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Abstract 

Due to its many benefits over conventional H2SO4 leaching, the use of HCl for leaching has been 

increasing in many flowsheets, particularly for laterites and rare earth elements ores. However, HCl is 

more expensive than H2SO4 and an inexpensive method of regenerating it must be developed to ensure its 

economic viability in these flowsheets. This thesis presents a robust process which operates at low 

temperatures and atmospheric pressure thereby reducing operating costs. 

The addition of H2SO4 to MgCl2 solutions in the presence of air sparging is shown here to produce 

external HCl recoveries up to 64.6%. The effects of temperatures between 75 °C and 100 °C, airflow 

between 200 and 600 mL/min, stoichiometric H2SO4 addition between 100% and 300%, and initial 

chloride concentration between 4 and 10 M were investigated. Increasing chloride concentration and 

H2SO4 addition were found to be beneficial to HCl recovery, consistent with Le Chatelier’s Principle. The 

positive impact of increasing temperature and airflow were determined to be due to higher temperatures 

and increased airflows favouring the volatilization of HCl. Additionally, the impact of the incorporation 

of iron, calcium, sodium, and a combination of these ions were studied. The presence of calcium and 

sodium were found to be detrimental and iron beneficial to total HCl recoveries. After initial batch 

experiments were conducted, the process was scaled-up to a two-stage continuous mode operation which 

yielded a maximum HCl recovery of 56.4%. While overall recoveries were found to decrease in 

continuous operation, the temperature, airflow, H2SO4 addition, and initial chloride concentration trends 

were found to be consistent with the batch experiments. The inclusion of iron had a greater positive 

impact in the continuous experiments and sodium was less detrimental to the system. 

The resulting liquid and solid samples were analyzed using inductively coupled plasma, atomic 

absorption spectroscopy, x-ray powder diffraction, carbon-sulphur analysis, and thermogravimetric 

analysis as appropriate to examine the mass balance and precipitate formed. The precipitate was found to 

be MgSO4 2H2O, CaSO4 2H2O, and FeSO4 7H2O which will impact further treatment. 
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Chapter 1 

Introduction 

1.1 The use of chloride leaching 

Over the past several decades, increasing research has been conducted on the use of chloride 

mediums in processing flowsheets. HCl leaching in particular has many benefits over 

conventional H2SO4 leach systems – possibly including the following, depending on the material 

leached (Habashi et al. 1987; Gogia & Das 1988; Winand 1991; Van Weert & Peek 1992; 

Senanayake 2007; McDonald & Whittington 2008; Senanayake 2009; de Bakker 2011; Gibson & 

Rice 2015): 

- The relative ease of extracting several metals 

- The reduction of pre-treatment of the ore 

- Higher reaction kinetics 

- Higher selectivity which can be exploited to reduce impurity accumulation 

- Higher metal complex solubilities 

- Higher electrical conductivity allowing for lower energy consumption in electrowinning 

circuits 

- Complex sulphide concentrates which are more easily leached 

Chloride leaching flowsheets have been developed for laterite ores, manganese nodules, low-

grade tin ores, ilmenite upgrading, copper from chalcopyrite, nickel from pyrrhotite, 

lead/zinc/sulphur concentrates, nickel/copper/sulphur concentrates, rare earth element ores, and 

pickling oxide scales with varying levels of commercialization having been achieved (Peek 1996; 

Bedrossian & Connell 2014; Park et al. 2015; Rao et al. 2015). In most of the above processes, a 
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proportion of the HCl or chloride anion is consumed by gangue minerals producing stable 

chloride complexes. As HCl is an expensive reagent, the regeneration of the chloride anion is 

vital to the commercialization of those processes – whether it is HCl or a HCl/metallic salt 

solution (Harris & White 2015). Recycling the lixiviant benefits the processes both economically 

by reducing the amount of the make-up acid required, and environmentally by producing less 

acidic waste. The use of make-up acid can be very expensive, with 6 M HCl being approximately 

$300 USD per tonne in North America. In some processes, such as those in ilmenite leaching 

operations, the HCl/CaCl2 lixiviant is easily regenerated by recovering the valuable metals as 

insignificant impurity accumulation occurs (Das et al. 2013). However, other processes require 

more complex regeneration techniques and the economic, environmental, and social impacts of 

these methods must be carefully analyzed. 

Some of the new rare earth element deposit flowsheets under development use HCl leaching at 

some stage including Orbite’s Grand-Vallée deposit and Search’s Foxtrot deposit. While the use 

of H2SO4 leaching in many rare earth element operations lowers the operational complexity due 

to its lower costs not necessitating regeneration stages, issues with rare earth element co-

precipitation with gypsum have occurred when H2SO4 is used in the presence of calcium. The 

complexity of the geology and mineralogy of the Canadian rare earth element deposits favours 

the higher selectivity and higher reaction kinetics of a chloride based leaching circuit, at least in 

sections of the flowsheet. 

1.2 Project goal and objectives 

Many rare earth and laterite chloride based flowsheets produce large amounts of a MgCl2 solution 

which is currently just a waste product in the process (de Bakker, 2011). As such, the goal of this 
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project was to develop a novel process to regenerate HCl from primarily MgCl2 solutions. The 

following criteria were developed for the process: 

- Have favourable economics: the reaction should be capable of regenerating HCl at a 

significantly lower cost than the price of make-up acid. This will likely necessitate a 

process that uses a low temperature and atmospheric conditions. 

- Produce no harmful by-products: any by-products produced must be easily disposed of in 

an environmentally and socially responsible manner. 

- Produce concentrated and pure HCl: in order to be effective as a lixiviant, the regenerated 

HCl must be suitably free of contaminants. 

- Be applicable for use in the rare earth element and laterite industries: the process must be 

capable of handling common impurities found in rare earth element and laterite process 

streams; particularly iron and calcium. 

1.3 Project introduction 

The process introduced in this work uses a well-known reaction in a common system in order to 

achieve the goals discussed. The use of established reactions and systems greatly reduces the risk 

of commercialization making the project more attractive to the industry. 

The primary reaction used in the developed process is shown by equation 1, with the expected 

additional reactions in experiments that used additional metal chlorides shown in equations 2-4. 

𝑀𝑔𝐶𝑙2(𝑎𝑞) + 𝐻2𝑆𝑂4(𝑙) → 2𝐻𝐶𝑙(𝑎𝑞,𝑣) + 𝑀𝑔𝑆𝑂4(𝑠) (1) 

𝐶𝑎𝐶𝑙2(𝑎𝑞) + 𝐻2𝑆𝑂4(𝑙) → 2𝐻𝐶𝑙(𝑎𝑞,𝑣) + 𝐶𝑎𝑆𝑂4(𝑠) (2) 

𝐹𝑒𝐶𝑙2(𝑎𝑞) + 𝐻2𝑆𝑂4(𝑙) → 2𝐻𝐶𝑙(𝑎𝑞,𝑣) + 𝐹𝑒𝑆𝑂4(𝑠) (3) 

𝑁𝑎𝐶𝑙(𝑎𝑞) + 𝐻2𝑆𝑂4(𝑙) → 𝐻𝐶𝑙(𝑎𝑞,𝑣) + 𝑁𝑎𝑆𝑂4(𝑠) + 𝐻+ (4) 
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As will be discussed in Chapter 2, considerable research has been done on this type of reaction 

which is called metal sulphate salt crystallization. Most of this previous work has focused on 

characterizing the precipitate formed from CaCl2 solutions with any discussion of the HCl 

produced referring to the aqueous HCl collected in situ. 

Recovering the HCl in a gaseous form has many advantages over in situ collection – primarily the 

ability to collect a pure HCl product. Collecting the HCl in situ in this process yields a mixed 

HCl-H2SO4 solution which contains magnesium or other impurities. This is exacerbated by the 

necessity of using excess H2SO4 to regenerate a larger amount of HCl. Mixed chloride-sulphate 

lixiviants are not suitable for recycling to the leach phase of a flowsheet designed for chloride 

leaching (de Bakker, 2011).  
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Chapter 2 

Literature Review 

Only one technique of regenerating HCl has been successfully used in industry, that of 

pyrohydrolysis. While not successfully commercialized, several methods have been proposed and 

investigated including metal sulphate salt crystallization, hydrolytic distillation, and the use of 

electrowinning and solvent extraction. While some of these were investigated for non-mining 

industries, they are still worth investigating for use in the mining industry. This chapter will 

provide a critical overview of all these methods.  

2.1 Processes in use 

2.1.1 Pyrohydrolysis 

Pyrohydrolysis is the only true form of HCl regeneration that has been commercialized. 

Beginning from a relatively simple chloride brine, pyrohydrolysis uses a fluidized bed or a spray 

roaster to remove the water units from the solution to produce a metal oxide and HCl as per the 

following reaction: 

𝑀𝑒𝐶𝑙2(𝑎𝑞) + 𝐻2𝑂(𝑎𝑞) → 𝑀𝑒𝑂(𝑠) + 2𝐻𝐶𝑙(𝑔) (5) 

Pyrohydrolysis is a versatile process, and depending on the operating conditions used, in 

particular the temperature, one can control conditions to selectively hydrolyze only certain metal 

chlorides (de Bakker 2011). Theoretically, pyrohydrolysis may be used to hydrolyze any metal 

chloride to its metal oxides; however, only three metals, magnesium, ferrous, and nickel, have 

been implemented in an industrial setting. 
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2.1.1.1 MgCl2 pyrohydrolysis 

The Aman process was first patented in 1956, and is still used by the Dead Sea Periclase Co. at 

the Mishor Rotem plant (de Bakker 2011; ICL Industrial Products). The ‘Aman-type reactors’ use 

temperatures of up to 800 °C to perform complete thermal hydrolysis of the MgCl2, producing 

HCl and high purity magnesia (Epstein 1976). A 3 to 10 m tall hydrolysis chamber is used with 

hot combustion gases fed from the bottom while the MgCl2 solution is fed from the top; the total 

reaction time for this process is 5 to 20 sec (de Bakker 2011). This process produces dilute (20%) 

HCl and 99.3% pure magnesia (Epstein 1976). The intensive energy requirements and the 

necessary use of liquid hydrocarbon fuels make the Aman process prohibitively expensive, thus it 

has never been successfully used in large-scale magnesia production.  

A HCl and MgCl2 solution has been shown to be an effective lixiviant for certain ores, 

particularly low-Mg laterite ores (Harris et al. 2009). A flowsheet proposed by Harris et al., 

shown in Figure 1, uses pyrohydrolysis to regenerate the HCl for the leaching stage and a 

separate stream of MgCl2 is directly returned to the leaching stage. As only part of the lixiviant 

must go through pyrohydrolysis, the energy consumption, and therefore cost, of the regeneration 

phase is reduced. While this process shows promise in regard to commercialization, any amount 

of magnesium present in the ore would quickly result in a large build-up of MgCl2 in the 

lixiviant; causing valuable metal recoveries to quickly decrease and rendering the process 

ineffective. 
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Figure 1 Nickel concentrate/ore/matte or nickel concentrate and laterite processing 

flowsheet (recreated from Harris et al. 2009). This process uses pyrohydrolysis to 

regenerate the HCl for the leaching stage and a separate stream of MgCl2 is directly 

returned to the leaching stage. As only part of the lixiviant must go through pyrohydrolysis, 

the energy consumption, and therefore cost, of the regeneration phase is reduced. 

2.1.1.2 FeCl2 pyrohydrolysis 

The industry that has been most successful in the regeneration of HCl is that of the steel pickling 

industry (Brown & Olsen 2006). The used pickle liquor is usually an 18–20% FeCl2 solution. 

This solution can be fed to a spray roaster or a fluidized bed, similar to the Aman process; 
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however, sufficient oxygen must be introduced to oxidize the ferrous ion. Owing to the 

exothermic reaction of ferrous oxidation, significantly less energy is required for FeCl2 

pyrohydrolysis when compared with MgCl2 pyrohydrolysis. The favourable thermodynamics and 

lower solution impurity levels both aid in the economic and technical feasibility of this process. 

FeCl2 pyrohydrolysis is extremely effective in the steel pickling industry; however, the lack of 

pure FeCl2 solutions in the mining industry makes this process infeasible for most or all proposed 

flowsheets. 

2.1.1.3 Nickel chloride pyrohydrolysis 

The Falconbridge matte leach process was used from 1968 to 1983 in Kristiansand, Norway to 

treat nickel-copper matte from a Sudbury district smelter. The process was designed to use a 

strong HCl leach with HCl regeneration through NiCl2 pyrohydrolysis yielding NiO and HCl. The 

hydrolysis utilized a fluidized bed reactor, fed by the combustion of naphtha with air at an 

operating temperature of 850 °C (Thornhill & Wigstol 1971). The plant also had the capacity to 

produce make-up HCl at a rate of 20 T/d through the combustion of hydrogen and chlorine in a 

graphite burner. A simplified Falconbridge matte leach process flowsheet is shown in Figure 2. 
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Figure 2 Simplified flowsheet for the 1968–1983 Falconbridge matte leach process 

(recreated from Peek 1996). The process was designed to use a strong HCl leach with HCl 

regeneration through NiCl2 pyrohydrolysis yielding NiO and HCl. The hydrolysis utilized a 

fluidized bed reactor, fed by the combustion of naphtha with air at an operating 

temperature of 850 °C (Thornhill & Wigstol 1971). 

The Nikkelverk A/S, Kristiansand, Norway plant was transitioned to a chlorine leach process 

from 1981 to 1983 due to a combination of factors including the need to produce a different end 

product and their desire to economically optimize the process (Stensholt et al. 2001). The new 

chlorine leach process replaced the HCl leach stage with a chlorine leach stage and the NiCl2 
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crystallization, drying, and pyrohydrolysis stages with pregnant liquor purification, non-acidic 

filtration, and NiCl2 electrowinning (Peek 1996). Nikkelverk A/S still uses a version of this 

chlorine leach (Glencore Nikkelverk AS 2016). The transition to a chlorine leach improved the 

economics of the flowsheet through reduced regeneration costs. While the Falconbridge matte 

leach process was effective, the high OPEX and CAPEX of pyrohydrolysis due to intensive 

energy requirements makes this process difficult to implement in new flowsheets. 

2.2 Newest research areas 

Owing to the high industrial demand to develop an economically and technically viable method 

of HCl regeneration, extensive research, and development work has been conducted on the topic. 

The techniques covered in this section include electrowinning, solvent extraction, metal sulphate 

salt crystallization, and hydrolytic distillation. 

2.2.1 HCl and metal recovery using electrowinning 

In the 1990s, Delft University of Technology explored the use of an electrowinning cell to 

generate HCl from a NiCl2 solution. They used a three-compartment cell separating the catholyte 

and ampholyte by an anion exchange membrane and the ampholyte and anolyte separated by a 

cation exchange membrane (Liao et al. 1995). This separation was necessary to prevent the 

formation of chlorine on the anode. The cell set up is shown in Figure 3 with HCl formed in the 

ampholyte. The experiments were conducted at a current density of 200 A/m2 and a temperature 

of 50 °C using 1 and 0.2 M NiCl2 solutions as catholyte and ampholyte, respectively, and 1 M 

H2SO4 as anolyte (Liao et al. 1995). Cell voltages and cathodic current efficiencies of below 3.2 

V and 95% were achieved (Liao et al. 1995). A 1 M HCl solution could be produced via this 

process, however, the commercialization was dependent on membrane selectivity for chloride, 

durability, and operating costs (Peek 1996). No work has been published on this topic since the 
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1990s, likely due to difficulties with scale up and commercialization related to a lack of current 

membrane technologies and high operating costs associated with the process. In general, 

membranes have relatively short life and often are replaced few times per year as precipitation of 

solids on the membrane surfaces is detrimental to the membrane performance. 

 

Figure 3 Two membrane cell being used to regenerate HCl (recreated from Liao et al. 

1995). The process used a three-compartment cell separating the catholyte and ampholyte 

by an anion exchange membrane and the ampholyte and anolyte separated by a cation 

exchange membrane with HCl formed in the ampholyte. The experiments were conducted 

at a current density of 200 A/m2 and a temperature of 50 °C using 1 and 0.2 M NiCl2 

solutions as catholyte and ampholyte, respectively, and 1 M H2SO4 as anolyte. Cell voltages 

and cathodic current efficiencies of below 3.2 V and 95% were achieved and a 1 M HCl 

solution could be produced via this process. 
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In 2014, Reed Resources Ltd was granted a patent for a novel lithium hydroxide process in 

Australia. This process involves a HCl leach of a lithium oxide material followed by electrolysis 

to produce the lithium hydroxide product and regenerate the HCl (Reed Resources Ltd. 2014). 

They state that a successful semi-pilot scale plant achieved 200 h of operation with 80% 

efficiency. The Mt Marion lithium project in Western Australia has recently produced their first 

batch of lithium using the Reed Resources Ltd. patent; however, this method of HCl regeneration 

is limited to the patented lithium application due to the favourable ore type and desired final 

product. 

2.2.2 HCl regeneration from the leaching solution of spent HDS catalysts by solvent 

extraction 

Banda et al. (2013) investigated the use of solvent extraction (using 2-ethylhexyl amine or 

TEHA) to recover HCl from the processing of spent HDS catalysts. The chemical composition by 

weight of the spent HDS catalysts was 8.1% molybdenum, 2.5% cobalt, 0.02% nickel, 0.03% 

iron, 0.01% silicone, and 44.5% aluminum (Banda et al. 2013). Two stage counter-current TEHA 

solvent extraction at an A/O ratio of 0.5 was used to separate the HCl from aluminum in the 

molybdenum and cobalt barren raffinate (0.1 M HCl) achieving 96.4% extraction efficiency 

(Banda et al. 2013). Following extraction, water was used to strip the HCl from the loaded 

TEHA. With an O/A ratio of 0.33 a stripping efficiency of 99.2% was achieved using a two-stage 

counter-current stripping simulation (Banda et al. 2013). Banda et al. (2013) were able to recover 

99% of the molybdenum and cobalt and 90% of HCl with purities higher than 99% being 

obtained, and have suggested the flowsheet as presented in Figure 4. This process effectively 

recovers already present HCl from the solution; however, it does not regenerate the concentrated 

acid, making it unapplicable in most metallurgical flowsheets. 
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Figure 4 HCl regeneration from spent HDS catalysts (recreated from Banda et al. 2013). 

The chemical composition by weight of the spent HDS catalysts was 8.1% molybdenum, 

2.5% cobalt, 0.02% nickel, 0.03% iron, 0.01% silicone, and 44.5% aluminum. Two stage 

counter-current TEHA solvent extraction at an A/O ratio of 0.5 was used to separate the 

HCl from aluminum in the molybdenum and cobalt barren raffinate achieving 96.4% 

extraction efficiency. The process was able to recover 99% of the molybdenum and cobalt 

and 90% of HCl with purities higher than 99% being obtained. 
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2.2.3 Metal sulphate salt crystallization 

Perhaps the most thoroughly investigated of these current research areas is that of metal sulphate 

salt crystallization. In this process, H2SO4 is added to the metal chloride solution in order to 

precipitate out the metal as a metal sulphate salt and produce HCl as shown below: 

𝑀𝑒𝐶𝑙2(𝑎𝑞) + 𝐻2𝑆𝑂4(𝑎𝑞) + 𝑛𝐻2𝑂 → 𝑀𝑒𝑆𝑂4 ∙ 𝑛𝐻2𝑂(𝑠) + 2𝐻𝐶𝑙(𝑎𝑞) (6) 

Metal sulphate salt crystallization has the significant advantage of requiring low temperatures 

(below 100 °C); however, improper control of the conditions can lead to significant operational 

issues as discussed further in this section. The use of metal sulphate salt crystallization has been 

proposed on a number of metals, including calcium, magnesium, and iron. 

2.2.3.1 CaCl2 solutions 

Habashi et al. (1987) have showm that it was possible to regenerate HCl by reacting a CaCl2 

solution with H2SO4. Al-Othman and Demopoulos (2009) further investigated this process and 

showed that a slow H2SO4 addition followed by a 2-h equilibrium period can produce well 

developed gypsum crystals, while faster H2SO4 additions produces a gel-like substance with finer 

crystals. Higher temperatures and the use of seed material can also promote larger crystal growth. 

The use of seed in particular increases the size of the crystals and though the resulting slurry may 

display a poor settling rate, high filtration rates of ≥4000 kgh/m2 can be obtained (Al-Othman & 

Demopoulos 2009). To produce azeotropic strength acid, an initial CaCl2 concentration of 3 to 4 

M is needed, typically necessitating an evaporation stage in the flowsheet. The dilution of the 

H2SO4 from 96% to around 50% before addition also aids to produce well-developed crystal 

growth. This process is capable of producing a regenerated acid stream containing 5.5 M HCl, 0.5 

M CaCl2 and 0.05 M CaSO4. While both CaSO4∙2H2O and CaSO4 alpha-hemihydrate are 

generally conducive to effective solid–liquid separation, the fibrous nature of CaSO4 anhydrite 
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can result in much poorer filtration rates and its formation should be minimized (Feldmann & 

Demopoulos 2012a, 2012b). SEM images of these three forms of CaSO4 can be seen in Figure 5. 

 

Figure 5 SEM images of various forms of CaSO4 (Feldmann & Demopoulos 2012). While 

both CaSO4∙2H2O and CaSO4 alpha-hemihydrate are generally conducive to effective solid–

liquid separation, the fibrous nature of CaSO4 anhydrite can result in much poorer 

filtration rates and its formation should be minimized. 

Gypsum crystallization can be conducted continuously in a series of CSTR reaction tanks. Cost 

estimates for this method of HCl regeneration incorporated into a rare earth element plant were 

conducted by Girgin et al. (2013) using the simplified flowsheet shown in Figure 6 and the basic 

process design criteria shown in Table 1. Other design inputs were electricity at $0.12/kWh and 

93% H2SO4 at $150 per tonne. It was estimated that the total operating cost for the HCl 

regeneration circuit would be $110 per tonne of 6 M HCl solution regenerated (Girgin et al. 

2013). 
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Figure 6 Simplified flowsheet for a REE plant utilizing gypsum precipitation for HCl 

regeneration (recreated from Girgin et al. 2013). This process using CSTR tanks for metal 

sulphate salt crystallization was provide a comparison of the operating costs for its inclusion 

in a flowsheet to the use of make up acid. 

Table 1 Basic process design criteria for the economic analysis of the use of a metal sulphate 

salt crystallization stage in a REE process flowsheet (recreated from Girgin et al. 2013). 

Other design inputs were electricity at $0.12/kWh and 93% H2SO4 at $150 per tonne. It was 

estimated that the total operating cost for the HCl regeneration circuit would be $110 per 

tonne of 6 M HCl solution regenerate. 

Criteria Units Value 

Leach feed characteristics   

 Phosphate % 𝑃2𝑂5 20 

 Rare earth % RO 5 

Feed throughput t/h 5 

HCl strength   

 Fresh M 6 

 Recycled M 6 

H2SO4 strength   

 Fresh M 9 

Filtered CaSO4 percent solids % 71 
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Feldmann and Demopoulos (2015) have used water activity knowledge to optimize the conditions 

used in a CSTR in order to promote metastable CaSO4 alpha-hemihydrate in strong HCl 

solutions. At 60 °C, super-azeotropic HCl (up to 30 wt.% or 9 M) was produced from a 

concentrated CaCl2 solution being reacted with concentrated H2SO4. This process can take 

advantage of the strongly exothermic nature of both H2SO4 dilution and the reaction itself to 

significantly reduce heating needs. The concentration of CaCl2 in the feed was found to have a 

significant impact on crystal size with lower concentrations (0.5 M) producing larger crystals and 

less fines. The highest HCl concentration achieved during this work was 9.5 ± 0.2 M with a 

median CaSO4 particle size of 61 μm; using 5.11 M CaCl2 and 17.87 M H2SO4 feed solutions 

(Feldmann & Demopoulos 2015). Their proposed flowsheet is shown in Figure 7. This process is 

very promising due to its low energy requirements and highly concentrated recovered acid; 

however, handling of the amorphous structure of the gypsum precipitated can be challenging in 

the solid/liquid separation circuit. The solid/liquid separation issue is expected to be more evident 

in processes with high feed solution chloride concentration. 
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Figure 7 Proposed flowsheet for HCl regeneration from a CaCl2 solution using a single stage 

CSTR (recreated from Feldmann & Demopoulos 2015). The highest HCl concentration 

achieved during this work was 9.5 ± 0.2 M with a median CaSO4 particle size of 61 μm; 

using 5.11 M CaCl2 and 17.87 M H2SO4 feed solutions. 

Some crystal habit modifiers have been shown to affect CaSO4∙2H2O crystal morphology in 

strong acidic solutions with the most effective of these being cetryltrimethylammonium bromide 

(CTAB), polyacrylic acid (PAA), and polyvinylsulphonic acid (PVS) (Feldmann & Demopoulos 

2014). The addition of CTAB results in thick slab crystals forming, PAA forms long, thin 

crystals, and PVS detrimentally effects CaSO4 crystallization and nucleation. Although the 

addition of the modifiers can be helpful in precipitation of larger crystals of gypsum, the cost 

associated with the modifier reagents can make the economics of the process less attractive.  
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The Outotec nickel matte chloride leaching process announced in 2014 utilizes the metal sulphate 

salt crystallization method to recover the HCl from their clean CaCl2 stream as shown in Figure 8 

(Haavanlammi 2014). Their flowsheet also includes the regeneration of ammonia through the 

addition of calcium hydroxide to the ammonium chloride solution (Haavanlammi 2014), 

according the following reaction: 

2𝑁𝐻4𝐶𝑙 + 𝐶𝑎(𝑂𝐻)2 → 2𝑁𝐻3 + 𝐶𝑎𝐶𝑙2 + 2𝐻2𝑂 (7) 
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Figure 8 The Outotec nickel matte chloride leaching process utilizes the metal sulphate salt 

crystallization method to recover the HCl from their clean CaCl2 stream (recreated from 

Haavanlammi 2014). This is one of many flowsheets being proposed which use metal 

sulphate salt crystallization. 
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While metal sulphate salt crystallization has been well studied on pure CaCl2 solutions, very little 

work has been conducted on the effects of impurities on recovery levels and reagent use. The 

process of producing a pure CaCl2 solution from leach solutions would vary depending on the 

project, but could prove to be very complex and have a large detrimental effect on the 

commercialization of these processes. 

2.2.3.2 MgCl2 and FeCl2 

As an extension of gypsum precipitation from CaCl2 solutions previously discussed, the reaction 

of a larger variety of metal chloride solutions (including magnesium and iron) with H2SO4 in 

order to crystallize the MgSO4 or FeSO4 salts was investigated (Steyl & Smit 2006). MgSO4 and 

FeSO4 were examined due to their applicability in laterite processing and pickle liquor treatment, 

respectively. Figure 9 shows MgSO4 solubility as a function of temperature and solubility can be 

seen to peak at approximately 100 °C. Operating below 100 °C produces a highly hydrated salt 

which increases costs associated with calcination further downstream; however, operating above 

the boiling point of water necessitates the use of an autoclave or significant reduction in the 

activity of water by operating at very high MgCl2 concentrations. 
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Figure 9 MgSO4 solubility in water (Demopoulos et al. 2008). MgSO4 solubility as a 

function of temperature and solubility can be seen to peak at approximately 100 °C. 

Operating below 100 °C produces a highly hydrated salt which increases costs associated 

with calcination further downstream; however, operating above the boiling point of water 

necessitates the use of an autoclave or significant reduction in the activity of water by 

operating at very high MgCl2 concentrations. 

The presence of 3.8 M MgCl2 reduces the solubility of MgSO4 from 5 M to around 1 M at 100 

°C; however, when concentrated HCl regeneration is the objective, this process is not feasible. 

Through the addition of H2SO4, MgCl2 produces MgSO4, the latter of which’s solubility will 

increase as the process advances and the MgCl2 concentration decreases. As such, full 

magnesium removal cannot be achieved using MgSO4 crystallization. This reaction could be 

applicable in processes which use a HCl-MgCl2 lixiviant for low magnesium content ores. In this 

case, partial MgCl2 removal is conducted using MgSO4 crystallization to regenerate the desired 

lixiviant (Steyl & Smit 2006). 

Another proposed method of regenerating HCl from MgCl2 solutions is to first react them with 

lime (Ca(OH)2) to precipitate the magnesium as Mg(OH)2 and leave a solution of CaCl2 which 
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can then easily undergo the previously described metal sulphate salt crystallization (Bedrossian & 

Connell 2014). 

Both proposed MgCl2 methods result in fairly low HCl recoveries primarily due to the higher 

solubility of MgSO4 when compared with the previously discussed CaSO4. Once again, the effect 

of impurities has not been studied for MgSO4 salt crystallization, nor has the effect of various 

additives or seed material. Increases in HCl recovery would need to be made in order to 

successfully commercialize a process utilizing this reaction. 

2.2.4 Hydrolytic distillation 

In hydrolytic distillation, the FeCl2 is first oxidized to FeCl3 before it undergoes hydrolysis by 

neutralization (using magnesia or similar) or in an autoclave using hydrothermal precipitation as 

shown in equations 8 and 9. To produce acid suitable for recycling to the leaching process, the 

hydrolytic precipitation of hematite needs to include HCl volatilization and recovery through 

distillation (Demopoulos et al. 2008). An example of a flowsheet using hydrolytic distillation can 

be seen in Figure 10. 

