohydrolysis 2.6 28.6 2.6 

RKEF  1.2 or 0.6* 

(CH4 equivalent) 

13.2 or 6.3* 2.1 or 1.0* 

Kieserite  0.6 

(CH4 equivalent) 

7.0 1.3 

*: values when electricity not generated by fossil fuels (e.g. hydro) 
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Table 6-1 shows that precipitating the 2-form requires significantly less energy than solution 

pyrohydrolysis of a 25 wt% MgCl2 brine. The 3-form has an energy requirement similar to that 

for solution pyrohydrolysis of 25 and 30 wt% brine. However, the 3-form may be precipitated 

from brines as weak as 10.4 wt%. Comparing solution pyrohydrolysis of a 15 wt% brine with 3-

form decomposition, it can be seen that  precipitating the 3-form is desirable in situations when 

HCl must be regenerated from a relatively weak brine.  

It can be seen from Table 6-1 that magnesium hydroxychloride decomposition uses the same 

amount of energy or less than solution pyrohydrolysis to generate a given amount of MgO and 

HCl. In terms of energy use, hydroxychloride precipitation-decomposition is particularly 

competitive against solution pyrohydrolysis where low-strength brines (under 20 wt% MgCl2) 

must be treated.  

A second advantage of hydroxychloride precipitation and decomposition, especially in the 

context of the nickel flowsheet in Figure 6-4, is the fact that the hydroxychlorides can be dried 

and decomposed in two stages to produce an HCl stream suitable for the production of 

concentrated, 33 wt% hydrochloric acid. The ability to produce concentrated hydrochloric acid 

rather than azeotropic is important. In the flowsheet proposed in Figure 6-4, the 33 wt% HCl, 

when recycled to the leach step, produces a concentrated brine of up to 39 wt% MgCl2. When this 

brine then passes to the precipitation step and MgO is added, 2-form hydroxychloride precipitates 

out. The 2-form can then be decomposed with lower energy use than is required for either 

solution pyrohydrolysis or 3-form decomposition. The ability to make concentrated hydrochloric 

acid therefore translates into lower energy requirements for the overall flowsheet.  

It is instructive to compare the energy use of 3-form and 2-form decomposition with that of the 

Rotary Kiln-Electric Furnace (RKEF) process for treating saprolites. It can be seen that the 
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energy use of RKEF is intermediate between that of 3-form decomposition and 2-form 

decomposition, and slightly less than that of pyrohydrolysis of 30 wt% brines. However, RKEF 

can obtain all of its reductant, calcining fuel, and power plant fuel as coal, while solution 

pyrohydrolysis and hydroxychloride decomposition must use natural gas. At the time of writing, 

coal sold for US$1.70-2.70 per GJ, depending on factors such as location and sulphur content. 

Natural gas prices for industrial consumers meanwhile were around US$5 per GJ. Therefore, 

even though the RKEF process uses more energy than decomposition of the 2-form 

hydroxychloride, the energy cost for RKEF users will be half or less than that of hydroxychloride 

process users.  

The operating cost differential between hydroxychloride decomposition and RKEF could be 

lowered further by using coal to provide the heat for the dehydration reaction. As no HCl is 

produced in this step, a higher-sulphur fuel can be used. The dehydrated hydroxychloride would 

then go to the decomposition reactor where it would be broken down using natural gas as the fuel. 

In this implementation of the hydroxychloride precipitation and decomposition process, the MgO 

would be contaminated with coal ash and therefore would probably be unsellable. Using coal for 

the dehydration step therefore lowers the overall energy cost, but also removes a potential 

revenue stream.  

The kieserite process appears to have the lowest energy use of all the methods considered in 

Table 6-1. Moreover, this energy can all be taken in the form of coal rather than natural gas. As a 

result, of the five processes compared in the table, this process can be expected to have the lowest 

fuel cost . It will therefore be interesting to see whether this process attains commercialization.  

Table 6-1 further shows that hydroxychloride decomposition emits relatively low amounts of CO2 

given the amount of energy it consumes. This is due to the process taking in all of its energy as 
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natural gas. Decomposition of the 2-form hydroxychloride emits 0.97 moles of CO2 per mole of 

Mg in the ore. By contrast, the RKEF process emits 2.1 moles CO2 on the same basis (using a 

coal-fired power plant). The kieserite process, which uses less energy overall than 2-form 

decomposition, emits 1.3 mol CO2 per mol Mg treated; this high figure is due to its reliance on 

coal. Pyrohydrolysis of a 25 wt% MgCl2 solution, as envisioned by the Jaguar process, would 

emit 1.5 moles CO2 per mole Mg; 3-form decomposition would emit a similar amount. 

Precipitation and decomposition of the 2-form hydroxychloride therefore has the lowest CO2 

emissions potential when compared against other processes for nickel treatment.   

6.3 Commercial Possibilities 

6.3.1 Saprolite Treatment 

The energy analysis in Section 6.2.2 suggests that the existing Rotary Kiln-Electric Furnace 

process likely would enjoy lower operating costs than a proposed hydroxychloride precipitation-

decomposition process, due to its ability to make use of coal as a cheap energy source rather than 

the relatively more expensive natural gas. However, the Rotary Kiln-Electric Furnace process 

requires a large investment in capital equipment such as rotary kilns, electric furnaces and a 

power plant and electricity infrastructure; the proposed hydroxychloride-based flowsheet might 

require less specialized equipment and lower capital costs. The proposed process would use 

equipment very similar to that required by processes such as the conceptual Jaguar process, which 

envisioned a hydrochloric acid leach followed by solution pyrohydrolysis. Both processes would 

require an array of leaching tanks and fluidized-bed reactors. As a result, the Jaguar process and 

hydroxychloride precipitation and decomposition can be expected to have comparable capital 

costs.  
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It is concluded that a process in which 2-form hydroxychloride is precipitated and decomposed 

represents a superior method of HCl regeneration to solution pyrohydrolysis. Such a process has 

the potential to be commercially successful in a saprolite nickel chloride leach circuit.  

6.3.2 Mother Liquor Processing 

Hydroxychloride precipitation and decomposition also holds promise for the treatment of mother 

liquor from carnallite processing. Carnallite, KCl·MgCl2·6H2O, can be used as a source of potash, 

KCl, but only at the cost of producing “mother liquor” comprising approximately 24 wt% MgCl2 

along with KCl, NaCl, and other constituents. Current treatment for mother liquor involves a 

series of dehydration steps followed by pyrohydrolysis to produce MgO and azeotropic HCl. As 

an alternative, this liquor could be treated by a hydroxychloride precipitation-decomposition 

flowsheet. Such a flowsheet would be very similar to Figure 6-4, except without the leaching and 

Fe, Ni, Co precipitation steps. As there would be no demand for HCl within the flowsheet, 33 

wt% hydrochloric acid could be sold as a valuable by-product along with MgO. These by-

products would offset the energy cost required for their production.  

In theory, the mother liquor could also undergo pyrohydrolysis, with similar energy cost; the 

MgCl2 content would be converted to MgO while the NaCl and KCl in the mother liquor, which 

have higher decomposition temperatures, would remain unreacted. However, recovering the KCl 

would entail washing the calcine in water. This would immediately hydrate the MgO to 

Mg(OH)2, which is poorly-settling and sticky, and would have to be calcined back to MgO to be 

saleable. By contrast, 3-form magnesium hydroxychloride could be precipitated from the mother 

liquor leaving KCl and NaCl in solution, thus effectively separating the salts. It may even be 

desirable for dehydrated hydroxychlorides to be sold as a feedstock for HCl, which the purchaser 

may convert to hydrochloric acid by decomposing in a fluidized bed on-site. The dehydrated 2-
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form can be thought of as containing 37% by weight HCl, and the dehydrated 3-form, 31%, so the 

shipping weights are similar to those for concentrated HCl without the need to transport 

hazardous materials. 

6.4 Conclusions and Future Work 

This work has done initial precipitation and decomposition studies on 2-form 

(2MgO·MgCl2·6H2O) and 3-form (3MgO·MgCl2·11H2O) magnesium hydroxychlorides. The 

phase boundaries between the 3-form and Mg(OH)2, and between the 3-form and 2-form, were 

determined. The kinetics of thermal decomposition of the 2-form were studied, and a DTA-TGA 

study elucidated the decomposition steps of the 2-form and 3-form. 

The MgCl2-MgO-H2O phase diagram enabled the composition of the precipitate to be determined 

in the hydroxychloride precipitation step in the conceptual saprolite flowsheet in Figure 6-1. In 

addition, the position of the phase boundaries allowed the standard enthalpies of formation and 

standard entropies of both the 3-form and 2-form to be estimated. The thermal decomposition 

kinetics study indicated that the high temperature decomposition reactor in the conceptual 

flowsheet should operate at a temperature of 550
o
-600

o
 C; this temperature range is comparable to 

those of commercial reactors decomposing magnesium chloride or oxychlorides.   A two-step 

model for the thermal decomposition of the 3-form and 2-form has been proposed. The DTA-

TGA study indicated a two-step decomposition pathway for magnesium hydroxychlorides, 

largely corroborating the decomposition model set forth in Section 5.8.  

Further trials have precipitated hydrous ferric oxides from MgCl2-FeCl3 brines and precipitated 

magnesium hydroxychlorides from artificial mother liquor. The hydrous ferric oxide trials 

underscored the need for good control of precipitation conditions to obtain a product with good 

filterability characteristics. The mother liquor trials illustrated that hydroxychloride precipitation 
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and decomposition can be used to treat waste MgCl2 brines from a variety of sources, such as 

from carnallite processing.   

This work has developed a flowsheet, shown in Figure 6-4,  describing a novel process for the 

leaching of saprolite ores in hydrochloric acid in magnesium chloride brines. The process uses a 

novel way of regenerating HCl for recycle to the leach step: a magnesium hydroxychloride is 

precipitated from solution, dehydrated, and decomposed. The decomposition step yields a stream 

of HCl suitable for producing concentrated (33%) HCl solution for recycle as well as magnesia 

(MgO) for sale. As compared to solution pyrohydrolysis, the hydroxychloride method uses 

similar or smaller amounts of energy. As the hydroxychlorides do not melt or form solutions, 

materials handling is improved. The production of HCl by thermal decomposition requires the use 

of low-sulphur fuels such as natural gas, which consequently represents an important cost. The 

proposed flowsheet calls for precipitation of ferric oxide from solution by addition of MgO. 

Trials of this step  produce a muddy, hydrated iron oxide precipitate with poor filterability and 

materials handling properties; as a result, iron control has been identified as an important hurdle 

to overcome in further development of the flowsheet. 

Operations from the conceptual flowsheet developed in this work may also be used to treat waste 

chloride brines, such as mother liquor from carnallite processing. This would produce MgO and 

HCl as valuable chemicals from solutions which would otherwise constitute environmental 

liabilities. This work has determined that magnesium hydroxychlorides can successfully be 

precipitated from mother liquor.  This would selectively extract magnesium chloride from the 

liquor leaving a NaCl-KCl solution behind for recycle to treat more carnallite. The precipitated 

magnesium hydroxychloride can then be thermally decomposed to yield MgO and concentrated 

(33 wt%) hydrochloric acid for sale.  
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Future work is needed to determine the phase boundaries with greater accuracy; the location of 

the 2-form/3-form boundary has been shown  to be the major cause of uncertainty in the 

determination of the thermochemical properties of the 2-form. The location of the Mg(OH)2/3-

form and Mg(OH)2/2-form boundaries at temperatures above 50
o
 C is also of interest. Further 

work is also needed to determine the proper seeding and precipitation conditions to produce an 

easily filterable or settleable magnesium hydroxychloride precipitate. In addition, the reactions 

taking place, and compounds formed, during hydroxychloride dehydration should receive more 

attention. In the specific case of a saprolite flowsheet, determining the conditions under which 

filterable iron oxide can be precipitated from solution is of the utmost importance. Work on HCl 

leaching of saprolite in magnesium chloride brines can further elucidate the required leach 

conditions and kinetics.  

It is the author’s hope that the research presented in this thesis has advanced the field of 

hydrometallurgy and will allow future workers to make further progress. This will make it 

possible for miners to draw more fully from the world’s limited resources while leaving fewer 

footprints behind.   
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Appendix 1 

Data Points for Figure 2-1: Liquidus and Boiling Points of MgCl2 – H2O solution 

Table A1-1 Points used in determination of MgCl2-H2O liquidus curve in Figure 2-1.  

 

T - 
o
C 

mol% 

MgCl2 

Invariant 

Point Author 

20 9.32 

 

Dietzel 

20 9.33 

  20 9.35 

  29.9 9.60 

  30 9.54 

  40 9.78 

  50 10.02 

  50 9.97 

  60 10.31 

  60 10.29 

  70 10.57 

  80 10.98 

  90 11.42 

  100.2 12.06 

  108.7 12.72 

  110.4 12.83 

  114.2 13.34 

  114.4 13.33 

  116 13.96 

  116.7 14.02 

  117.2 14.16 6 = 4 

 118.4 14.19 

  119.9 14.26 

  120 14.28 

  123 14.31 

  123 14.32 

  124 14.41 

  125.2 14.36 

  126 14.39 

  127 14.43 

  130 14.54 

  132 14.55 

  134 14.65 

  135 14.62 

  135.5 14.71 
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T - 
o
C 

 

mol% 

MgCl2 

 

Invariant 

Point 

 

Author 

137.8 14.79 

 

Dietzel, continued 

138 14.74 

  138.9 14.78 

  139.6 14.81 

  142.5 14.93 

  148.3 15.08 

  154.5 15.41 

  155.9 15.50 

  159.6 15.63 

  165.6 16.13 

  168.6 16.36 

  176.2 17.25 

  178.3 17.63 

  181 19.19 4 = 2 

 192.9 19.50 

  130 14.54 

 

Fanghaenel et al. 

140 15.01 

  150 15.38 

  160 16.01 

  170 16.92 

  175 17.41 

  184 19.41 

  184 19.37 

  190 19.59 

  190 19.65 

  190 19.70 

  190 19.59 

  190 19.61 

  190 19.72 

  200 20.14 

  200 20.22 

  200 20.19 

  210 20.63 

  220 21.20 

  230 21.83 

  240 22.39 

  240 22.32 

  240 22.40 

  250 23.05 

  250 23.04 

  250 23.00 

  250 23.04 

  15.29 9.35 

 

Clynne & Potter 
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29.95 9.66 

  45.68 10.03 

  53.11 10.18 

  

T - 
o
C 

mol% 

MgCl2 

Invariant 

Point Author 

70.49 10.75 

 

Clynne & Potter, continued 

82.62 11.19 

  93.18 11.68 

  101.5 12.18 

  108.8 12.76 

  114.32 13.38 

  300 28.67 

 

V & U 

350 31.65 

  0 9.08 

 

van't Hoff/Meyerhoffer 1898 

22 9.42 

  62 10.39 

  68.2 10.55 

  79.7 10.95 

  116.67 13.94 6=4 

 152.6 15.40 

  181.5 19.22 4=2 

 186 19.42 

  67.5 10.38 

 

van't Hoff 1912 

68.5 10.65 

  68.7 10.48 

  79.5 10.94 

  79.95 11.02 

  152.6 15.43 

  186 19.61 

  25 9.412 

 

Blasdale 

0 9.09 

 

Frowein & von Muehlendahl - 

Handbook 

20 9.34 

  40 9.83 

  60 10.39 

  80 11.11 

  0 9.10 

 

Obukhov & Lavrov - Handbook 

25 9.54 

  50 10.31 

  82 11.21 

  100 12.13 

  100 12.18 

 

Akhumov & Vasil'ev - Handbook 

125 14.67 

 

EXCLUDED 

130 15.12 

  150 16.90 

  170 18.48 
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175 18.72 

  200 19.92 

  220 21.75 

  225 22.25 

  230 22.69 

  

T - 
o
C 

mol% 

MgCl2 

Invariant 

Point Author 

250 24.45 

 

Akhumov & Vasil’ev, continued 

275 26.51 

  300 28.49 

  10 9.23 

 

Kurnakov et al. - Handbook 

20 9.42 

  25 9.49 

  40 9.82 

  50 10.08 

  60 10.35 

  70 10.75 

  100 12.19 

  25 9.49 

 

Bergman et al - Handbook 

45 9.92 

  70 10.77 

  90 11.60 

  110 12.90 

   

Notes on Table A1-1 

An entry in the “Invariant Point” column indicates that the author has determined two phases to 

be in coexistence with each other at the given temperature. The numbers in this column refer to 

which phases were found – so “6 = 4” means that the hexahydrate and tetrahydrate were found to 

be in equilibrium with each other at the given point.  

The data of Akhumov and Vasil’ev are included in the table but have been excluded from the 

graph as they strongly diverge from the rest of the data.  
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Table A1-2 Normal Boiling Points (1 atm) for MgCl2 Solutions 

Temp. - 
o
C 

mole % 

MgCl2 Author 

100 0.00 Pershke & Kalinin 

102.3 1.86 

 105 3.65 

 109 5.37 

 115.2 7.04 

 123 8.64 

 132.3 10.20 

 142.5 11.70 

 153 13.14 

 158 13.92 

 100.5 0.50 Gerlach H - Casale 

101.2 0.99 

 102.3 1.05 

 102.6 2.04 

 102.6 2.06 

 105.3 2.17 

 105.2 3.68 

 107.8 3.81 

 107.1 4.52 

 110.1 4.84 

 110.1 5.81 

 111.5 6.26 

 115.7 7.50 

 123.2 9.25 

 101 0.92 Gerlach G - Casale 

102 1.71 

 103 2.44 

 104 3.06 

 105 3.63 

 106 4.08 

 107 4.52 

 108 4.95 

 109 5.36 

 110 5.76 

 111 6.15 

 112 6.48 

 113 6.77 

 114 7.07 

 115 7.33 

 116 7.59 

 117 7.83 

 118 8.07 
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119 8.31 

 120 8.55 

 Temp. - 
o
C 

mole % 

MgCl2 Author 

121 8.77 Gerlach, G. - continued 

122 8.99 

 123 9.21 

 124 9.42 

 125 9.64 

 126 9.84 

 127 10.04 

 128 10.24 

 129 10.44 

 130 10.63 

 110 5.49 Thomas et al - Casale 

125 9.73 

 142 11.88 

 140 11.54 Casale (own investigation) 

144.5 12.04 

 153.5 13.06 

 160 14.02 

  

Note on Table A1-2 

Author names followed by “Casale” indicate that the relevant data points are cited by Casale in 

her paper.  
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Appendix 2 

Data Points for Figure 2-4: Vapour Pressures of MgCl2 Solutions at the Liquidus 

Table A2-1 Vapour pressures of MgCl2 solutions at the liquidus 

Temp. - 
o
C 

Pressure 

Mm Hg Author 

15 4.37 Pfennig 

20 5.9 

 25 7.85 

 30 10.33 

 35 13.45 

 40 17.32 

 45 22.08 

 50 27.88 

 55 34.89 

 60 43.29 

 300 4781 Urusova & Valyashko 1983 

350 8459 

 250 2868 Urusova & Valyashko 1984 

30 10.5 Pohle  

35 14 

 40 18 

 45 24 

 50 29 

 55 35 

 60 43 

 65 58 

 70 69 

 75 82 

 80 102 

 10.14 3.4 Derby & Yngve 

18.05 5.2 

 25.53 7.7 

 31.65 11.2 

 41.92 18.5 

 44.46 21.4 

 50.96 29.0 

 55.19 35.4 

 64.99 54.1 

 88.85 124.2 

 96.96 154.1 

 99.23 162.7 
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99.43 163.6 

 104.7 189.9 

 Temp. - 
o
C 

Pressure 

Mm Hg Author 

109.9 195.3 Derby & Yngve, continued 

110.2 198.6 

 110.9 197.6 

 112.9 198.3 

 113.1 197.4 

 113.6 196.0 

 114.9 193.7 

 116 191.6 

 116.6 184 

 117.2 169.1 Invariant point – hexa & tetrahydrate coexist 

117.7 170.8 

 118 173.7 

 119.2 181.5 

 121.2 193.1 

 122.6 205 

 125.5 225.3 

 128.9 247.9 

 138.3 307.1 

 16 3.7 Mueller-Erzbach 

15 4.4 Lescoeur  

20 5.75 

 25 7.5 

 37.5 18 

 64.5 53 

 77.5 88 

 100 159 

 49.22222 27.3 Williams  

50.72222 29.4 

 50.72222 29.4 

 50.5 29.1 

 52.22222 31.6 

 52.61111 32.2 

 52.38889 31.9 

 55.77778 37.2 

 56.22222 37.8 

 24.77778 7.6 

 31.38889 11.2 

 35.61111 13.8 

 40.22222 17.6 

 40.22222 17.6 

 41.77778 19 

 44.11111 21.4 
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44.11111 21.4 

 48 25.7 

 47.72222 25.4 

 34 12.7 

 Temp. - 
o
C 

Pressure 

Mm Hg Author 

30.61111 10.7 Williams, continued 

33.38889 12.3 

 51.27778 30.2 

 41.16667 24.1 

 45.61111 22.9 

 45.61111 22.9 

 43.88889 21.1 

 43.22222 20.4 

 36.61111 14.5 

 54 34.3 

 53.5 33.6 

 57.61111 40 

 60.61111 45.3 

 60.77778 45.7 

 52.38889 31.9 

 57.11111 39.2 

 59.61111 43.4 

 59.11111 42.5 

 57.38889 39.7 

 53 32.8 

 51.38889 30.4 

 33.61111 12.3 

 37.11111 14.9 

 38.38889 15.9 

 28.72222 9.5 

 32.38889 11.7 

 32.88889 12 

 35 13.4 

 34.88889 13.3 

 34.22222 12.8 

 37.27778 15 

 37.88889 14.7 

 35.88889 14 

 67.11111 58.7 

 48.27778 26.1 

 50 28.5 Dahne & Huschenbett 

55 35.7 

 60 43.8 

 65 52.7 

 70 65.9 

 



 

 

 

200 

75 79.9 

 80 94.9 

 85 111.2 

 90 129.3 

 20 5.8 Serowy & Soika 

24 7.3 

 Temp. - 
o
C 

Pressure 

Mm Hg Author 

30 10.6 Serowy & Soika, continued 

35 14.4 

 40 18.7 

 45 23.7 

 5 2.202294 Acheson 

10 3.085911 

 15 4.258318 

 20 5.792272 

 25 7.777037 

 30 10.30712 

 35 13.50255 

 40 17.48558 

 45 22.37848 

 31.05556 8.575293 Hedlin and Trofimenkoff  

26.61111 6.451561 

 21.66667 5.452693 

 18.94444 4.570751 

 16.05556 3.683937 

 12.72222 3.306965 

 11.22222 1.185047 

 0.42 1.663409 Wexler and Hasegawa 

9.82 3.10261 

 19.53 5.689361 

 30.18 10.67965 

 39.96 18.063 

 48.09 26.42505 

 15 4.11 Konduirev & Beresovskii  

20 5.8 

 30 9.95 

 40 17.3 

 50 28.62 

 60 44.33 

 70 65.52 

 80 92.21 

 90 127.4 

 100 165.06 

 150 423.49 
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25 7.7 van't Hoff 1912 

25 7.842188 Stokes & Robinson  

 

Note on Table A2-1  
For several of the authors the temperature and pressure measurements have been converted from 

other units into degrees Celsius and mm Hg. Therefore in some cases there are a large amount of 

numbers after the decimal point.  
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Appendix 3 

Pressure Melt Hydrolysis Experiments 

 

18 April 2008  Materials corrosion test 

Put samples of 316 SS, “Remanit” stainless steel, mild steel samples in kettle with a 

beaker containing concentrated HCl. Heated kettle with mantle to 250
o
 C. Result: All 

metal samples appear rusted; possibly due to splashing of acid? Kettle is cracked. 

 

8 & 9 July 2008 Materials corrosion test 

Put several samples in kettle with a beaker of concentrated HCl, as in 9/18 test. Heat to 

~150
o
 C. Result: small rust patches on 316 SS sample 

 

11 July 2008  Materials corrosion test 

Put samples of kalrez O-ring, silicone gasketting, 316 & Remanit SS in kettle with HCl 

as in 9/18. Heated to 200
o
 C. Result: no samples appear changed.  

 

13 July 2008  Materials corrosion test 

Test as in 7/11, but at 300
o
 C. Result: silicone samples brittle. SS samples have yellow-

brown surface layer. Kalrez unaffected. 

 

17 July 2008  Materials corrosion test 

Test as in 7/11, but at 325
o
 C. Result: Stainless steel samples have rust spots. Kalrez o-

rings have disintegrated. 

 

3 November 2008 Autoclave built 

Received apparatus from machinist. First autoclave design, as per Figure 3-5. Noted 

problems: O-ring groove too thin, upper and lower chambers not sealed from each other, 

pieces holding bolts in place break off due to stress on welds. 

 

21 Jan. 2009 Repaired autoclave received; Leak test 

Got repaired apparatus back. Leak test with compressed air. Found leak around 

thermocouple well. 
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26-27 Jan. 2009  Leak test 

 Leak found on 1/21 repaired. More leak tests with compressed air. Vacuum test.  

 

28 Jan. 2009 

 Determination of volume of upper & lower chambers by water displacement. 

 

6-8 Feb. 2009 Pressure test 

 Pressure test: pumped water into autoclave at 1400 psi.  