12𝐹𝑒𝐶𝑙2(𝑎𝑞) + 3𝑂2(𝑔) → 2𝐹𝑒2𝑂3(𝑠) + 8𝐹𝑒𝐶𝑙3(𝑎𝑞) (8) 

2𝐹𝑒𝐶𝑙3(𝑎𝑞) + 3𝐻2𝑂(𝑔,𝑎𝑞) → 𝐹𝑒2𝑂3(𝑠) + 6𝐻𝐶𝑙(𝑔,𝑎𝑞) (9) 

The first reaction proceeds well at 150 °C and the second is conducted at 175 to 180 °C, both at 

atmospheric pressure. Essential to the second reaction is the volatilization of HCl in order to drive 

the reaction to the right, with the resulting vapour having a 30% HCl concentration and a 99% 

recovery (Demopoulos et al. 2008). Facilitating the acid volatilization is the observed increase in 

HCl vapour pressure in mixed HCl–MgCl2–H2O solutions.  
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Figure 10 An example of a flowsheet using hydrolytic distillation to regenerated HCl 

(recreated from Zhang et al. 2015). In hydrolytic distillation, the FeCl2 is first oxidized to 

FeCl3 before it undergoes hydrolysis by neutralization (using magnesia or similar) or in an 

autoclave using hydrothermal precipitation and needs to include HCl volatilization and 

recovery through distillation. 

At a laboratory scale, the recovery of all generated acid as 5.5 M HCl condensate was achieved at 

200 to 220 °C over 5 h using a 360 g/L MgCl2 and 30 g/L iron as FeCl3 solution. Of note in this 

process is that the generation of HCl is from the chloride units associated with the iron and the 

spent solution is primarily a MgCl2 solution with the same concentration as the initial MgCl2 

solution. This limits the applicability of this process to systems where no magnesium will build 

up in the circuit. It is especially effective where a MgCl2–HCl lixiviant is proposed for leaching 

and is the system under development for use at the Ferguson Lake massive Cu–Ni sulphide ore 

deposit in Northern Canada (Demopoulos et al. 2008). 
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A process flowsheet was developed for the Ferguson Lake orebody based on experiment work 

conducted by SGS Lakefield Research facility and is shown in Figure 11. This process uses a 

MgCl2–HCl lixiviant for the primary leach and a MgCl2– FeCl3 lixiviant for the secondary leach 

and produces copper, cobalt, nickel, precious metal, and iron products. The lack of significant 

impurities, especially magnesium, prevents the accumulation of undesirable elements in the 

circuit and particularly in the lixiviant regeneration circuit. In addition, the temperature of the 

hydrolysis phase will contribute significantly to the operating costs of the project. 
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Figure 11 Proposed flowsheet for the processing of the Ferguson Lake orebody using 

hydrolytic distillation (recreated from Harris & White 2008). This process uses a MgCl2–

HCl lixiviant for the primary leach and a MgCl2– FeCl3 lixiviant for the secondary leach 

and produces copper, cobalt, nickel, precious metal, and iron products. 
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2.3 Literature review conclusion 

With chloride hydrometallurgy increasing in popularity, the cost of HCl continuing to be high, 

and increasing environmental and social regulations being passed, lixiviant regeneration is 

becoming vital in many flowsheets under development. Pyrohydrolysis, the only form of HCl 

regeneration currently used in industry, is very energy intensive, resulting in its use in many 

flowsheets being uneconomic. Research into alternative HCl regeneration schemes is ongoing and 

many promising ideas have been proposed. The most extensively studied is the method using 

metal sulphate salt crystallization from CaCl2 solutions. This method has shown favourable 

economics and has the ability to produce valuable or at the very least environmentally safe by 

products; however, careful design and operational control is required in order to prevent operation 

impeding issues from arising. As such, further work on mitigating this complexity in operational 

control is needed in order to successfully scale up the process. 
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Chapter 3 

Experimental Setup and Methodology 

3.1 Materials and solution preparation 

3.1.1 Feed solutions 

For each experiment, the feed solution was prepared according to the conditions being studied 

using deionized (DI) water, MgCl2∙6H2O (ACS, 99.0-102.0% crystalline from Alfa Aesar), 

CaCl2∙2H2O (certified ACS, 99-105% from Fisher Scientific), FeCl2∙4H2O (99-102%, certified 

crystalline from Fisher Scientific), and/or NaCl (≥99.0%, certified ACS from Fisher Scientific). 

All solutions had an initial chloride concentration between 4 and 10 M and the metal chlorides 

were added on a percent contribution to total chloride concentration basis. Mass was measured 

using OHAUS Explorer precision balance which is accurate to 0.01 g. MgCl2 was the main 

chloride being studied and over half of the experiments used a pure MgCl2 solution. Initial 

solutions and feeds that used chloride concentrations above 8 M were heated to 80 °C and stirred 

using a heated stir plate until the solids were fully dissolved. The solution was then cooled and DI 

water was added to ensure the exact desired volume.  

For continuous experiment feed solutions containing FeCl2, 500 mL of DI water per 1 L of final 

solution was brought to a pH of 1.5 using HCl (certified ACS plus, 36.5-38% w/w from Fisher 

Scientific) before the addition of the chlorides in the following order: MgCl2 6H2O, CaCl2 2H2O 

(if applicable), NaCl (if applicable), and FeCl2 4H2O. This solution was then brought to the 

desired volume using DI water and stirred using magnetic stirring until fully dissolved. The 

addition of HCl was to reduce the amount of ferrous which oxidized to ferric during the 

preparation of the solution. This addition of HCl produced a transparent solution which resulted 

in far fewer issues with clogged lines in the continuous experiments when compared to feed 
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solutions prepared without the addition of HCl. Figure 12 shows the same solution made with pH 

adjusted DI water (left) and with normal DI water (right) 

 

Figure 12 Initial feed solutions containing iron made with and without pH controlled DI 

water. The addition of HCl was to reduce the amount of ferrous which oxidized to ferric 

during the preparation of the solution. This addition of HCl produced a transparent 

solution which resulted in far fewer issues with clogged lines in the continuous experiments 

when compared to feed solutions prepared without the addition of HCl. 

3.1.2 H2SO4 

Concentrated H2SO4 (certified ACS plus, 95-98% from Fisher Scientific) was used for all 

experiments. While Feldmann and Demopoulos demonstrated that reducing the concentration of 

the H2SO4 addition improved the crystal size of the precipitate in their CaCl2 work, concentrated 

acid was preferred in this project to ensure consistency among experiments. The solubility of 

MgCl2 6H2O and the water balance needed for the experiments conducted using an initial solution 

of 5 M MgCl2 rendered diluting H2SO4 impractical.  
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3.1.3 NaOH scrubber solution 

In order to facilitate the collection of HCl, the first scrubber was filled with 1 L of an alkaline 

NaOH solution.  

For each batch experiment, 1 L of 20 g/L NaOH scrubber solution was made by mixing 40 g of 

50% w/w NaOH (certified, 50% w/w from Fisher Scientific) with DI water in a 1 L volumetric 

flask. This solution was made daily prior to the start of the experiment to ensure no 

decomposition occurred. 

For each continuous experiment, 2 L of 10 g/L NaOH scrubber solution was made by mixing 40 g 

of 50% w/w NaOH with DI water in a 2 L volumetric flask. 1 L of this solution was then placed 

in the first scrubber for each reactor. Additional solution for circulation in these scrubbers was 

made in the same way and then emptied into the five-gallon reservoir. 

The second scrubber in all batch and continuous experiments was filled with 1 L of DI water. 

3.1.4 Titration solutions 

For the determination of HCl content of the scrubber samples, 9 to 10 mL of the sample was 

titrated using either a 0.25 M NaOH solution or 100 times diluted HCl. The NaOH solution 

concentration ranged from 1 M to 0.25 M and the dilution factor of the HCl ranged from 10 times 

to 100 times. These changes were conducted to increase the accuracy of the titration and are 

noted on each run sheet. DI water and 50% w/w NaOH solution (certified, 50% w/w from Fisher 

Scientific) was used to mix the 0.25 M NaOH titrant, and DI water and concentrated HCl 

(certified ACS plus, 36.5-38% w/w from Fisher Scientific) was used to mix the 100 times diluted 

HCl titrant. 
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3.2 Batch experiments 

Batch experiments were conducted to study the influence that temperature, initial chloride 

concentration, airflow, and H2SO4 addition have on the total HCl recovery of the system, the 

impact other cations have on the system and the reaction kinetics for this process.  

3.2.1 Batch experimental setup 

Experiments used a 500 mL Wilmad Lab Glass jacketed, flat flange cylindrical reaction vessel 

with a matching four neck reaction vessel lid (necks were 24/90). Heat was provided by a Cole 

Parmer digital Polystat circulating heater which was submerged in a stock pot filled with a 25% 

antifreeze solution. The antifreeze solution was chosen due to its slightly elevated boiling point 

reducing the risk of the jacketed reactor bursting due to increased pressure. Masterflex norprene 

tubing was used to connect the circulating heater to the reactor. The internal temperature of the 

reactor was measured using a Fluke 54 II B thermometer and a coated thermocouple. Stirring was 

achieved using a Fisher Scientific Thermix 210T stirring hot plate and a 1-inch magnetic stir bar.  

Compressed air was supplied using a compressed air cylinder (BOC Canada Limited) and 

regulated using a 0-1 L/min Key Instruments rotameter. An inverted disposable glass burette was 

used to sparge the air into the solution due to traditional spargers clogging very soon into early 

tests. H2SO4 was added to the reactor using a 30-mL syringe (Becton Dickinson general use 

syringes with Luer lock connections supplied by Fisher Scientific) with a 16-gauge needle 

(Becton Dickinson PrecisionGlide needle supplied by Fisher Scientific) through a septum stopper 

(FisherBrand Turnover Septum Stopper). The septum stopper was replaced prior to each 

experiment to ensure it maintained a proper seal.  

A circulating water cooler was used to cool a Liebig condenser to 8 °C for the duration of the 

experiment. The Liebig condenser had a 90° bend immediately after connecting to the reactor lid 
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in which it was placed at a slight angle (around 10°). This allowed any condensed liquid to flow 

away from the reactor and into the first scrubber. The condenser was connected to a double 

scrubber system. Each scrubber used a 1 L Erlenmeyer flask filled with 1 L of either a 20 g/L 

NaOH solution (for the first scrubber) or DI water (for the second scrubber). The tube connecting 

the condenser to the first scrubber passed through a stopper and was submerged to the base of the 

first scrubber. This open tube allowed any liquid formed to flow into the scrubber as an air 

sparger would trap the liquid and eventually clog. Another tube then led from the top of the first 

scrubber to an air sparger submerged to the base of the second scrubber. Another hole was placed 

in the stopper on the first scrubber as a sampling port in which a Nalgene 1/8-inch ID tube 

entered. One end was submerged in the scrubber solution and the other was externally connected 

to a 10-mL syringe which was clamped shut when not in use. This allowed for sampling of the 

first scrubber without opening it thereby ensuring a more accurate experiment. Figure 13 shows 

this setup during an early batch experiment. Rubber bands are visible on certain stoppers to avoid 

them popping off due to pressure, however this was never an issue and later experiments did not 

use the rubber bands. 
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Figure 13 Batch experiment setup. The various components include reaction vessel, septum 

stopper, thermocouple, air sparger, condenser and a double scrubber system. 

3.2.2 Batch experimental procedure 

All batch experiments used 200 mL of initial solution. This solution was placed in the reactor 

before the ground glass joint was greased using Dow Corning high vacuum grease and the lid 

placed on and clamped. The thermocouple, septum stopper, condenser, and air sparger were then 

secured in the lid of the reactor. The magnetic stirring was turned on, the circulating heater was 

then turned on to 2 to 3 °C warmer than the desired experiment temperature, and the reactor was 

left for approximately 2 h to reach temperature. During this time, the 20 g/L scrubber solution 

was made and the two scrubbers were appropriately filled and connected to the system. 

Once the reactor had reached the desired internal temperature, the compressed air cylinder was 

turned on and the rotameter set to the air flow rate for that experiment. The flow rate into the 

scrubbers was then observed to ensure no leaks were present in the system prior to the start of the 
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experiment. The heating of the circulating heater was reduced to prevent the system from 

overheating during the H2SO4 addition. The H2SO4 required for the experiment was added 

through the septum stopper a couple mL at a time, allowing proper air flow to resume and 

temperature to decrease between each addition. The addition of H2SO4 to this system is a highly 

exothermic reaction, however adding only a couple mL at a time reduced the temperature 

increase to less than 1.5 °C. The entire addition was timed to occur over the space of 15 min to 

ensure conditions were the same for all experiments.  

At the end of the H2SO4 addition, the circulating heater was again set for the necessary 

temperature to achieve the desired internal temperature. Air flows in the scrubbers were once 

again checked to ensure no leaks had developed during the H2SO4 addition. 

At predetermined sample times, a sample was taken from each of the scrubbers. From scrubber 

one the clamp was removed from the syringe, the flask was swirled, and a 10-mL sample was 

drawn. The tube immediately before the syringe was pinched to allow the syringe to be removed 

and emptied. Before reattaching it, the syringe was filled with air and this air was pushed through 

the tubing after reattaching the syringe to ensure the accuracy of the next sample. A single 

syringe was used to draw a 10 mL sample from the second scrubber which was open at the top. 

No HCl was found in the second scrubber; however, its presence is vital to ensuring the HCl is 

successfully collected in the first scrubber. 

At the end of the experimental equilibrium period, a final sample was taken from each scrubber, 

the air cylinder was closed, the circulating heater turned off, and the magnetic stirrer turned off. 

The experiment was then allowed to cool overnight before it was stirred in the morning and a 

large sample of the final internal solution was taken. 
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This sample was then allowed to resettle before the liquid was decanted, measured, recorded, and 

sampled. The solid was then weighed and sent for drying and analysis. 

3.3 Continuous experiments 

The continuous experiments in this project were designed to have two reactors connected in series 

with equal amounts of H2SO4 added to each. 

3.3.1 Continuous experimental setup 

Experiments used two 500 mL Wilmad Lab Glass jacketed, o-ring, flat flange cylindrical reaction 

vessel with matching four neck reaction vessel lids (necks were 24/90) and teflon o-rings. Heat 

was provided by two Cole Parmer digital Polystat circulating heaters which were submerged in a 

stock pot filled with a 25% antifreeze solution. Two circulating heaters were used as a single one 

had difficulty maintaining two jacketed reactors at the 95 °C temperature required for most of the 

experiments. As in the batch experiments, masterflex norprene tubing was used to connect one of 

the circulating heaters to the reactors. Stirring in the first reactor was achieved using the Fisher 

Scientific Thermix 210T stirring hot plate used in the batch experiments and the second reactor 

used a Cole Parmer Analog stirring hot plate with 1-inch magnetic stir bars in each reactor.  

Compressed air was supplied using a compressed air cylinder (BOC Canada Limited) and 

regulated using a 0-0.5 L/min VWR rotameter for the first reactor and a 0-1 L/min Key 

Instruments rotameter for the second reactor. An inverted disposable glass burette was used in 

each reactor to sparge the air into the solution. 

A circulating water cooler was used to cool a condenser attached to each reactor to 8 °C. The first 

reactor used a custom designed coil condenser complete with an 80° bend right after the 

connection to the reactor and the second reactor used the Liebig condenser described in the batch 
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experimental setup section. Each condenser was attached to a double scrubber system similar to 

that described in the batch experimental setup section but without the sampling port and using a 

10 g/L NaOH solution. 

The system used five Masterflex L/S computerized drive peristaltic pumps (all supplied by Cole 

Parmer Instrument Company) coupled with Masterflex L/S Easy-load II or III pump heads, and 

one Ismatec IPC series 8 channel pump. The first Masterflex pump used C-flex L/S 13 tubing to 

feed the initial solution into the first reactor. The second Masterflex pump fed slurry from reactor 

1 into reactor 2 using C-flex L/S 16 tubing. Finally, the slurry from reactor 2 was pumped into the 

outflow container using a third Masterflex pump and C-flex L/S 25 tubing. The outflow was 

collected in either a 250 mL or 500 mL Nalgene plastic bottle which was changed every 30 min. 

C-flex tubing was chosen for this application due to its high resistance to both concentrated 

H2SO4 and HCl as well as its high rated temperature maximum. The concentrated H2SO4 was 

pumped into each reactor using the first two channels of the Ismatec pump. C-flex L/S 16 tubing 

connected on either side of the two-stop tubing insert in the Ismatec pump (2.06 mm ID, purple-

purple Ismatec 2-stop colour coated tubing). Pumping rates for these four pumps depended on 

experimental conditions tested. 

The final two Masterflex pumps were used to circulate the alkaline 10 g/L NaOH solution in each 

reactor’s first scrubber. Both pumps used two heads to allow for each to pump in fresh solution 

and remove used solution and all four heads operated with C-flex L/S 16 tubing. A five-gallon 

reservoir was used to store the fresh alkaline solution and both pumps used this as their feed 

solution. Each pump had a separate waste container to collect the scrubber outflow. Both pumps 

were set to a flow rate of 17 mL/min – roughly 1 L/h. Figure 14 shows an overview of the 

continuous experimental setup.
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Figure 14 Continuous experiment setup. Components: A – reactor 1, B – reactor 2, C – condensers, D – airflow to spargers, E – two polystat circulating heaters in a stockpot, F – scrubber 

1 for reactor 2, G – scrubber two for reactor 2, H – scrubber 1 for reactor 1, I – scrubber two for reactor 1, J – outflow container, K – H2SO4 pump, L – pump between reactor 1 and 

reactor 2, M – pump from reactor 2 to outflow container, and N – everything out of frame including inflow pump, scrubber reservoir, pumps, and waste containiners, water cooler, 

compressed air cylinder, and two rotameters. 
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3.3.2 Continuous experimental procedure 

3.3.2.1 Reactor cleaning and initial setup 

As continuous experiments were typically run daily, the solution from the previous day’s 

experiment had to be removed from the reactor before the new experiment could begin. After the 

old solution was poured out, the reactor was rinsed three times with sufficient DI water to remove 

any residue from the previous experiment. The joint between the reactor, the lid, and the o-ring 

were wiped to removed old grease.  

Initial solution volumes were calculated based on a final system output of 3 mL/min and a 

residence time of 1 h in each reactor. These varied between 114 to 135 mL depending on initial 

chloride concentration and stoichiometric H2SO4 addition. The calculated amount was measured 

in a volumetric cylinder and placed in each reactor. The circulating heaters were then set for 2 °C 

above the desired experiment temperature and turned on along with the stirring plates. While the 

system reached temperature the inflow, middle, and outflow tube lines were primed using the 

experiment’s initial feed solution and the H2SO4 tube lines were primed using concentrated 

H2SO4. After priming, the flow rate for each pump was verified to ensure accuracy at the flow 

rates designated for the experiment. Both the feed and middle pumps tended to read higher than 

they measured outflow and this was corrected by increasing their flowrate until the set and 

measured flowrates were equal. The tubes were then carefully moved to and secured in the 

reactors. The H2SO4 reservoir was uncovered and filled with fresh concentrated H2SO4. The air 

spargers were placed in the reactors along with the condensers. The water cooler was set to 8 °C 

and turned on. The scrubbers were filled with either 10 g/L NaOH solution (first scrubber for 

each reactor) or DI water (second scrubber for each reactor) and connected to the system. A new 

outflow container was labeled and the outflow tube placed in it. 
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The scrubber tubes were primed with 10 g/L NaOH solution and the ends placed in the scrubber 

reservoir. The scrubber reservoir was then filled with fresh 10 g/L NaOH solution. 

3.3.2.2 Initial H2SO4 addition 

After a first continuous run concluded that immediately starting all the pumps at their continuous 

settings yielded extremely long equilibrium times (the experiment never reached equilibrium), it 

was decided to have an initial H2SO4 addition to bring the H2SO4 concentration in the reactors up 

to around equilibrium levels. The amount of the initial H2SO4 addition was based on each 

experiment’s initial starting volume (which is equal to the feed rate per hour) and stoichiometric 

H2SO4 addition. The full amount of the hourly H2SO4 addition was added to the second reactor 

while half of the total hourly H2SO4 addition was added to the first reactor. This was due to the 

view that because each reactor receives half of the total hourly H2SO4 addition during normal 

continuous operation, reactor 1 sees half of this addition however as this solution is then pumped 

to reactor 2, reactor 2 sees almost the full stoichiometric H2SO4 addition (minus the amount that 

reacted in reactor 1). 

The addition rate for this stage was calculate based on a total addition time of 15 min to remain 

consistent with the batch experiments. When the H2SO4 pump flow rates were verified during the 

initial setup, both this flow rate and the flow rate to be used during continuous operation were 

checked. 

The airflow was turned on for reactor 2 and proper bubbling was checked at the rotameter and in 

its scrubber system to ensure that no leaks were present. The H2SO4 tube connected to reactor 1 

was removed from the H2SO4 pump to ensure acid is only pumped into reactor 2 at the beginning. 

The H2SO4 pump was then turned on for the first 7.5 min. Once this time had elapsed, the pump 

and stopwatch were paused while the H2SO4 tube connected to reactor 1 was put back into the 
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pump and the airflow to reactor 1 was turned on. Airflow values shown on the rotameters were 

then checked to ensure both were still accurate and proper bubbling was checked in all four 

scrubbers. The H2SO4 pump (and stop watch) were then resumed until the total 15-minute 

addition time was complete. 

3.3.2.3 Continuous mode operation 

Once the 15-min initial addition time had elapsed, the H2SO4 pump was lowered to its continuous 

mode flowrate and all five other pumps were turned on to their continuous mode flowrates. 

Airflow was checked again in the scrubbers and at the rotameters to ensure no leaks had 

developed. 

3.3.2.3.1 Sample taking 

During the experiment, beginning at the end of the H2SO4 addition phase, five samples were 

taken every 30 min: 

- The bottle collecting the outflow was changed. As some experiments produced little 

precipitate, this solution was captured continuously during each 30 min period with the 

aim of having sufficient solids for analysis. The outflow samples were put aside to allow 

any precipitates to settle. 

- A grab sample was taken from the outflow of each of the scrubber pumps (2). These 

samples were assumed to be representative of the solution currently in the scrubber and 

when titrated were used to calculate the dissolved HCl in each scrubber. 

- A composite sample was taken from each scrubber pump’s waste container (2). While the 

other pumps used in this setup were generally found to be very accurate and consistent, 

the scrubber pumps were found to be very inconsistent. This may be due to their much 

higher flow rate. To accurately determine HCl recoveries, the waste containers were 
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emptied every 30 min, the volume of the solution measured, and then sampled. This 

volume and titration results from these samples allowed the cumulative HCl recovery to 

be determined for each reactor 

In addition to those samples every 30 min, the following samples were also taken during the 

experiment: 

- A grab sample was taken from the outflow of each of the scrubber pumps approximately 

5 min following the end of the initial H2SO4 addition (two samples). This allowed 

sufficient time for the outflow to be composed of the scrubber solution as opposed to the 

primed solution and when the sample was titrated the recovery during the addition time 

could be calculated. 

- A sample from each of the second scrubbers was taken at the end of each experiment 

(two samples). This was used to ensure all HCl was recovered in the first scrubber. For 

every experiment, HCl was not recovered in the second scrubber. 

3.3.2.3.2 Flow rate verification 

Every hour, the flow rate for the feed, outflow, and H2SO4 pumps were verified. For the feed and 

H2SO4 pumps, this was done by filling a 10-mL volumetric cylinder with the feed solution or 

concentrated H2SO4, submerging the tubing in it for a min, and reading the volume before and 

after. For the outflow, the tube was placed in an empty 10 mL volumetric cylinder and the 

amount collected over a min was read. While the feed pump tended to have a lower flow rate than 

that the set flow rate, it remained consistent once the proper value was found during the initial 

setup. The other pumps were found to read accurately.  

The flow rate of the middle pump could not be verified during the experiment as both ends are 

contained within the reactors and removing one would affect the HCl recovery results for the 
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experiment. The proper flowrate was therefore verified by the visually confirmed maintenance of 

a constant volume in each reactor. 

The two scrubber pumps were found to be very inaccurate as previously discussed. Their flowrate 

was therefore never checked and instead the total outflow over each half hour period was 

measured and this was used for calculations. This inaccuracy does not affect the results due to the 

calculations included a cumulative volume instead of using the flowrate. 

3.3.2.3.3 Line clogging 

A common issue in many laboratory bench scale continuous experiments of this type is line 

clogging. Many of the continuous experiments that contained two or more initial metal chlorides 

experienced multiple clogging instances. In particular, the experiments containing calcium 

typically clogged frequently. This was expected due to the consistency of the precipitate formed 

in calcium containing batch experiments being a thick ‘gel’ consistency (see 4.4.1 and 4.6.1). 

Clogs were quickly noticeable due to the pump jumping and causing a clicking noise. 

Many of the clogs formed could be cleared with no expected influence on the experimental 

results. The best method of clearing a clog was to reverse the pump and then use the prime button 

to expel a clog if it had formed near the start of the hose. This worked most of the time it was 

used and as clogs were caught early and freed quickly without opening a reactor, it was assumed 

this would have no impact on the experiments results. The last resort was to temporarily turn off 

the air into a reactor and remove a hose to either cut off a clog or massage it out. This second 

method was assumed to impact the experiment and as such the experiment was either repeated or 

the results past the time of the clog are not reported in this thesis. 
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3.3.2.4 Experiment conclusion and take down 

Continuous experiments were run for 3 to 5 h post initial addition. The target duration was 4 h; 

however, some experiments were ended early due to large clogs in the pump lines which would 

impact the HCl recovery obtained. The FeCl2- MgCl2 experiment was conducted for 5 h as this 

solution took longer to reach equilibrium as a batch experiment. 

At the end of the experiment, once the final samples were taken, the pumps were stopped and the 

circulating heater, stirring plates, water cooler, and airflow were all turned off. The scrubbers 

were disconnected, emptied, rinsed, and put aside.  

These lines were then purged of their respective solutions before DI water was purged through 

them. DI water was purged until the outflow was clear or for 2 min, whichever was longer. The 

H2SO4 lines were purged for at least 5 min due to the increased risk of tubing degeneration caused 

by the concentrated H2SO4. The DI water was then purged from the lines before their exteriors 

were dried and they were placed to the side. The lines were then released from the pumps. This 

was all done to ensure there would be no contamination of future experiments and extend the life 

of the tubing. 

The top of the remaining H2SO4 was covered to ensure its accuracy for the next experiment and 

the scrubber solution reservoir sealed.  

The air spargers were removed from the reactors and left in a beaker of water overnight to 

dissolve any clogs or residue present. 

3.4 Batch and continuous experiments at 100 °C 

When experimental conditions dictated a temperature over 100 °C an alternate heating system 

had to be used. This was due to the 25% antifreeze solution beginning to boil just over 100 °C. 
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For these experiments, a non-jacketed 500 mL Wilmad Lab Glass flat flange reactor was placed 

in a 1500 mL beaker which was half filled with silicone oil. The relative sizes allowed the lip of 

the reactor to rest on the top of the beaker and approximately 1 inch of space was left between the 

bottom of the reactor and the base of the beaker. The stirring hot plates were then used to provide 

magnetic stirring as well as heat for the duration of these experiments. A thermocouple in each 

reactor connected to the Fluke 54 II B thermometer allowed for constant temperature monitoring 

due to its dual input ability. Besides the modifications listed, the rest of the setup remained 

identical to the description in the batch and continuous experimental sections. Figure 15 is a 

picture taken during the 100 °C batch experiment. 

 

Figure 15 100 °C batch experiment. In the back center, the reactor can be seen submerged 

in the beaker of silicone oil. The magnetic stirrer can be seen at the base of the reactor. 
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During these experiments, it was found that beginning the air addition drastically lowered the 

internal temperature of the reactor and as a result the air had to be turned on in advance of the 

H2SO4 addition. During the first experiment using this setup, temperature control was difficult 

and fluctuations of 5 °C were common in the first hour of the experiment. This was corrected in 

later experiments. 

3.5 Function of the double scrubber system 

As previously stated, the intention of this project was to develop a process for the regeneration of 

HCl from barren, primarily MgCl2, leach solutions. The scope of this project did not include 

developing the recovery method of the produced HCl gas. As such, a rudimentary double 

scrubber system was used to ensure full collection and provide proof of the HCl recovery of the 

process. 

The HCl gas produced in this process is a dense white vapour that is heavier than air. While the 

condenser aids any water vapour produced to condense, it does not condense the HCl. In addition, 

the alkaline scrubber solution does not readily neutralize or dissolve the HCl, even when a glass 

or plastic air sparger is used instead of the open tube described. Instead, the HCl vapour forms a 

dense cloud on the surface of the liquid and slowly dissolves into solution. 

Initial experiments not included in this thesis found that when a single open scrubber was used, 

HCl was visibly lost as it slowly drifted out of the scrubber. As such, a double scrubber system 

was designed where an open-ended tube connected to the condenser was submerged in a closed 

first scrubber. The open tube allows any condensed water vapour to flow into the scrubber. A 

second tube in this closed first scrubber is connected to a plastic sparger submerged in an open 

second scrubber. This system is shown in Figure 16. Also, observable in Figure 16 is the thick 

cloud that the HCl vapour forms on the surface of the liquid in scrubber 1. 
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Figure 16 Double scrubber system with scrubber 1 on the right and scrubber 2 on the left. 

The fog seen in scrubber 1 is gaseous HCl and none is visible in scrubber 2. 