 

30-31 March, 4 April 2009  Heating test 

Heating tests on empty autoclave, 100
o
 and 250

o
 C. Attempted to determine PID 

parameters; ultimately chose to use temperature controllers in on/off mode.  

 

20 April 2009  Heating test 

 Heated valves, gauges etc comprising superstructure 

 

23, 27 April 2009 Heating tests 

 Heated system with boiling water to 250
o
 C 

 

4-7 May 2009  Hydrolysis experiment 

Loaded 4.793 g MgCl2·6H2O into autoclave in beaker, heated to 250
o
 C as per 

experimental protocol described in Chapter 3. Result: no condensate in collection tube. 

Tried titrating salt residue for Cl
-
 using dichlorofluorescein indicator – was unable to 

obtain a good result. Titrated for Cl
-
 using potassium chromate indicator. Conditions at 

equilibrium, 250
o
 C determined to be: 4.8 atm pressure, 4.6% HCl gas, composition 

MgCl2·3.52H2O. Gas pressure expected to be 13 atm; suspect leakage. 

 

19 May 2009 Hydrolysis experiment 

Loaded 4.87 g hexahydrate in autoclave; heated to 250
o
 C as per experimental protocol. 

Result: a few drops of brown condensate in collection tube. Quartz beaker holding salt 

has broken. Crack found in bottom of autoclave, along a weld. New autoclave 

commissioned of same design.  
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30 June 2009 New Autoclave Built 

Received new autoclave. New autoclave is as previous one but without condensate 

collection tube. It still has a pressure gauge, however. Analysis of gas phase now to be 

done solely through analysis of salt residue in lower chamber and mass-mole balance.  

 

4 July 2009  Leak testing  

 Leak tested with compressed air. Leak found by thermocouple well 

 

7-8 July 2009  Leak testing 

 Autoclave  repaired. Leak tested with compressed air. 

 

28-29 July 2009 Heat test & volume determination 

Took measurements to find inner volume of autoclave. Heat tested empty autoclave. 

Heating cord wouldn’t work. Replaced heating cord. Heat tested to 200
o
 C. 

 

30-31 July 2009 Hydolysis test 

Loaded 3.17 g hexahydrate into autoclave; heated to 250
o
 C as per protocol. Result: 

gauge pressure does not exceed 40 psi. On cooling, leak found near valve.  

 

4-5 August 2009 Successful hydrolysis test 

Loaded 3.155 g hexahydrate into autoclave; heated to 250
o
 C as per protocol. Result: 

from mass balance, composition of solution at 250
o
 C MgCl2·3.6-3.8H2O, P = 3.9 atm, 

3.9% HCl in gas. These results were similar to what was predicted by the model.  

 

4 September 2009 Hydrolysis test 

Loaded 2.274 g hexahydrate into autoclave, heated to 250
o
 C as per protocol. Upon 

heating to 250
o
 C, gauge shows loss of pressure. Leak found: apparently (Kalrez) O-ring 

failed.  

 

7 September 2009 Hydrolysis test 

Loaded 2.25 g hexahydrate into autoclave, heated to 250
o
 C as per protocol. On cooling, 

found some loss of vacuum, and significant O-ring creep. Titration and mass balance 

show that autoclave has leak.  
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15 September 2009 Coating and leak test 

Applied alumina coating to inside of autoclave to prevent corrosion. Performed leak test; 

found O-rings would not seal due to alumina coating in O-ring groove. Removed alumina 

coating from grooves. Performed leak test; leak found around thermocouple well.  

 

17-18 September 2009 Leak tests 

Autoclave back from machinist. Leak tested with compressed air. Pressure gauge 

indicates slow loss of pressure. After testing everywhere else for leaks, replaced pressure 

gauge. Leak stops.  

 

21 September 2009  Hydrolysis test 

Loaded 8.011 g hexahydrate into autoclave, heated to 250
o
 C as per protocol. On cooling, 

found brown condensate from alumina coating everywhere.  

 

22-24, 28 September 2009 Leak test 

Removed alumina coating. Leak tested with compressed air. Leak found in Kalrez O-

rings. Replaced Kalrez rings. Leak tested with compressed air, found slow loss in 

pressure. Replaced pressure gauge. Leak tested with compressed air; no leak found. Put 

in PTFE O-rings, leak tested with compressed air. No leak found.  

 

29 September 2009  Hydrolysis test 

Loaded 7.9760 g hexahydrated into autoclave, heated to 250
o
 C as per protocol. O-rings 

failed, with significant creep. Replaced with Kalrez O-rings; compressed air leak test 

shows no leaks.  

 

1 October 2009   Hydrolysis test 

Loaded 2.07 g hexahydrate and 0.80 g H2O into autoclave; heated to 250
o
 C as per 

protocol. Pressure gauge shows very low pressures during run. Kalrez O-ring in ultra-torr 

part appears to leak. Replaced ultra-torr O-ring with PTFE ring.  

 

5 October 2009  Hydrolysis test 

Loaded 2.05 g hexahydrated and 0.82 g H2O into autoclave, heated to 250
o
 C as per 

protocol. After reaching 250
o
 C, pressure gauge shows pressure decreasing. On cooling, 

large leak found in ultra-torr part: O-ring has come loose. Replaced ultra-torr O-ring with 

kalrez ring.  
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6, 15 October 2009 Leak test 

Perform leak test with compressed air. Found leak in upper o-ring. Took autoclave to 

machinist to widen o-ring grooves. On receipt of autoclave back from machinist, put in 

PTFE o-rings and leak tested with compressed air.  

 

15 October 2009 Hydrolysis test 

Loaded 2.01 g hexahydrate and 0.80 g H2O into autoclave; heated to 250
o
 C as per 

protocol. On heating to 250
o
 C, pressure gauge shows loss of pressure. Leak tested with 

compressed air; leaks in both main O-rings found.  

 

17 October 2009 Hydrolysis test 

Loaded 2.08 g hexahydrate and 0.82 g H2O into autoclave; heated to 250
o
 C as per 

protocol. On heating to 250
o
 C, gauge shows loss of pressure. Performed leak test with 

compressed air on cooling; leak found at pressure gauge connection. Put graphite paste 

on pressure gauge thread to reform seal. 

 

19-20 October 2009 Leak test 

Performed leak test using compressed air. Leak found in bottom main o-ring. Attempted 

using flat Grafoil gasket as seal; leak tested with compressed air using grafoil gasket but 

gauge shows slow loss of pressure. Replaced o-rings with silicone o-rings.  

 

22 October 2009 Hydrolysis test 

Loaded 2.02 g hexahydrate and 0.81 g H2O into autoclave; heated to 250
o
 C as per 

protocol. Pressure gauge shows loss in pressure after heating. On cooling, leak found in 

thread of pressure gauge. Replaced pressure gauge.  

 

24-28 October 2009 Leak test 

Performed leak test using compressed air. Found leaks in both upper and lower main o-

rings. Reassembled apparatus, being careful to tighten all bolts evenly. Performed leak 

test; leaks again detected in upper and lower o-rings. Sanded the mating surface of both 

o-rings to 1500 grit to obtain polished surface. Reassembled apparatus with new silicone 

o-rings. Leak tested with compressed air; no leak found.  

 

29 October 2009 Hydrolysis test 

Loaded 2.05 g hexahydrate and 0.78 g H2O into autoclave; heated to 250
o
 C as per 

protocol. On heating, pressure gauge shows 36 psi where 84 is expected. Leak suspected 

and run ended.  
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30 Oct. – 4 Nov. Leak tests 

Performed leak test at room temperature using compressed air. No leak found. Heated 

autoclave to 250
o
 with only air in it. On cooling, found leak in gauge fitting. Replaced 

pressure gauge.  

 

5 November 2009 Hydrolysis test 

Loaded 2.01 g hexahydrate and 0.80 g H2O into autoclave; heated to 250
o
 C as per 

protocol. Pressure gauge shows 35 psi where 84 is expected. Suspect leak  

 

6-13 November 2009 Leak tests 

Performed leak test using compressed air. Found leak in upper o-ring. Replaced (silicone) 

o-rings with Viton rings. New leak test reveals no leaks. Reinstalled silicone o-rings. 

Compressed air leak test shows leak in upper o-ring. Retightened bolts; leak tested again. 

Leak found in upper and lower o-rings. Polished o-ring mating surfaces to 2000 grit. 

Leak test reveals no leaks. 

 

13-17 November 2009 Dry run 

Heated autoclave containing only compressed air to 250
o
 C. After cooling, slow loss of 

pressure noted over 2 days. Leak found in upper o-ring. O-rings completely thermoset 

and mushy. Sanded mating surface for upper o-ring.  

 

19 November 2009 Hydrolysis test 

Loaded 2.09 g hexahydrate and 0.82 g H2O into autoclave; heated to 250
o
 C as per 

protocol. Result: water loss from analysis of salt residue is much larger than could be 

expected from vapour pressure noted. Suspect leak.  

 

1-3 December 2009 Leak tests 

Performed a series of leak tests using compressed air. Leak found in pressure gauge. 

Removed pressure gauge from system. Autoclave is now as shown in Figure 3-6 

(modified autoclave 1).  

 

7 December 2009 Hydrolysis trial 

Loaded 2.05 g hexahydrate and 0.79 g water into autoclave; heated to 250
o
 C as per 

protocol. Result: salt residue lost much more water than was predicted by model, 

implying a much higher vapour pressure than predicted. Water appears to be leaving the 

system somehow. Suspect that water vapour may be absorbed by o-rings. 
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Due to continuing sealing problems, decided to commission new autoclave as per design 

2, as shown in Figures 3-8 and 3-9. 

 

1 April 2010 New autoclave received 

 

1 April 2010 Heat test 

 Heat tested new autoclave while empty. Used two heating cords, one for each side.  

 

3 April 2010 Heat test 

 Heat tested autoclave with longer heat tape for left side.  

 

8-11 April 2010 Volume test 

 Found inner volume of autoclave by water displacement into evacuated autoclave. 

 

14 April 2010 Heat test, purge test 

Heated empty autoclave to 250
o
 C. Found large temperature differences between different 

points on exterior of apparatus; main body of left side, for example, is at 169
o
 C when the 

rest of the autoclave is above 250
o
 C.  

Tested nitrogen purge system. 

 

19 April 2010 Hydrolysis run 

Loaded 1.0 g hexahydrate and 0.7 g water into autoclave, heated to 250
o
 C as per 

experimental protocol. Stopped run due to terrible smell coming from insulation. 

 

20 April 2010 

Wrapped copper plate around main body on left side of autoclave. Improvement in 

obtaining equal temperatures across the apparatus noted. Wrapped pieces of copper and 

aluminum wire around other parts of apparatus as well.  

 

21 April 2010 Hydrolysis run 

Loaded 1.0 g hexahydrate and 0.74 g water into autoclave; heated to 250
o
 C as per 

protocol. Result: purge gases show that composition of liquid at 250
o
 C was 

MgCl2·2.9H2O; P = 9.12 atm; 0.34% HCl in gas. Residue analysis and mass balance 
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shows a solution composition of MgCl2·3.2H2O; P = 8.75 atm; 2.5% HCl in gas. These 

give two very different numbers for % HCl; it is presumed that HCl did not recombine 

with the salt residue on cooling.Water loss higher than predicted by model.  

 

6 May 2010 Hydrolysis run 

Loaded 1.03 g hexahydrate and 1.55 g water into autoclave; heated to 250
o
 C as per 

protocol. Titration shows that HCl is passing through NaOH trap, even when this is  

arranged as four traps in series. More water found in purge than expected to be lost.  

 

12 May 2010 Hydrolysis run  

Before this run, ran nitrogen through heated autoclave in order to remove any water 

which may have remained in it. Loaded 1.03 g hexahydrate and 1.00 g water in 

autoclave; heated to 250
o
 C as per protocol. Noted very low water recovery from purge 

gas; leak suspected.  

 

13 May 2010 Leak test 

Performed leak test with compressed air. Found crack in autoclave. Brought apparatus to 

machinist to weld crack shut.  

 

14 May 2010 Leak test 

 Performed compressed air leak test on welded autoclave. Crack found to still leak.  

 

At this point, it was decided to discontinue pressure melt hydrolysis experiments and pursue a 

hydroxychloride precipitation-decomposition route.  
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Appendix 4 

Magnesium Hydroxychloride Phase Stability Study Experiments 

Table A4-1 Phase Stability Study Experiments 

Run 

ID 

Procedure Result MgO:MgCl2 

XRD 

6/8-1 Add 0.6 g MgO at RT to 250 g 10% 

bulk MgCl2. Leave at RT overnight 

without stirring. Filter and recover 

residue. Residue not washed in 

alcohol. 

Combination of crystals and 

cement. After 2 days, 

previously clear filtrate 

develops a precipitate. 

1.26 

6/8-2 Add 2.5 g MgO at RT to 250 g 15% 

bulk MgCl2. Leave at RT overnight 

without stirring. Filter and recover 

residue. Residue not washed in 

alcohol. 

Hard cement. After 2 days, 

previously clear filtrate 

develops a precipitate. 

1.78 

6/8-3 Add 2.5 g MgO at RT to 250 g 20% 

bulk MgCl2. Leave at RT overnight 

without stirring. Filter and recover 

residue.  Residue not washed in 

alcohol. 

Hard cement. Precipitate 

observed after 6 days in 

previously clear filtrate.  

1.14 

6/8-4 Add 2.5 g MgO at RT to 250 g 25% 

bulk MgCl2. Leave at RT overnight 

without stirring. Filter and recover 

residue. Residue not washed in 

alcohol. 

Hard cement. After 2 days, 

previously clear filtrate 

develops a precipitate.  

1.02 

6/8-5 Add 2.5 g MgO at RT to 250 g 30% 

bulk MgCl2. Leave at RT overnight 

without stirring. Filter and recover 

residue. Residue not washed in 

alcohol. 

Hard cement. After 2 days, 

previously clear filtrate 

develops a precipitate. 

0.7 
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Run 

ID 

Procedure Result MgO:MgCl2 

XRD 

6/8-6 Add 0.8 g MgO to 250 g 10% 

bulk MgCl2 at 90
o
 C, leave at RT 

overnight without stirring. Filter 

and recover residue. Residue not 

washed in alcohol. 

Small amount of very fine 

crystals.  

3.7 

6/8-7 Add 0.8 g MgO to 250 g 15% 

bulk MgCl2 at 90
o
 C, leave at RT 

overnight without stirring. Filter 

and recover residue. Residue not 

washed in alcohol. 

Quickly formed fluffy 

precipitate. 

1.36 

6/8-8 Add 0.8 g MgO to 250 g 20% 

bulk MgCl2 at 90
o
 C, leave at RT 

overnight without stirring. Filter 

and recover residue.  Residue not 

washed in alcohol. 

Dense paste at bottom of beaker. 

After 2 days, previously clear 

filtrate develops a precipitate. 

This secondary precipitate was 

filtered out and washed 3 x in 

EtOH.  

0.44 

Washed 

secondary 

ppt: 4.12 

6/8-9 Add 0.8 g MgO to 250 g 25% 

bulk MgCl2 at 90
o
 C, leave at RT 

overnight without stirring. Filter 

and recover residue. Residue not 

washed in alcohol. 

Fine crystals. Precipitate 

observed in filtrate after 6 days.  

1.16 

6/8-10 Add 0.8 g MgO to 250 g 30% 

bulk MgCl2 at 90
o
 C, leave at RT 

overnight without stirring. Filter 

and recover residue. Residue not 

washed in alcohol. 

Fine crystals; residue analyzes 

as MgCl2 with excess Cl. After 

2 days, previously clear filtrate 

develops a precipitate. 

 

6/10-1 Add 2.5 g MgO to 250 g 25% 

bulk MgCl2 at RT. Stirred at RT 

2 hours, then filtered under 

vacuum.Leave filtrate at RT 

without stirring.  

After 4 days, filtrate has formed 

small amount of crystals. 

 

6/10-2 Add 2.5 g MgO to 250 g 25% 

bulk MgCl2 at 70
o
. Stir 4 hours at 

70
o
, filter. Leave filtrate at RT 

without stirring. 

After 6 days, observe thin layer 

of cement on bottom of beaker; 

fluffy mass of crystals has 

formed. Filtered out crystals, 

washed in EtOH. 

2.8 
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Run 

ID 

Procedure Result MgO:MgCl2 

XRD 

6/10-3 Add 2.5 g MgO to 250 g 30% bulk 

MgCl2 at RT. Stir at RT 4 hours, then 

filter. Leave filtrate at RT without 

stirring. 

No precipitate after 4 days.  

6/11-1 Add 7 g MgO to 250 g 20% bulk 

MgCl2 at 100
o
. Stir at 100

o
 for 5 min., 

filter under suction. Brought filtrate 

back to 100
o
, stirred at 100

o
 1 hour, 

then left at RT. 

Clumps of crystals have 

formed in filtrate after 4 

days. Filtered these and 

washed in EtOH 8x. 

3.52 

6/11-2 Add 3 g MgO to 250 g 25% bulk 

MgCl2 at RT. Stir at RT 20 min., then 

filtered. Recovered filtrate. Leave 

filtrate at RT without stirring. 

Small amount of 

precipitate after 5 days. 

 

6/11-3 Add 3 g MgO to 250 g 25% bulk 

MgCl2 at RT. Stir at RT 1 hour, then 

filter. Recover filtrate. Leave filtrate at 

RT without stirring. Trace of 

precipitate from 6/8-8 added as seed. 

Small amount of very fine 

crystals after 4 days.  

 

6/14-1 Add 5 g MgO to 250 g 25% bulk 

MgCl2 at 90
o
. Stir at 90

o
 1 hour, then 

stir at RT overnight 

Unfilterable paste forms  

6/14-2 Add 5 g MgO to 250 g 25% bulk 

MgCl2 at 90
o
. Stir at 90

o
 1 hour, then 

stir at RT 48 hours 

Mixture becomes thick 

paste. 

 

6/15-1 Add 5 g MgO to 250 g 25% bulk 

MgCl2 at 90
o
. Stir at 90

o
 4 hours.  

Mixture forms 

homogeneous paste. 

Filtered, then washed 

residue 8 x in EtOH 

16.36 

6/15-2 Add 5 g MgO to 250 g 25% bulk 

MgCl2. Stir at 90
o
 1 hour, then stir at 

RT 24 hours 

Thick paste forms.  
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Run 

ID 

Procedure Result MgO:MgCl2 

XRD 

6/16-1 Added 3.5 g MgO to 250 g 20% 

bulk MgCl2 at 100
o
. Stirred at 100

o
 

2 min., then filtered. Brought 

filtrate back to 100
o
, stirred at 100

o
 

2 hours.  

Washed residue 8x in EtOH.  22.2 

6/16-2 Add 3.5 g MgO to 250 g 20% bulk 

MgCl2 at 100
o
. Stir at 100

o
 1 min., 

then filter. Stir filtrate at 100
o
 2 

hours.  

Washed residue 8x in EtOH. 12.0 

6/17-1 Add 7 g MgO to 250 g 20% bulk 

MgCl2 at 100
o
. Stir at 100

o
 5 min., 

then filter. Recover filtrate and stir 

at 100
o
 1 hour. Leave mixture 

overnight.  

Crystals seen to form in hot 

filtrate after 20 mins. of 

stirring. Too little precipitate 

recovered to analyze. 

 

6/17-2 Add 3.5 g MgO to 250 g 20% bulk 

MgCl2 at 90
o
, stir at 90

o
 2 min, then 

filter. Recover filtrate, stir filtrate 3 

hours at 40
o
. Keep filtrate unstirred 

at RT overnight.  

Solution cloudy after 3 hours. 2.66 

6/17-3 Add 3.5 g MgO to 250 g 30% bulk 

MgCl2. Stir at 90
o
 2 min, filter, stir 

filtrate at 90
o
 1 hour.  

Recovered a small amount of 

gel-like precipitate. Washed in 

EtOH 8x 

3.10 

6/22-1 Add 3.5 g MgO to 250 g 20% bulk 

MgCl2 at 100
o
. Stir at 100

o
, then 

filter; recover filtrate and keep 

unstirred at 40
o
. Filter after 6 hours. 

Flocs develop after 20 min. 

Too little  

 

6/22-2 Add 3.5 g MgO to 250 g 20% bulk 

MgCl2 at 100
o
. Recover filtrate and 

keep unstirred at 60
o
. Filter after 

about 6 hours. 

Flocs develop after 20 min. 

Recovered residue from first 

filtration, washed in EtOH. 

Washed second filter residue 

in EtOH 8x.  

Prefilter 

residue: 12.4 

Second 

residue: 4.2 

 

 

 

 

 

 



 

 

 

214 

Run 

ID 

Procedure Result MgO:MgCl2 

XRD 

6/23-1 Add 3.5 g MgO to 250 g 20% 

bulk MgCl2 at 90
o
-100

o
, stir 2-3 

min, filter. Recover filtrate and 

keep unstirred at RT overnight.  

Recovered precipitate by 

filtration. Pressed in hand press 

between filter papers. 

2.8 

V 

6/23-2 Add 3.5 g MgO to 250 g 20% 

bulk MgCl2 at 90-100
o
. Stir 2-3 

min, filter. Recover filtrate and 

keep unstirred at 40
o
 overnight. 

Has clearly developed larger 

crystals than 6/23-1 or 6/23-3. 

Washed filtered precipitate in 

EtOH 8x. 

2.8 

V 

6/23-3 Add 3.5 g MgO to 250 g 20% 

bulk MgCl2 at 90-100
o
. Stir 2-3 

min, filter. Recover filtrate and 

keep unstirred at RT overnight. 

Add seed from 6/22-2.  

Filtered solution. Filter residue 

apparently unwashed.  

1.08 

6/25-3 Add 3.5 g MgO to 250 g 20% 

bulk MgCl2 at 90
o
. Stir for 2 

min, filter; recover filtrate and 

return to 90
o
. Keep unstirred; 

cool filtrate by 10
o
 every hour.  

Filtered solution. Filter residue 

unwashed; residue and filtrate 

analyzed by Schreinemakers 

method. Residue determined to be 

~64% MgO, but accuracy quite 

poor. 

 

6/25-4 Add 3.5 g MgO to 250 g 30% 

bulk MgCl2 at 90
o
. Stir for 2 

min, filter; recover filtrate and 

return to 90
o
. Keep unstirred; 

cool filtrate by 10
o
 every hour. 

Filtered and recovered residue. 

Analyzed unwashed residue and 

filtrate by Schreinemakers 

method. Residue determined to 

have MgO:MgCl2 ratio of ~2, but 

accuracy poor.  

Washed portion of residue in 

EtOH 8x. 

1.84 (washed 

residue) 

III, H 

7/1-1 Add 3.5 g MgO to 250 g 20% 

bulk MgCl2 at 90
o
. Stir for 2 

min, filter; recover filtrate and 

return to 90
o
. Keep unstirred; 

cool filtrate by 10
o
 every hour.  

Recovered precipitate; washed 8x 

in EtOH.   

17.6 

B 
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Run 

ID 

Procedure Result MgO:MgCl2 

XRD 

7/6-1 Add 3.5 g MgO to 250 g 

34% bulk MgCl2 at 120
o
. Stir 

at 130
o
 2 min, then filter. 

Return filtrate to 110
o
 and 

keep unstirred 4 hours.   

Recovered precipitate, wash 8x in 

EtOH 

2.0 

H 

7/6-2 Add 3.5 g MgO to 250 g 

20% bulk MgCl2 at 90
o
. Stir 

at 90
o
 2-3 min. Filter; 

recover filtrate and keep at 

90
o
 unstirred 4 hours. Filter.  

Recovered precipitate, washed 8x in 

EtOH.  

21.2 

B 

7/8-1 Add 3.5 g MgO to 250 g 

hexahydrate bulk MgCl2 at 

125
o
. Stir at 125-150

o
 1.5 

hours.  

Viscous solution difficult to filter 

and solidified. Solidified mass 

leached by EtOH 8x.  

1.42 

H 

7/14-1 Add 3.5 g MgO to 500 g 

bulk hexahydrate bulk 

MgCl2 at 125
o
. Stir at 125-

150
o
 4 hours. Filter. 

Precipitate recovered with frozen salt 

hydrate. Mortared solid mass and 

washed in EtOH 9x.  

1.87 

II 

7/15-1 Add 3.5 g MgO to 500 g 

bulk MgCl2 hexahydrate at 

135
o
. Stir at 135

o
 3 min, 

filter. Return filtrate to 135
o
, 

stir at 135-150
o
 8 hours. 

Mixture has solidified, probably due 

to evaporation of water. Mixture 

smells like HCl. No analysis 

performed.  

 

7/16-1 Add 3.5 g MgO to 500 g 

bulk MgCl2 hexahydrate at 

150
o
. Stir at 150

o
 1 min, 

filter. Recover filtrate, stir at 

140
o
 1 hr. 

Extremely small amount of 

precipitate recovered. No analysis.  

III 

7/20-1 Add 3.5 g MgO to 250 g 

50% ACS MgCl2 at 170
o
. 

Stir at 170
o
. 

Solution appeared to be solidifying 

after 10 min; filtered after 10 min. 

Mortared solified mass recovered 

and washed in EtOH 7x. Recovered 

a very small amount of precipitate. 

No analysis. 

V, some 

peaks match 

II 

7/21-1 Add 3.5 g MgO to 500 g 

35% MgCl2 (unclear if bulk 

or ACS) at 110
o
. Stir at 110

o
 

1.5 hour.  