By sampling both scrubbers throughout batch and continuous experiments it has been found that 

all the HCl produced is collected in scrubber 1. This also proves that no HCl is lost from the 

system; as a lack of HCl found in scrubber 2 indicates that no HCl reaches scrubber 2. It is 

hypothesized that the pressure created in the first scrubber by the addition of the second scrubber 

aids dissolution of the HCl in that scrubber. It is also believed that this pressure as well as the 

elevation of the tube from the first scrubber to the second keeps the dense vapour in the first 

scrubber. 
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While this double scrubber system has been shown to collect all the HCl vapour produced by the 

system, it is not suitable for use in the final process due to its collection of dilute HCl. As 

previously discussed, HCl must be suitably concentrated for recycling into the leaching circuit in 

order for this process to be feasible for use in industry and this method of collection does not 

accomplish that. 

3.6 Titration of scrubber samples 

All the samples taken during each experiment were titrated using a 0.25 M NaOH solution (if 

sample was acidic) or 100 times diluted HCl solution (if sample was basic). pH was measured 

using a Fisher Scientific accumet AB150 pH and mV benchtop meter and a matching accumet pH 

probe. The pH probe was calibrated before each use using pH 4, 7, and 10 standards (certified 

from Fisher Scientific). The calibration standards were replaced bi-weekly to ensure accuracy. 10 

mL burettes were first rinsed with DI water, then rinsed with the titrant before being filled for 

titration. Sample volumes varied largely in some cases, so 9 to 10 mL of each sample was 

measured in a 10 mL volumetric cylinder and then placed in a 25-mL beaker. This sample 

volume used was recorded on a run sheet. The pH of the solution was read to determine the 

appropriate titrant and the titrant to be used was recorded on the run sheet. The sample was then 

titrated to a pH of 7 and the amount of titrant used was recorded. 

3.7 Solid and liquid analysis 

All the liquid samples produced in the batch and continuous experiments were analyzed for 

magnesium, chloride, sulphur, and, if applicable, sodium, calcium, and iron by the Analytical 

Services Group at CanmetMINING. XRD was performed at CanmetMINING on selected solid 

samples. 
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All solids produced in the batch and continuous experiments were sent to the Robert M. Buchan 

Department of Mining at Queen’s University. These solids were then dried in a vacuum oven at 

50 °C before carbon sulphur analysis to determine the sulphur content and atomic absorption 

spectroscopy (AA) to determine magnesium, calcium, sodium, and iron contents were performed. 

Thermogravimetric analysis (TGA) were performed on select samples. 
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Chapter 4 

Batch Experiment Results and Discussion 

4.1 First series of batch experiments - preliminary full factorial design matrix 

experiments 

Initially three main parameters were chosen for investigation using a full factorial design matrix; 

temperature, initial MgCl2 concentration, and stoichiometric H2SO4 addition. While other factors 

were acknowledged to likely impact HCl recoveries, it was hypothesized that these three would 

have the largest impact. The parameter limits were chosen based on known kinetic information, 

prior research, or practical limits. The upper temperature chosen was 95 °C, and the lower 

temperature of 85 °C was chosen to provide a 10 °C range. The highest molarity of MgCl2 

solution achievable at room temperature in the lab was found to be around 4 M, so this was 

chosen as the upper bound for the initial MgCl2 concentration, with a lower bound of 3 M 

providing an adequate range. A stoichiometric H2SO4 addition range of 130% to 220% was based 

on an originally planned for central composite design which would have included 100% and 

250% as its ‘star’ points. It was later decided not to complete the full central composite design 

due to the results of the full factorial design. The experimental matrix is shown in Table 2 along 

with the HCl recoveries achieved in each experiment. Also included are parameter and 

experiment labels for later analysis. In order to reduce experimental bias, these experiments were 

conducted in a random order. 
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Table 2 Batch full factorial design experiments which include temperature, initial MgCl2 

concentration and stoichiometric H2SO4 conditions as well as HCl recovery achieved. All 

experiments were conducted using an airflow of 350 mL/min. 

Analysis of this data was based on Design and Analysis of Experiments. The effect of each factor 

and the effect of interaction between the factors were calculated according to equations 10-16 

(Montgomery, 2013). The results are shown in Table 3 along with their percent contribution to 

the HCl recovery as calculated using equations 17 and 18. 

𝐴 =
1

4𝑛
(𝑎 − (1) + 𝑎𝑏 − 𝑏 + 𝑎𝑐 − 𝑐 + 𝑎𝑏𝑐 − 𝑏𝑐) (10) 

𝐵 =
1

4𝑛
(𝑏 + 𝑎𝑏 + 𝑏𝑐 + 𝑎𝑏𝑐 − (1) − 𝑎 − 𝑐 − 𝑎𝑐) (11) 

𝐶 =
1

4𝑛
(𝑐 + 𝑎𝑐 + 𝑏𝑐 + 𝑎𝑏𝑐 − (1) − 𝑎 − 𝑏 − 𝑎𝑏) (12) 

𝐴𝐵 =
1

4𝑛
(𝑎𝑏𝑐 − 𝑏𝑐 + 𝑎𝑏 − 𝑏 − 𝑎𝑐 + 𝑐 − 𝑎 + (1)) (13) 

𝐴𝐶 =
1

4𝑛
((1) − 𝑎 + 𝑏 − 𝑎𝑏 − 𝑐 + 𝑎𝑐 − 𝑏𝑐 + 𝑎𝑏𝑐) (14) 

𝐵𝐶 =
1

4𝑛
((1) + 𝑎 − 𝑏 − 𝑎𝑏 − 𝑐 − 𝑎𝑐 + 𝑏𝑐 + 𝑎𝑏𝑐) (15) 

Temperature, °C 

(A) 

Initial MgCl2 

Concentration, M (B) 

Stoichiometric H2SO4 

Addition (C) 
HCl Recovery, % Labels 

95 4 220% 54.0% abc 

85 4 220% 48.4% bc 

95 4 130% 34.9% ab 

85 4 130% 31.3% b 

95 3 220% 34.0% ac 

85 3 220% 24.8% c 

95 3 130% 17.4% a 

85 3 130% 19.9% (1) 
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𝐴𝐵𝐶 =
1

4𝑛
(𝑎𝑏𝑐 − 𝑏𝑐 − 𝑎𝑐 + 𝑐 − 𝑎𝑏 + 𝑏 + 𝑎 − (1)) (16) 

𝑆𝑢𝑚 𝑜𝑓 𝑆𝑞𝑢𝑎𝑟𝑒𝑠𝑖 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐸𝑓𝑓𝑒𝑐𝑡𝑖

2
 (17) 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛𝑖 =
𝑆𝑢𝑚 𝑜𝑓 𝑆𝑞𝑢𝑎𝑟𝑒𝑠𝑖

𝑇𝑜𝑡𝑎𝑙 𝑆𝑢𝑚 𝑜𝑓 𝑆𝑞𝑢𝑎𝑟𝑒𝑠
 (18) 

Table 3 Batch experiment full factorial design factor effects and interactions. The average 

effect and sum of squares provide an idea of the impact of each factor as well as the 

interaction between factors and result in a percent contribution which shows the relative 

impact.  

Factor Average Effect Sum of Squares Contribution, % 

A 2.15 18.52 2.18 

B 11.74 551.66 64.85 

C 7.86 246.94 29.03 

AB 0.22 0.20 0.02 

AC 1.84 13.49 1.59 

BC 1.59 10.09 1.19 

ABC -1.56 9.75 1.15 

Total - 850.64 100 

As the percent contribution can be used as a rough measure of the relative importance of each 

factor, it can be seen that the two most influential factors are B (initial MgCl2 concentration) and 

C (stoichiometric H2SO4 addition).  

Design Expert 10 was used to analyze the data, model the reaction, and graphically analyze the 

effect of each factor and the interaction of factors. Figure 17 demonstrates the effect that the 

stoichiometric H2SO4 addition and temperature have on the HCl recovery when a 4 M initial 

MgCl2 solution is used. From the orientation of the gradient lines on the plot, the stoichiometric 

H2SO4 addition has a larger impact on the HCl recovery than temperature. For instance, 

increasing the H2SO4 addition from 130% to 220% at 95 °C increases the recovery by 19.1% 
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(from 34.9% to 54.0%) whereas increasing the temperature from 85 °C to 95 °C with a 220% 

stoichiometric H2SO4 addition only increases the recovery by 5.6% (from 48.4% to 54.0%).  

 

Figure 17 The effect of changing the stoichiometric addition and temperature when the 

initial concentration is 4 M. In this graph, red indicates the highest recovery followed by 

orange, yellow, and then green with the lowest recovery. From the orientation of the 

gradient lines on the plot, the stoichiometric H2SO4 addition has a larger impact on the HCl 

recovery than temperature. 

Initial MgCl2 concentration is also very influential as seen in Figure 18. Increasing the 

concentration from 3 to 4 M at 95 °C yields an increase in recovery of 20% (from 34.0% to 

54.0%) whereas increasing the temperature from 85 °C to 95 °C in a 4 M solution only increases 

the recovery by 5.6% (from 48.4% to 54.0%). 
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Figure 18 The effect of changing the initial concentration and temperature when the 

stoichiometric addition is 220%. In this figure, red indicates the highest recovery and blue 

the lowest. Initial MgCl2 concentration was found to be more influential than temperature 

at these ranges. 

Conversely, Figure 19 demonstrates the equal influence that initial MgCl2 concentration and 

stoichiometric H2SO4 addition have on the HCl recovery. Figure 20 provides a three-dimensional 

view of this relationship. Increasing the initial MgCl2 concentration from 3 M to 4 M with a 

220% stoichiometric H2SO4 addition increases the HCl recovery by 20% and increasing the 

stoichiometric H2SO4 addition from 130% to 220% with an initial MgCl2 concentration of 4 M 

increases the HCl recovery by 19.1%. While this indicates the relative importance of initial 

MgCl2 concentration and H2SO4 addition, for this analysis all three parameters were only studied 

over a small range. The impact of increasing this range will be discussed beginning in 4.2.  
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Figure 19 The effect of changing the initial concentration and stoichiometric addition when 

the temperature is 95 °C. In this figure, red indicates the highest recovery and blue the 

lowest. The gradient lines indicate the relatively even influences that initial concentration 

and stoichiometric addition have on HCl recovery. 

 

Figure 20 3D view of the effect of initial concentration and stoichiometric addition on 

recovery when the temperature is 95 °C. In this figure, red indicates the highest recovery 

and blue the lowest. 
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Initial analysis shows that this reaction behaves predictably with respect to initial chloride 

concentration and H2SO4 addition. According to Le Chatelier’s Principle, an increase in 

concentration of a reactant drives the reaction towards the products resulting in a larger yield. As 

both chloride and H2SO4 are reactants, this reaction is found to follow Le Chatelier’s Principle. 

With respect to temperature however, this exothermic reaction does not follow Le Chatelier’s 

Principle which states than an increase in temperature should decrease the yield of an exothermic 

reaction. A possible explanation for this behaviour is that increasing the temperature of the 

reaction promotes volatilization of the HCl. While according to Le Chatelier’s Principle less HCl 

would be produced in higher temperature systems, an increase in the proportion of HCl that 

vapourizes would still result in a higher HCl recovery in the scrubber systems. 

As a result of the analysis of this design of experiments, a baseline set of conditions was defined 

as 95 °C, 4 M initial MgCl2 concentration, and 220% stoichiometric H2SO4 addition. These were 

chosen as the upper range of each factor as they each produced the highest HCl recovery. As 

well, the air flow used during these experiments, 350 mL/min was included in this baseline 

definition. Future batch work focused on the effect that each factor had on HCl recovery while 

the other remained at this baseline level. 

4.2 Second series of batch experiments – MgCl2 solutions 

The second series of batch experiments were conducted to further study the baseline defined by 

the factorial design matrix. In most experiments, one parameter was altered from its baseline level 

to study that parameter’s influence on the recovery. The range studied for each parameter 

expanded on the range chosen for the first series as well as filling data in within the first series 

range. A number of experiments were also conducted at non-baseline conditions to study the 
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reaction trends. Table 4 shows the combined set of experiments conducted in the first and second 

series of batch experiments. 

Table 4 Compiled first and second series of batch experiments. Each experiment’s airflow, 

temperature, stoichiometric H2SO4 addition, and initial MgCl2 concentration is given as well 

as the resulting HCl recovery. 

Air flow 
(mL/min) 

T (°C) 
Stoichiometric H2SO4 

addition 
Initial MgCl2 

concentration (M) 
HCl recovery 

350 85 130% 3 19.9% 

350 95 220% 4 54.0% 

350 85 130% 4 31.3% 

350 85 220% 4 48.4% 

350 95 130% 3 17.4% 

350 95 220% 3 34.0% 

350 85 220% 3 24.8% 

350 95 130% 4 34.9% 

400 95 220% 4 56.3% 

200 95 220% 4 47.7% 

350 75 220% 4 25.6% 

350 90 220% 4 47.2% 

350 95 175% 4 39.0% 

350 95 220% 3.5 41.2% 

275 95 220% 4 48.4% 

450 95 220% 4 51.7% 

500 95 220% 4 52.0% 

600 95 220% 4 52.0% 

350 95 220% 2 20.9% 

350 95 220% 4.5 52.6% 

350 95 220% 5 60.0% 

350 95 100% 4 16.0% 

350 95 150% 4 31.7% 

350 95 200% 4 44.8% 

350 95 300% 4 64.6% 

350 100 220% 5 61.7% 
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4.2.1 Effect of temperature 

The temperature range studied was increased from 75 °C to 100 °C at the baseline conditions. 

Figure 21 shows the relationship between temperature and total HCl concentration. The HCl 

recovery from the MgCl2 solution has increased from 25.6% to 54% by increasing the 

temperature from 75 °C to 95 °C. 

 

Figure 21 The effect of temperature on HCl recovery in pure MgCl2 batch experiments. All 

experiments had an airflow of 350 mL/min with the other conditions listed in the legend as 

stoichiometric H2SO4 addition followed by initial chloride concentration. “Other 

conditions” include varying H2SO4 additions, initial chloride concentrations, and airflows. 

The HCl recovery from the MgCl2 solution has increased from 25.6% to 54% by increasing 

the temperature from 75 °C to 95 °C. 

As this reaction is exothermic, Le Chatelier’s Principle would predict a lower reaction yield, 

however the opposite is found in most of these batch experiments. As previously discussed, it is 
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believed that higher temperatures promote the volatilization of HCl in this system. Figure 21 

expands upon the calculated influence of each factor determined in the first series of experiments; 

while temperature was the least influential factor when it was studied between 85 °C and 95 °C, it 

is clearly increasingly influential at lower temperatures. The only data that does not follow this 

trend were the experiments conducted at 130% stoichiometric H2SO4 addition, 3 M initial MgCl2 

concentration, and 350 mL/min where a slight decrease in HCl recovery of 2.5% (from 19.9% to 

17.4%) occurred when the temperature was increased from 85 °C to 95 °C. It is possible that at 

these lower recoveries, the decrease in yield predicted by Le Chatelier’s Principle is higher than 

the increased volatilization of HCl seen in higher temperatures. Despite the unexpected trend, the 

difference between the two HCl recoveries is only 2.5% and, as a recovery this low would not be 

desirable in industry, the behaviour of the system in this range is not applicable to 

commercialization efforts. For the baseline conditions, a second order polynomial equation best 

fits the data, with the line and r-squared numbers displayed in Figure 21. The two experiments 

conducted with 5 M initial MgCl2 concentrations follow the same slight upwards trend as the 

baseline experiments from 85 °C to 95 °C supporting the likely continuation of this trend until at 

least 100 °C. 

4.2.2 Effect of stoichiometric H2SO4 addition 

To expand upon the first series of experiments, the stoichiometric H2SO4 addition was studied 

from 100% to 300% at baseline conditions with several values introduced between the original 

130% to 220% range. The correlation between stoichiometric H2SO4 addition and HCl recovery 

is shown in Figure 22. HCl recovery was found to have a strong, increasing linear trend at 

baseline conditions, from 16.0% at 100% stoichiometric H2SO4 addition to 64.6% at 300%. Only 

one experiment, that with a 130% stoichiometric addition which had an HCl recovery of 34.9%, 

appearing to be an outlier and affecting the r-squared value. At the other displayed conditions, the 
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trend is similar in direction and slope; with HCl recovery increasing with increasing 

stoichiometric H2SO4 addition.  

 

Figure 22 The effect of stoichiometric H2SO4 addition on HCl recovery in pure MgCl2 batch 

experiments. All experiments had an airflow of 350 mL/min with the other conditions listed 

in the legend as temperature followed by initial chloride concentration. “Other conditions” 

include varying temperatures, initial chloride concentrations, and airflows. HCl recovery 

was found to have a strong, increasing linear trend at baseline conditions, from 16.0% at 

100% stoichiometric H2SO4 addition to 64.6% at 300%. 

4.2.3 Effect of initial MgCl2 concentration 

While in a laboratory setting a 4 M solution is about the highest concentration of MgCl2 solution 

that can be made at room temperature, 5 M solution can be made by heating up the solution and 

mixing it for 4 h. Once properly dissolved, the 5 M solution is stable at room temperature. It was 

therefore decided to expand the baseline to 5 M and also to conduct an experiment at 2 M. This 

expanded baseline, as well as the other defined conditions, followed the trend observed in the first 
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series of batch experiments; that of increasing HCl recovery from 13.0% to 60.0% with 

increasing the initial MgCl2 concentration from 2 M to 5 M. Figure 23 shows these trends but 

does not include a trendline for the baseline as none are an accurate fit for the data due to the 

deviation from linearity observed in the middle section between 3 and 4.5 M. 

 

Figure 23 The effect of initial MgCl2 concentration on HCl recovery in pure MgCl2 batch 

experiments. All experiments had an airflow of 350 mL/min with the other conditions listed 

in the legend as temperature followed by stoichiometric H2SO4 addition. “Other conditions” 

include varying temperatures, stoichiometric H2SO4 addition, and airflows. A roughly 

linear trend was found with increasing HCl recovery from 13.0% to 60.0% being produced 

with increasing the initial MgCl2 concentration from 2 M to 5 M. 

4.2.4 The effect of air flow 

Air flow experiments were only conducted at baseline conditions mainly due to an assumed lack 

of interaction between air flow and other parameters, but also owing to its exclusion as a 
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parameter from the first series of tests. Air flows between 200 mL/min and 600 mL/min were 

studied with the results shown in Figure 24. The HCl recovery increases from 47.7% to 52.0% by 

increasing the air flow rate from 200 mL/min to 600 mL/min. It is clear that while the data 

displays an upwards trend with increasing air flow, 94.5%of this increase occurs at the lower end 

of the range between 200 to 400 mL/min, with insignificant increase above 400 mL/min. This 

indicates that at 95 °C, 500 mL/min of airflow is sufficient to achieve maximum HCl 

volatilization in this system. While airflow was previously thought to act independently from 

temperature, initial chloride concentration, and H2SO4 addition, further analysis of the behaviour 

of the system at changing temperatures may indicate an interaction between airflow and 

temperature. As increasing temperature is thought to promote the formation of HCl gas over 

aqueous HCl, it is possible that experiments with lower temperatures would benefit from 

increased airflow. 

 

Figure 24 The effect of air flow on HCl recovery in pure MgCl2 batch experiments. These 

experiments were conducted using a 4 M MgCl2 solution at 95 °C and a stoichiometric 

H2SO4 addition of 220%. 94.5% of the total HCl recovery increase occurs at the lower end 
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of the range between 200 to 400 mL/min, with insignificant increase above 400 mL/min. 

This indicates that at 95 °C, 500 mL/min of airflow is sufficient to achieve maximum HCl 

volatilization in this system. 

4.3 HCl recovery as a function of time in the first two series of batch experiments 

Vital to any process under development is an understanding of the kinetics of the reactions taking 

place. A simple manner of understanding these kinetics is by observing the cumulative recovery 

as a function of time. The first two series of batch experiments were continued for 2 or 3 h after 

the start of the H2SO4 addition; with the time being reduced from 3 to 2 h after many experiments 

established the equilibrium time for this reaction. Figure 25 displays the kinetics data for the 

experiments where samples were taken from the scrubber at the 0.5, 1, 1.5, 2, 2.5 and 3 h marks. 

It is clear from this data that most experiments reach their equilibrium point by 1 h after the start 

of the sulfuric acid addition and achieve insignificant (less than 5%) HCl recovery beyond that 

point. Two experiments, one conducted at 85 °C, 130% stoichiometric H2SO4 addition and 4 M 

initial MgCl2 concentration and one at 95 °C, 220% stoichiometric H2SO4 addition and 3 M initial 

MgCl2 concentration, did continue recovering more HCl after the 1 h mark, which are the 

experiments with lower recoveries, but all reach their full HCl recovery amounts by 2 h. This is 

likely due to the fact that all these experiments are those with higher stoichiometric H2SO4 

additions, increased temperature, and/or higher initial chloride concentrations which should all 

result in more opportunity for successful reactions to occur according to the collision theory. 



 

 

63 

 

 

Figure 25 HCl recovery as a function of time for earlier first and second series batch 

experiments. These experiments had temperatures between 85 °C and 95 °C, an airflow of 

350 mL/min, stoichiometric H2SO4 additions between 130% and 220%, and initial MgCl2 

concentrations between 3 and 4 M. Most experiments reach their equilibrium point by 1 h 

after the start of the sulfuric acid addition and achieve insignificant (less than 5%) HCl 

recovery beyond that point.  

As the majority of the reaction occurs prior to the 1 h mark, in the kinetics experiments, the 

kinetics samples were collected every 15 min for the first h and then every 30 min until 2 h. 

Figure 26 includes all the HCl recoveries as a function of time for these experiments. The trend 

for the HCl recovery over the first h is not as clear as the trend observed in Figure 25, with some 

experiments achieving nearly full recovery by 30 or 45 min and some having a gradual increase 
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until the 1 h mark sample. However, all the samples with final recoveries above 40%, tests FB1, 

FB2, FB3, FB4, FB5, FB7, FB8, FB11, and FB12, recover at least 30% in the first 15 min of the 

experiment. This first 15 min corresponds to the addition period, meaning for most of the 

experiments a large portion of the recovered HCl is recovered during the addition phase of the 

experiments. 

 

Figure 26 HCl recovery as a function of time for the latter second series batch experiments. 

These experiments had temperatures between 75 °C and 100 °C, airflows between 200 

mL/min and 600 mL/min, stoichiometric H2SO4 additions between 100% and 300%, and 

initial MgCl2 concentrations between 2 and 5 M. All the experiments with final recoveries 

above 40%, recover at least 30% in the first 15 min of the experiment. 
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4.4 Batch experiments incorporating other cations 

An important component of this project was to determine the effect other cations may have on the 

total HCl recovered. Three elements in particular were of interest: calcium, iron, and sodium. 

These elements were chosen due to their relative abundance in many laterite and rare earth 

element barren leach solutions. Iron in particular is extremely common in many ores and is 

abundant in many leach solutions. 

4.4.1 Calcium containing batch experiments 

A great deal of work has been done by Demopoulos and his group on metal sulphate salt 

crystallization, particularly on CaCl2 solution, as discussed in the literature review of this thesis. 

Several of his papers discuss the characteristics of the precipitate formed and its tendency to form 

a thick ‘gel-like’ substance under many conditions. As expected, many issues with the calcium 

containing solutions forming ‘gel-like’ substances affecting stirring and thereby affecting 

recovery were encountered during this project.  

Four batch experiments were conducted with mixed MgCl2 and CaCl2 solutions; two without any 

form of seed and two with 20 g/L gypsum seed. The two experiments which did not use seed 

experienced significantly reduced stirring and thereby significantly affected recovery. The first, a 

20% CaCl2 and 80% MgCl2 experiment, was run for the full three-hour experiment time, however 

stirring was not present past about 45 min into the experiment. The second, a 50% CaCl2 and 

50% MgCl2 experiment, formed a dense ‘gel’ within the first 30 mL of a 93.81 mL H2SO4 

addition, about 5 min into the 15-min addition time, that arrested stirring and the experiment was 

stopped after 1 h.  

To improve the consistency of the resulting solution, 20 g/L of gypsum was added to the third and 

fourth calcium experiments just prior to the H2SO4 addition. In both cases the texture following 
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the H2SO4 addition was greatly improved and stirring was consistent for the full two-hour test. 

This predictably yielded a higher HCl recovery in the 20% CaCl2 and 80% MgCl2 test due to even 

dispersion of the H2SO4 within the solution. The final HCl recoveries for all four calcium 

containing tests is shown in Table 5. A pure MgCl2 experiment conducted at 95 °C, an initial 

concentration of 4 M, 350 mL/min airflow and a 220% stoichiometric H2SO4 addition, achieved 

an HCl recovery of 54.0%. The replacement of 20% of the chloride ions with CaCl2 reduced the 

HCl recovery by 15.5% (to 34.2%) without gypsum seed and 5.3% (to 48.4%) with gypsum seed. 

The only unpredictable result in this data is the lower recovery in the 50% calcium experiment 

with seed when compared to the 50% calcium experiment without seed. While consistent mixing 

would theoretically improve the reaction, it is probable that a lack of mixing caused areas of the 

solution to have pockets of a much higher concentration of H2SO4 in the experiment without seed. 

This would improve the recoveries in these pockets; resulting in localized high recoveries 

artificially increasing the total recoveries seen. This may have caused the high recovery seen in 

the 50% calcium without seed experiment. 

As will be discussed, calcium readily and completely precipitates out in these experiments. Due 

to this rapid precipitation, it is possible that additional H2SO4 or chloride ions are trapped in the 

precipitate and unable to react. This may account for the decrease in HCl recoveries seen in 

calcium containing experiments. 

 

 



 

 

67 

 

Table 5 HCl recoveries for calcium containing batch experiments. The temperature, 

airflow, stoichiometric H2SO4 addition, initial chloride concentration, CaCl2 content, 

gypsum seed amount, and HCl recovery for each experiment is included. 

Temperature, 

°C 

Air flow, 

mL/min 

Stoichiometric 

H2SO4 addition 

Initial chloride 

concentration, M 
CaCl2 content Seed HCl recovery 

95 350 220% 8 20% none 34.2% 

95 350 220% 8 50% none 34.3% 

95 350 220% 8 20% 
20 g/L 

gypsum 
44.4% 

95 350 220% 8 50% 
20 g/L 

gypsum 
31.3% 

4.4.1.1 HCl recovery over time of calcium containing batch experiments 

In general, the calcium containing batch experiments followed the same kinetics trends as the 

pure MgCl2 experiments as seen in Figure 27. Equilibrium was reached by 1 h in both the 

experiments with seed, with most of the HCl recovery occurring during the first 15 min of the 

experiment. The experiments conducted without gypsum seed recovered HCl over a longer period 

of time. The 20% calcium experiment without seed did not reach equilibrium until 2 h had 

elapsed. While the 50% calcium experiment was stopped after the 1 h mark due to stirring having 

stopped approximately 5 min into the addition, the reaction clearly continued to some degree over 

the night. By the following day, scrubber solution had been drawn from the scrubber into the 

reactor indicating that some form of air consuming reaction had continued. Despite this, the 

experiment was not repeated due to its limited applicability and desirability in this project and 

any industrial applications. 
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Figure 27 HCl recovery over time of calcium containing batch experiments. All experiments 

were conducted at 95 °C using an 8 M initial chloride solution, an airflow of 350 mL/min 

and a 220% stoichiometric H2SO4 addition. The percentage of calcium refers to the 

contribution of total chloride ions contributed by calcium chloride. The presence of calcium 

reduced HCl recovery and experiments conducted without seed material experienced 

reduced stirring capacity. The addition of 20 g/L gypsum seed improved the consistency of 

the slurry. 

4.4.2 Iron containing batch experiments 

As an extremely common and abundant element in most laterite and rare earth ores and pregnant 

leach solutions, the effect that iron has on this reaction and process was very important to the 

work. Feed solutions were made using FeCl2 to attempt to more closely replicate real leach 

solutions which would contain a mix of ferrous and ferric. The initial ferrous began oxidizing to 

ferric quickly during the mixing and heat up phase of the experiment, expedited by the addition of 
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heat and compressed air to the solution. This oxidation was evidenced by a visual colour change 

from the bright green of FeCl2 to the swampy green colour of ferric as well as the consumption of 

oxygen from the sparged air observed by a decrease of bubbling in the scrubber system.  

The experiments containing iron faced many issues associated with air flow and pressure. It was 

found that air sparging had to occur throughout the heating up of the reactors in order to begin the 

oxidation of the ferrous. If the air sparging was only begun immediately prior to the start of the 

H2SO4 addition, the reaction combined with oxidation would consume more air than the 350 

mL/min sparging rate supplied and the scrubber solution would be drawn into the reactor. Even 

when the sparging began at the start of the heating up period, a lower bubbling rate was observed 

in the scrubber during the H2SO4 addition and during the first half of the experiment. In addition, 

the iron containing experiments experienced significantly more instances of the reactor leaking at 

the joint between the reactor and its lid. It was never determined why this occurred, but it was 

thought to perhaps be either a reaction between the grease used and an iron compound or 

somehow related to the differing pressures caused by the oxidation. Experiments in which a leak 

occurred were considered failed and are not included in the data presented in this thesis. Table 6 

shows the conditions and HCl recovery for the successful iron containing batch experiments. The 

replacement of 20% or 50% of chloride ions with FeCl2 increased the HCl recovery by 5% (from 

54.0% to 54.7%) or 5.4% (from 54.0% to 55.1%) respectively in experiments conducted at 95 °C, 

initial chloride concentrations of 8 M, 220% stoichiometric H2SO4 addition, and 350 mL/min 

airflow. 
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Table 6 HCl recoveries for iron containing batch experiments. The temperature, airflow, 

stoichiometric H2SO4 addition, initial chloride concentration, FeCl2 content, and HCl 

recovery for each experiment is included. 

Temperature, 

°C 

Air flow, 

mL/min 

Stoichiometric 

H2SO4 addition 

Initial chloride 

concentration, M 
FeCl2 content HCl recovery 

95 350 220% 8 20% 43.5% 

95 350 220% 8 20% 54.7% 

95 350 220% 8 50% 55.1% 

A repeat of the 20% FeCl2 experiment was conducted due to analysis indicating it had not 

reached equilibrium at the 2 h initial end point. In this series of batch experiments, the inclusion 

of iron actually improved HCl recovery by a small margin (5% for the 20% iron experiment and 

5.4% for the 50% iron experiment). This may be due to the ferrous produced by ferric oxidation 

acting as a seed for the MgSO4 and FeSO4 precipitate formed during the experiment. From solid 

analysis which will be discussed in section 4.6, iron was more abundant in the precipitate than 

magnesium, indicating increased yield in the reaction between FeCl2 and H2SO4 than MgCl2 and 

H2SO4.  

4.4.2.1 HCl recovery over time of iron containing batch experiments 

The iron containing experiments were conducted earlier on in the batch experiment sequence and 

as such samples were only taken every 30 min with the resulting kinetics data shown in Figure 

28. In the repeat of the 20% FeCl2 experiment, at 1 h an HCl recovery of 34.9% had been 

achieved, however by equilibrium, at 2.5 h, a final HCl recovery of 54.6% had been achieved. All 

three of the iron containing experiments differed from the kinetics trends observed in magnesium 

only experiments and reached equilibrium 1 to 2 h later. While the 50% iron experiment did reach 

equilibrium before the 2 h initial experiment time, the 20% iron experiment did not and was 

therefore repeated with an extended experiment duration.  
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Figure 28 HCl recovery over time of iron containing batch experiments. All experiments 

were conducted at 95 °C using an 8 M initial chloride solution, an airflow of 350 mL/min 

and a 220% stoichiometric H2SO4 addition. The percentage of iron refers to the 

contribution of total chloride ions contributed by ferrous chloride. The presence of ferrous 

increased the HCl recovery and delayed equilibrium of the system. 

While additional experiments would be desired to further analyze the effect that iron 

concentration has on HCl recovery, it appears that it may have two primary influences: improving 

HCl recovery and decreasing reaction kinetics when compared to pure MgCl2 solutions.  

At the higher level of iron, the experiment displayed increased reaction kinetics over the lower 

iron level experiment. This indicates that while the presence of iron slows the reaction, this is 

more pronounced at lower levels than higher levels. This may be due to the iron slowing the 

reaction through one mechanism, but also catalyzing the reaction through another mechanism. 

The oxidized ferric may act as a seed for the reaction, increasing kinetics the higher the 

concentration of iron present. Analysis of the precipitate from these experiments showed that a 
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large portion of the precipitate was FeSO4 (in the 20% FeCl2 experiment, iron accounted for a 

larger weight percent of the solids than magnesium). From the delayed reaction kinetics, it can be 

proposed that the FeCl2 and H2SO4 reaction has slower kinetics than the MgCl2 and H2SO4 

reaction. 

4.4.3 Sodium containing batch experiments 

Sodium is another common element found in many ores including rare earth element and laterite 

ores. It is typically present in lower concentrations and so NaCl was included in 2.5%, 5%, and 

10% of total chloride concentration levels for this experimental work with the results shown in 

Table 7. It is evident that sodium has a severely detrimental effect on HCl recoveries; with a 

doubling of NaCl content decreasing recovery by approximately half in the range studied. The 

replacement of 2.5%, 5%, or 10% of chloride ions with NaCl reduced the HCl recovery by 3.9% 

(from 54.0% to 28.4%), 21.3% (from 54.0% to 28.4%), or 34.9% (from 54.0% to 14.8%) 

respectively. 

Table 7 HCl recoveries for sodium containing batch experiments. The temperature, airflow, 

stoichiometric H2SO4 addition, initial chloride concentration, NaCl content, and HCl 

recovery for each experiment is included. 

Temperature, 

°C 

Air flow, 

mL/min 

Stoichiometric 

H2SO4 addition 

Initial chloride 

concentration, M 
NaCl content HCl recovery 

95 350 220% 8 2.5% 45.8% 

95 350 220% 8 5% 28.4% 

95 350 220% 8 10% 14.8% 

A proposed reason for this decrease in HCl recovery is the reduction in the amount of precipitate 

observed in these experiments. As will be covered in section 4.5 which discusses the precipitate 

formed in all the batch experiments, HCl recovery has a strong correlation to the weight of solids 

produced in the pure MgCl2 experiments. As the 10% sodium experiment did not produce any 
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precipitate (as expected from an experiment with a HCl recovery below 20%) and the 2.5% and 

5% experiments produced significantly less precipitate, it is possible that the sodium suppresses 

MgSO4 precipitation and this contributes partly or completely to the lower HCl recoveries 

achieved in these experiments.  

4.4.3.1 HCl recovery over time of sodium containing batch experiments 

Despite a significant impact on the HCl recoveries, it does not appear that the inclusion of sodium 

has any impact on the kinetics of this process as shown in Figure 29. Both the 2.5% and 5% 

sodium experiments achieve close to equilibrium by the 30-min mark with only a small increase 

in the 2.5% sodium experiments HCl recovery between 30 min and 1 h. The 10% sodium 

experiment does show a small amount of HCl recovery over every period between 30 min and 2 h 

which is consistent with the pure MgCl2 experiments with lower HCl recoveries. 
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Figure 29 HCl recovery over time of sodium containing batch experiments. All experiments 

were conducted at 95 °C using an 8 M initial chloride solution, an airflow of 350 mL/min 

and a 220% stoichiometric H2SO4 addition. The percentage of sodium refers to the 

contribution of total chloride ions contributed by sodium chloride. The presence of sodium 

was found to decrease the amount of precipitate formed and decrease the HCl recovery. 

4.4.4 Multiple metal containing batch experiments 

Two batch experiments were conducted using a feed solution containing more than two metals. 

The first contained MgCl2, CaCl2, FeCl2, and NaCl and the second contained MgCl2, CaCl2, and 

FeCl2. Table 8 gives the chloride contribution of each metal chloride (with the remaining being 

contributed by MgCl2) as well as the recovery for both experiments. An initial solution containing 

20% CaCl2, 20% FeCl2, 10% NaCl, and 50% MgCl2 achieved an HCl recovery of 22.0% (a 

decrease of 27.7% from a pure MgCl2 experiment) and an initial solution containing 20% CaCl2, 

20% FeCl2, and 60% MgCl2 achieved an HCl recovery of 41.2% (a decrease of 8.7% from a pure 

MgCl2 experiment). 
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Table 8 HCl recoveries for multiple metal containing batch experiments. The temperature, 

airflow, stoichiometric H2SO4 addition, initial chloride concentration, NaCl, CaCl2, and 

FeCl2 content, and HCl recovery for each experiment is included. 

Temperature, 

°C 

Air flow, 

mL/min 

Stoichiometric 

H2SO4 

addition 

Initial 

chloride 

concentration, 

M 

CaCl2 

content 

FeCl2 

content 

NaCl 

content 
HCl recovery 

95 350 220% 8 20% 20% 10% 22.0% 

95 350 220% 8 20% 20% 0% 41.2% 

In four attempts at the first experiment, the longest period the experiment ran without developing 

a leak at the seal between the reactor and the lid was just over 1 h. As such, the resulting HCl 

recovery is likely lower than what would be expected by this solution were the setup perfected. 

The second experiment reached 2 h before a leak occurred. 

The second experiment was performed after the first achieved low HCl recoveries and the 

recoveries from the rest of the experiments had been determined. It was chosen to exclude sodium 

due to the strongly detrimental effect this element had had in the magnesium-sodium experiments 

with the hope that this would greatly improve the HCl recovery in a three-metal experiment. The 

removal of sodium from the solution and adding its chloride contribution to the magnesium 

contribution did significantly improve the HCl recovery in the mixed metal system, almost 

doubling the HCl recovery achieved in the first mixed experiment. 

4.4.4.1 HCl recovery over time of multiple metal containing batch experiments 

Full analysis of kinetic data is not possible for the first experiment due to its shorter run time. The 

second experiment also leaked before the end of the experiment, however the two-hour 

experiment can provide a bit of insight into the kinetics of the reaction. This experiment did take 

longer to reach equilibrium than pure MgCl2 experiments as can be seen in Figure 30; possibly 

due to the presence of iron which has been shown to increase the time to equilibrium of the 
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reaction. This experiment achieved HCl recoveries of 38.6% and 41.2% at 1 h and 2 h 

respectively. While the equilibrium is slowed, it appears to be beginning to plateau around the 2 h 

time, indicating that the kinetics are improved over a 20% iron feed solution which did not reach 

equilibrium until 2.5 h and had a much steeper slope between the 0.5 and 2.5-h samples. It is 

possible that the interaction of the calcium and iron aids the reaction kinetics; perhaps with one 

helping seed the other. Additional experiments with an improved setup are needed to fully 

investigate the kinetics of this system. 

 

Figure 30 HCl recovery over time of multiple metal containing batch experiments. All 

experiments were conducted at 95 °C using an 8 M initial chloride solution, an airflow of 

350 mL/min and a 220% stoichiometric H2SO4 addition. The percentage of sodium refers to 

the contribution of total chloride ions contributed by sodium chloride. The presence of the 

other cations was found to decrease the HCl recovery. The HCl recovery improves in the 

absence of sodium. 
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4.5 Comparison of pure MgCl2 experimental results and experiments containing 

other cations 

An important consideration when analyzing the results of the experiments that contain other 

cations is their direct comparison to a pure MgCl2 experiment. To do this, the baseline MgCl2 

experimental result was chosen as it was conducted at the same conditions as all the experiments 

which contained other cations. Figure 31 shows the effect of each cation on the HCl recovery. 

This figure visually supports the effect that each cation has on the HCl recovery as discussed in 

previous sections. When compared to a pure MgCl2 experiment which used the same conditions 

(with an HCl recovery of 54.0%), the replacement of 50% of chloride ions with FeCl2 increases 

the HCl recovery by 1.1% (to 55.1%), the replacement of 20% of chloride ions with CaCl2 (using 

seed) decreased the recovery by 9.6% (to 44.4%), and the replacement of 10% of chloride ions 

with NaCl decreased the recovery by 39.2% (to 14.8%). 
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Figure 31 Comparison of a pure MgCl2 batch experiment and those batch experiments that 

contained other cations. All experiments were conducted at 95 °C using an 8 M initial 

chloride solution, an airflow of 350 mL/min and a 220% stoichiometric H2SO4 addition. 

 

4.6 Batch experiment solid and liquid analysis 

4.6.1 Weight and qualitative observations of precipitate formed in all batch 

experiments 

All the pure MgCl2 experiments produced varying amounts of a soft, white, extremely 

hygroscopic precipitate, with the amount produced being directly correlated with the HCl 

recovered in that experiment as shown in Figure 32. This correlation supports the predicted 
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reaction as HCl and solid MgSO4 are both products of the reaction. Experiments which recovered 

below 20% HCl did not produce any precipitate. The experiment that achieved the highest HCl 

recovery produced 111 g of hydrated precipitate. 

 

Figure 32 Correlation between the weight of solid produced and HCl recovery in MgCl2 

batch experiments. These experiments had temperatures between 75 °C and 100 °C, 

airflows between 200 mL/min and 600 mL/min, stoichiometric H2SO4 additions between 

100% and 300%, and initial MgCl2 concentrations between 2 and 5 M. All the pure MgCl2 

experiments produced varying amounts of a soft, white, extremely hygroscopic precipitate, 

with the amount produced being directly correlated with the HCl recovered in that 

experiment. 

Before further analysis, the solids were placed first in a vented oven at 50 °C and then a vacuum 

oven in order to dry them. However, these samples were extremely hygroscopic and once 

removed from the oven they quickly rehydrated. If they were left for two days they would form a 

puddle of liquid surrounding the remaining solids as see in Figure 33. The samples labelled 13 
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and 14 are the two magnesium-calcium experiments that included gypsum seed and the others are 

pure magnesium experiments. 

 

Figure 33 Batch experiment samples after being left in a fume hood for two days. These 

experiments had temperatures between 75 °C and 100 °C, airflows between 200 mL/min 

and 600 mL/min, stoichiometric H2SO4 additions between 100% and 300%, and initial 

MgCl2 concentrations between 2 and 5 M. these samples were extremely hygroscopic and 

once removed from the oven they quickly rehydrated. If they were left for two days they 

would form a puddle of liquid surrounding the remaining solids. 

The calcium containing experiments conducted without seed formed a single ‘gel-like’ form 

which could not be centrifuged or filtered into a solid and liquid form. It is therefore not included 

in this analysis. The calcium containing experiments which included a gypsum seed did settle and 

are included in this analysis. The visually different texture of these solids from magnesium only 

experiment solids can be seen in Figure 33 where the samples labelled 13 and 14 are the two 
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calcium-magnesium experiments which used seed. Iron containing experiments produced 

precipitate which appeared and behaved similarly to the pure magnesium tests, however a lower 

amount was produced as shown in the data. All three sodium containing experiments produced 

significantly less precipitate that pure magnesium experiments and the 10% sodium experiment 

produced no precipitate at all. The precipitate that did form in the 2.5% and 5% sodium 

experiments hardened to a thin, solid crystalline structure on the base of the reactor during 

cooling and had to be chipped off. In the experiments that used three or four metals the precipitate 

appeared similar to the pure magnesium experiments, although a smaller amount was produced. It 

is theorized that the iron aided to seed the calcium precipitate and this iron-calcium solid is 

similar in texture to the magnesium solid. The experiments that contained more than one metal 

chloride did not follow the trend shown in the MgCl2 experiments. The amount of solid produced 

is more impacted by the additional metal present as shown in Figure 34. In three of the data 

series, those for sodium, iron and multiple additional metal chlorides, the data does exhibit the 

same increasing HCl recovery with increasing solid weight seen in the MgCl2 experiments. When 

2.5% of chloride ions are replaced with NaCl, an HCl recovery of 45.8% is achieved and 45% of 

hydrated precipitate is formed, however when 10% of chloride ions are replaced with NaCl, the 

recovery decreases to 14.8% and no precipitate is produced. In experiments replacing 20% and 

50% of chloride ions with FeCl2, recoveries and precipitate weights of 54.7% and 63 g, and 

55.1% and 69 g are achieved respectively. However, this correlation is reversed in the calcium 

containing experiments with a 20% replacement producing 153 g of hydrated precipitate and a 

50% replacement producing 219 g. This may be attributed to the high mass of solids in the 

calcium experiments incorporating or otherwise trapping the chloride ions. 
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Figure 34 Correlation between the weight of solid produced and HCl recovery in batch 

experiments that contained more than one metal chloride. All experiments were conducted 

at 95 °C using an 8 M initial chloride solution, an airflow of 350 mL/min and a 220% 

stoichiometric H2SO4 addition. In addition, each experiment either had NaCl, FeCl2, CaCl2, 

or a combination of the three included in the chloride concentration. 

4.6.2 Mass balance – ICP, carbon-sulphur and AA results 

Magnesium, chloride, sulphur, sodium, iron, and calcium contents of the solid and liquid samples 

from each of the batch experiments were determined using a combination of ICP, carbon-sulphur, 

and AA analysis. The resulting percent reporting to the liquid or solid portion of the final product 

(or the scrubber system for chloride content) are shown in Table 18 and Table 19 found in the 

appendix. While this table does not explicitly state the HCl recovery achieved in each experiment, 

the chloride present in the scrubber is equivalent to the experiment’s total recovery. 

As expected, there is a strong correlation between the amount of magnesium reporting to the 

precipitate and the HCl recovery achieved in each experiment – particularly in the magnesium 
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only experiments as seen in Figure 35. While this supports the reaction that is believed to occur 

(equation 1), the lower acid recovery compared to percent of magnesium reporting to the solids 

indicates that some HCl likely remains in solution and doesn’t vapourize as intended.  

 

Figure 35 Correlation between the percentage of magnesium in the solids and final HCl 

recovery for magnesium only batch experiments These experiments had temperatures 

between 75 °C and 100 °C, airflows between 200 mL/min and 600 mL/min, stoichiometric 

H2SO4 additions between 100% and 300%, and initial MgCl2 concentrations between 2 and 

5 M. As expected, there is a strong correlation between the amount of magnesium reporting 

to the precipitate and the HCl recovery achieved in each experiment. 

It is also clear from Figure 36 that there is a correlation between the amount of sulphate in the 

precipitate and the amount of chloride recovered as HCl. This is also expected given the equation 

which produces HCl results in MgSO4 precipitate. 
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Figure 36 Relationship between sulphate in precipitate and chloride recovered as HCl in 

batch experiments. These experiments had temperatures between 75 °C and 100 °C, 

airflows between 200 mL/min and 600 mL/min, stoichiometric H2SO4 additions between 

100% and 300%, and initial MgCl2 concentrations between 2 and 5 M. Some experiments 

also included NaCl, FeCl2, and/or CaCl2. 

While the previous two figures display the correlation of increasing sulphur or magnesium in the 

precipitate increasing the HCl recovery of the experiment, Figure 37 shows the ratio of sulphur to 

magnesium in the precipitate for magnesium only batch experiments. The equation of the 

trendline and its r-squared value are also displayed on the chart. The magnesium to sulphur ratio 

is consistent at 0.74:1. If this precipitate were a hydrated MgSO4, this ratio would be expected to 

be 1:1. This indicates that either the solid precipitate is trapping sulphur ions or that a secondary 

solid which contains additional sulphur is being produced. As will be discussed in the XRD and 

TGA analysis sections to follow, it appears that the precipitate is almost completely hydrated 

MgSO4 indicating that this excess sulphur is the result of trapped ions. 
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Figure 37 Ratio of sulphur to magnesium in precipitate for magnesium only batch 

experiments. These experiments had temperatures between 75 °C and 100 °C, airflows 

between 200 mL/min and 600 mL/min, stoichiometric H2SO4 additions between 100% and 

300%, and initial MgCl2 concentrations between 2 and 5 M. 

In the experiments containing calcium, all of the calcium reported to the solids. This is in addition 

to these experiments visibly producing precipitate earlier in the experiment. These observations 

indicate that CaCl2 reacts much faster with H2SO4 than MgCl2, FeCl2, or NaCl and that this CaCl2 

reaction is the primary source of recovered HCl in these experiments. 

An undetectable amount of sodium in present in the solids of the sodium containing batch 

experiments. This is due to the highly soluble nature of most sodium complexes. 

The amount of iron that reports to the solids changes based on the concentration of iron in the 

initial solution, but ranges from 20% to just over 35%.  
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4.6.3 TGA results for select batch experiments 

Initially, TGA was performed on one sample from each type of batch experiment similarly to the 

XRD analysis: a pure magnesium experiment, an experiment containing calcium with gypsum 

seed, an experiment containing sodium, an experiment containing iron, and a multiple mixed 

metal experiment – 20% calcium 20% iron and 10% sodium in this case. As previously discussed, 

the solids from the batch experiments were extremely hygroscopic, so in order to ensure 

consistent analysis each sample was taken out of the vacuum oven the same amount of time 

before TGA was performed. Figure 38 shows the TGA data for each of these five samples. 
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Figure 38 TGA analysis on one of each type of batch experiment. All experiments were 

conducted at 95 °C using an 8 M initial chloride solution, an airflow of 350 mL/min and a 

220% stoichiometric H2SO4 addition. The percentage of NaCl, CaCl2, and FeCl2 refer to the 

contribution of total chloride ions contributed by NaCl, CaCl2, and FeCl2 respectively. 

Figure 38 expands upon the known hygroscopic nature of the samples. The significant moisture 

content of all the samples is collected in the short time between their removal from the vacuum 

oven and the start of the TGA analysis. All five samples were fully dried before being removed 

from the oven. Mass loss between the start of the analysis and 165 °C corresponds to moisture in 

the samples and mass loss between 165 °C and 450 °C is structural water. Mass loss after 500 °C 
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is the sulphate in the samples converting to sulphur dioxide gas which is not relevant to this 

project. Table 9 shows the moisture content and structural water in each sample. 

Table 9 Moisture and structural water of each type of batch experiment from TGA analysis. 

All experiments were conducted at 95 °C using an 8 M initial chloride solution, an airflow of 

350 mL/min and a 220% stoichiometric H2SO4 addition. The percentage of NaCl, CaCl2, 

and FeCl2 refer to the contribution of total chloride ions contributed by NaCl, CaCl2, and 

FeCl2 respectively. 

Experiment 

feed 

composition 

Mass % 

at 165 °C 

Moisture content 

(g/100 g sample) 

Mass % 

at 450 °C 

Structural water 

(g/100 g sample) 

% of dry solids that 

is molecular water 

100% MgCl2 78.8 21.2 59.8 19.0 24.1% 

50% CaCl2 

with seed 
76.7 23.3 54.3 22.4 29.2% 

2.5% NaCl 83.2 16.8 61.9 21.3 25.6% 

20% CaCl2, 

20% FeCl2, 

10% NaCl 

77.9 22.1 61.5 16.4 21.1% 

20% FeCl2 74.6 25.4 50.9 23.7 31.8% 

Analysis of the total structural water in each sample combined with the ratios of each metal in the 

solid as shown in the mass balance was used to determine the state of hydration of each of the 

metal sulphates. It was determined that the solids are composed of MgSO4 2H2O, FeSO4 7H2O 

and/or CaSO4 2H2O. Table 10 shows the breakdown of molecular water as a percent of dry solids 

from each component of the solids.  

Table 10 Molecular water of each component of the batch experiment precipitates. ll 

experiments were conducted at 95 °C using an 8 M initial chloride solution, an airflow of 

350 mL/min and a 220% stoichiometric H2SO4 addition. The percentage of NaCl, CaCl2, 
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and FeCl2 refer to the contribution of total chloride ions contributed by NaCl, CaCl2, and 

FeCl2 respectively. 

Experiment feed 

composition 

Total molecular 

water (% of dry 

solids) 

Molecular water in 

MgSO4 (% of dry 

solids) 

Molecular water in 

CaSO4 (% of dry 

solids) 

Molecular water in 

FeSO4 (% of dry 

solids) 

100% MgCl2 24.1% 24.1%   

50% CaCl2 w/ 

seed 
29.2% 10.4% 18.8%  

2.5% NaCl 25.6% 25.6%   

20% CaCl2, 20% 

FeCl2, 10% NaCl 
21.1% 3.3% 13.7% 4.1% 

20% FeCl2 31.8% 14.3%  17.5% 

Interestingly the experiment which contained iron had the highest moisture content (25.4%) of the 

five samples. It also contained 23.7 wt% structural water, however this is due to the highly 

hydrated form of FeSO4 present which is a 7H2O. Predictably based on visual observation of the 

hard crystalline solids formed, the sodium-magnesium experiment contained the least moisture 

(16.8%). 

Increasingly, the mining industry is attempting to reduce water consumption due to 

environmental and social pressures. The high state of hydration found in these precipitates, as 

well as their hygroscopic nature, would increase the water consumption of the process by 

increasing the water sent to the tailings as hydrate sulphates. Additional study into methods of 

modifying the precipitates formed in this process would be beneficial to any attempt to 

commercialize it. 

4.6.4 XRD performed on selected batch experiments 

XRD was performed on one sample from each of the following groups of batch experiments: pure 

MgCl2 experiments, experiments containing iron, experiments containing sodium, and 

experiments containing multiple metals. These samples were difficult to analyze due to their 
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extreme hygroscopic nature. They could not be conventionally ground and packed onto an XRD 

plate and therefore a small amount had to be disseminated using acetone onto a zero-background 

plate. While the results obtained are generally consistent with the mass balance and TGA data, it 

is possible the hygroscopicity of these samples resulted in any discrepancies in the data. In all 

cases, the hydration state of the sulphates found were lower than those determined by TGA 

analysis. This suggests that the plate preparation method may have affected these results. 

4.6.4.1 XRD on a pure MgCl2 batch experiment 

In order to be able to directly compare the XRD results for each group, the pure magnesium 

experiment conducted at the same conditions as those used for the experiments involving other 

cations was submitted. This experiment, which resulted in a HCl recovery of 54.0%, used a 4 M 

MgCl2 feed, was conducted at 95 °C, had a 220% stoichiometric H2SO4 addition, and sparged 350 

mL/min of compressed air. The XRD graph, Figure 39, showed that the sample was almost 

exclusively composed of kieserite (MgSO4
.H2O). These results supported the hypothesis that the 

MgCl2 in solution would react with H2SO4 to produce HCl and MgSO4. The hydration state of the 

MgSO4 does however differ from that found in the TGA analysis, which found that the precipitate 

contained MgSO4 2H2O, however this small difference may be due to the method of preparation 

of the XRD samples.
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Figure 39 XRD analysis of a pure MgCl2 batch experiment precipitate. This experiment was conducted at 95 °C using an 8 M initial chloride solution, an 

airflow of 350 mL/min, and a 220% stoichiometric H2SO4 addition. Kieserite was found to primarily compose the solid sample.
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4.6.4.2 XRD on an iron containing batch experiment 

Figure 40 shows the results of XRD analysis on the precipitate from a 50% FeCl2 and 50% MgCl2 

experiment. The mass balance for this experiment showed that there was a significantly greater 

amount of iron in the precipitate than magnesium, explaining the dominant phase being a FeSO4 

in this XRD analysis. Kieserite (MgSO4 H2O) was found to also be present in this sample, 

however it was the least abundance phase. In previous sections, the beneficial effect that the 

addition of FeCl2 had on the batch experiments was discussed. It is likely that FeCl2 reacts more 

readily with H2SO4 than MgCl2, yielding a higher recovery and explaining the increased presence 

of FeSO4 over MgSO4 in the precipitate. Once again the hydration state of the sulphates found in 

this XRD analysis is lower than those found in TGA analysis. 
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Figure 40 XRD analysis on a FeCl2 and MgCl2 batch experiment precipitate. This experiment was conducted at 95 °C using an 8 M initial chloride 

solution, an airflow of 350 mL/min, and a 220% stoichiometric H2SO4 addition. Kieserite, szomolnokite, and thomboclase were found to primarily 

compose the solid sample.
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4.6.4.3 XRD on a sodium containing batch experiment 

Consistent with the mass balance and TGA results, XRD on a sodium containing batch 

experiment (5% NaCl in this case) found that the precipitate was primarily or exclusively MgSO4 

as seen in Figure 41. Additionally, in this analysis, an unknown phase and a questionable halite 

peak were found. This indicates that there is some inclusion of sodium in the solids, however this 

is minimal due to the complete lack of sodium found by AA analysis on the solids.
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Figure 41 XRD analysis on a sodium and MgCl2 batch experiment precipitate. This experiment was conducted at 95 °C using an 8 M 

initial chloride solution, an airflow of 350 mL/min, and a 220% stoichiometric H2SO4 addition. Kieserite was found to primarily compose 

the solid sample.
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4.6.4.4 XRD on a multiple metal chloride containing batch experiment 

The multiple metal chloride containing batch experiment chosen used a starting solution 

containing 20% FeCl2, 20% CaCl2, 10% NaCl, and 50% MgCl2. As would be predicted based on 

the mass balance and TGA results for this experiment as well as previous discussion on the effect 

of calcium, the primarily phase was found to be CaSO4 as seen in Figure 42. In decreasing 

abundance szomolnokite, rhomboclase, and kieserite were also found. Once again, these relative 

abundances support the findings of the mass balance and TGA analysis. A questionable phase 

also found was sodium oxide iron sulphide, however as in the sodium-magnesium sample, no 

sodium was found in the precipitate in AA analysis. 
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Figure 42 XRD analysis on a FeCl2, CaCl2, NaCl, and MgCl2 batch experiment precipitate. This experiment was conducted at 95 °C using 

an 8 M initial chloride solution, an airflow of 350 mL/min, and a 220% stoichiometric H2SO4 addition. Kieserite, anhydrite, szomolnokite, 

and rhomboclase were found to primarily compose the solid sample.
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4.7 Batch experiment conclusions 

This chapter focussed on investigating the process in a batch test setup. The effect of temperature, 

stoichiometric H2SO4 addition, initial chloride concentration, air flow, and the inclusion of other 

cations were investigated through a series of 200 mL batch experiments. In addition to pure 

MgCl2 solutions, certain experiments also included CaCl2, FeCl2, and/or NaCl. The highest HCl 

recovery achieved was 64.6% and used a 4 M initial MgCl2 solution, 95 °C, 300% stoichiometric 

H2SO4 addition, and an airflow of 350 mL/min. 

Increasing temperature, airflow, H2SO4 addition, and initial chloride concentration as well as the 

inclusion of FeCl2 were all found to be beneficial to the HCl recovery obtained. For the trends 

observed for H2SO4 addition and initial chloride concentration, it was concluded that the reaction 

followed Le Chatelier’s Principle which states that increasing the concentration of a reactant will 

increase the yield of the reaction as well as the collision theory which states than increasing the 

concentration of reactants will increase the collisions that occur, thereby increasing successful 

collisions. Increasing temperature and airflow were theorized to improve recoveries by promoting 

the volatilization of HCl. The FeCl2 and H2SO4 reaction was theorized to have a higher yield than 

the MgCl2 and H2SO4 reaction resulting in its inclusion improving recoveries. 