Washed precipitate 8x in EtOH.  0.74 

H, anhydrite 
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Run 

ID 

Procedure Result MgO:MgCl2 

XRD 

7/23-1 Add 3.5 g MgO to 500 g 35% 

MgCl2 (unclear if bulk or ACS) 

at 110
o
. Stir at 110

o
 4 hour.  

Washed precipitate in EtOH 7x. 0.6 

7/26-1 Add 3.5 g MgO to 500 g 30% 

bulk MgCl2 at 110
o
. Stir at 110

o
 

4 hour.  

Washed precipitate in EtOH 4x, 

8x, and 10x. Noticed hard while 

lumps in washed precipitate. 

8x wash: 2.04 

4x wash: 6.4 

10x wash: 9.7 

XRD: several 

peaks match 

III 

7/26-2 Add 3.5 g MgO to 500 g 25% 

MgCl2 at 110
o
. Stir at 90

o
 4 

hours.  

Washed precipitate in EtOH 8x. 11.0 

7/27-1 Add 3.5 g MgO to 500 g 30% 

MgCl2 at 90
o
. Stir at 90

o
 4 hr.  

Washed precipitate in EtOH 8x.  10.9 

8/2-1 Add 3.5 g MgO to 500 g 39% 

ACS MgCl2 at 90
o
. Stir at 90

o
 

2.5 hours.  

Solution clarifies after 30 min. 

Forms paste after 2.5 hours. No 

filtration attempted, run 

abandoned. 

 

8/2-2 Add 3.5 g MgO to 500 g 35% 

ACS MgCl2 at 90
o
. Stir at 90

o
 4 

hr. 

No precipitate recovered 

 

 

8/3-1 Add 0.4 g MgO to 500 g 39% 

ACS MgCl2 at 90
o
. Stir at 90

o
 4 

hours. 

Solution clarified after 1 hr. No 

precipitate recovered.  

 

8/3-2 Add 1.5 g MgO to 500 g 39% 

ACS MgCl2 at 90
o
. Stir at 90

o
 4 

hours. 

Solution becomes translucent grey 

after 1 hr. Filtered and recovered 

precipitate; washed in EtOH 8x. 

2.04 

 8/4-1 Add 10 g MgO to 1000 g 30% 

ACS MgCl2 at 110
o
. Stir at 

110
o
 4 hours. 

Recovered precipitate, washed 8x 

in EtOH. 

6.75 

8/4-2 Add 3.5 g MgO to 500 g 39% 

ACS MgCl2 at 90
o
. Stir at 90

o
 

3.5 hours. 

Solution quite thick after 3.5 

hours. Filtered and washed residue 

7x in EtOH 

2.08 

 

  



 

 

 

217 

 

Run 

ID 

Procedure Result MgO:MgCl2 

XRD 

8/6-1 Add 7 g MgO to 1000 g 39% 

bulk MgCl2 at 90
o
. Stir at 90

o
 

4 hr. 

Filtration under suction very slow. 

Washed solidified mass in EtOH 8x. 

Performed alkalimetric titration as 

well as Cl & Mg titration. 

Analysis for 

Mg, Cl gives 

composition 

MgCl2. By 

alkalimetric, 

ratio is 1.99. 

8/6-2 Add 2.5 g MgO to 500 g 30% 

ACS MgCl2 at 110
o
. Stir at 

110
o
 4 hr.  

Solution becomes milky and more 

viscous. Small amount of residue 

recovered. Washed 8x in EtOH 

21 

8/8-1 Add 3.0 g MgO to 500 g 30% 

ACS MgCl2 at 110
o
. Stir at 

110
o
 7.5 hours.  

Solution unstirrable after 7.5 hours. 

Washed precipitate 8x in EtOH. 

12 

8/8-2 Add 3.5 g MgO to 500 g 30% 

ACS MgCl2 at 110
o
. Stir at 

110
o
 7.5 hr.  

Recovered much less precipitate 

than for 8/8-1. Washed precipitate 

8x in EtOH. 

89 

8/13-1 Add 7 g MgO to 1000 g 39% 

ACS MgCl2 at 90
o
. Stir at 90

o
 

2.5 hr. 

Mixture unstirrable after 2.5 hr. 

Filtered solution. Reserved both 

filtrate and residue. Washed residue 

8x in EtOH. 

2.04 

8/14-1 Add 6 g MgO to filtrate 

recovered from 8/13-2 at 90
o
. 

Stir at 90
o
 1 hr. 

Mixture unstirrable after 1 hr. 

Filtered and reserved both filtrate 

and residue. 

 

8/14-2 Add 3.5 g MgO to 500 g 39% 

ACS MgCl2 at 90
o
. Stir 2 hr.  

Mixture unstirrable afte 1 hr. 

Filtered and reserved both filtrate 

and residue. Washed in EtOH 8x. 

2.23 

8/14-5 Combined filtrate from 8/14-

1 and 8/14-2. Heated to 90
o
 

Mixture thickens in 15 min. Filtered.   

8/14-6 Filtrate from 8/14-5 heated to 

90
o
; forms a clear liquid. 3 g 

MgO added; mixture stirred 

at 90
o
 1.5 hrs. 

Mixture unstirrable after 1.5 hrs. 

Filtered. 

 

8/15-1 Heated reclaimed filtrate 

from 8/14-6 to 90
o
; added 1 g 

MgO. Stirred 1 hr at 90
o
. 

Mixture unstirrable after 1 hr.   

8/15-2 Added 5 g MgO to 1000 g 

39% ACS MgCl2 at 90
o
. Stir 

at 90
o
 2.5 hr.  

Mixture unstirrable after 2.5 hr. 

Filtered. Washed residue in EtOH 

8x. 

2.18 
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Run 

ID 

Procedure Result MgO:MgCl2 

XRD 

9/6-1 Add 3.5 g MgO to 500 g 35% 

ACS MgCl2 at 90
o
. Stir at 90

o
 6 

hr. 

Clarification of solution begins in 

5 min. Mixture unstirrable after 6 

hours. Filtered. Washed 8x in 

EtOH. 

3.02 

III, B 

9/6-2 Add 3.5 g MgO to 500 g 30% 

ACS MgCl2 at 90
o
. Stir at 90

o
 8 

hr.  

Filtered after 8 hrs. Washed 

residue 7x in EtOH.  

13.1 

B 

9/13-1 Add 3.5 g MgO to 500 g 30% 

ACS MgCl2 at 90
o
. Stir at 90

o
 

15 min, filter. Recover filtrate, 

stir at 90
o
 4 hours 

Mixture unstirrable after 4 hours. 

Washed residue in EtOH 8x.  

5.62 

IX 

9/15-1 Add 3.5 g MgO to 500 g 30% 

ACS MgCl2 at 90
o
. Stir at 90

o
 

15 min, filter; recover filtrate. 

Add 1.5 g of seed (from 9/6-1). 

Stir filtrate at 90
o
 1 hour. 

Mixture unstirrable after 1 hour. 

Filtered; washed residue in EtOH 

8x. 

3.08 

III; possibly 

IX 

9/16-1 Add 3.5 g MgO to 500 g 24.5% 

ACS MgCl2 at 90
o
. Stir at 90

o
 

15 min, filter. Add 1.0 g seed 

(from 9/15-1) and stir filtrate at 

90
o
 3.5 hr. 

Filtered solution. Washed residue 

in EtOH 7x, dried in 100
o
 oven 

overnight. Obtained ~1.1 g of 

dried washed residue. Little 

precipitation compared to amount 

of seed. 

3.10 

III 

9/18-1 Add 5.1 g MgO to 500 g 24.5% 

ACS MgCl2 at 90
o
. Stir at 90

o
 

15 min, then filter; recover 

filtrate. Add 0.14 g seed (from 

9/15-1) and stir filtrate at 90
o
 

7.5 hrs.  

Filtered solution, recovered 

residue. Washed 7x in EtOH; too 

little recovered for analysis. 

 

9/18-2 Add 3.5 g MgO to 500 g 35% 

ACS MgCl2 at 110
o
. Stir at 110

o
 

2 hrs. 

Observed lumps of MgO in 

solution. Mixture unstirrable after 

2 hrs. Filtered, recovered residue. 

Washed 7x in EtOH.  

3.76 (Ratio is 

high due to 

observed 

lumps?) 

III or IX 
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Run 

ID 

Procedure Result MgO:MgCl2 

XRD 

9/20-1 Add 0.78 g MgO to 500 g 

24.5% ACS MgCl2 at 90
o
, 

adding ~50 mg MgO at a 

time. Care taken to avoid 

lumps of MgO. Add .47 g 

seed (from 9/15-1). 

Turbidity gradually increased as MgO 

added. Solution clarifies somewhat 

after each addition. After 6 hours, 

allowed solution to sit unstirred. 

Noticed flocs forming. Filtered after 

8.5 hours. No recoverable residue 

(even though seed at least should be 

recoverable) 

 

9/20-2 Add 3.5 g MgO to 500 g 

30% ACS MgCl2 at 110
o
. 

Stir at 110
o
 15 min, filter; 

recover filtrate. Add 1.0 g 

seed (from 9/15-1); stir 

filtrate at 110
o
.  

Mixture unstirrable after 1 hour. 

Filtered; recovered residue. Washed 

in EtOH 7x. Recovered 3.9 g of 

washed, dried product.  

3.58 

III, IX 

9/21-1 Add 3.5 g MgO to 500 g 

39% ACS MgCl2 at 110
o
. 

Stir at 110
o
 1 hr. 

After 1 hour, solution unstirrable. 

Solution freezes in filter – washed 

solidified mass in EtOH 7x. 

1.98 

II 

9/21-2 Add 3.5 g MgO to 500 g 

35% ACS MgCl2 at 110
o
. 

Stir at 110
o
 6 hours. 

Filtered; recovered residue. Washed 

residue in EtOH 7x.  

2.28 

II 

9/23-1 Prepare artificial mother 

liquor. Add 3.5 g MgO to 

mother liquor at 90
o
. Stir at 

90
o
 15 min, filter; recover 

filtrate. Add 1.0 g seed 

(from 9/15-1) and stir 

filtrate at 90
o
 for 4 hours.  

After 4 hrs, top part of solution 

doesn’t stir – stratification appears to 

have happened. Filtered, recovered 

residue. Washed in EtOH 7x, dried in 

100
o
 oven overnight. Washed, dried 

residue 6.93 g. Analysis by ICP rather 

than titration. 

See Chapter 5 

for analysis 

H, S 

9/23-2 Add 3.5 g MgO to mother 

liquor at 90
o
. Stir at 90

o
 15 

mins, filter; recover filtrate. 

Add 1.1 g seed (from 9/15-

1). Stir at 75
o
 2 hours 

Mixture unstirrable after 2 hours. 

Filtered, recovered residue. Washed 

residue 8x in EtOH, dried in 100
o
 

oven overnight. Obtained 8.0 g of 

washed, dried precipitate. Analysis by 

ICP.  

See Chapter 5 

for analysis  

H, S 
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Run 

ID 

Procedure Result MgO:MgCl2 

XRD 

10/2-1 Prepared 500 g 

solution of 30% ACS 

MgCl2, 1% FeCl3. 

Bring to 90
o
, add 3.5 

g MgO. Stir at 90
o
 for 

4 hours.  

Solution initially red-orange; on addition of 

MgO turns red-brown. On filtering, gives 

red, muddy residue. Washed residue in 

EtOH 7x, dried on bench overnight. Dried 

residue had cracked, dry appearance. During 

washing and filtering off excess EtOH, 

noted that red particles were appearing in 

filtrate.  

See Chapter 5 

 

10/2-2 Prepared 500 g of 

35% ACS MgCl2, 1% 

FeCl3 solution. Add 

3.5 g MgO at 90
o
. Stir 

at 90
o
 4 hours.  

On addition of MgO, solution went from red 

to brown. Very slow filtering. Washed in 

EtOH 3x, dried on bench overnight. 

See Chapter 5 

10/2-3 Prepared 500 g of 

30% ACS MgCl2, 5% 

FeCl3 solution. Add 

3.5 g MgO at 90
o
. Stir 

at 90
o
 4 hours; filter. 

During heating, solution went from orange 

to red.On addition of MgO, turned reddish 

brown. During filtration, lots of red particles 

found in filtrate. A check reveals that filter 

is properly in place. After 40 minutes, so 

little of solution has filtered that it is 

transferred to a beaker to clarify overnight. 

See Chapter 5 

10/2-4 Add 3.5 g MgO to 

500 g 35% ACS 

MgCl2 at 100
o
. Stir at 

100
o
 4.5 hours 

After 4.5 hours, solution unstirrable. 

Filtered, recovered residue. Washed residue 

7x in EtOH. 

2.18 

10/2-5 Add 3.5 g MgO to 

500 g 37% ACS 

MgCl2 at 80
o
. Stir at 

80
o
 7 hours. 

Filtered solution. Solution froze in filter, so 

washed solidified mass 7x in EtOH.  