The inclusion of CaCl2 and NaCl were found to be detrimental to HCl recovery. The rapid and 

complete precipitation of calcium as CaSO4 is believed to trap additional sulphur and chloride 

ions, resulting in a lower recovery. The inclusion of 20 g/L gypsum seed improved the 

consistency of the slurry produced, resulting in a distinct solid and liquid phase and improving 

recoveries. NaCl was found to have a severely detrimental effect on HCl, likely due to depressing 

the formation of precipitation. 
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In general, this process was found to have rapid kinetics, with many experiments achieving full 

HCl recovery by 1 to 1.5 h. Additionally, much of this HCl was recovered in the first 15 min of 

the experiment. Generally, experiments with higher final recoveries reached equilibrium sooner 

than those experiments with lower final recoveries. While calcium and sodium containing 

experiments followed this trend, the inclusion of iron delayed equilibrium, especially at lower 

concentrations. This was apparent in both the magnesium-iron experiments and the multiple 

metal containing experiments. 

TGA analysis on selected solids showed that magnesium precipitates as MgSO4 2H2O, calcium 

precipitates as CaSO4 2H2O, and iron precipitates as FeSO4 7H2O in this system. 
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Chapter 5  

Continuous Experimental Results and Discussion – Using Two Reactors 

in Series 

In total, twelve continuous experiments were conducted and the experimental conditions and 

resulting HCl recovery for each are shown in Table 11.  

Table 11 Conditions of the continuous experiments run. The experimental label, 

temperature, airflow, stoichiometric H2SO4 addition, initial MgCl2 concentration, the 

presence of any other cations, and the HCl recovery obtained for each is shown. 

Label 
Temperature, 

°C 

Air flow, 

mL/min 

Stoichiometric 

H2SO4 addition 

Initial MgCl2 

concentration, M 

Other 

cations 
HCl recovery 

C1 95 350 220% 3  18.2% 

C2 95 350 220% 4  33.4% 

C3 95 350 220% 5  51.1% 

C4 95 

500 in reactor 

1, 600 in 

reactor 2 

220% 5  52.7% 

C5 95 350 130% 5  30.2% 

C6 100 350 220% 5  56.4% 

C7 95 350 220% 4 20% FeCl2 42.4% 

C8 95 350 220% 4 

10% CaCl2 

with 50 g/L 

gypsum 

seed 

20.4% 

C9 95 350 220% 4 
10% FeCl2, 

10% CaCl2 
29.9% 

C10 95 350 220% 4 
15% FeCl2, 

15% CaCl2 
18.2% 

C11 95 350 220% 4 
20% FeCl2, 

20% CaCl2 
16.7% 

C12 95 350 220% 4 5% NaCl2 31.6% 
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In every experiment, the majority of the HCl was recovered in reactor 2, with significantly less 

collected in reactor 1 as shown in Table 12. This is expected due to reactor 2 having a higher 

concentration of H2SO4 resulting from unreacted H2SO4 being present in the slurry pumped from 

reactor 1 to reactor 2. 

Table 12 HCl recovery by reactor in continuous experiments. Experimental conditions are 

shown in Table 11. 

Experiment 
HCl recovery in 

reactor 1 

HCl recovery in 

reactor 2 

Reactor 1 contribution to 

total recovery 

Total HCl 

recovery 

C1 1.5% 10.6% 12.5% 18.2% 

C2 6.8% 24.5% 21.6% 33.4% 

C3 19.5% 31.5% 38.2% 51.1% 

C4 19.7% 33.0% 37.3% 52.7% 

C5 10.4% 19.1% 35.3% 30.2% 

C6 25.1% 31.2% 44.6% 56.4% 

C7 16.8% 24.4% 40.8% 41.2% 

C8 3.5% 13.5% 20.5% 20.4% 

C9 6.8% 20.9% 24.5% 29.9% 

C10 2.7% 11.4% 19.2% 18.2% 

C11 2.4% 11.1% 17.8% 13.5% 

C12 9.5% 22.8% 29.3% 32.3% 

In Figure 43 it can be seen that there is a strong correlation between the percent contribution of 

the first reactors HCl recovery and the total HCl recovery of the experiment. It is clear that the 

first reactor begins recovering a larger portion of the total HCl as the combined recovery 

increases. 
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Figure 43 Correlation between the HCl recovery from reactor 1 and the total recovery. 

Experiments used initial chloride solutions between 6 M and 10 M, temperatures between 

95 °C and 100 °C, stoichiometric H2SO4 additions between 130% and 220%, and airflows 

between 350 mL/min and 600 mL/min. Certain experiments also contained CaCl2, FeCl2, or 

NaCl. 

5.1 Pure MgCl2 continuous experiments 

The continuous experiments which used a MgCl2 feed solution produced consistently lower 

results than comparable batch experiments as shown in Table 13. Experiments that were 

conducted at 95 °C, with initial MgCl2 concentrations of 3 M, airflows of 350 mL/min, and 220% 

stoichiometric H2SO4 additions yielded HCl recoveries of 34.0% in batch mode and 18.2% in 

continuous; a decrease of 15.8%. Increasing the initial MgCl2 concentration to 5 M increased the 

batch mode recovery to 60.0%, increased the continuous mode recovery to 51.1%, and decreased 

this difference to only 8.9%. Increasing the temperature to 100 °C while maintaining this 5 M 

concentration further increased the batch mode recovery to 61.7%, increased the continuous mode 
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recovery to 56.4%, and decreased the difference to 5.3%. The two continuous experiments that 

produced comparable HCl recoveries to their corresponding batch experiments were compared to 

batch experiments that used a lower initial MgCl2 concentration as no batch experiments were 

conducted with the exact same conditions. As it has been shown that increasing the initial MgCl2 

concentration increases the HCl recovery, it can be argued that these continuous experiments 

would produce lower recoveries were they compared to batch experiments that did use the same 

concentration. 

Table 13 Continuous experimental results compared to similar batch experiments. 

Temperature, airflow, stoichiometric H2SO4 addition, initial MgCl2 concentration, and 

resulting batch and continuous mode HCl recoveries are shown. 

T 

(°C) 

Air flow 

(mL/min) 

Stoichiometric 

H2SO4 addition 

Initial MgCl2 

concentration, 

(M) 

Batch 

experiment HCl 

recovery 

Continuous 

experiment HCl 

recovery 

95 350 220% 3 34.0% 18.2% 

95 350 220% 4 54.0% 33.4% 

95 350 220% 5 60.0% 51.1% 

95 

500 in R1, 600 

in R2 for 

continuous, 

600 for batch 

220% 
5 for continuous, 

4 for batch 
52.0% 52.7% 

95 350 130% 
5 for continuous, 

4 for batch 
34.9% 30.2% 

100 350 220% 5 61.7% 56.4% 

It was hypothesized that the continuous mode would produce higher recoveries than the batch 

experiments due to the first reactor starting the reaction and effectively producing a seed for the 

reaction in reactor 2, but evidently this was not what occurred experimentally. A possible 

explanation for the lower HCl recoveries seen in the continuous modes is the effect this double 

reactor system has on the MgCl2 and H2SO4 concentrations in the second reactor. 
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In this project, 50% of the H2SO4 was added to each reactor – for example for a test with a 220% 

stoichiometric addition, 110% was added to each reactor. Some of the H2SO4 added to reactor 1 

would react with the chloride present in the solution and produce the HCl recovered in the first 

reactors scrubber system. The remainder of the acid would be included in the slurry pumped to 

reactor 2. While the H2SO4 concentration in reactor 2 would be considerably higher than that in 

reactor 1 due to the two sources of H2SO4, it would not be the full concentration seen in a batch 

experiment which used the same conditions. In 4.1, the relative influence of the three main 

parameters on the HCl recovery in batch experiments was discussed and the stoichiometric H2SO4 

addition was determined to be the second most influence parameter.  

Similarly, the partial reaction in reactor 1 should decrease the MgCl2 concentration of the slurry 

pumped to reactor 2 as some MgCl2 has reacted to form MgSO4 precipitate. The concentration of 

MgCl2 was shown to be the most influential factor on HCl in the batch experiments, so 

decreasing this will result in lower HCl recovery. 

It can therefore be concluded that the decrease in maximum H2SO4 concentration and MgCl2 

concentration in reactor 2 which occurred in the continuous experiments caused the lower HCl 

recoveries achieved.  

Finally, another purposed source of lowered HCl recovery is due to the way the continuous 

experiments were conducted. In order to bring the H2SO4 concentration in the reactors up to a 

level closer to what they would be during continuous operation, an initial addition period was 

added to the start of each continuous experiment as described in 3.3.2.2. Immediately following 

this initial addition period, the continuous experiment was begun which included beginning to 

pump slurry out of reactor 2. As was discussed in 4.3, the batch reaction can take up to an hour 

and a half to reach full HCl recovery. The slurry that was pumped out of reactor 2 within the 75 
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min had therefore not fully completed the reaction, however the chloride ions contained in it were 

included in the total recovery calculations. As such, full recovery was not achieved in the solution 

initially present in reactor 2, which would lower total HCl recovery in these shorter continuous 

experiments. To mitigate this in future experiments, an equilibrium time of 45 min with no 

addition or slurry pumping immediately following the initial H2SO4 addition would allow full 

HCl recovery from the solution initially in reactor 2. In industrial applications, this would not be a 

concern as the continuous operation would be conducted for a much longer period of time and a 

small loss in the initial start-up process would have less of an effect on the final recovery. 

The difference between the HCl recovery achieved in the batch and continuous experiments 

which used the same conditions is lower in experiments with higher recoveries. This may be due 

to the increasing contribution that the HCl recovered in reactor 1 has to the total HCl recovery in 

these experiments. As reactor 1 begins contributing more to the total recovery, the total 

recovery’s dependence on reactor 2’s contribution begins to decrease. Reactor 1 is not affected by 

a lowered addition or MgCl2 concentration caused by the continuous mode and therefore behaves 

more similarly to a batch experiment. 

Pure MgCl2 experiments focused on key observations from the batch experiments in order to 

extend these found trends to the continuous mode. The rest of this section will focus on a 

comparison between the trends observed in the batch experiments and the trends observed in the 

continuous experiments. The observable data all supports the same trends discussed in the batch 

experiments. As the trends observed with initial chloride concentration and H2SO4 addition 

follow Le Chatelier’s Principle and increasing temperature and airflow promote HCl 

volatilization, it is logical that the continuous experiments would demonstrate the same trends as 

the batch experiments. 
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5.1.1 Effect of initial feed concentration in continuous experiments 

The initial chloride concentration of the feed solution was found to have the same impact on HCl 

recovery in the continuous experiments as in the batch experiments as shown in Figure 44 and 

Figure 45. In continuous experiments, the three initial concentration levels studied all showed the 

same kinetics, particularly the 4 M and 5 M initial feed concentration experiments. Increasing the 

initial MgCl2 concentration from 3 M to 5 M increased the HCl recovery by 32.9% (from 18.2% 

to 51.1%). All three continuous experiments used to study the effect of the initial feed 

concentration display similar kinetics indicating that this parameter does not have an impact on 

the kinetics of the reaction. 

 

Figure 44 Comparison of the effect on initial concentration on batch and continuous 

experiments. These experiments were conducted at 95 °C, an airflow of 350 mL/min, and 

used a stoichiometric H2SO4 addition of 220%. The continuous mode operation produced 

consistently lower HCl recoveries. 
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Figure 45 Effect of initial concentration in continuous experiments. These experiments were 

conducted at 95 °C, an airflow of 350 mL/min, and used a stoichiometric H2SO4 addition of 

220%. 

5.1.2 Effect of H2SO4 addition in continuous experiments 

Figure 46 shows the effect of the stoichiometric H2SO4 addition on HCl recovery. As discussed 

previously, the H2SO4 concentration in the solution has a large impact on final HCl recoveries. In 

the batch experiments, this results in significantly higher HCl recoveries being achieved in the 

experiment that used a higher H2SO4 addition. The similarity in the kinetics of these two 

experiments shows that the kinetics of the continuous experiments are not affected by the 

stoichiometric H2SO4 addition of the experiment. Increasing the stoichiometric H2SO4 addition 

from 130% to 220% increased the final HCl recovery by 29.5% (from 30.2% to 51.1%). Both of 

these experiments achieved a large part of their HCl recovery in the first 45 min; 42.8% (total 

51.1%) for the 220% experiment and 22.6% (total 30.2%) for the 130% experiment. 
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Figure 46 Effect of H2SO4 addition in continuous experiments. These experiments were 

conducted at 95 °C, an airflow of 350 mL/min, and used an 8 M initial chloride solution. 

5.1.3 Effect of airflow in continuous experiments 

Two experiments investigated the effect of airflow on the continuous experiments – one used 350 

mL/min into each reactor and the second used 500 mL/min into reactor 1 and 600 mL/min into 

reactor 2. Both experiments produced very similar HCl recoveries as shown in Figure 47; with an 

airflow of 350 mL/min achieving an HCl recovery of 51.1% and an airflow of 500/600 mL/min 

achieving an HCl recovery of 52.7%. In each experiment, the first reactor recovered almost 

identical amounts of HCl and reactor 2 only recovered slightly more HCl in the experiment with a 

higher flow rate. This is consistent with the conclusions drawn from batch experiments – where 

an increase in airflow from 350 mL/min to 600 mL/min only increased the HCl recovery by 2% 

(from 54.0% to 52.0%). Increasing air flow, at least at this level, also does not appear to have an 

influence on the kinetics of the reaction. 
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Figure 47 Effect of airflow in continuous experiments. These experiments were conducted at 

95 °C and used 8 M initial chloride concentration with a stoichiometric H2SO4 addition of 

220%. 

5.1.4 Effect of temperature in continuous experiments 

Only two temperatures were investigated in the continuous experiments – 95 °C and 100 °C. 

These two experiments achieved similar HCl recoveries in each reactor as well as combined as 

seen in Figure 48; with a temperature of 95 °C achieving a recovery of 51.1% and 100 °C 

achieving a recovery of 56.4%. The 100 °C experiment displayed some interesting differences 

with the second reactor’s recovery decreasing slightly after 100 min and reactor 1 showing a 
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sharp increase in recovery near the end of the experiment. This could be due to the temperature of 

the experiment nearing the boiling point of the solution. 

 

Figure 48 Effect of temperature in continuous experiments. These experiments used an 8 M 

initial chloride solution, an airflow of 350 mL/min, and a stoichiometric H2SO4 addition of 

220%. 

5.1.5 HCl recovery over time of pure MgCl2 continuous experiments 

The kinetics of the continuous experiments differed from those in the batch tests – with all of 

them taking longer to reach equilibrium. As seen in Figure 49, most experiments did not reach 

equilibrium until 135 min, with one still increasing slightly for an hour longer. This is due to the 

initial addition phase and the continuous mode phase of the experiment having different 

recoveries and the continuous phase taking longer to achieve its full recovery. As previously 

discussed none of the parameters appear to significantly impact the kinetics of this reaction with 

the possible exception of temperature which displayed some interesting trends in HCl recovery. 
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More experiments at a wider range of temperatures would be necessary to understand the effect 

of temperature in the continuous experiments. 

 

Figure 49 HCl recovery over time of pure magnesium continuous experiments. Experiments 

used initial chloride solutions between 6 M and 10 M, temperatures between 95 °C and 100 

°C, stoichiometric H2SO4 additions between 130% and 220%, and airflows between 350 

mL/min and 600 mL/min. 

5.2 Continuous experiments incorporating other cations 

Six continuous experiments were conducted to study the effect of the inclusion of other cations 

on the HCl recovery in continuous experiments.  

5.2.1 Calcium containing continuous experiments 

The inclusion of calcium had a severely detrimental effect on total HCl recovery in the 

continuous mode experiments. A batch experiment containing 20% CaCl2 with 20 g/L gypsum 

seed had a HCl recovery of 44.4%, however the continuous experiment which only contained 
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10% CaCl2 with 50 g/L gypsum seed only had a HCl recovery of 20.4%. The interesting kinetics 

of this experiment can be seen in Figure 50. This experiment showed a relatively large initial HCl 

recovery in reactor 2 in the first 15 min before a gradual increase in recovery over the 75-165 min 

time frame. Both reactors showed an increasing recovery in each period until 165 min when the 

experiment rather unexpectedly stabilizes. This may be due to the reaction seeding itself, with the 

level of seed increasing over time until the maximum impact of seeding is achieved. 

 

Figure 50 Continuous experiment containing 10% chloride contribution from CaCl2 with 50 

g/L gypsum seed. These experiments were conducted at 95 °C, an airflow of 350 mL/min, 

and used 8 M initial chloride concentration with a stoichiometric H2SO4 addition of 220%. 

 

5.2.2 Iron containing continuous experiments 

As found in the batch experiments, the inclusion of 20% FeCl2 increased the HCl recovery of the 

comparable pure MgCl2 experiments – in the continuous experiments from 33.4% to 42.4%. This 

is a greater impact than that seen in the batch experiments in which a 50% FeCl2 solution 
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increased the recovery by 1.1% (from 54.0% to 55.1%). This increased impact may be attributed 

to the lower overall HCl recoveries in the continuous experiments. Interestingly, this is the 

continuous experiment that had the closest reactor 1 and reactor 2 HCl recoveries as can be seen 

in Figure 51; with final HCl recoveries of 17.1% and 24.5% in reactor 1 and reactor 2 

respectively. This may indicate that the presence of FeCl2 aids this process even greater at lower 

H2SO4 additions, as these are the conditions in the first reactor. In the future, this could be an 

interesting observation to study further. While this experiment was continued for longer than the 

other continuous experiments due to the batch experiments taking longer to reach equilibrium, it 

reached steady state operation at around the same time as all the other continuous experiments, 

around 225 min. It does however display a far greater increase in HCl recovery over every time 

period until steady state operation when compared to other feed solutions. 

 

Figure 51 Continuous experiment containing 20% chloride contribution from FeCl2. These 

experiments were conducted at 95 °C, an airflow of 350 mL/min, and used 8 M initial 

chloride concentration with a stoichiometric H2SO4 addition of 220%. 
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5.2.3 Sodium containing continuous experiments 

Contrary to the extremely detrimental effect the inclusion of sodium had on the batch experiments 

where replacing 5% of the chloride ions with NaCl lowered HCl recoveries by 25.6% (from 

54.0% to 28.4%), replacing 5% of the chloride ions with NaCl in the continuous experiments only 

lowered HCl recoveries by 1.8% (from 33.4% to 31.6%). If the hypothesis presented in 4.4.3 that 

the presence of sodium depresses the precipitation of MgSO4 is correct, it may be that the 

continuous mode operation lowers this effect. It is possible that the small amount of precipitate 

produced in reactor 1 acts as a nucleation site for further precipitation when fresh feed and H2SO4 

is added.  

 

Figure 52 Continuous experiment containing 5% chloride contribution from NaCl. These 

experiments were conducted at 95 °C, an airflow of 350 mL/min, and used 8 M initial 

chloride concentration with a stoichiometric H2SO4 addition of 220%. 

This experiment resulted in a distinctively yellow cast of the outflow liquid as seen in Figure 53. 

This differed from the colourless outflow from all the magnesium and magnesium-calcium 

experiments. 
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Figure 53 Distinctive yellow colouration of sodium containing continuous experiment 

outflows. This experiments was conducted at 95 °C, an airflow of 350 mL/min, and used 8 

M initial chloride concentration with a stoichiometric H2SO4 addition of 220%. 

5.2.4 Multiple metal containing continuous experiments 

Due to the extremely detrimental effect of sodium in both the magnesium-sodium and 

magnesium-calcium-ferrous-sodium batch experiments, sodium was excluded from the three 

multiple metal (magnesium-calcium-ferrous) continuous experiments. These experiments were 

conducted with equal amounts of calcium and FeCl2 at 10%, 15%, and 20% chloride contribution 

by each. These levels were lower than originally planned due to significant clotting issues during 

the first run using 20% calcium, 20% ferrous, and 60% MgCl2. 

Figure 54 shows the total HCl recoveries in each of the three multiple metal containing 

continuous experiments with HCl recoveries ranging from 16.7% to 29.9%. The two experiments 

containing lower magnesium achieved significantly lower HCl recoveries (16.7% and 18.2%) 

than the continuous experiment which contained only 10% each of CaCl2 and FeCl2 which had an 

HCl recovery of 29.9%. In addition, the 10% CaCl2 and FeCl2 experiment had very different 
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kinetics than the other two, with a gradual increase in HCl recovery similar to the pure 

magnesium and the iron containing continuous experiments. 

 

Figure 54 Multiple metal containing continuous experiments. These experiments were 

conducted at 95 °C, an airflow of 350 mL/min, and used 8 M initial chloride concentration 

with a stoichiometric H2SO4 addition of 220%. 

All three multiple metal containing continuous experiments recovered most of the HCl in their 

second reactor as seen in Figure 55, Figure 56, and Figure 57; with respectively 75.5%, 80.8%, 

and 82.2% of the total HCl recovered in reactor 2. This is consistent with the pure MgCl2, NaCl, 

and CaCl2 continuous experiments. 

0%

5%

10%

15%

20%

25%

30%

0 50 100 150 200 250 300

H
C

l r
ec

o
ve

ry

Time, min

Combined - 10% FeCl2, 10% CaCl2 Combined - 15% FeCl2, 15% CaCl2

Combined - 20% FeCl2, 20% CaCl2



 

 

117 

 

 

Figure 55 10% FeCl2, 10% CaCl2, 80% MgCl2 continuous experiment. This experiments 

was conducted at 95 °C, an airflow of 350 mL/min, and used 8 M initial chloride 

concentration with a stoichiometric H2SO4 addition of 220%. 

 

Figure 56 15% FeCl2, 15% CaCl2, 70% MgCl2 continuous experiment. This experiments 

was conducted at 95 °C, an airflow of 350 mL/min, and used 8 M initial chloride 

concentration with a stoichiometric H2SO4 addition of 220%. 
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Figure 57 20% FeCl2, 20% CaCl2, 60% MgCl2 continuous experiment. This experiments 

was conducted at 95 °C, an airflow of 350 mL/min, and used 8 M initial chloride 

concentration with a stoichiometric H2SO4 addition of 220%. 

5.3 Continuous experiment solid and liquid analysis 

5.3.1 Qualitative analysis of outflow over time 

The outflow for the continuous experiments were collected over half hour periods to allow for 

analysis of the liquids and solids over time. Several changes could be observed between samples 

including visible precipitate differences and colour changes. These changes were easily seen in 

the experiments which contained iron due to the colouration of the liquid phase. 

In almost all the continuous experiments, the precipitate developed a smoother interface with the 

liquid phase starting in the 1.25 h sample. In Figure 58, this rougher surface can be seen in the 

earlier samples, particularly the first. This indicates that there is a change in the precipitate over 

the course of the experiment. 
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Figure 58 Outflow over experiment period for the 10% FeCl2 and 10% CaCl2 continuous 

experiment. This experiments was conducted at 95 °C, an airflow of 350 mL/min, and used 

8 M initial chloride concentration with a stoichiometric H2SO4 addition of 220%. 

In all the continuous experiments that contained iron, a colour change of the outflow liquid was 

apparent over the course of the experiment. This is due to the ferrous in the initial feed solution 

oxidizing to ferric when it encounters the air sparging and acidity of the reactors. Figure 59 

clearly shows this observation. Of note, the final samples appear cloudy as this photo was taken 

shortly after the end of the experiment and those samples had not had time to fully settle. 

 

Figure 59 Outflow over experiment period for the 20% FeCl2 continuous experiment. This 

experiments was conducted at 95 °C, an airflow of 350 mL/min, and used 8 M initial 

chloride concentration with a stoichiometric H2SO4 addition of 220%. 
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This change in colouration also occurred in the magnesium-sodium containing experiment as seen 

in Figure 60. It is believed to be HCl in solution which causes the yellow colour to the solution, 

mainly due to batch experiment which had lower air flows producing a more yellow solution. 

This colour therefore fades as the recovery of the experiment increases as a larger portion of the 

HCl produced vapourizes.  

 

Figure 60 Outflow over experiment period for the 5% NaCl continuous experiment. This 

experiments was conducted at 95 °C, an airflow of 350 mL/min, and used 8 M initial 

chloride concentration with a stoichiometric H2SO4 addition of 220%. 

5.3.2 Weight of precipitate formed 

In order to compare the amount of precipitate in the outflow over every half hour period, the 

weight of the wet solids was compared to the volume of the liquid portion to determine the slurry 

density (solid weight in g/mL of liquid). This was done to account for any fluctuations in the time 

that the bottle was switched and ensure consistency among results. 

Fluctuation in the slurry density over time was observed in all experiments, however this did not 

appear to follow any trend. No observable trend in slurry density over time was observed in 

relation to temperature, initial chloride concentration, stoichiometric H2SO4 addition, air flow, or 

impurities.  
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However, trends did emerge when the total slurry density over the entire experiment was 

compared between experiments. In Figure 61, it can be seen that increasing the initial chloride 

concentration significantly increases the total slurry density of the experiment; from 0 g/mL in a 3 

M MgCl2 solution to 0.8 g/mL in a 5 M solution. Decreasing the H2SO4 addition, increasing the 

air flow, and increasing the temperature all resulted in lower slurry densities in these experiments 

(0.42 g/mL, 0.55 g/mL, and 0.54 g/mL respectively). This indicates that unlike the batch 

experiments were there was a direct correlation between solids produced and final HCl recovery, 

there is not as clear of a relationship in the continuous experiments. Increasing the air flow or 

increasing the temperature both increased the HCl recovery, whereas decreasing the H2SO4 

significantly reduced the HCl. However, all three resulted in lower slurry densities. 

 

Figure 61 Slurry density for pure MgCl2 continuous experiments. Experiments used initial 

chloride solutions between 6 M and 10 M, temperatures between 95 °C and 100 °C, 

stoichiometric H2SO4 additions between 130% and 220%, and airflows between 350 

mL/min and 600 mL/min. 

0.0

0.2

0.4

0.6

0.8

1.0

2.5 3 3.5 4 4.5 5 5.5

Sl
u

rr
y 

d
en

si
ty

 (
g/

m
L)

Initial Cl2 concentration

350 mL/min, 220%, 95°C 500/600 mL/min, 220%, 95°C

350 mL/min, 130%, 95°C 350 mL/min, 220%, 100°C



 

 

122 

 

The effect of the inclusion of other cations on the total slurry density of the continuous 

experiments is shown in Figure 62. The inclusion of calcium or sodium were both found to 

increase the total slurry density of the experiment (from 0.21 g/mL), with sodium only slightly 

increasing it to 0.36 g/mL and calcium more than quadrupling it to 0.85 g/mL. The 20% FeCl2 

experiment resulted in almost the same total slurry density (0.20 g/mL) as the comparable pure 

MgCl2 experiment (0.21 g/mL). The inclusion of both iron and calcium resulted in a much higher 

slurry density in the 10% iron and 10% calcium experiment (1.28 g/mL), with a decreasing trend 

with increasing iron and calcium content (1.07 g/mL in a 15% iron and 15% calcium, 0.70 in a 

20% iron and 20% calcium). In the calcium-magnesium experiment, 50 g/L of gypsum (CaSO4 

2H2O) was added to act as a nucleation site and increase crystal size. It was anticipated that the 

texture of the precipitate that would form in the absence of the seeding material would arrest 

stirring and be too thick to pump. As in the batch experiments that used a seeding material, the 

addition of gypsum is believed to have significantly altered this texture, allowing for a successful 

continuous experiment. While the inclusion of calcium did increase the slurry density, the use of 

seeding material will have greatly reduced this effect. In the calcium-iron-magnesium 

experiments no seeding material was added, as in batch experiments these solutions behaved 

well, likely due to the FeSO4 acting as an alternate seed. The lack of gypsum seed in this 

experiment explains the higher slurry density observed in the 10% calcium and 10% iron 

experiment when compared to the 10% calcium experiment. As the amount of iron increases 

along with calcium in the other calcium-iron-magnesium experiments an increasing amount is 

available to act as a nucleation site, thereby reducing the slurry density.  
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Figure 62 Effect of the presence of iron, calcium, and sodium on the slurry density in 

continuous experiments. These experiments were conducted at 95 °C, an airflow of 350 

mL/min, and used 8 M initial chloride concentration with a stoichiometric H2SO4 addition 

of 220%. 

5.3.3 Mass balance – ICP, carbon-sulphur and AA results 

Table 17, Table 20, Table 21, and Table 22 show the analysis results and mass balance for the 

results that have been obtained. 

In general, the same trends are observable in the continuous experiments as in the batch 

experiment with respect to the elements that report to the solid and liquid phases. Negligible 

calcium is present in the liquid phase of any calcium containing experiment and no sodium is 

present in the solid phase of the sodium containing experiment. 

5.4 Continuous experiment conclusions 

The continuous experiment included in this project were designed to study the applicability of the 

trends observed in the batch experiment to continuous operation. A maximum recovery of 56.4% 
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was achieved in a continuous mode experiment which used a 5 M initial MgCl2 solution, 220% 

stoichiometric H2SO4 addition, 100 °C, and an airflow of 350 mL/min. 

In pure MgCl2 experiments, the trends concerning initial feed chloride concentration, H2SO4 

addition, airflow, and temperature were found to be the same in the continuous experiments as 

they had been in the batch experiments. However, these continuous experiments all resulted in 

lower HCl recoveries than batch experiments conducted at the same conditions. This was 

hypothesized to be due to partial reaction of the MgCl2 and H2SO4 in reactor 1 resulting in lower 

chloride and H2SO4 concentrations in reactor 2 than those found in the batch experiments. As 

initial chloride concentration and H2SO4 addition were found to be the most influential factors on 

total HCl recovery in the batch experiments, it is believed that the lower levels of both in reactor 

2 (when compared to the concentrations seen in the comparable batch experiment) resulted in a 

decrease in reactor 2 recovery greater than the total recovery achieved by reactor 1 – giving a 

lower combined recovery. 

As in the batch experiments, the inclusion of calcium in the continuous experiments resulted in a 

significantly lower HCl recovery – even with the inclusion of 50 g/L gypsum seed. Also 

consistent with the effects seen in the batch experiments, the inclusion of iron resulted in 

increased HCl recoveries. The inclusion of both iron and calcium also reduced the total HCl 

recovery of the experiment. When only 10% of the chloride concentration was contributed by 

each of ferrous and CaCl2, only a slight decrease in HCl recovery occurred, however the recovery 

decreased dramatically in experiments with higher ferrous and CaCl2 concentrations. Despite the 

severely detrimental effect that the addition of 5% NaCl had on the batch experiments, the HCl 

recovery in the continuous experiment using this feed solution only had a slight decrease in final 

HCl recovery. As it is believed that in batch experiments, the presence of sodium depresses 

precipitation, it is hypothesized that in continuous experiments the slight reaction that occurs in 
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the first reactor acts as a nucleation site for precipitation in the second reactor. The increased total 

slurry density of the sodium-magnesium experiment compared to the pure magnesium experiment 

supports this theory. 
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Chapter 6 

Conclusions and Future Work 

The goal of this thesis was to develop a process to regenerate HCl from a barren chloride leach 

solution in rare earth element or laterite flowsheets. Work focused on primarily synthetic MgCl2 

solutions, but also investigated the influence of iron, calcium, and sodium on the system. A 

suitable process was developed that used the addition of H2SO4 to precipitate MgSO4, CaSO4, 

and/or FeSO4 and to produce both vapourous and aqueous HCl. The introduction of air sparging 

promoted the volatilization of the HCl and removed it from the reactor to be collected externally. 

Experiments were conducted on both batch and a two-stage continuous mode.  

While batch experiments used a single reactor with no addition or removal of solution beyond the 

H2SO4 addition, the continuous experiments used two reactors in series with fresh solution being 

pumped into the first reactor, slurry being pumped from the first to the second reactor, and the 

final slurry being pumped out of the second reactor. An equal amount of H2SO4 was added to 

each reactor in the continuous experiments. A maximum recovery of 65% of the initial chloride 

ions as externally recovered HCl was achieved in the batch mode experiments. A maximum 

recovery of 56% was achieved in the continuous experiments. All continuous experiments 

achieved lower HCl recoveries than batch experiments conducted at the same conditions. This 

decrease in recovery was attributed to beginning the continuous mode prior to complete reactions 

of the starting solution or to lower chloride and H2SO4 concentrations in the second stage of the 

continuous experiment due to partial reaction in the first stage. 

Experiments examined the effect of the following parameters: temperature, airflow, 

stoichiometric H2SO4 addition, initial chloride concentration, and the inclusion of calcium, iron, 

and/or sodium. The effects of each are as follows; unless otherwise specified, these experiments 
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were conducted at 95 °C, 350 mL/min airflow, 220% stoichiometric H2SO4 addition, 8 M initial 

chloride concentration, and 100% MgCl2: 

- Temperature was studied 75 °C to from 100 °C. In both continuous and batch 

experiments, increasing temperature was found to increase total HCl recovery, with 

greater impacts being observed in lower temperature ranges. In batch experiments, an 

increase from 75 °C to 85 °C yielded a HCl recovery increase of 22.8%, from 25.6% to 

48.4%. By contract, an increase from 85 °C to 95 °C only yielded a HCl recovery 

increase of 5.6%, from 48.4% to 54.0%. Investigation of the effect of temperature in 

continuous experiments was more limited, however, the increase from 95 °C to 100 °C in 

a 5 M initial chloride feed produced an increase in HCl recovery of 5.3%, from 51.1% to 

56.4%. While this does not follow Le Chatelier’s Principle for exothermic reactions, it is 

believed than an increase in temperature promotes volatilization of HCl ultimately 

yielding higher recoveries. It would be expected that this would continue beyond the 

range tested; however, above 100 °C, an increasing proportion of the water would begin 

evaporating, complicating the collection of concentrated HCl. 

- Airflow was studied from 200 mL/min to 600 mL/min. Increasing airflow was also found 

to improve HCl recovery in both batch and continuous experiments, with increased 

impact observed in the lower range. The HCl recoveries achieved in batch experiments 

using 200 mL/min, 400 mL/min, 500 mL/min, and 600 mL/min are 47.7%, 56.3%, 

52.0%, and 52.0% respectively. It is clear that increasing the airflow from 200 mL/min to 

400 mL/min has a positive beneficial impact on HCl recovery, however little to no gain is 

observed by any further increase. This indicates that 500 mL/min of airflow is sufficient 

to achieve maximum volatilization of HCl in batch experiments at 95 °C. Only two levels 

of airflow were used in 5 M initial chloride concentration continuous experiments, 350 
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mL/min and 500 mL/min into reactor 1 and 600 mL/min into reactor 2 which yielded 

HCl recoveries of 51.1% and 52.7% respectively. 

- H2SO4 addition was studied from 100% to 300% stoichiometric amounts. Increasing 

stoichiometric H2SO4 addition was found to have a linear beneficial impact on HCl 

recoveries in batch experiments from 100% to 300% stoichiometric amounts, with 

recoveries increasing from 16.0% to 64.6%. Continuous experiments displayed a similar 

trend, with an increase from 130% to 220% producing a 20.9% increase in HCl recovery, 

from 30.2% to 51.1% with a 5 M initial chloride feed. These trends are consistent with Le 

Chatelier’s Principle, where a surplus of one reactant improves yield. A cost-benefit 

analysis would be required to determine the desired H2SO4 addition in a commercial 

process. 

- Initial chloride concentrations from 2 M to 5 M were tested. In both batch and continuous 

experiments, a generally linearly increasing trend was observed with increasing chloride 

concentration. Batch experiment recoveries increased from 20.9% with a 2 M initial 

chloride concentration to 60.0% with a 5 M initial chloride concentration. Continuous 

experiment recoveries increased from 18.2% with a 3 M initial chloride concentration to 

51.1% with a 5 M initial chloride concentration. Increasing the chloride concentration of 

the initial feed solution resulting in increased yield is consistent with Le Chatelier’s 

principle and is therefore expected in this reaction. 

- Inclusion of NaCl was studied on a percent contribution to total chloride concentration 

from 2.5% to 10%. In batch experiments, its inclusion was found to be extremely 

detrimental to HCl recovery, decreasing it from 54.0% in a pure MgCl2 experiment to 

28.4% in a 5% NaCl experiment and 14.8% in a 10% NaCl experiment. It is hypothesized 

that the presence of sodium depresses precipitation, which in pure MgCl2 experiments was 
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shown to have a strong correlation to HCl recovery. In continuous experiments, the 

inclusion of 5% NaCl only lowered the recovery from 33.4% to 31.6%. The lesser effect 

of sodium in the continuous experiment may be due to the partial reaction in reactor 1 

acting to seed the reaction and precipitate in reactor 2, countering the depression of 

precipitate noted in the batch experiments. 

- Inclusion of CaCl2 was studied on a percent contribution to total chloride concentration 

from 10% to 50%. In batch experiments, the effect of 20 g/L gypsum seed was found to 

improve the HCl recovery (from 34.2% to 44.4% in 20% CaCl2 experiments as well as 

produce a slurry which was more viscous and could be separated into solid and liquid 

components. In both batch and continuous experiments, the inclusion of calcium was 

found to lower HCl recoveries. It is not known why calcium reduced HCl recovery of the 

experiment, but the increased viscosity of the solution may reduce the reaction potential 

of the remaining solution or trap sulphur and chloride ions. 

- Inclusion of FeCl2 was studied on a percent contribution to total chloride concentration 

from 20% to 50%. In both batch and continuous experiments, the inclusion of iron was 

found to be beneficial in HCl recovery, with a 50% ferrous solution increasing recovery 

from 54.0% to 55.1% in batch experiments and a 20% ferrous solution increasing 

recovery from 31.3% to 42.4% in continuous experiments. It is hypothesized that the 

ferric that is produced by oxidizing ferrous may act as a seed for the MgSO4 and FeSO4 

precipitate resulting in an increased HCl recovery. 

In batch experiments, full HCl recovery was achieved by 1.5 h in all experiments except the iron 

containing experiments which took 2 to 3 h to achieve full recovery. In continuous experiments, 

HCl recovery was found to stabilize by 3.5 h into the experiment. 



 

 

130 

 

All the solids samples were highly hygroscopic which rendered analysis difficult. XRD, TGA, 

ICP, and AAS were used to analyze the solid and liquid samples produced. It was found that 

magnesium, calcium, and iron precipitate as MgSO4 2H2O, CaSO4 2H2O, and FeSO4 7H2O 

respectively. The hydrated states of these sulphates would result in significant lost water were the 

process to be industrialized, which is a concern in an industry attempting to lower water 

consumption. No sodium was found in any of the precipitates. Any calcium in the initial solution 

fully precipitated and ferrous was found to slightly preferentially precipitate over magnesium. In 

pure magnesium batch experiments, a distinct correlation between amount of precipitate produced 

and total HCl recovery achieved was observed.  

While the work included in this thesis provides an overview of the behaviour, kinetics, and trends 

of this process, additional work would be necessary prior to any attempt to commercialize this 

process, including the following areas: 

- Additional analysis of the effect of varying levels of iron, calcium, and sodium would be 

required, as well as additional work on other elements. In particular, further work should 

be conducted on the effect of multiple metal feed solutions with varying levels of 

calcium, iron, sodium, and/or other elements should be undertaken. The effect of other 

elements present in specific flowsheets, such as rare earth elements, nickel, and cobalt, 

should be investigated prior to commercialization. 

- More continuous HCl recovery tests should be conducted. Future work should examine 

the effect of the addition of an equilibrium time to allow the reaction to complete 

between the H2SO4 addition and the start of the continuous mode. Additionally, it is 

possible that splitting the H2SO4 addition unequally between the reactors (for instance 

30% of the addition into reactor 1 and 70% of the addition into reactor 2) would provide 
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the anticipated benefits of the continuous experiments while reducing any negative 

impacts on HCl recovery previously discussed. 

- Work should be conducted on the effect of airflow on HCl recovery for different 

temperatures. While 500 mL/min of airflow was found to maximize the HCl recovery at 

95 °C, a higher airflow may be necessary at lower temperatures. 

- Further characterization of the solids produced. TGA and XRD were only performed on 

select experiments in this work, expanding this analysis work would further 

understanding of the solids produced. And more test work with seed addition in 

continuous experiments are needed, to improve the precipitates quality for a better solid-

liquid separation. 

- Investigation into any possible effect of initial pH on the system. Using pH adjusted DI 

water for the feed solutions containing iron reduced clogging and other operational 

issues. However, no other solutions used this pH adjusted DI water and as such its 

influence is unknown. 

- A suitable method of collecting the concentrated HCl vapour must be developed and 

tested with this process.  
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Chapter 7 

Appendix 

7.1 Experiment identifications 

7.1.1 Batch experiments 

Table 14 Experimental labels for all batch experiments. 

ID 
Air flow rate 

(mL/min) 

Temperature 

( °C) 

Stoichiometric 

H2SO4 addition 

Initial Cl2 

concentration (M) 

HCl 

recovery 
Impurities 

T14 350 95 220% 4 34.2%  

T15 350 85 130% 3 19.9%  

T16 350 95 220% 4 54.0% 20% CaCl2 

T17 350 85 130% 4 31.3%  

T18 350 85 220% 4 48.4%  

T19 350 95 130% 3 17.4%  

T20 350 95 220% 3 34.0%  

T21 350 85 220% 3 24.8%  

T22 350 95 130% 4 34.9%  

T23 350 95 220% 4 34.3% 50% CaCl2 

T25 350 95 220% 4 55.1% 50% FeCl2 

T26 350 95 220% 4 28.4% 5% NaCl 

T27 350 95 220% 4 45.8% 2.5% NaCl 

T28 350 95 220% 4 14.8% 10% NaCl 

T29 350 95 220% 4 22.0% 

20% FeCl2, 

20% CaCl2, 

10% NaCl 

T30 350 95 220% 4 54.7% 20% FeCl2 

T33 400 95 220% 4 56.3%  

T34 200 95 220% 4 47.7%  

T35 350 75 220% 4 25.6%  

T36 350 90 220% 4 47.2%  

T37 350 95 175% 4 39.0%  

T38 350 95 220% 3.5 41.2%  

FB1 275 95 220% 4 48.4%  

FB2 450 95 220% 4 51.7%  
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FB3 500 95 220% 4 52.0%  

FB4 600 95 220% 4 52.0%  

FB5 350 100 220% 5 61.7%  

FB6 350 95 220% 2 20.9%  

FB7 350 95 220% 4.5 52.6%  

FB8 350 95 220% 5 60.0%  

FB9 350 95 100% 4 16.0%  

FB10 350 95 150% 4 31.7%  

FB11 350 95 200% 4 44.8%  

FB12 350 95 300% 4 64.6%  

FB13 350 95 220% 4 44.4% 
20% CaCl2 

w/ seed 

FB14 350 95 220% 4 31.3% 
50% CaCl2 

w/ seed 

7.1.2 Continuous experiments 

See Table 11. 

7.2 Liquid analysis 

7.2.1 ICP results 

Table 15 ICP results for liquid samples. 

Sample Ca (ppm) Cl (ppm) Fe (ppm) Fe+2 (ppm) Mg (ppm) Na (ppm) S (ppm) 

T15  116214   42357  86604 

T16  87230   37885  181337 

T17  113679   49028  158686 

T18  85764   37652  179681 

T19  117991   42410  86924 

T20  117010   49389  159896 

T21  132847   48489  161776 

T22  165900   67263  118608 

T25  72133 15277 7467 16262  172830 

T26  45820   45594 3308 198111 

T27  35050   33451 2452 145169 

T28  47538   45561 3167 197457 

T29 38.53 95199 16052 6431 27055 12697 192170 

T30  79051 8914 4174 31144  169714 

T33  96278   52664  164999 
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T34  87006   38253  182447 

T35  133930   48412  161683 

T36  88086   38272  183121 

T37  97344   53015  166930 

T38  99503   56437  163209 

FB1  87597   38379  183398 

FB2  98845   53494  169470 

FB3  91046   47478  172462 

FB4  99516   56612  164094 

FB6  107256   45143  92948 

FB7  115111   48930  156964 

FB8  117614   39740  164820 

FB9  217186   86224  93335 

FB10  141491   70575  140576 

FB11  137366   36689  155072 

FB12  39399   25609  220086 

FB13 24.19 116719   60423  179074 

FB14 259.6 153779   42225  142356 

C12O015  153033   66077 1086 153801 

C12O045  143185   60659 1456 153185 

C12O115  143232   67896 1490 179444 

C12O145  139306   57467 1564 152112 

C12O215  139254   55221 1556 155202 

C12O245  138449   53617 1531 156265 

C12O315  144581   52966 1290 156357 

C12O345  n.e.s.   47731 929.2 153127 

C2O015  133018   63531  170966 

C2O045  139236   62888  162306 

C2O115  149328   63292  159322 

C2O145  155238   62112  160969 

C2O215  140147   58779  160401 

C2O245  131219   56447  161891 

C2O315  124261   53139  162869 

C2O345  119916   51517  168725 

C3O015  134717   48123  161063 

C3O045  134502   47694  159477 

C3O115  115299   50456  160633 

C3O145  123333   47359  166385 

C3O215  121342   44924  171147 

C3O245  117187   44044  172735 
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C3O315  132033   46293  160859 

C1O015  177750   68686  82695 

C1O045  155544   63240  126671 

C1O115  155468   63354  125264 

C1O145  150876   62751  130114 

C1O215  146255   61776  137173 

C1O245  146658   61816  136518 

C1O315  145755   61132  134799 

C4O015  249405   97820  75848 

C4O045  145954   59164  153794 

C4O115  144886   57605  152414 

C4O145  144115   58143  154057 

C4O215  140717   55787  152775 

C4O245  138089   55504  155457 

C5O015  195938   82612  116746 

C5O045  188446   74115  118077 

C5O115  196945   76177  111254 

C5O145  200954   77621  108042 

C5O215  200933   78954  108461 

C5O245  202057   79609  109574 

C7O015  183587 53936 43293 38807  104310 

C7O045  152588 33437 28264 30002  142554 

C7O115  147547 30737 23593 25719  148114 

C7O145  147922 29990 19880 20011  148605 

Duplicate of 

301038 
  30162  20080  148454 

Duplicate of 

301028 
    55624  155895 

Duplicate of 

301018 
    63627  125325 

Duplicate of 

301008 
    51754  168359 

Duplicate of 

300998 
    54506 1528 157458 

Duplicate of 

300983 
    69109  137591 

Duplicate of 

300973 
    57008  164093 

Duplicate of 

300963 
 45440   45563 3285 196920 
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Duplicate of 

300953 
 115705   42426  86531 

900-EMR512   10.25  10.06   

WAVECAL       101.8 

SOIL-B 123.7  337.2  75.18 101.3  

SOIL-A 337.9  194.1  66.28 69.03  

TMDW 35.22  0.107  9.2 6.16  

Duplicate of 

T25 
   7371    

Spike of 

C7O145 
   101.6%    

IC-FAS-1A  30      

Duplicate of 

301021 
 148931      

Duplicate of 

301012 
 122687      

Duplicate of 

301003 
 149424      

Duplicate of 

300987 
 153728      

Duplicate of 

300981 
 118480      

Duplicate of 

300972 
 97991      

C11O015 1117 209442 37822 32791 50622  92812 

C11O045 22.6 145016 21505 17965 31858  154630 

C11O115 14.41 137336 20635 16570 31893  157520 

C11O145 13.07 152292 26253 22267 37248  148201 

C11O215 14.33 148932 26416 22267 37464  151300 

C11O245 14.55 148506 26611 24302 37768  152928 

C10O015 410.2 175086 24150 20465 50529  128529 

C10O045 25.56 144164 18525 14361 40337  153257 

C10O115 55.63 146731 19281 16279 41763  151123 

C10O145 12.32 150688 20415 16802 43804  150822 

C10O215 12.14 156298 21857 15174 46073  144438 

C10O245 25.99 154010 20649 14477 43805  149110 

C10O315 142 166753 23659 18488 48813  140043 

C9O015 139.9 202405 18869 16047 63157  102492 

C9O045 15.39 164918 15876 12500 51981  144326 

C9O115 11.83 157754 14328 11163 47723  151357 
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C9O145 14.42 147500 13323 10116 45899  156391 

C9O215 145.6 182761 16172 12791 54578  129609 

C9O245 17.93 161670 14647 11221 49757  145365 

C9O315 843.5 172701 16203 12384 54052  139503 

C9O345 254.2 148971 12741 9709 43115  152885 

Duplicate of 

C11O015 
 208383 38002 33259 50794  93407 

Duplicate of 

C10O215 
  22004 20512 46430  145389 

Spike of 

C10O145 
   104.1%    

Spike of 

C9O345 
   101.5%    

Duplicate of 

301243 
251.9       

Duplicate of 

301233 
12.02       

Duplicate of 

301223 
1101       

Duplicate of 

301243 
  12860  43364  153245 

900-EMR512   10.18  10.15   

WAVECAL       102.4 

SOIL-B 126.5  341.8  78.15   

SOIL-A 343.6  194.2  68.29   

Duplicate of 

301241 
 161668      

Duplicate of 

301231 
 146446      

7.2.2 TGA data 

Table 16 Raw TGA data for FB8, FB14, T27, T29, and T30. 

FB8 FB14 T27 T29 T30 

Temp Mass % Temp Mass % Temp Mass % Temp Mass % Temp Mass % 

23.979 100 24.259 100 24.292 100 28.353 100 24.779 100 

24.014 99.94737 24.29 99.95674 24.329 99.92793 28.177 99.91534 24.825 99.95228 

24.326 99.89254 24.621 99.90516 24.653 99.84685 28.299 99.81217 25.123 99.89419 



 

 

141 

 

25.111 99.82237 25.409 99.84692 25.476 99.75375 28.841 99.69048 25.922 99.82573 

26.553 99.74781 26.824 99.78702 26.885 99.65465 29.868 99.55291 27.293 99.74481 

28.564 99.66009 28.795 99.7188 28.874 99.54354 31.408 99.40212 29.221 99.65353 

31.069 99.55921 31.262 99.62895 31.31 99.42643 33.391 99.23016 31.601 99.54357 

33.936 99.42982 34.065 99.51414 34.099 99.27928 35.755 99.02116 34.331 99.40041 

37.019 99.28289 37.087 99.38602 37.139 99.11111 38.287 98.79101 37.296 99.23237 

40.232 99.10526 40.267 99.22795 40.337 98.91592 41.081 98.52381 40.42 99.04357 

43.551 98.9057 43.505 99.03827 43.577 98.68468 43.993 98.20899 43.625 98.81743 

46.799 98.66667 46.738 98.81032 46.79 98.41742 46.949 97.85979 46.778 98.55602 

49.984 98.39254 49.871 98.54243 49.968 98.0991 49.887 97.45767 49.936 98.25104 

53.046 98.07895 52.932 98.24958 53.023 97.72673 52.743 97.01852 52.963 97.91286 

55.962 97.7193 55.83 97.91514 55.928 97.31832 55.552 96.54497 55.867 97.54564 

58.712 97.32018 58.61 97.54908 58.685 96.86787 58.245 96.04233 58.604 97.14938 

61.34 96.89254 61.232 97.14975 61.308 96.38739 60.822 95.51852 61.188 96.72407 

63.777 96.41667 63.709 96.71714 63.766 95.87087 63.29 94.97355 63.667 96.26349 

66.099 95.90351 66.044 96.25957 66.082 95.33934 65.634 94.41534 65.994 95.79046 

68.27 95.35746 68.252 95.77205 68.273 94.80781 67.894 93.84921 68.197 95.28423 

70.361 94.77632 70.34 95.2629 70.355 94.3003 70.04 93.28836 70.322 94.76556 

72.37 94.1557 72.396 94.73544 72.362 93.82583 72.121 92.7328 72.331 94.23029 

74.297 93.51096 74.344 94.20133 74.329 93.39039 74.131 92.19048 74.312 93.6888 

76.209 92.83772 76.248 93.65724 76.256 93.003 76.103 91.65079 76.219 93.13485 

78.078 92.14474 78.121 93.1015 78.119 92.67267 78.012 91.15079 78.106 92.56846 

79.936 91.45395 80.003 92.54742 79.987 92.38138 79.927 90.66402 79.98 92 

81.786 90.75219 81.849 91.97837 81.889 92.12913 81.841 90.21429 81.839 91.43568 

83.664 90.06579 83.713 91.42263 83.774 91.89189 83.741 89.78307 83.713 90.86722 

85.567 89.41228 85.605 90.86855 85.65 91.68168 85.618 89.37037 85.613 90.3112 

87.477 88.76974 87.506 90.31947 87.557 91.48949 87.534 88.97884 87.516 89.74066 

89.401 88.17982 89.422 89.7787 89.473 91.2973 89.477 88.61111 89.481 89.22199 

91.375 87.63158 91.367 89.25125 91.423 91.12312 91.457 88.26455 91.418 88.6971 

93.345 87.12719 93.354 88.74376 93.357 90.95495 93.408 87.92064 93.385 88.18465 
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95.338 86.67983 95.323 88.24792 95.337 90.78679 95.388 87.59524 95.362 87.69917 

97.363 86.26754 97.316 87.77038 97.314 90.61261 97.372 87.27249 97.351 87.22614 

99.352 85.90789 99.325 87.31115 99.315 90.44144 99.378 86.96032 99.351 86.77386 

101.374 85.58333 101.342 86.86855 101.315 90.25526 101.384 86.65344 101.364 86.34647 

103.386 85.26974 103.353 86.4426 103.327 90.03904 103.378 86.33862 103.376 85.93154 

105.407 85.00219 105.383 86.04326 105.336 89.81982 105.394 86.02116 105.386 85.54772 

107.432 84.74561 107.406 85.65724 107.363 89.57357 107.405 85.69841 107.423 85.17427 

109.439 84.51096 109.417 85.29784 109.361 89.31832 109.385 85.4127 109.42 84.83402 

111.457 84.30044 111.445 84.94842 111.381 89.04505 111.42 85.13492 111.416 84.49378 

113.486 84.08333 113.463 84.61564 113.4 88.76877 113.452 84.86772 113.435 84.16597 

115.488 83.88377 115.464 84.30116 115.408 88.5015 115.466 84.6164 115.453 83.86722 

117.48 83.69298 117.488 83.99334 117.409 88.23423 117.46 84.38095 117.464 83.57676 

119.47 83.51754 119.465 83.71381 119.427 87.97297 119.479 84.16402 119.457 83.29253 

121.449 83.34211 121.495 83.4376 121.413 87.70571 121.485 83.94974 121.474 83.02282 

123.457 83.17105 123.493 83.1614 123.456 87.43544 123.485 83.72487 123.489 82.75519 

125.424 82.97368 125.492 82.90682 125.476 87.17417 125.487 83.50265 125.523 82.4917 

127.405 82.79167 127.463 82.66556 127.478 86.93093 127.505 83.27513 127.521 82.20332 

129.376 82.54605 129.499 82.42429 129.486 86.70871 129.505 83.0291 129.511 81.87552 

131.388 82.20614 131.498 82.18802 131.496 86.50751 131.511 82.77513 131.529 81.50208 

133.379 81.84868 133.504 81.96339 133.467 86.33333 133.514 82.52646 133.521 81.10166 

135.407 81.48684 135.497 81.73711 135.49 86.17117 135.511 82.26984 135.516 80.66805 

137.414 81.14912 137.506 81.48586 137.499 86.003 137.501 82.02116 137.527 80.21992 

139.38 80.85965 139.502 81.198 139.501 85.81081 139.511 81.7963 139.505 79.76971 

141.377 80.66009 141.487 80.83527 141.505 85.59459 141.511 81.58466 141.525 79.33195 

143.395 80.51754 143.492 80.40433 143.516 85.34234 143.513 81.37037 143.532 78.90042 

145.411 80.42105 145.51 79.99667 145.52 85.08408 145.523 81.09259 145.526 78.46266 

147.43 80.37719 147.515 79.65724 147.51 84.82583 147.517 80.75926 147.52 78.05394 

149.44 80.30921 149.516 79.37937 149.549 84.55856 149.487 80.38624 149.54 77.71784 

151.449 80.1864 156.321 79.10649 151.539 84.30631 151.489 79.99206 151.56 77.52905 

153.479 80.02851 153.527 78.79534 153.545 84.06006 153.499 79.60847 153.561 77.24689 
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155.481 79.82675 155.531 78.43927 155.544 83.83484 155.507 79.21958 155.539 76.91079 

157.463 79.59868 157.516 78.06156 157.563 83.65766 157.524 78.87037 157.558 76.53112 

159.462 79.36184 159.501 77.69551 159.541 83.5015 159.537 78.57672 159.536 76.09129 

161.46 79.125 161.5 77.32779 161.557 83.37838 161.562 78.32804 161.527 75.60581 

163.469 78.91886 163.498 77.00666 163.543 83.27928 163.567 78.11376 163.5 75.09544 

165.48 78.75658 165.528 76.71714 165.558 83.19519 165.583 77.92593 165.489 74.60788 

167.491 78.65351 167.539 76.46922 167.548 83.13213 167.588 77.7619 167.486 74.22407 

169.496 78.5636 169.543 76.25624 169.543 83.07508 169.582 77.60318 169.502 74.02282 

171.516 78.49123 171.561 76.0782 171.547 83.01502 171.605 77.46561 171.547 73.93153 

173.488 78.42105 173.561 75.92013 173.523 82.95796 173.592 77.34656 173.57 73.87759 

175.52 78.36404 175.569 75.76872 175.523 82.8949 175.579 77.24603 175.598 73.84647 

177.518 78.32675 177.577 75.6223 177.517 82.80781 177.539 77.15608 177.621 73.82365 

179.517 78.28509 179.562 75.46755 179.513 82.66066 179.573 77.0582 179.622 73.79253 

181.533 78.25219 181.557 75.31281 181.486 82.44144 181.572 76.9709 181.624 73.76971 

183.534 78.22807 183.553 75.15141 183.501 82.24625 183.57 76.88889 183.602 73.75104 

185.539 78.19518 185.552 74.9817 185.505 82.09009 185.569 76.80159 185.586 73.72822 

187.521 78.17544 187.544 74.80699 187.515 81.997 187.539 76.71958 187.577 73.71162 

189.524 78.14474 189.541 74.62562 189.533 81.91592 189.552 76.63492 189.576 73.68672 

191.529 78.12061 191.528 74.43927 191.571 81.85886 191.541 76.55291 191.558 73.66597 

193.544 78.10088 193.504 74.25125 193.544 81.81982 193.558 76.47354 193.546 73.65145 

195.541 78.07456 195.528 74.03993 195.578 81.76276 195.566 76.37566 195.557 73.61618 

197.535 78.05921 197.543 73.82529 197.568 81.72372 197.558 76.2963 197.535 73.57676 

199.538 78.04386 199.546 73.59235 199.564 81.66967 199.599 76.19841 199.537 73.51452 

201.51 78.01974 201.557 73.33112 201.568 81.60661 201.576 76.08201 201.52 73.42531 

203.516 78.00439 203.562 73.06988 203.554 81.54955 203.567 75.9709 203.529 73.33195 

205.531 77.98246 205.553 72.77704 205.55 81.47447 205.573 75.83862 205.515 73.19917 

207.533 77.97149 207.561 72.47754 207.549 81.3964 207.561 75.69312 207.522 73.04979 

209.521 77.95175 209.546 72.15308 209.542 81.31532 209.561 75.53704 209.518 72.8693 

211.537 77.9386 211.541 71.81364 211.543 81.23423 211.567 75.37037 211.511 72.65975 