3.04 

10/2-6 Add 3.5 g MgO to 

500 g 37% ACS 

MgCl2 at 90
o
. Stir at 

90
o
 4 hours. 

Filtered after 4 hours in preheated funnel. 

Recovered residue. Washed residue in EtOH 

7x.  

2.34 

II 

11/8-1 Add 3.5 g MgO to 

500 g 35% ACS 

MgCl2 at 90
o
. Stir at 

90
o
 8 hrs. 

Filtered; recovered residue. Washed residue 

in EtOH 7x. Analyzed by ICP. 

3.25 

II 

11/8-2 Add 3.5 g MgO to 

500 g 39% ACS 

MgCl2 at 90
o
. Stir at 

90
o
 3 hours. 

Filtered in pre-heated funnel; solution froze 

in funnel so washed solidified mass in EtOH 

5x 

2.50 

II 
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Notes on Table A4-1 

Abbreviations used: 

 II – 2-form 

 III- 3-form 

 V – 5-form 

 IX – 9-form 

 All temperatures are given in degrees Celsius 

 Percents refer to weight percent 

 EtOH = ethanol 

 

All filtration was performed under suction. 

 

July 19 – submitted solutions of bulk MgCl2 hexahydrate to analysis by ICP. Results show that 

bulk MgCl2·6H2O contains ~0.6% Na impurity (or ~2.5% as NaCl). This revealed the need to use 

pure, ACS MgCl2. It should be noted that the excess Cl in the precipitate would have the effect of 

lowering the MgO:MgCl2 ratios found by analysis.    

 

July 8 – Runs 7/8-1 and those following, in which MgO was added to MgCl2 molten salt hydrates 

of hexahydrate composition and above, used a special filtration apparatus. Because the melts 

were rather viscous and had a very high freezing point, they could not be filtered using ordinary 

funnels. Accordingly, a Bodum French press coffeepot was used. The melt was contained in the 

glass coffeepot, which was heated on the hotplate. When filtration was desired, the stainless steel 

filter was pushed down with plunger, pushing the solids to the bottom. The supernatant was then 

quickly decanted.  

 

XRD results are given where an XRD spectrum was obtained and an identification with a mineral 

phase could be made. The XRD spectra for the different compounds are given in the following 

pages. The spectra have been accompanied by tables listing the peaks, where available. Analysis 

was performed using Cu radiation. The tables give, besides peak number, also the angle 2θ (in 

degrees), the interplanar distance d (in angstroms), and the relative intensity of the peak (on a 

scale from 0 to 100%). The interplanar distance is derived from the angle 2θ, but is independent 

of the type of radiation used, and is therefore comparable with interplanar distances derived by 

other methods. The angle 2θ is only comparable with other angles obtained from Cu radiation.   
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XRD Results for 6/23-1
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XRD Results for 6/23-2 
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XRD Results for 6/23-3
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XRD Results for 6/23-4 
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XRD Results for 7/1-1 
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XRD Results for 7/6-1 

 

7/6-1 XRD Peaks 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 8.1541 10.84333 100 

2 25.1917 3.53523 21.07 

3 27.3467 3.26134 49.81 

4 28.4751 3.13462 20.96 

5 31.6565 2.82648 51.33 

6 36.1527 2.48462 9.6 

7 45.4558 1.99541 6.67 

8 56.4401 1.62902 25.22 

9 58.9687 1.56506 3.01 
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XRD Results for 7/6-2 

 
7/6-2 XRD Peaks 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 11.9086 7.43178 17.8 

2 18.8403 4.71024 88.38 

3 32.8821 2.72388 16.91 

4 38.0533 2.36478 100 

5 50.915 1.79354 8.24 

6 58.7148 1.57252 50.05 

7 62.1805 1.49294 10.2 

8 72.3407 1.30518 6.83 
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XRD Results for 7/8-1 

 
XRD Peaks for 7/8-1 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 10.8798 8.13212 3.45 

2 11.4823 7.70674 4.92 

3 15.6104 5.67678 3.82 

4 16.1204 5.49832 30.38 

5 21.8808 4.0621 0.74 

6 24.4342 3.64308 2.05 

7 25.115 3.54586 5.65 

8 25.9466 3.43406 2.87 

9 26.6268 3.34786 1.81 

10 27.3225 3.26418 4.11 

11 27.6998 3.22057 2.01 

12 28.2643 3.15752 1.11 
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13 30.4395 2.93666 7.35 

14 31.6831 2.82184 100 

15 31.7801 2.82043 46.9 

16 32.5879 2.74553 2.91 

17 34.7639 2.57849 3.63 

18 35.8822 2.50065 9.18 

19 36.1453 2.48305 12.49 

20 36.4284 2.46441 14.18 

21 39.4813 2.28059 0.63 

22 40.1103 2.24626 0.88 

23 44.1748 2.04856 6.35 

24 45.3979 1.99617 26.8 

25 45.5546 1.99461 10.6 

26 47.3402 1.9187 1.87 

27 52.631 1.73759 0.9 

28 56.4427 1.62895 3.99 

29 57.1251 1.61111 2.76 

30 58.4396 1.57796 0.74 

31 61.005 1.5176 1.72 

32 66.1923 1.41069 3.02 

33 66.368 1.41087 1.57 

34 69.7002 1.34802 0.71 

35 75.2072 1.26238 2.26 
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XRD Results for 7/14 

 
XRD Peaks for 7/14-1 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 10.8846 8.12854 12.88 

2 11.5623 7.65356 16.68 

3 16.167 5.48256 100 

4 21.3922 4.15376 4.4 

5 24.4665 3.63835 9 

6 25.152 3.54073 25.08 

7 26.0149 3.42521 12.33 

8 28.2709 3.1568 5.41 

9 30.5068 2.93033 30.42 

10 32.6481 2.74287 12.66 

11 34.7898 2.57877 16.12 

12 35.9046 2.50121 42.87 

13 36.4573 2.46455 68.51 

14 39.47 2.28311 3.18 

15 40.1051 2.2484 4.73 

16 44.1938 2.04941 31.25 

17 46.1006 1.96899 6.37 

18 47.299 1.92186 9.31 

19 51.9284 1.7609 4.36 

20 52.6554 1.73828 5.16 
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21 56.1983 1.63681 3.59 

22 57.1022 1.61303 15.03 

23 58.3931 1.58041 3.65 

24 59.8221 1.54603 3.14 

25 61.145 1.51572 6.89 

26 69.7227 1.34875 3.93 

27 75.1918 1.2626 3.14 
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XRD Results for 7/16-1

 

XRD Peaks for 7/16-1 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 10.9834 8.0556 77.13 

2 16.2019 5.47083 24.92 

3 23.1514 3.84195 37.85 

4 25.1132 3.5461 29.22 

5 29.4215 3.0359 14.63 

6 31.7363 2.81956 52.91 

7 33.0427 2.71101 41.36 

8 34.1008 2.62927 27.37 

9 36.6437 2.45245 100 

10 45.4335 1.99469 96.69 

11 45.5527 1.99469 58.58 

12 48.9369 1.85976 8.69 

13 56.5577 1.62592 13.19 

14 59.0645 1.56275 13.87 

15 62.2701 1.48978 8.23 
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XRD Results for 7/20-1 

 
XRD Peaks for 7/20-1 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 10.9389 8.08834 9.89 

2 11.8607 7.4617 53.56 

3 15.8452 5.59319 39.27 

4 16.173 5.48054 100 

5 21.4288 4.14675 30.15 

6 23.9233 3.71971 5.04 

7 25.1638 3.53909 14.2 

8 25.9717 3.4308 9.48 

9 27.2715 3.27017 3.42 

10 30.3944 2.94091 10.58 

11 32.8897 2.72327 12.36 

12 33.9316 2.642 14.76 

13 34.7961 2.57831 9.99 

14 36.0158 2.49375 34.05 

15 36.4471 2.46522 34.67 

16 37.0584 2.42595 31.28 

17 37.5887 2.39293 22.25 
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18 43.0174 2.10269 19.69 

19 44.1991 2.04918 9.99 

20 46.119 1.96825 11.46 

21 47.254 1.92359 7.84 

22 49.4583 1.8429 4.43 

23 51.7271 1.76728 1.71 

24 56.8753 1.61893 10.72 

25 58.7544 1.57155 8.5 

26 61.0564 1.51771 4.82 

27 62.3612 1.48905 7.59 

28 78.7546 1.21417 1.79 
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XRD Results for 7/21-1 

 

  



 

 

 

237 

XRD Results for 7/23-1 

 

XRD Peaks for 7/23-1 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 8.0964 10.92047 4.26 

2 25.4243 3.50341 36.12 

3 27.3356 3.26264 28.57 

4 31.3539 2.85307 8.87 

5 31.6692 2.82305 100 

6 31.7654 2.82171 46.92 

7 38.641 2.32823 5.46 

8 40.8072 2.2095 3.35 

9 45.4101 1.99566 75.57 

10 45.5298 1.99564 40.44 

11 48.7095 1.86791 1.43 

12 52.2745 1.7486 1.59 

13 53.8695 1.70053 1.24 

14 56.4285 1.62933 36.87 

15 56.5816 1.62932 18.75 



 

 

 

238 

16 66.1796 1.41093 5.92 

17 75.2481 1.2618 9.47 

18 75.4637 1.26185 4.98 
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XRD Results for 7/26-1 

 
XRD Peaks for 7/26-1 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 10.8529 8.15221 13.11 

2 18.6207 4.76527 5.63 

3 21.9415 4.05101 6.13 

4 25.446 3.50047 100 

5 31.3896 2.84991 20.9 

6 38.6353 2.33049 10.89 

7 40.8223 2.21055 10.04 

8 48.728 1.86879 4.48 

9 52.2456 1.75095 7.16 

10 55.7733 1.64827 3.32 

11 59.0357 1.56344 5.96 
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XRD Results, hard white bits noted in 7/26-1 precipitate 

 
XRD Peaks, 7/26-1 Hard white bits 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 10.9462 8.08291 100 

2 18.5939 4.77209 9.85 

3 21.8394 4.06971 41.64 

4 25.5085 3.49203 11.8 

5 31.7056 2.82222 7.59 

6 33.0415 2.71111 13.39 

7 34.9281 2.56887 6.27 

8 38.0191 2.36683 12.77 

9 40.1068 2.24832 23.32 

10 42.3823 2.13272 1.79 

11 47.7095 1.90628 2.41 

12 57.2722 1.60865 2.86 

13 59.1403 1.56093 20.4 
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XRD Results, 7/26-2 

 
XRD Peaks, 7/26-2 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 10.8109  8.18381  2.68 

2 18.5944               4.77196 3.73 

3 22.9338  3.87792              4.55 

4 25.4324  3.50232              100 

5 31.3473              2.85366             19.77 

6 36.2756              2.47648              4.47 

7 37.9888              2.36865              4.23 

8 38.6272  2.33095   14.8 

9 40.8176  2.21079  9.76 

10 41.304              2.18587  5.32 

11 43.374              2.08623              2.65 

12 45.4939              1.99383              1.74 

13 48.6742  1.86918              7.78 
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14 52.252               1.75075 7.11 

15 55.712               1.64994 5.09 

16 58.9418    1.567              2.92 

17 62.2947               1.49048 1.8 

18 74.2381               1.27644 1.89 
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XRD Results, 7/27-1 

 
XRD Peaks, 7/27-1 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 18.5378 4.7864 5.39 

2 25.3816 3.50922 100 

3 26.6 3.35117 5.03 

4 27.6414 3.22724 6.42 

5 31.2931 2.85848 16.37 

6 36.2255 2.47979 3.74 

7 37.9557 2.37064 2.88 

8 38.5919 2.33301 8.06 

9 40.7564 2.21397 8.38 

10 41.2727 2.18746 4.33 

11 43.3454 2.08754 2.39 

12 45.4296 1.9965 1.85 

13 48.6216 1.87263 4.06 

14 52.2166 1.75185 5.07 
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15 55.7302 1.64945 2.47 

16 58.9083 1.56782 1.12 

17 62.1835 1.49288 1.4 

18 74.2034 1.27695 0.89 
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XRD Results, 8/15-2 

 

XRD Peaks, 8/15-2 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 8.5795 10.30655 100 

2 11.9313 7.41772 35.68 

3 14.3264 6.18254 16.83 

4 16.0575 5.5197 81.97 

5 17.2042 5.15431 4.15 

6 18.8605 4.70524 4.15 

7 20.0124 4.43693 10.03 

8 22.8944 3.8845 80.62 

9 23.9083 3.72201 4.48 

10 26.2991 3.38883 14.54 

11 27.1425 3.28542 17.57 

12 28.7933 3.1007 6.66 

13 30.4214 2.93837 12.68 

14 32.4291 2.76089 13.54 

15 32.9798 2.71604 6.24 
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16 34.4412 2.60406 19.53 