213.553 77.92324 213.545 71.45923 213.503 81.15015 213.538 75.18783 213.517 72.41079 
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215.545 77.90351 215.573 71.09484 215.513 81.06306 215.537 75 215.537 72.14108 

217.538 77.875 217.568 70.73211 217.542 80.96697 217.54 74.80953 217.563 71.8361 

219.541 77.82237 219.556 70.38935 219.535 80.84985 219.536 74.62169 219.558 71.51452 

221.532 77.73904 221.549 70.12812 221.533 80.7027 221.547 74.43915 221.555 71.1805 

223.511 77.62281 223.521 70.00166 223.493 80.54955 223.548 74.26191 223.551 70.84647 

225.536 77.46272 225.487 69.97171 225.469 80.37237 225.558 74.09524 225.522 70.52697 

227.557 77.26316 227.479 69.96339 227.468 80.18018 227.557 73.92593 227.538 70.24689 

229.553 77.00877 229.487 69.95674 229.486 79.96096 229.567 73.78042 229.549 70.01867 

231.523 76.71053 231.499 69.94343 231.506 79.70871 231.561 73.62963 231.547 69.80498 

233.521 76.36404 233.483 69.92679 233.498 79.42342 233.58 73.48677 233.564 69.60373 

235.527 75.97368 235.502 69.90349 235.495 79.14114 235.569 73.3545 235.567 69.46681 

237.536 75.53289 237.521 69.87022 237.475 78.81682 237.562 73.22487 237.584 69.3527 

239.527 75.05044 239.517 69.8386 239.474 78.49249 239.552 73.09788 239.585 69.25726 

241.537 74.52193 241.518 69.80366 241.485 78.17117 241.535 72.96825 241.572 69.15975 

243.543 73.97368 243.511 69.77205 243.487 77.86486 243.532 72.83862 243.573 69.05809 

245.559 73.37061 245.512 69.74376 245.469 77.5946 245.507 72.70635 245.557 68.95436 

247.576 72.77193 247.496 69.70549 247.486 77.33033 247.545 72.56085 247.558 68.83195 

249.57 72.12939 249.497 69.67388 249.522 77.09009 249.553 72.40741 249.577 68.69295 

251.544 71.54605 251.503 69.64226 251.512 76.86186 251.537 72.24339 251.571 68.54149 

253.534 70.99561 253.503 69.60898 253.51 76.64264 253.54 72.07143 253.564 68.37137 

255.548 70.51316 255.511 69.57571 255.514 76.42943 255.555 71.89154 255.554 68.18465 

257.571 70.13597 257.509 69.53577 257.537 76.21021 257.539 71.68254 257.542 67.9751 

259.581 69.86623 259.504 69.48586 259.523 75.97297 259.543 71.46032 259.533 67.74481 

261.568 69.6886 261.482 69.42762 261.531 75.73874 261.545 71.21958 261.523 67.48548 

263.525 69.54605 263.5 69.3594 263.519 75.49249 263.541 70.94444 263.522 67.19917 

265.54 69.41228 265.528 69.27454 265.549 75.23123 265.533 70.65079 265.516 66.87759 

267.58 69.26754 267.536 69.17471 267.548 74.94294 267.54 70.3254 267.521 66.52905 

269.56 69.10965 269.526 69.06156 269.526 74.63664 269.543 69.98942 269.519 66.16182 

271.511 68.92544 271.521 68.92679 271.522 74.30931 271.532 69.62169 271.514 65.75519 

273.513 68.71272 273.506 68.77205 273.53 73.96697 273.533 69.24074 273.53 65.31328 



 

 

145 

 

275.538 68.4693 275.487 68.59068 275.52 73.60961 275.536 68.84392 275.526 64.8278 

277.508 68.20175 277.481 68.3827 277.519 73.25826 277.52 68.44974 277.541 64.30498 

279.489 67.89912 279.487 68.15308 279.518 72.89189 279.501 68.02645 279.536 63.73444 

281.473 67.5636 281.493 67.89351 281.518 72.53153 281.527 67.58466 281.511 63.13485 

283.471 67.20176 283.492 67.60233 283.497 72.18318 283.518 67.12698 283.525 62.4834 

285.477 66.80921 285.481 67.28785 285.496 71.84685 285.528 66.65344 285.524 61.80083 

287.473 66.37061 287.492 66.93677 287.494 71.52853 287.497 66.16138 287.522 61.07054 

289.468 65.89035 289.506 66.55075 289.497 71.26126 289.505 65.66138 289.505 60.29876 

291.47 65.38377 291.505 66.12146 291.497 71.05706 291.51 65.15873 291.5 59.48133 

293.467 64.83553 293.505 65.65724 293.484 70.94294 293.508 64.66667 293.494 58.63693 

295.473 64.26316 295.477 65.14975 295.481 70.84384 295.514 64.19048 295.469 57.74689 

297.465 63.66447 297.489 64.60399 297.518 70.75075 297.513 63.74868 297.489 56.82988 

299.455 63.04386 299.496 64.02496 299.512 70.63363 299.511 63.35714 299.488 55.89627 

301.455 62.41228 301.484 63.40599 301.489 70.47748 301.534 63.04233 301.49 54.96888 

303.479 61.85088 303.476 62.75208 303.492 70.27327 303.533 62.84391 303.456 54.09129 

305.507 61.37939 305.477 62.05491 305.512 70.01201 305.53 62.74074 305.461 53.28423 

307.508 61.16447 307.493 61.32945 307.504 69.68769 307.535 62.65608 307.465 52.60996 

309.499 61.09649 309.483 60.58236 309.481 69.33634 309.534 62.5873 309.478 52.21369 

311.498 61.04166 311.463 59.81031 311.479 68.96096 311.528 62.52116 311.47 52.10996 

313.456 60.98904 313.476 59.01497 313.481 68.54655 313.528 62.46296 313.516 52.0332 

315.471 60.9386 315.479 58.20965 315.481 68.13513 315.54 62.40476 315.52 51.9751 

317.503 60.88816 317.471 57.40765 317.482 67.72372 317.528 62.35185 317.518 51.91079 

319.527 60.83553 319.473 56.63561 319.478 67.31231 319.528 62.29894 319.514 51.85892 

321.525 60.79386 321.481 55.92679 321.487 66.91291 321.523 62.25397 321.495 51.8029 

323.529 60.76096 323.481 55.36772 323.503 66.53453 323.527 62.21693 323.499 51.75104 

325.49 60.72807 325.492 55.02995 325.509 66.17718 325.514 62.17196 325.511 51.69917 

327.491 60.69518 327.505 54.95508 327.505 65.87988 327.44 62.12963 327.513 51.64315 

329.503 60.67105 329.526 54.92013 329.526 65.6967 329.429 62.0873 329.51 51.59544 

331.525 60.64254 331.542 54.88519 331.525 65.54655 331.469 62.03704 331.55 51.54564 

333.551 60.625 333.531 54.85857 333.518 65.43844 333.505 62.01058 333.539 51.51037 
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335.522 60.60307 335.532 54.82529 335.512 65.33333 335.477 61.96825 335.537 51.4751 

337.506 60.58772 337.518 54.79867 337.521 65.23123 337.456 61.93386 337.534 51.44191 

339.502 60.57456 339.522 54.77537 339.525 65.12312 339.434 61.9127 339.53 51.42531 

341.529 60.55702 341.511 54.74709 341.517 64.98499 341.455 61.87831 341.52 51.40042 

343.546 60.54166 343.494 54.72546 343.517 64.81682 343.503 61.85185 343.518 51.38382 

345.525 60.52632 345.498 54.70715 345.512 64.64865 345.486 61.8254 345.523 51.36514 

347.504 60.50439 347.484 54.69384 347.535 64.49249 347.479 61.80423 347.515 51.35685 

349.534 60.49561 349.486 54.68552 349.523 64.35736 349.481 61.78836 349.491 51.3444 

351.547 60.47807 351.503 54.67388 351.527 64.22523 351.474 61.76455 351.478 51.32573 

353.524 60.45833 353.508 54.66389 353.523 64.10511 353.462 61.74339 353.495 51.31743 

355.507 60.4386 355.499 54.65557 355.536 64.00901 355.478 61.71958 355.508 51.29876 

357.562 60.41886 357.503 54.64393 357.531 63.93093 357.473 61.71164 357.516 51.28838 

359.553 60.39474 359.52 54.63727 359.515 63.85285 359.447 61.69312 359.512 51.27386 

361.514 60.375 361.533 54.62729 361.497 63.79279 361.484 61.67725 361.509 51.25726 

363.509 60.34868 363.537 54.61398 363.495 63.74775 363.526 61.66138 363.512 51.23859 

365.554 60.33553 365.507 54.60566 365.515 63.72072 365.515 61.65344 365.51 51.22822 

367.557 60.32018 367.499 54.59734 367.527 63.68769 367.49 61.64021 367.506 51.21784 

369.536 60.30263 369.52 54.59068 369.521 63.64565 369.505 61.63227 369.513 51.20954 

371.515 60.28289 371.515 54.5807 371.515 63.59159 371.508 61.61905 371.505 51.19502 

373.528 60.26096 373.541 54.56905 373.517 63.52552 373.508 61.60846 373.511 51.18257 

375.552 60.24781 375.514 54.56406 375.487 63.46547 375.492 61.60317 375.504 51.17427 

377.546 60.22588 377.514 54.5574 377.494 63.37838 377.501 61.59259 377.503 51.16182 

379.499 60.20176 379.52 54.54409 379.524 63.29429 379.508 61.57936 379.506 51.14315 

381.473 60.18421 381.531 54.53577 381.526 63.2012 381.504 61.56878 381.478 51.13485 

383.529 60.17325 383.518 54.53245 383.522 63.11111 383.528 61.56878 383.511 51.13278 

385.568 60.15351 385.529 54.52579 385.517 63.00601 385.586 61.56614 385.51 51.12033 

387.596 60.14474 387.533 54.5208 387.52 62.88589 387.531 61.56085 387.507 51.11618 

389.508 60.12061 389.537 54.51248 389.504 62.75075 389.482 61.54762 389.513 51.10374 

391.474 60.10746 391.54 54.5025 391.511 62.6006 391.495 61.54762 391.517 51.09543 

393.565 60.08991 393.542 54.49251 393.514 62.41742 393.557 61.54233 393.522 51.08714 
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395.6 60.07456 395.545 54.48586 395.523 62.23123 395.581 61.53704 395.514 51.07261 

397.536 60.0614 397.527 54.48253 397.5 62.12613 397.527 61.53175 397.525 51.06639 

399.446 60.05044 399.522 54.47421 399.503 62.10511 399.475 61.53439 399.515 51.05601 

401.444 60.03509 401.526 54.46922 401.512 62.0961 401.528 61.5291 401.514 51.04564 

403.473 60.02193 403.503 54.45923 403.522 62.08408 403.512 61.52381 403.519 51.03319 

405.487 60.00658 405.509 54.45258 405.516 62.07207 405.517 61.51587 405.527 51.02075 

407.499 60 407.52 54.44925 407.528 62.06907 407.509 61.51852 407.524 51.02075 

409.503 59.98246 409.514 54.43927 409.532 62.05706 409.479 61.51587 409.514 51.01245 

411.606 59.96491 411.55 54.42928 411.526 62.04504 411.493 61.51323 411.525 51 

413.528 59.96272 413.544 54.42928 413.508 62.03904 413.496 61.52116 413.524 50.99585 

415.419 59.94298 415.531 54.4193 415.519 62.02703 415.502 61.51323 415.522 50.98548 

417.444 59.9364 417.524 54.41597 417.51 62.02403 417.499 61.51058 417.527 50.9834 

419.478 59.92324 419.521 54.41098 419.511 62.01201 419.544 61.51587 419.532 50.9751 

421.517 59.91667 421.52 54.40599 421.512 61.997 421.526 61.51323 421.528 50.96888 

423.507 59.9057 423.526 54.39933 423.545 61.99099 423.524 61.51323 423.516 50.96058 

425.546 59.89693 425.52 54.39434 425.552 61.99099 425.522 61.51058 425.519 50.95436 

427.523 59.88377 427.518 54.39102 427.481 61.98799 427.522 61.51323 427.519 50.94813 

429.452 59.87281 429.516 54.38436 429.504 61.98198 429.516 61.51323 429.523 50.93983 

431.474 59.86623 431.523 54.38103 431.575 61.98198 431.518 61.51323 431.51 50.93983 

433.525 59.85088 433.532 54.37437 433.555 61.96997 433.499 61.51058 433.527 50.92946 

435.562 59.84649 435.517 54.37105 435.525 61.96997 435.494 61.50794 435.521 50.92116 

437.534 59.82895 437.524 54.36106 437.54 61.95496 437.5 61.49735 437.531 50.91079 

439.51 59.82675 439.521 54.3594 439.538 61.95195 439.53 61.50529 439.526 50.90871 

441.49 59.8114 441.51 54.34942 441.547 61.93994 441.572 61.50794 441.525 50.89834 

443.531 59.80921 443.515 54.34609 443.553 61.93994 443.469 61.50794 443.522 50.89834 

445.54 59.80263 445.519 54.33611 445.541 61.93093 445.474 61.50529 445.525 50.89004 

447.525 59.79386 447.513 54.33278 447.53 61.92492 447.534 61.50529 447.537 50.88589 

449.521 59.78509 449.517 54.32945 449.548 61.92492 449.528 61.50529 449.528 50.88174 

451.534 59.77851 451.507 54.3228 451.566 61.91892 451.557 61.51058 451.53 50.87759 

453.579 59.76316 453.494 54.31281 453.542 61.90691 453.541 61.51058 453.544 50.8693 
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455.545 59.75 455.502 54.30283 455.504 61.9009 455.52 61.50529 455.522 50.861 

457.539 59.74561 457.517 54.30283 457.546 61.90691 457.527 61.51058 457.507 50.861 

459.493 59.74342 459.501 54.30283 459.559 61.90691 459.532 61.51852 459.517 50.861 

461.484 59.73684 461.516 54.29784 461.539 61.8979 461.532 61.51323 461.518 50.85477 

463.671 59.73026 463.509 54.29451 463.547 61.89189 463.52 61.51852 463.515 50.85062 

465.672 59.7193 465.511 54.28952 465.53 61.88889 465.526 61.51587 465.515 50.8444 

467.569 59.71272 467.507 54.28286 467.497 61.88288 467.523 61.51587 467.511 50.83817 

469.561 59.70833 469.504 54.2812 469.533 61.87988 469.537 61.51852 469.526 50.83402 

471.552 59.70175 471.521 54.27953 471.485 61.87688 471.533 61.52116 471.522 50.83195 

473.538 59.69298 473.51 54.27787 473.355 61.87388 473.517 61.52381 473.528 50.8278 

475.576 59.69298 475.507 54.27454 475.407 61.87988 475.522 61.53175 475.543 50.82573 

477.574 59.68421 477.507 54.27121 477.497 61.87988 477.545 61.53175 477.522 50.82158 

479.543 59.67544 479.497 54.26456 479.533 61.87387 479.546 61.52381 479.526 50.81328 

481.56 59.66667 481.512 54.26123 481.5 61.86787 481.52 61.52381 481.519 50.80913 

483.568 59.6579 483.513 54.2579 483.523 61.86186 483.513 61.52645 483.523 50.8029 

485.563 59.64693 485.497 54.25125 485.521 61.85886 485.537 61.52381 485.514 50.79668 

487.559 59.64035 487.509 54.25291 487.543 61.86186 487.557 61.5291 487.53 50.79668 

489.588 59.63158 489.513 54.24958 489.496 61.86186 489.522 61.52646 489.515 50.79253 

491.577 59.625 491.537 54.24792 491.455 61.85585 491.527 61.53175 491.554 50.78838 

493.564 59.62062 493.583 54.24626 493.493 61.85886 493.541 61.53439 493.546 50.78423 

495.589 59.61403 495.57 54.24293 495.512 61.85285 495.537 61.53439 495.556 50.78008 

497.547 59.60965 497.532 54.24293 497.499 61.85285 497.578 61.53439 497.538 50.77593 

499.531 59.59868 499.543 54.23627 499.496 61.84384 499.578 61.53175 499.538 50.76971 

501.535 59.59649 501.543 54.23627 501.525 61.84985 501.582 61.53704 501.537 50.76556 

503.526 59.5943 503.537 54.23627 503.549 61.85285 503.571 61.53704 503.54 50.76764 

505.555 59.58772 505.533 54.23461 505.55 61.85285 505.551 61.53968 505.54 50.76141 

507.561 59.57895 507.533 54.22795 507.501 61.84685 507.532 61.53968 507.532 50.75726 

509.553 59.57456 509.542 54.22462 509.501 61.84384 509.53 61.53439 509.548 50.74896 

511.562 59.5636 511.556 54.21963 511.461 61.84084 511.516 61.52646 511.564 50.74274 

513.553 59.5614 513.582 54.2213 513.511 61.84985 513.535 61.53175 513.551 50.73652 



 

 

149 

 

515.565 59.55483 515.539 54.21963 515.546 61.84685 515.543 61.52646 515.539 50.73029 

517.562 59.55044 517.534 54.21631 517.512 61.84685 517.55 61.52381 517.54 50.71992 

519.539 59.54386 519.554 54.21464 519.506 61.84384 519.558 61.51852 519.574 50.71784 

521.532 59.53509 521.566 54.20799 521.493 61.84384 521.56 61.51323 521.592 50.70332 

523.568 59.52632 523.555 54.20632 523.524 61.83784 523.62 61.50529 523.565 50.69502 

525.559 59.52632 525.561 54.20799 525.588 61.83784 525.625 61.5 525.538 50.6888 

527.565 59.52193 527.563 54.20632 527.535 61.83784 527.57 61.49206 527.534 50.67635 

529.56 59.52412 529.558 54.20799 529.484 61.84084 529.536 61.48942 529.531 50.67012 

531.553 59.51974 531.552 54.20466 531.555 61.83483 531.553 61.47619 531.541 50.65768 

533.545 59.51974 533.539 54.20466 533.56 61.83483 533.559 61.46825 533.535 50.64938 

535.557 59.51754 535.517 54.20466 535.539 61.84685 535.57 61.45767 535.545 50.639 

537.551 59.51535 537.53 54.19967 537.543 61.84084 537.574 61.4418 537.595 50.62656 

539.568 59.51754 539.547 54.20133 539.508 61.84384 539.569 61.43386 539.59 50.61411 

541.555 59.51316 541.544 54.19967 541.551 61.83784 541.571 61.42328 541.585 50.59751 

543.551 59.51096 543.542 54.19467 543.58 61.83183 543.574 61.40212 543.592 50.58506 

545.541 59.51096 545.541 54.198 545.562 61.83483 545.569 61.39418 545.572 50.57261 

547.542 59.50219 547.553 54.19301 547.526 61.82883 547.584 61.36508 547.55 50.54357 

549.539 59.50219 549.574 54.19301 549.514 61.83183 549.593 61.35185 549.575 50.5249 

551.536 59.5 551.548 54.19301 551.541 61.83183 551.603 61.33598 551.585 50.50208 

553.546 59.49781 553.532 54.19135 553.567 61.83484 553.579 61.30952 553.574 50.47096 

555.543 59.5 555.536 54.19135 555.603 61.83784 555.579 61.28836 555.555 50.44191 

557.561 59.49561 557.532 54.18968 557.562 61.83483 557.575 61.2672 557.557 50.40456 

559.576 59.49342 559.54 54.19135 559.574 61.83483 559.576 61.24603 559.557 50.37137 

561.577 59.49123 561.547 54.18968 561.58 61.82883 561.574 61.21429 561.563 50.32987 

563.576 59.49123 563.544 54.18968 563.517 61.83183 563.571 61.18783 563.573 50.29253 

565.553 59.48903 565.538 54.18802 565.515 61.83183 565.572 61.15873 565.582 50.24481 

567.558 59.48684 567.552 54.18469 567.522 61.83183 567.572 61.11905 567.584 50.19502 

569.562 59.48684 569.558 54.18469 569.574 61.83183 569.577 61.08466 569.573 50.14938 

571.546 59.48684 571.56 54.18469 571.577 61.83183 571.567 61.05027 571.593 50.09958 

573.565 59.47807 573.534 54.18136 573.567 61.82582 573.553 61.00794 573.585 50.03942 
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575.557 59.47807 575.542 54.1797 575.599 61.82282 575.588 60.96032 575.586 49.97925 

577.569 59.47807 577.569 54.18303 577.664 61.82282 577.616 60.92328 577.581 49.92116 

579.57 59.47807 579.555 54.1797 579.571 61.82582 579.59 60.87566 579.592 49.861 

581.576 59.47368 581.555 54.1797 581.539 61.82582 581.564 60.82804 581.598 49.79668 

583.563 59.4693 583.568 54.17637 583.625 61.82282 583.575 60.77249 583.58 49.73237 

585.566 59.4671 585.577 54.17304 585.642 61.81682 585.552 60.71693 585.598 49.65975 

587.56 59.4693 587.579 54.16972 587.579 61.82583 587.529 60.66138 587.591 49.59543 

589.567 59.46491 589.571 54.16639 589.545 61.82583 589.547 60.59259 589.604 49.52905 

591.566 59.46053 591.574 54.16306 591.55 61.81982 591.592 60.5291 591.588 49.47095 

593.571 59.45175 593.566 54.15973 593.548 61.81381 593.589 60.46296 593.577 49.41909 

595.571 59.44737 595.559 54.15474 595.548 61.80481 595.573 60.39153 595.571 49.36514 

597.581 59.44517 597.58 54.15308 597.573 61.8018 597.577 60.31481 597.581 49.31328 

599.585 59.44517 599.582 54.15308 599.534 61.8018 599.559 60.24074 599.575 49.26141 

601.574 59.44298 601.582 54.14809 601.562 61.7988 601.533 60.16137 601.59 49.19917 

603.583 59.44079 603.57 54.14642 603.586 61.7958 603.571 60.07672 603.594 49.13693 

605.583 59.44079 605.567 54.14143 605.597 61.7988 605.597 59.98148 605.567 49.06639 

607.582 59.4386 607.587 54.13977 607.534 61.8018 607.596 59.89418 607.583 48.97925 

609.574 59.4386 609.6 54.13977 609.578 61.8018 609.609 59.79894 609.586 48.89004 

611.574 59.43202 611.571 54.13977 611.668 61.7988 611.581 59.70899 611.586 48.78423 

613.568 59.42982 613.551 54.1381 613.661 61.79579 613.574 59.61111 613.591 48.6639 

615.578 59.42544 615.567 54.13478 615.612 61.79579 615.608 59.51587 615.592 48.5249 

617.597 59.41886 617.559 54.12978 617.555 61.78679 617.62 59.41534 617.605 48.37552 

619.607 59.41667 619.56 54.12646 619.585 61.78679 619.586 59.31746 619.593 48.22821 

621.595 59.42105 621.608 54.12646 621.605 61.78679 621.569 59.22487 621.586 48.08299 

623.58 59.42105 623.605 54.12646 623.564 61.79279 623.604 59.13492 623.596 47.94398 

625.59 59.42105 625.601 54.12646 625.584 61.79279 625.587 59.04497 625.579 47.8195 

627.595 59.42105 627.65 54.12812 627.654 61.79279 627.567 58.96032 627.576 47.71577 

629.588 59.41667 629.637 54.12978 629.667 61.79579 629.587 58.87566 629.604 47.62241 

631.587 59.41448 631.569 54.12645 631.621 61.78979 631.6 58.78307 631.613 47.54357 

633.592 59.41009 633.518 54.12479 633.601 61.78679 633.613 58.68783 633.597 47.47303 
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635.61 59.4079 635.526 54.12313 635.627 61.77778 635.62 58.5873 635.617 47.41079 

637.605 59.41009 637.563 54.12146 637.619 61.78378 637.613 58.5 637.604 47.36722 

639.622 59.40789 639.589 54.12146 639.624 61.78378 639.62 58.40212 639.6 47.32365 

641.626 59.40351 641.641 54.11814 641.627 61.77778 641.613 58.30159 641.598 47.27801 

643.634 59.4057 643.652 54.11814 643.618 61.78078 643.629 58.20635 643.606 47.24481 

645.632 59.40351 645.618 54.11814 645.622 61.78979 645.641 58.10582 645.63 47.20747 

647.618 59.40351 647.623 54.11481 647.63 61.78679 647.636 57.99735 647.64 47.17635 

649.627 59.40132 649.63 54.11481 649.65 61.78378 649.635 57.8836 649.672 47.14315 

651.596 59.39912 651.632 54.11314 651.667 61.78378 651.611 57.76719 651.658 47.11203 

653.606 59.39474 653.635 54.10982 653.66 61.77778 653.626 57.64286 653.66 47.07469 

655.608 59.39912 655.621 54.10815 655.646 61.77778 655.604 57.52116 655.666 47.04564 

657.619 59.38816 657.629 54.10316 657.637 61.77177 657.6 57.3836 657.608 47.0083 

659.648 59.38596 659.612 54.1015 659.637 61.77177 659.608 57.25397 659.617 46.97925 

661.649 59.38596 661.615 54.1015 661.725 61.77177 661.615 57.11905 661.636 46.95021 

663.639 59.39035 663.662 54.1015 663.715 61.77177 663.726 56.98413 663.637 46.92324 

665.634 59.38377 665.646 54.09651 665.625 61.76877 665.748 56.83598 665.635 46.89419 

667.617 59.38816 667.642 54.09484 667.588 61.76577 667.634 56.67725 667.615 46.86307 

669.623 59.38377 669.617 54.09484 669.605 61.76877 669.576 56.52381 669.644 46.8361 

671.624 59.38158 671.613 54.09318 671.629 61.76577 671.543 56.3545 671.636 46.80498 

673.632 59.38377 673.637 54.08819 673.697 61.76276 673.63 56.18783 673.631 46.77594 

675.654 59.38158 675.649 54.08652 675.626 61.75976 675.66 56 675.629 46.74274 

677.642 59.38377 677.623 54.08486 677.631 61.75976 677.666 55.81482 677.641 46.71162 

679.646 59.37719 679.619 54.08153 679.662 61.75976 679.71 55.61376 679.638 46.67842 

681.637 59.37281 681.591 54.0782 681.67 61.75976 681.683 55.40212 681.632 46.64523 

683.634 59.36842 683.638 54.07155 683.653 61.75376 683.594 55.18519 683.647 46.61203 

685.64 59.36842 685.649 54.07155 685.618 61.75376 685.613 54.9709 685.641 46.58091 

687.647 59.36403 687.628 54.06489 687.605 61.75375 687.628 54.73016 687.634 46.54772 

689.641 59.36184 689.652 54.06156 689.641 61.74775 689.649 54.48942 689.625 46.51452 

691.636 59.36184 691.654 54.06156 691.665 61.74775 691.629 54.24603 691.65 46.4834 

693.627 59.36623 693.629 54.06156 693.668 61.75375 693.645 53.99471 693.651 46.45021 
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695.625 59.36623 695.649 54.06156 695.665 61.75375 695.629 53.74074 695.65 46.41909 

697.642 59.36623 697.637 54.0599 697.663 61.74775 697.672 53.46825 697.642 46.38589 

699.654 59.36623 699.668 54.0599 699.631 61.75375 699.669 53.2037 699.644 46.35477 

701.668 59.35965 701.709 54.05491 701.658 61.74474 701.655 52.93915 701.643 46.3195 

703.649 59.36184 703.638 54.05491 703.664 61.74474 703.651 52.68254 703.62 46.29046 

705.645 59.35746 705.584 54.05158 705.678 61.74474 705.617 52.45503 705.631 46.25311 

707.653 59.35746 707.609 54.05158 707.637 61.74474 707.646 52.25132 707.648 46.22199 

709.624 59.35746 709.647 54.05158 709.605 61.74174 709.688 52.08465 709.667 46.1888 

711.628 59.35965 711.642 54.05158 711.643 61.74174 711.695 51.94444 711.667 46.15768 

713.634 59.35746 713.671 54.04992 713.636 61.73573 713.673 51.81746 713.674 46.12033 

715.648 59.35965 715.666 54.05158 715.62 61.74174 715.672 51.71164 715.662 46.08714 

717.658 59.35745 717.651 54.04992 717.652 61.73874 717.671 51.62699 717.65 46.04979 

719.644 59.35745 719.642 54.05158 719.677 61.73874 719.664 51.57672 719.654 46.02075 

721.641 59.35965 721.659 54.05158 721.675 61.73874 721.676 51.54497 721.662 45.9917 

723.65 59.35746 723.707 54.04825 723.658 61.73574 723.652 51.51852 723.644 45.95436 

725.656 59.35965 725.671 54.04992 725.661 61.73874 725.685 51.50265 725.652 45.92531 

727.653 59.35746 727.635 54.04825 727.667 61.73574 727.695 51.48942 727.658 45.89004 

729.645 59.35526 729.589 54.04659 729.643 61.73273 729.664 51.4709 729.648 45.85685 

731.65 59.35746 731.64 54.04825 731.677 61.73574 731.659 51.45767 731.639 45.82365 

733.654 59.35746 733.659 54.04659 733.708 61.72973 733.673 51.44445 733.629 45.78631 

735.653 59.35746 735.664 54.04659 735.678 61.72973 735.679 51.43122 735.656 45.75726 

737.662 59.35526 737.652 54.04659 737.653 61.72973 737.673 51.41535 737.666 45.72199 

739.651 59.35526 739.639 54.04326 739.656 61.72673 739.666 51.39947 739.668 45.68465 

741.647 59.34868 741.655 54.0416 741.689 61.72072 741.68 51.38889 741.662 45.65145 

743.654 59.3443 743.665 54.0416 743.681 61.72372 743.663 51.37831 743.673 45.61411 

745.648 59.34868 745.671 54.04326 745.662 61.72372 745.647 51.36773 745.669 45.58299 

747.667 59.3443 747.662 54.03994 747.675 61.72373 747.64 51.36244 747.661 45.54772 

749.664 59.35088 749.668 54.04326 749.67 61.72973 749.684 51.36508 749.657 45.52074 

751.651 59.35088 751.676 54.04326 751.689 61.72973 751.72 51.36243 751.667 45.48755 

753.658 59.35526 753.662 54.04326 753.695 61.73273 753.747 51.35979 753.647 45.45851 
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755.678 59.35088 755.664 54.04326 755.658 61.72673 755.729 51.35185 755.649 45.42739 

757.671 59.34868 757.652 54.0416 757.638 61.72673 757.732 51.3492 757.665 45.39627 

759.672 59.34211 759.662 54.03661 759.687 61.71772 759.729 51.34127 759.684 45.35685 

761.67 59.34211 761.667 54.03661 761.689 61.71772 761.712 51.34127 761.702 45.32158 

763.69 59.34649 763.707 54.03993 763.676 61.72072 763.68 51.34127 763.642 45.29461 

765.687 59.34868 765.687 54.03993 765.681 61.72072 765.667 51.34127 765.611 45.26141 

767.665 59.34211 767.645 54.03494 767.68 61.71471 767.664 51.33862 767.655 45.21992 

769.673 59.33991 769.649 54.03494 769.698 61.71471 769.672 51.33862 769.69 45.18672 

771.679 59.33991 771.669 54.03494 771.685 61.71772 771.672 51.33598 771.687 45.15145 

773.656 59.3443 773.672 54.03494 773.67 61.72072 773.675 51.33598 773.681 45.11411 

775.656 59.3421 775.668 54.03328 775.667 61.71772 775.685 51.33069 775.696 45.07469 

777.663 59.34649 777.669 54.03328 777.671 61.71772 777.658 51.3254 777.676 45.03319 

779.663 59.34211 779.686 54.02995 779.698 61.71171 779.673 51.31746 779.664 44.98548 

781.669 59.33772 781.665 54.02662 781.715 61.7057 781.675 51.30952 781.72 44.93984 

783.682 59.33772 783.646 54.02662 783.7 61.71171 783.698 51.30688 783.699 44.89834 

785.678 59.33991 785.66 54.02662 785.681 61.7057 785.702 51.30423 785.648 44.85269 

787.682 59.33553 787.69 54.02329 787.669 61.70571 787.69 51.29365 787.64 44.80498 

789.668 59.33772 789.724 54.02662 789.667 61.6997 789.7 51.28836 789.683 44.75726 

791.67 59.34211 791.683 54.02662 791.669 61.6997 791.686 51.28307 791.689 44.70954 

793.68 59.33553 793.657 54.02496 793.677 61.6967 793.672 51.27513 793.676 44.65975 

795.671 59.33333 795.65 54.02329 795.697 61.69369 795.684 51.2619 795.664 44.60789 

797.68 59.33772 797.672 54.02329 797.707 61.69369 797.676 51.25132 797.687 44.56017 

799.685 59.33114 799.662 54.02163 799.68 61.69069 799.686 51.2328   
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7.2.3 AA and carbon-sulphur data 

Table 17 AA and carbon-sulphur analysis data for batch and continuous experiments. 

Sample 

AA Carbon-Sulphur 

Amount 

dissolved (mg) 

Flask Dissolved 

(mL) 
Dilution 

Mg result 

(ppm) 
w% Mg 

Na result 

(ppm) 
w% Na 

Fe result 

(ppm) 
% Fe 

Massed used 

(mg) 
% S 

16 95.7 50 100 2.45 12.8 0 0 0 0 95.7 22.6 

17 95.4 50 100 2.55 13.4 0 0 0 0 95.4 24.0 

18 107.2 50 100 2.44 11.4 0 0 0 0 107.2 22.2 

20 90 50 100 2.08 11.6 0 0 0 0 90 21.5 

22 93.7 25 100 4.76 12.7 0 0 0 0 93.7 21.1 

25 100.2 25 100 1.58 3.94 0 0 4.6 11.5 100.2 19.4 

26 103.5 25 100 4.58 11.1 0 0 0 0 103.5 20.8 

27 101.3 25 100 4.38 10.8 0 0 0 0 101.3 21.0 

29 136.6 25 100 2.25 4.118 0 0 2.75 5.03 136.6 20.7 

30 93.4 50 100 1.16 6.210 0 0 0.78 4.18 93.4 19.7 

33 99.8 25 100 4.68 11.7 0 0 0 0 99.8 21.2 

34 133.2 25 100 5.85 11.0 0 0 0 0 133.2 21.0 

36 102.6 25 100 4.48 10.9 0 0 0 0 102.6 21.0 

37 91.7 50 100 1.91 10.4 0 0 0 0 91.7 21.0 

38 90.1 25 100 4.4 12.2 0 0 0 0 90.1 21.8 
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FB1 117.8 50 100 2.91 12.4 0 0 0 0 117.8 20.4 

FB2 99.4 50 100 2.21 11.1 0 0 0 0 99.4 20.2 

FB3 122.2 50 100 2.77 11.3 0 0 0 0 122.2 21.0 

FB4 99.5 50 100 2.38 12.0 0 0 0 0 99.5 20.8 

FB7 120.4 25 100 5.42 11.3 0 0 0 0 120.4 18.1 

FB8 108.4 25 100 4.77 11.0 0 0 0 0 108.4 18.3 

FB10 90.7 25 100 4.68 12.9 0 0 0 0 90.7 20.7 

FB11 94.7 25 100 4.11 10.9 0 0 0 0 94.7 19.8 

FB12 91.5 25 100 3.71 10.1 0 0 0 0 91.5 20.2 

FB13 105.1 25 100 2.53 6.02 0 0 0 0 105.1 18.3 

FB14 107.2 50 100 0.87 4.06 0 0 0 0 107.2 19.1 

C2O015 136.9 50 100 3.61 13.2 0 0 0 0 132.1 19.6 

C2O045 100.2 25 100 5.21 13.0 0 0 0 0 99.1 21.0 

C2O115 176.1 25 100 9.37 13.3 0 0 0 0 156.2 19.6 

C2O145 228.6 25 100 12.1 13.2 0 0 0 0 86.5 21.4 

C2O215 89.7 25 100 4.41 12.3 0 0 0 0 79.9 20.2 

C2O245 89.5 50 100 2.09 11.7 0 0 0 0 80.5 18.1 

C2O315 152.9 25 100 6.25 10.2 0 0 0 0 92.2 22.5 

C2O345 126.5 25 100 5.42 10.7 0 0 0 0 95 22.8 

C3O045 143.1 50 100 3.42 11.9 0 0 0 0 95.9 22.3 

C3O115 135.1 50 100 2.82 10.4 0 0 0 0 81.2 14.6 
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C3O145 143.8 25 100 6.27 10.9 0 0 0 0 98.2 18.8 

C3O215 157.3 50 100 3.63 11.5 0 0 0 0 73.8 17.7 

C3O245 170.9 50 100 3.56 10.4 0 0 0 0 90.1 21.1 

C3O315 101.5 25 100 4.31 10.6 0 0 0 0 95.1 21.1 

C4O015 82 25 100 4.67 14.2 0 0 0 0 55.4 18.2 

C4O045          138.1 20.0 

C4O115 142.4 25 100 7.18 12.6 0 0 0 0 86.3 18.4 

C4O145 132.5 25 100 6.2 11.7 0 0 0 0 99 17.6 

C4O215 103.9 50 100 2.67 12.8 0 0 0 0 96.7 25.6 

C4O245 114.3 50 100 2.77 12.1 0 0 0 0 764 25.1 

C5O015 68.3 25 100 3.74 13.7 0 0 0 0 82.5 25.9 

C5O045 115.1 25 100 5.31 11.5 0 0 0 0 84.7 16.2 

C5O115 237.9 50 100 5.7 12.0 0 0 0 0 87.3 16.0 

C5O145 203.6 50 100 5.04 12.4 0 0 0 0 89.3 19.1 

C5O215 181.8 50 100 8.79 24.2 0 0 0 0 87.1 22.2 

C5O245 129.4 25 100 5.94 11.5 0 0 0 0 98.8 17.3 

C12O115 84.2 25 100 3.07 9.12 0.03 0.089 0 0 93.5 24.2 

C12O145 226.3 50 100 5.32 11.8 0.02 0.044 0 0 92.7 21.8 

C12O215 126.5 25 100 2.58 5.10 0.03 0.059 0 0 92.7 24.9 

C12O245 158.6 25 100 4.87 7.68 0.02 0.032 0 0 135 17.9 

C12O315 101 25 100 3.24 8.02 0.05 0.124 0 0 117.4 16.3 
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C12O345 79.7 25 100 2.95 9.25 0.04 0.125 0 0 123 14.4 

7.2.4 Batch experiments mass balance 

Table 18 Sulphur, magnesium and chloride mass balance for batch experiments incorporating ICP, AA and carbon-sulphur analysis 

results. 

Experiment 
Liquid volume 

(mL) 

Wet solids 

weight (g) 

Sulphur Magnesium Chloride 

Initial amount 

present (mol) 
Liquid Solid 

Initial amount 

present (mol) 
Liquid Solid 

Initial amount 

present (mol) 
Liquid Scrubber 

T15 297 0 0.78 102.8% 0.0% 0.6 86.3% 0.0% 1.2 81.1% 9.3% 

T16 165 98.73 1.76 53.0% 39.5% 0.8 32.1% 65.0% 1.6 25.4% 49.7% 

T17 154 35.73 1.04 73.3% 34.0% 0.8 38.8% 24.6% 1.6 30.9% 26.0% 

T18 159 93.89 1.76 50.6% 36.9% 0.8 30.8% 55.0% 1.6 24.0% 48.4% 

T19 278 0 0.78 96.6% 0.0% 0.6 80.8% 0.0% 1.2 77.1% 6.4% 

T20 196 34.94 1.32 74.0% 17.7% 0.6 66.4% 27.7% 1.2 53.9% 34.0% 

T21 263 0 1.32 100.5% 0.0% 0.6 87.4% 0.0% 1.2 82.1% 24.8% 

T22 195 40.39 1.04 69.4% 25.5% 0.8 67.5% 26.4% 1.6 57.0% 34.9% 

T25 196 69.39 1.76 60.0% 23.8% 0.4 32.8% 28.1% 1.6 24.9% 55.1% 

T26 275 10.28 1.76 96.5% 3.8% 0.72 71.6% 6.5% 1.6 22.2% 28.4% 

T27 322 45.48 1.76 82.8% 17.0% 0.76 58.3% 26.6% 1.6 19.9% 45.8% 

T28 288 0 1.76 100.8% 0.0% 0.64 84.4% 0.0% 1.6 24.1% 14.8% 

T29 232 37.83 1.76 79.0% 13.9% 0.32 80.7% 20.0% 1.6 38.9% 22.0% 

T30 199 62.84 1.76 59.8% 21.9% 0.64 39.8% 25.1% 1.6 27.7% 54.7% 

T33 170 94.92 1.76 49.7% 35.6% 0.8 46.0% 57.2% 1.6 28.9% 51.5% 

T34 179 88.39 1.76 57.9% 32.9% 0.8 35.2% 49.9% 1.6 27.5% 47.7% 
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T35 326 0 1.76 93.4% 0.0% 0.8 81.2% 0.0% 1.6 77.0% 25.6% 

T36 159 105.46 1.76 51.6% 39.2% 0.8 31.3% 59.2% 1.6 24.7% 47.2% 

T37 184 63.84 1.4 68.4% 29.9% 0.8 50.2% 34.2% 1.6 31.6% 39.0% 

T38 189 52.74 1.54 62.5% 23.3% 0.7 62.7% 37.8% 1.4 37.9% 41.2% 

FB1 172 105.77 1.76 55.9% 38.2% 0.8 33.9% 67.2% 1.6 26.6% 48.4% 

FB2 174 85.67 1.76 52.3% 30.7% 0.8 47.9% 49.0% 1.6 30.3% 51.7% 

FB3 175 87.14 1.76 53.5% 32.3% 0.8 42.7% 50.8% 1.6 28.1% 52.0% 

FB4 203 67.91 1.76 59.0% 25.1% 0.8 59.1% 41.8% 1.6 35.6% 52.0% 

FB6 216 0 0.88 71.2% 0.0% 0.4 100.3% 0.0% 0.8 81.7% 20.9% 

FB7 166 119.76 1.98 41.0% 34.2% 0.9 37.1% 61.6% 1.8 29.9% 52.6% 

FB8 151 174.72 2.2 35.3% 45.3% 1 24.7% 79.1% 2 25.0% 60.0% 

FB9 226 0 0.8 82.2% 0.0% 0.8 100.2% 0.0% 1.6 86.5% 16.0% 

FB10 198 42.81 1.2 72.3% 23.1% 0.8 71.9% 28.4% 1.6 49.4% 31.7% 

FB11 186 110.28 1.6 56.2% 42.5% 0.8 35.1% 61.5% 1.6 45.0% 44.8% 

FB12 201 111.24 2.4 57.5% 29.2% 0.8 26.5% 58.0% 1.6 14.0% 64.6% 

FB13 98 153.03 1.76 31.1% 49.6% 0.64 38.1% 59.2% 1.6 20.2% 44.4% 

FB14 22 218.92 1.76 5.5% 74.1% 0.4 9.6% 91.4% 1.6 6.0% 31.3% 
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Table 19 Sodium, iron and calcium mass balance for batch experiments containing those elements incorporating ICP, AA and carbon-

sulphur analysis results. 

Experiment 
Liquid volume 

(mL) 

Wet solids 

weight (g) 

Sodium Iron Calcium 

Initial amount 

present (mol) 
Liquid Solid 

Initial amount 

present (mol) 
Liquid Solid 

Initial amount 

present (mol) 
Liquid 

T25 196 69.39 0 0.0% 0.0% 0.4 20.0% 35.7% 0 0.0% 

T26 275 10.28 0.08 49.5% 0.0% 0 0.0% 0.0% 0 0.0% 

T27 322 45.48 0.04 85.9% 0.0% 0 0.0% 0.0% 0 0.0% 

T28 288 0 0.16 24.8% 0.0% 0 0.0% 0.0% 0 0.0% 

T29 232 37.83 0.16 80.1% 0.0% 0.16 58.4% 21.3% 0.16 0.1% 

T30 199 62.84 0 0.0% 0.0% 0.16 29.1% 29.4% 0 0.0% 

FB13 98 153.03 0 0.0% 0.0% 0 0.0% 0.0% 0.16 0.0% 

FB14 22 218.92 0 0.0% 0.0% 0 0.0% 0.0% 0.4 0.0% 
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7.2.5 Continuous experiments mass balance 

Table 20 Solid weights, liquid volumes, slurry densities, and sulphur mass balance for the continuous experiments. 

Experiment 
Time (start of 

collection) 
Liquid volume (mL) Solid weight (g) 

Slurry density 

(g/mL) 

Sulphur 

Initial amount 

present 
Liquid Solid 

Remaining in 

reactors 

15 74 0 0 2.23 8.6%   

45 92 0 0 2.67 13.6%   

75 96 0 0 3.12 12.0%   

105 70 0 0 3.56 8.0%   

135 76 0 0 4.01 8.1%   

165 82 0 0 4.46 7.8%   

Total 490 0 0     

15 56 7.71 0.14 2.75 13.4% 0.0% 86.6% 

45 55 5.1 0.09 3.30 10.4% 0.0% 89.6% 

75 52 6.71 0.13 3.85 8.3% 1.2% 90.5% 

105 60 11.36 0.19 4.40 8.5% 0.8% 90.8% 

135 58 10.45 0.18 4.95 7.0% 0.8% 92.2% 

165 52 13.51 0.26 5.50 5.9% 1.4% 92.7% 

195 76 21.68 0.29 6.05 14.0% 1.1% 84.9% 

225 63 22.46 0.36 6.60 10.0% 1.2% 88.8% 
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Total 472 98.98 0.21     

15 44 39.51 0.90 3.14 8.0%   

45 46 36.46 0.79 3.76 5.8% 7.3% 86.9% 

75 62 38.15 0.62 4.39 5.3% 3.8% 91.0% 

105 58 35.33 0.61 5.02 6.4% 4.5% 89.1% 

135 46 38.86 0.84 5.64 5.5% 3.5% 91.1% 

165 48 56.26 1.17 6.27 4.0% 4.1% 92.0% 

Total 304 244.57 0.80     

15 66 6.4 0.10 3.14 5.0% 1.2% 93.9% 

45 59 28.28 0.48 3.76 7.5% 4.7% 87.8% 

75 50 29.57 0.59 4.39 5.4% 3.9% 90.7% 

105 64 40.46 0.63 5.02 6.1% 4.4% 89.4% 

135 44 29.21 0.66 5.64 3.7% 3.0% 93.3% 

165 48 49.5 1.03 6.27 3.7% 6.2% 90.1% 

Total 331 183.42 0.55     

15 86 15.18 0.18 2.19 14.3% 5.6% 80.1% 

45 56 25.05 0.45 2.63 7.8% 4.8% 87.4% 

75 63 32.65 0.52 3.07 7.1% 5.3% 87.6% 

105 60 28.03 0.47 3.51 5.8% 4.8% 89.5% 

135 72 34.44 0.48 3.95 6.2% 6.0% 87.8% 

165 65 31.87 0.49 4.39 5.1% 3.9% 91.0% 
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Total 402 167.22 0.42     

15 86 29.69 0.35 3.14    

45 64 45.45 0.71 3.76    

75 82 57.51 0.70 4.39    

105 55 42.45 0.77 5.02    

135 64 38.62 0.60 5.64    

165 65 37.68 0.58 6.27    

195 78 33.76 0.43 6.90    

225 68 18.49 0.27 7.52    

Total 562 303.65 0.54     

15 102 7.9 0.08 2.75    

45 90 15.4 0.17 3.30    

75 89 23.44 0.26 3.85    

105 87 22.93 0.26 4.40    

135 88 20.09 0.23 4.95    

165 90 24.79 0.28 5.50    

195 102 19.59 0.19 6.05    

225 86 19.3 0.22 6.60    

255 86 12.74 0.15 7.15    

285 73 15.36 0.21 7.70    

Total 893 181.54 0.20     
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C8 

15 43 49.35 1.15 2.75    

45 72 50.35 0.70 3.30    

75 80 48.04 0.60 3.85    

105 76 39.36 0.52 4.40    

135 70 64.64 0.92 4.95    

165 47 76.42 1.63 5.50    

Total 388 328.16 0.85     

15 76 88.48 1.16 2.75 11.1%   

45 48 80.46 1.68 3.30 7.0%   

75 48 69.67 1.45 3.85 5.9%   

105 53 72.56 1.37 4.40 5.7%   

135 60 54.38 0.91 4.95 5.5%   

165 50 61.67 1.23 5.50 4.2%   

195 58 76.29 1.32 6.05 4.2%   

Total 393 503.51 1.28     

15 36 52.06 1.45 2.75 3.8%   

45 50 91.56 1.83 3.30 7.3%   

75 42 51.31 1.22 3.85 5.4%   

105 62 47.38 0.76 4.40 6.5%   

135 60 45.21 0.75 4.95 5.7%   

165 64 47.41 0.74 5.50 5.5%   
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Total 314 334.93 1.07     

15 63 20.88 0.33 2.75 7.3%   

45 75 44.26 0.59 3.30 10.2%   

75 66 39.77 0.60 3.85 8.1%   

105 83 43.98 0.53 4.40 9.2%   

135 57 29.16 0.51 4.95 4.7%   

165 61 54.37 0.89 5.50 5.0%   

195 46 44.6 0.97 6.05 3.3%   

225 46 70.21 1.53 6.60 3.3%   

Total 497 347.23 0.70     

15 64 28.47 0.44 2.75 11.2%   

45 60 25.92 0.43 3.30 8.7%   

75 72 17.22 0.24 3.85 10.5% 3.4% 86.2% 

105 84 23.9 0.28 4.40 9.1% 3.7% 87.3% 

135 76 25.35 0.33 4.95 7.4% 4.0% 88.6% 

165 50 17.69 0.35 5.50 4.4% 1.8% 93.8% 

195 66 28.89 0.44 6.05 5.3% 2.4% 92.3% 

225 56 25.01 0.45 6.60 4.1% 1.7% 94.3% 

Total 528 192.45 0.36     
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Table 21 Magnesium and chloride mass balance for the continuous experiments. 

Experiment 
Time (start of 

collection) 

Magnesium Chloride 

Initial amount 

present 
Liquid Solid 

Remaining in 

reactors 

Initial amount 

present 
Liquid Scrubber 

Remaining in 

reactors 

15 1.01 20.7%   2.03 18.3% 6.1% 75.6% 

45 1.22 19.7%   2.43 16.6% 8.3% 75.1% 

75 1.42 17.7%   2.84 14.8% 9.9% 75.2% 

105 1.62 11.2%   3.24 9.2% 10.2% 80.6% 

135 1.82 10.6%   3.65 8.6% 12.0% 79.4% 

165 2.03 10.3%   4.05 8.4% 12.1% 79.5% 

Total         

15 1.25 11.7% 3.3% 84.9% 2.50 8.4% 21.0% 70.6% 

45 1.50 9.5% 1.8% 88.7% 3.00 7.2% 22.9% 69.9% 

75 1.75 7.7% 2.1% 90.2% 3.50 6.3% 22.6% 71.1% 

105 2.00 7.7% 3.1% 89.2% 4.00 6.6% 25.9% 67.5% 

135 2.25 6.0% 2.3% 91.6% 4.50 4.9% 28.3% 66.8% 

165 2.50 4.8% 2.6% 92.6% 5.00 3.8% 30.3% 65.9% 

195 2.75 6.0% 3.3% 90.6% 5.50 4.8% 31.3% 63.9% 

225 3.00 4.5% 3.3% 92.2% 6.00 3.6% 31.3% 65.2% 

Total         
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C3 

15 1.43 6.9%   2.85 6.7% 42.8% 50.5% 

45 1.71 5.0% 11.4% 83.6% 3.42 4.9% 46.1% 49.0% 

75 2.00 4.8% 7.8% 87.4% 3.99 3.7% 46.7% 49.5% 

105 2.28 5.3% 7.5% 87.2% 4.56 4.7% 49.3% 46.0% 

135 2.57 4.2% 6.5% 89.3% 5.13 3.9% 51.1% 45.0% 

165 2.85 2.9% 5.8% 91.2% 5.70 2.7% 51.1% 46.2% 

Total         

15 1.43 25.6% 2.6% 78.7% 2.85 16.3% 42.0% 41.7% 

45 1.71 8.4%   3.42 7.1% 46.0% 46.9% 

75 2.00 5.9% 7.7% 86.4% 3.99 5.1% 48.1% 46.8% 

105 2.28 6.7% 8.5% 84.7% 4.56 5.7% 51.0% 43.3% 

135 2.57 3.9% 6.0% 90.0% 5.13 3.4% 52.8% 43.8% 

165 2.85 3.8% 8.7% 87.5% 5.70 3.3% 52.7% 44.0% 

Total         

15 1.69 17.3% 5.1% 77.6% 3.38 14.1% 22.6% 63.3% 

45 2.03 8.4% 5.9% 85.7% 4.05 7.3% 24.8% 67.8% 

75 2.36 8.4% 6.8% 84.8% 4.73 7.4% 26.4% 66.2% 

105 2.70 7.1% 5.3% 87.6% 5.40 6.3% 28.0% 65.7% 

135 3.04 7.7% 11.3% 81.0% 6.08 6.7% 29.6% 63.7% 

165 3.38 6.3% 4.5% 89.2% 6.75 5.5% 29.6% 65.0% 

Total         
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C6 

15 1.43    2.85  43.5% 56.5% 

45 1.71    3.42  50.1% 49.9% 

75 2.00    3.99  53.5% 46.5% 

105 2.28    4.56  54.2% 45.8% 

135 2.57    5.13  54.2% 45.8% 

165 2.85    5.70  55.8% 44.2% 

195 3.14    6.27  56.6% 43.4% 

225 3.42    6.84  56.4% 43.6% 

Total         

15 1.00    2.50  11.8% 88.2% 

45 1.20    3.00  20.4% 83.1% 

75 1.40    3.50  20.6% 79.4% 

105 1.60    4.00  25.1% 74.9% 

135 1.80    4.50  30.3% 69.7% 

165 2.00    5.00  35.0% 65.0% 

195 2.20    5.50  40.2% 59.8% 

225 2.40    6.00  40.7% 59.3% 

255 2.60    6.50  41.6% 58.4% 

285 2.80    7.00  41.2% 58.8% 

Total         

15 1.13    2.50  11.4% 88.6% 
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45 1.35    3.00  10.7% 89.3% 

75 1.58    3.50  11.7% 88.3% 

105 1.80    4.00  14.0% 86.0% 

135 2.03    4.50  16.9% 83.1% 

165 2.25    5.00  16.9% 83.1% 

Total         

15 1.00 15.8%   2.50 24.8% 19.0% 66.0% 

45 1.20 6.6%   3.00 6.5% 23.0% 70.5% 

75 1.40 5.9%   3.50 5.7% 25.0% 69.3% 

105 1.60 6.0%   4.00 5.6% 26.5% 67.9% 

135 1.80 6.3%   4.50 5.9% 27.3% 66.9% 

165 2.00 4.5%   5.00 4.3% 27.3% 68.4% 

195 2.20 5.3%   5.50 5.0% 27.6% 67.4% 

Total         

15 0.88 8.6%   2.50 8.5% 10.5% 80.9% 

45 1.05 6.2%   3.00 6.8% 12.5% 80.7% 

75 1.23 4.5%   3.50 4.6% 12.2% 83.1% 

105 1.40 6.8%   4.00 6.7% 13.3% 80.0% 

135 1.58 5.9%   4.50 5.6% 14.1% 80.3% 

165 1.75 5.7%   5.00 5.4% 14.1% 80.5% 

Total         
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C11 

15 0.75 21.8%   2.50 14.4% 8.9% 76.7% 

45 0.90 17.8%   3.00 11.6% 9.4% 79.0% 

75 1.05 12.3%   3.50 8.4% 9.8% 81.8% 

105 1.20 13.1%   4.00 8.6% 10.4% 81.0% 

135 1.35 9.5%   4.50 6.5% 10.8% 82.7% 

165 1.50 8.3%   5.00 5.6% 11.4% 83.0% 

195 1.65 6.2%   5.50 4.1% 12.1% 83.9% 

225 1.80 4.5%   6.00 3.2% 12.3% 84.5% 

Total         

15 1.19 14.7%   2.50 11.1% 17.8% 71.2% 

45 1.43 10.5%   3.00 8.1% 22.8% 69.1% 

75 1.66 12.1% 3.9% 84.0% 3.50 8.3% 24.9% 66.8% 

105 1.90 10.5% 6.1% 83.5% 4.00 8.3% 27.2% 64.5% 

135 2.14 8.1% 2.5% 89.4% 4.50 6.6% 29.4% 64.0% 

165 2.38 4.6% 2.4% 93.0% 5.00 3.9% 29.4% 66.7% 

195 2.61 5.5% 3.6% 90.8% 5.50 4.9% 29.4% 65.7% 

225 2.85 3.9% 3.3% 92.8% 6.00 0.0% 29.5% 70.5% 

Total         
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Table 22 Sodium, iron, and calcium mass balance for continuous experiments. 

Experiment 
Time 

(start of 
collection) 

Sodium Iron Calcium 

Initial 
amount 
present 

Liquid Solid 
Remaining 

in 
reactors 

Initial 
amount 
present 

Liquid Solid 
Remaining 

in 
reactors 

Initial 
amount 
present 

Liquid 

15         0.25           

45     0.30      

75     0.35      

105     0.40      

135     0.45      

165     0.50      

195     0.55      

225     0.60      

255     0.65      

285         0.70           

Total           

15                 0.13   

45         0.15  

75         0.18  

105         0.20  

135         0.23  

165                 0.25   

Total           

15         0.13 26.3%     0.13 0.6% 

45     0.15 10.6%   0.15 0.0% 

75     0.18 9.5%   0.18 0.0% 

105     0.20 9.7%   0.20 0.0% 
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135     0.23 10.4%   0.23 0.0% 

165     0.25 7.4%   0.25 0.0% 

195         0.28 8.9%     0.28 0.1% 

Total           

15         0.19 20.9%     0.19 0.5% 

45     0.23 8.6%   0.23 0.0% 

75     0.26 5.9%   0.26 0.0% 

105     0.30 9.7%   0.30 0.0% 

135     0.34 8.4%   0.34 0.0% 

165         0.38 8.1%     0.38 0.0% 

Total           

15         0.25 8.5%     0.25 0.1% 

45     0.30 7.1%   0.30 0.0% 

75     0.35 4.8%   0.35 0.0% 

105     0.40 5.0%   0.40 0.0% 

135     0.45 3.7%   0.45 0.0% 

165     0.50 3.2%   0.50 0.0% 

195     0.55 2.4%   0.55 0.2% 

225         0.60 1.7%     0.60 0.0% 

Total           

15 0.06 4.8%                 

45 0.08 5.1%          

75 0.09 5.3% 0.8% 93.9%       

105 0.10 5.7% 0.5% 93.8%       

135 0.11 4.6% 0.6% 94.8%       

165 0.13 2.7% 0.2% 97.1%       

195 0.14 2.7% 1.1% 96.2%       

225 0.15 1.5% 0.9% 97.6%             

Total           
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