17 36.0437 2.49188 6.04 

18 37.0466 2.4267 33.15 

19 38.3188 2.34901 4.64 

20 39.951 2.25672 8.46 

21 41.5018 2.17591 0.89 

22 44.245 2.04716 1.25 

23 46.7349 1.94373 9.15 

24 48.0624 1.89311 5.41 

25 49.177 1.85278 4.03 

26 51.9736 1.75947 1.91 

27 57.4239 1.60476 3.33 

28 58.2245 1.58459 2.27 

29 67.2906 1.39146 1.2 

30 73.5865 1.28613 1.38 
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XRD Results, 9/6-1 

 
XRD Peaks, 9/6-1 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 7.5827 11.65911 31.77 

2 10.8971 8.11927 100 

3 12.448 7.11094 21.38 

4 14.8007 5.98544 16.86 

5 18.5912 4.77277 14.53 

6 21.8811 4.06204 35.01 

7 22.9651 3.8727 62.24 

8 24.9662 3.56665 25.31 

9 29.7379 3.00433 11.47 

10 32.9753 2.71639 36.38 

11 36.6632 2.45118 47.71 

12 37.3426 2.40814 17.96 

13 40.2962 2.23818 3.81 

14 45.8502 1.97916 8.64 

15 48.9476 1.86092 12.77 
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16 58.9131 1.5677 3.52 

17 62.1697 1.49318 5.2 

18 69.3022 1.35478 3.33 
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XRD Results, 9/6-2 

 
XRD Peaks, 9/6-2 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 7.544 11.71875 2.54 

2 10.9441 8.0845 6.54 

3 11.1558 7.93151 9.7 

4 12.3507 7.16675 6.13 

5 13.6256 6.49888 3.12 

6 18.5429 4.78509 100 

7 21.9551 4.04852 5.39 

8 22.9139 3.88125 6.42 

9 24.8854 3.57804 4.28 

10 29.9293 2.98555 1.97 

11 31.3588 2.85264 2.78 

12 32.8728 2.72463 4.02 

13 33.3492 2.68679 1.98 

14 34.0283 2.63471 5.22 

15 36.6383 2.45279 3.7 
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16 37.2341 2.4149 7.42 

17 37.9976 2.36812 80.55 

18 46.707 1.94483 0.88 

19 49.0477 1.85736 1.57 

20 50.8382 1.79607 18.24 

21 55.5658 1.65393 0.61 

22 58.6341 1.57449 16.41 

23 62.0735 1.49526 8.14 

24 63.8361 1.45816 0.81 

25 64.6201 1.44235 0.49 

26 68.1686 1.37566 3.53 

27 69.274 1.35639 0.46 

28 72.0233 1.31014 3.84 
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XRD Results, 9/13-1 

 
XRD Peaks, 9/13-1 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 7.9841 11.07381 19.22 

2 11.1531 7.93342 100 

3 12.1507 7.28423 79.69 

4 15.2096 5.82544 11.52 

5 18.5519 4.78279 11.25 

6 19.957 4.44913 5.36 

7 21.5901 4.11612 29.58 

8 21.9695 4.0459 37.99 

9 24.5325 3.62871 20.89 

10 25.4244 3.5034 7.33 

11 26.7036 3.3384 4.97 

12 34.0302 2.63457 8.86 

13 37.3214 2.40946 25.58 

14 38.1137 2.36117 4.76 

15 39.7392 2.26826 14.6 
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16 42.0074 2.15088 3.63 

17 45.7802 1.98202 9.29 

18 47.6495 1.90854 2.98 

19 48.994 1.85773 3.88 

20 53.5465 1.71144 2.1 

21 55.5532 1.65428 1.73 

22 57.865 1.59357 6.22 

23 58.9483 1.56685 3.79 

24 60.6684 1.52648 4.24 

25 63.5044 1.46497 2.05 

26 68.3162 1.37305 2.69 

27 78.7563 1.21415 1.12 

28 79.6596 1.20562 2.01 
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XRD Results, 9/15-1 

 
XRD Peaks, 9/15-1 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 7.2804 12.14252 8.5 

2 7.7014 11.47965 26.06 

3 10.9391 8.08819 100 

4 12.3731 7.15378 20.24 

5 14.8226 5.97665 25.96 

6 21.9707 4.04568 27.57 

7 22.9401 3.87686 65.92 

8 25.0546 3.55427 23.86 

9 26.1799 3.40399 3.36 

10 27.4706 3.24691 1.97 

11 29.8186 2.99638 13.03 

12 33.0754 2.70841 34.12 

13 34.0979 2.62949 15.86 

14 34.8071 2.57752 18.24 

15 36.5874 2.45609 46.61 

16 36.9162 2.43496 37.77 
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17 37.2458 2.41417 26.88 

18 40.1064 2.24834 8.49 

19 42.3109 2.13616 3.1 

20 45.9438 1.97535 7.33 

21 47.3304 1.92066 3.95 

22 48.992 1.85934 9.95 

23 51.5322 1.7735 2.14 

24 54.5786 1.68149 2.57 

25 59.0851 1.56355 4.52 

26 62.3065 1.49023 4.35 

27 69.1703 1.35817 2.27 

28 71.8686 1.31258 1.12 

29 73.2025 1.29299 1.98 

30 74.0272 1.28062 1.93 

31 77.4693 1.23107 1.43 
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XRD Results, 9/16-1 

 

XRD Peaks, 9/16-1 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 7.6289 11.58854 27.76 

2 10.3365 8.5583 25.29 

3 12.2491 7.22595 52.53 

4 14.2681 6.20768 74.69 

5 19.9888 4.44211 62.9 

6 24.6111 3.61731 20.21 

7 26.6307 3.34739 17.85 

8 29.091 3.06964 32.02 

9 32.864 2.72535 45.09 

10 34.2316 2.61953 28.57 

11 36.1621 2.48399 100 

12 37.2549 2.4136 41.51 

13 44.5617 2.03334 9.26 

14 45.2082 2.0041 14.95 

15 47.1234 1.92861 12.2 
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16 48.2862 1.88485 7.12 

17 54.1234 1.69455 9.72 

18 55.6505 1.65162 6.93 

19 58.8964 1.5681 7.63 

20 62.4381 1.4874 8.61 

21 65.5117 1.42486 2.61 

22 67.1679 1.3937 6.22 

23 68.088 1.37709 6.61 

24 68.8524 1.36366 5.08 

25 71.9334 1.31265 2.3 

26 74.0722 1.27889 0.38 
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XRD Results for 9/18-2 

 

XRD Peaks, 9/18-2 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 7.621 11.60059 30.04 

2 8.5866 10.29813 81.61 

3 11.1731 7.9193 63.37 

4 11.9106 7.43054 41.84 

5 16.0645 5.51733 100 

6 18.5605 4.7806 22.47 

7 22.923 3.87971 59 

8 26.2424 3.39603 8.72 

9 27.1542 3.28403 15.17 

10 30.4482 2.93584 14.47 

11 32.4097 2.7625 18.43 

12 32.9995 2.71446 6.78 

13 34.5072 2.59923 19.44 

14 37.012 2.42888 37.12 

15 37.9843 2.36891 13.74 



 

 

 

258 

16 39.9327 2.25771 16.58 

17 40.4436 2.23036 10.99 

18 46.6675 1.94638 5.5 

19 48.0961 1.89029 6.3 

20 49.0304 1.86105 2.7 
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XRD Results, 9/20-2 

 
Note: the file name of the figure above was erroneously labeled “7_20-2” but in fact represents 

the results of 9/20-2 

 

XRD Peaks for 9/20-2 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 7.5841 11.65689 25.55 

2 11.2378 7.87386 61.34 

3 12.2022 7.25363 69.46 

4 14.2876 6.19922 100 

5 19.9888 4.44211 72.82 

6 22.1625 4.0111 21.89 

7 22.9841 3.86955 7.95 

8 24.5679 3.62356 22.39 

9 29.0545 3.07342 22.08 

10 29.8636 2.99196 8.01 

11 32.9241 2.7205 31.59 

12 34.0826 2.63064 19.52 

13 36.0475 2.49163 60.81 
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14 37.3197 2.40956 39.56 

15 38.6402 2.3302 3.68 

16 39.9541 2.25655 16.36 

17 44.64 2.02996 6.56 

18 45.9255 1.97609 13.85 

19 57.7589 1.59625 5.13 

20 58.9043 1.56791 6.33 

21 62.3388 1.48953 4.41 

22 69.1734 1.35699 2.31 
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XRD Results, 9/21-1 

 
Note: file was erroneously labeled “7_21-1” 

 

XRD Peaks, 9/21-1 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 8.6299 10.24657 100 

2 11.9458 7.40874 41.06 

3 13.3484 6.63322 3.59 

4 14.6898 6.03041 2.55 

5 16.1004 5.5051 88.87 

6 17.1855 5.15988 4.62 

7 18.9722 4.67777 3.6 

8 22.8879 3.88237 55.11 

9 22.9424 3.87648 62.35 

10 24.0034 3.70749 2.01 

11 26.3433 3.38324 7.47 

12 27.1237 3.28765 13.77 
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13 28.8438 3.09539 2.53 

14 30.4796 2.93289 6.59 

15 32.4588 2.75844 16.26 

16 33.046 2.71075 3.37 

17 34.505 2.59939 16.91 

18 35.6457 2.51879 2.26 

19 37.0313 2.42565 29.46 

20 37.1302 2.42142 36.76 

21 38.3143 2.34927 3.29 

22 39.9975 2.2542 6.54 

23 40.5354 2.22552 3.17 

24 43.8907 2.06286 2.45 

25 46.7149 1.94452 5 

26 48.1249 1.89079 5.01 

27 49.1431 1.85397 5.17 

28 51.9193 1.76118 1.59 

29 57.4663 1.60368 2.9 

30 58.2863 1.58305 2.32 

31 67.1995 1.39312 2.1 

32 67.9533 1.37949 1.98 

33 77.5256 1.23032 0.33 
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XRD Results for 9/21-2 

 
Note: file name was erroneously labeled “7_21-2” 

 

XRD Peaks, 9/21-2 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 8.5729 10.31451 70.84 

2 10.8336 8.16668 8.82 

3 11.9174 7.42633 31.3 

4 16.0221 5.53181 100 

5 18.6131 4.76722 11.23 

6 22.8588 3.89047 92.78 

7 26.2809 3.39113 11.61 

8 27.0769 3.29322 21.13 

9 30.4678 2.93399 9.17 

10 32.3644 2.76626 20 

11 33.0802 2.70802 4.71 

12 34.4349 2.60452 19.12 
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13 35.6175 2.52071 2.55 

14 36.9888 2.43035 44.66 

15 38.3021 2.34999 4.94 

16 39.9071 2.2591 10.15 

17 43.9037 2.06228 2.8 

18 46.6731 1.94617 7.94 

19 48.0099 1.89505 6.68 

20 49.0244 1.85818 6.03 

21 51.877 1.76252 2.52 

22 54.2759 1.69015 1.37 

23 57.4059 1.60522 2.35 

24 58.2329 1.58438 2.31 

25 67.4939 1.38661 1 
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XRD Results, 9/23-1 

 
XRD Peaks, 9/23-1 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 11.1849 7.911 25.9 

2 12.2219 7.24199 18.62 

3 21.874 4.06335 12.27 

4 24.6068 3.61792 10.17 

5 28.3794 3.14498 100 

6 31.7042 2.82235 54.16 

7 34.1253 2.62744 10.25 

8 37.3203 2.40952 18.31 

9 39.8406 2.26272 8.86 

10 40.6574 2.21913 52.31 

11 45.4965 1.99372 16.92 

12 50.417 1.81008 10.12 

13 58.8863 1.56835 9.21 

14 66.6305 1.40247 6.32 
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 XRD Results, 9/23-2 

 

XRD Peaks, 9/23-2 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 13.3373 6.63872 10.36 

2 28.3864 3.14162 87.46 

3 28.4676 3.13543 100 

4 31.7055 2.82223 22.37 

5 33.354 2.68642 13.85 

6 34.085 2.63046 11.13 

7 37.23 2.41516 5.08 

8 40.5329 2.22566 51.39 

9 45.4044 1.99755 10.92 

10 50.3516 1.81228 6.3 

11 66.6019 1.403 4.87 
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XRD Results for 10/2-1

 

XRD Peaks, 10/2-1 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 11.39 7.76894 78.68 

2 26.7344 3.33464 100 

3 35.1904 2.55032 57.7 

4 55.4814 1.65625 10.47 
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XRD Results, 10/2-2 

 
10/2-2 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 11.8351 7.47778 100 

2 26.6868 3.34048 54.68 

3 35.1634 2.5501 22.26 
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XRD Results, 10/2-4 

 
XRD Peaks, 10/2-4 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 8.5631 10.32635 100 

2 11.9101 7.43087 33.66 

3 14.1935 6.24012 5.56 

4 16.0361 5.52701 94.55 

5 22.8541 3.89126 68.73 

6 26.2611 3.39365 9.33 

7 27.0776 3.29314 11.99 

8 30.4299 2.93757 5.59 

9 32.402 2.76314 11.86 

10 34.4629 2.60247 11.55 

11 37.0179 2.42851 20.78 

12 38.2786 2.35138 2.36 

13 39.9719 2.25559 4.58 

14 46.6749 1.94448 2.66 
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XRD Results, 10/2-5 

 
XRD Peaks, 10/2-5 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 14.1516 6.2585 100 

2 20.1993 4.39629 62.89 

3 24.5192 3.63065 22.99 

4 32.9806 2.71597 43.93 

5 34.0692 2.63164 37.09 

6 36.1886 2.48224 47.98 

7 37.1735 2.4187 47.49 
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XRD Results, 10/2-6 

 
XRD Peaks, 10/2-6 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 8.601 10.28092 100 

2 11.9291 7.41906 27.12 

3 16.0496 5.52241 79.88 

4 18.6732 4.752 6.03 

5 20.1438 4.40828 5.95 

6 22.8839 3.88626 82.14 

7 26.3117 3.38724 18.22 

8 27.1066 3.28969 18.74 

9 30.4429 2.93634 15.4 

10 32.4809 2.75661 12.94 

11 33.0794 2.70809 10.42 

12 34.4557 2.603 33.39 

13 37.0326 2.42758 55.12 

14 38.3007 2.35007 8.59 

15 39.9728 2.25554 14.89 
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16 40.524 2.22613 5.88 

17 43.9387 2.06072 3.27 

18 46.7352 1.94372 13.96 

19 48.0699 1.89283 6.07 

20 49.0342 1.85784 2.99 

21 51.9426 1.76045 3.41 

22 57.3438 1.60548 4.72 

23 58.2836 1.58574 4.37 
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XRD Results, 11/8-1 

 

XRD Peaks, 11/8-1 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 8.5691 10.31907 100 

2 11.9179 7.42601 42.71 

3 16.0109 5.53568 98.49 

4 20.4893 4.33471 31.07 

5 22.8262 3.89595 77.35 

6 24.5448 3.62692 8.92 

7 29.0371 3.07522 8.94 

8 30.4477 2.93589 12.46 

9 32.9525 2.71822 21.64 

10 34.48 2.60122 18.31 

11 36.2871 2.47572 35.92 

12 37.0205 2.42835 65.22 

13 62.19 1.4915 4.08 
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XRD Results, 11/8-2 

 
 

XRD Peaks, 11/8-2 

No. Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

1 8.6945 10.17056 74.85 

2 11.9553 7.40285 37.7 

3 16.1209 5.49814 92.61 

4 18.8572 4.70605 2.17 

5 22.9426 3.87644 100 

6 23.991 3.70938 3.95 

7 26.3822 3.37834 20.37 

8 27.1736 3.28173 23.38 

9 28.8525 3.09448 4.49 

10 30.501 2.93087 19.63 

11 32.5071 2.75444 19.65 

12 33.1632 2.70143 13.48 

13 34.6155 2.59135 34.4 

14 35.642 2.51904 3.75 
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15 37.1192 2.42212 76.67 

16 38.4171 2.34322 12.43 

17 40.0343 2.25222 20.24 

18 40.5882 2.22275 8.41 

19 43.9852 2.05865 4.16 

20 46.8188 1.94045 17.25 

21 48.1284 1.89066 9.47 

22 49.1508 1.8537 7.62 

23 51.0283 1.78982 3.89 

24 51.9246 1.76102 5.39 

25 54.286 1.68986 2.55 

26 57.4759 1.60343 6.48 

27 58.2757 1.58332 8.5 

28 64.1435 1.45191 5.05 

29 67.2351 1.39132 3.82 
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Appendix 5 

Thermal Decomposition Experiments 

Table A5-1: Thermal decomposition experiments 

Run 

ID 

Procedure Result MgO:MgCl2:H2O 

Ratio 

% Decomposition 

8/11-1 Loaded 0.6 g of 8/4-2 

precipitate. Heated to 250
o
, 

then started N2 flow at 5 

L/min. Continue gas flow 30 

min, then stop flow and cool 

down furnace. 

Recovered 0.4252 g from setup 

after cooling. The residue in all 

cases was a very light white 

powder. Titrated for Mg and Cl; 

obtained composition by mass and 

charge balance. 

2.08:1:3.51 

8/17-1 Loaded 0.6744 g of 8/4-2 

precipitate into furnace 

setup. Heated to 250
o
, then 

began N2 flow at 10 L/min. 

Continue gas flow 60 min, 

then stop flow and cool 

down furnace 

 2.14:1:3.28 

8/17-2 Loaded 0.8 g of 8/13-1 

precipitate into furnace 

setup. Heated to 325
o
, then 

began N2 flow at 5 L/min. 

Continued gas flow for 30 

min, then stop flow and cool 

down furnace. 

Noticed reflux condensation on 

cool part of quartz tube coming out 

of the tube furnace. Probably due 

to EtOH still adhering to 

precipitate after wash. In 

subsequent runs, used precipitate 

dried overnight in 100
o
 oven to 

remove all EtOH. 

2.12:1:0 

8/18-1 Loaded 0.8265 g of washed 

and oven-dried 8/13-1 into 

furnace setup. Heated up to 

275
o
, then began N2 flow at 

5 L/min. Continued gas flow 

30 min, then stopped gas and 

cooled down furnace.  

 2.12:1:1.13 
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Run 

ID 

Procedure MgO:MgCl2:H2O 

Ratio 

% Decomposition 

8/18-2 Loaded 0.9 g of washed and oven-dried 8/13-1 into 

furnace setup. Heated to 275
o
, then flowed N2 at 5 L/min 

for 30 min. Stopped gas flow, heated to 500
o
, then flowed 

N2 at 5 L/min  for 30 min. Then stopped gas flow and 

turned off furnace. 

12.0:1:3.6 

92% decomposition 

8/19-1 Loaded 1.0340 g of washed and oven-dried 8/13-1 into 

oven setup. Heated to 275
o
, then flowed N2 at 5 L/min for 

30 min. Stopped gas flow, heated to 500
o
, then flowed N2 

at 5 L/min for 15 min. Stopped gas flow and turned off 

furnace 

7.73:1:4.48 

74.2% decomposition 

8/27-1 Loaded 1 g of washed, dried 8/13-1 precipitate into  

furnace setup. Heated to 275
o
, then flowed N2 at 5 L/min 

for 30 min. Stopped gas flow, heated to 500
o
, then flowed 

N2 at 10 L/min for 15 min. Stopped gas flow and turned 

off furnace. 

6.19:1:1.29 

67.7% decomposition 

8/27-2 Loaded 1 g of washed, dried 8/13-1 into furnace setup. 

Heated to 275
o
, then flowed N2 at 5 L/min for 30 min. 

Stopped gas flow, heated to 500
o
, then flowed N2 at 5 

L/min for 5 min. Stopped gas flow and turned off 

furnace. 

4.48:1:1.01 

55.4% decomposition 

8/30-1 Loaded 1 g of washed, dried 8/13-1 into furnace setup. 

Heated to 275
o
, then flowed N2 at 5 L/min for 30 min. 

Stopped gas flow, heated to 550
o
, then flowed N2 at 5 

L/min for 5 min. Stopped gas flow and turned off 

furnace. 

16.6:1:2.16 

88.0% decomposition 

8/31-1 Loaded 1 g of washed, dried 8/13-1 into furnace setup. 

Heated to 275
o
, then flowed N2 at 5 L/min for 30 min. 

Stopped gas flow, heated to 550
o
, then flowed N2 at 10 

L/min for 5 min. Stopped gas flow and turned off 

furnace. 

15.3:1:2.21 

86.9% decomposition 

9/1-1 Loaded 1 g of washed, dried 8/13-1 into furnace setup. 

Heated to 275
o
, then flowed N2 at 5 L/min for 30 min. 

Stopped gas flow, heated to 550
o
, then flowed N2 at 5 

L/min for 1 min. Stopped gas flow and turned off 

furnace. 

7.62:1:0.85 

73.7% decomposition 
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Run 

ID 

Procedure MgO:MgCl2:H2O 

Ratio 

% Decomposition 

9/1-2 Loaded 1 g of washed, dried 8/13-1 and 8/14-2  into 

furnace setup. Heated to 275
o
, then flowed N2 at 5 L/min 

for 30 min. Stopped gas flow, heated to 550
o
, then flowed 

N2 at 5 L/min for 10 min. Stopped gas flow and turned 

off furnace. 

31.4:1:1.74 

93.6% decomposition 

9/2-1 Loaded 1 g of washed, dried 8/14-2 into furnace setup. 

Heated to 275
o
, then flowed N2 at 5 L/min for 30 min. 

Stopped gas flow, heated to 450
o
, then flowed N2 at 5 

L/min for 15 min. Stopped gas flow and turned off 

furnace. 

3.72:1:1.99 

46.2% decomposition 

9/9-1 Loaded 1 g of washed, dried 8/14-2 & 8/15-2 into 

furnace setup. Heated to 275
o
, then flowed N2 at 5 L/min 

for 30 min. Stopped gas flow, heated to 450
o
, then flowed 

N2 at 5 L/min for 25 min. Stopped gas flow and turned 

off furnace. 

5.83:1:1.51 

65.7% decomposition 

9/9-2 Loaded 1 g of washed, dried 8/15-2 into furnace setup. 

Heated to 275
o
, then flowed N2 at 5 L/min for 30 min. 

Stopped gas flow, heated to 450
o
, then flowed N2 at 5 

L/min for 40 min. Stopped gas flow and turned off 

furnace. 

11.58:1:1.51 

82.7% decomposition 

 

Notes on Table A5-1  

The decomposition runs investigated only 2-form hydroxychloride. The material loaded into the 

furnace, while always 2-form, could come from different precipitation runs. 

The oxide content of the residue collected from the furnace after the run was determined by 

charge balance after the Mg and Cl content was determined by titration. Water content was then 

determined by mass balance. However, as the residues were somewhat hygroscopic, they would 

have absorbed water from the atmosphere despite precautions such as canning. Therefore the 

water content listed in the table should only be considered as an upper bound.  

The percent decomposition was calculated on the basis of the pure 2-form composition, with a 

MgO:MgCl2 ratio of exactly 2. However, the samples used for the decomposition run always had 

an MgO:MgCl2 ratio slightly higher than this, due to the formation of metastable higher 

hydroxides during precipitation. The impact of this on the calculations was small. 
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Appendix 6 

Proof of the equation, 

 

GMgCl2 = G
0
MgCl2 + 3RTln(γ±) + RTln(4m

3
MgCl2).  

 

First, note that 

GMgCl2 = GMg + 2GCl       (where Mg and Cl denote the Mg
2+

 and Cl
-
 ions) 

First, the equation is expanded and terms are combined using the rules of logarithms: 

GMgCl2 = G
0
Mg + RTln(aMg) + 2G

0
Cl + 2RTln(aCl)  

GMgCl2 = G
0
Mg + RTln(γMgmMg) + 2G

0
Cl + 2RTln(γClmCl) 

GMgCl2 = G
0
Mg + 2G

0
Cl + RTln(γMg) + RTln(mMg) + 2RTln(γCl) + 2RTln(mCl) 

GMgCl2 = G
0
Mg + 2G

0
Cl + RTln(γMg) + RTln(mMg) + RTln(γ

2
Cl) + RTln(m

2
Cl) 

GMgCl2 = G
0
Mg + 2G

0
Cl + RTln(γMg) + RTln(γ

2
Cl) + RTln(mMg) + RTln(m

2
Cl) 

GMgCl2 = G
0
Mg + 2G

0
Cl + RTln(γMgγ

2
Cl) + RTln(mMgm

2
Cl) 

Now, note that G
0
Mg + 2G

0
Cl = G

0
MgCl2. 

GMgCl2 = G
0
MgCl2 + RTln(γMgγ

2
Cl) + RTln(mMgm

2
Cl) 

Next, note that the definition of the mean activity coefficient is, 

 γ± = (γ+
p
γ-

q
)

1/p+q
  

and so for MgCl2, 

 γ± = (γMgγCl
2
)

1/3
 and then  
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 ln(γ±) = 1/3 ln(γMgγCl
2
). 

Therefore, 

 ln(γMgγCl
2
) = 3ln(γ±).  

Substituting this in to the equation for GMgCl2, 

GMgCl2 = G
0
MgCl2 + 3RTln(γ±) + RTln(mMgm

2
Cl). 

Finally, note that mMg = mMgCl2 and mCl = 2mMgCl2. Making the appropriate substitutions, 

GMgCl2 = G
0
MgCl2 + 3RTln(γ±) + RTln(4m

3
MgCl2).  

This is the equation which was to be proved.  

 

  


