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Abstract — A fundamental study was conducted on the dissolution of North Korean magnesite using hydrochloric acid
to understand the dissolution behavior of the magnesium and impurities. The influence of the acid concentration, particle
size of the magnesite, reaction temperature, and pulp density on the dissolution of magnesium, iron, calcium, aluminum,
and silicon dioxide was studied. The experimental results showed that 98.5% of magnesium, 86.9% of iron, 87.3% of
calcium, 23.6% of aluminum, and 20.4% of silicon dioxide were dissolved when magnesite particle sizes within the
range of 75~105 um were reacted using 3 M HCI solution under 6% pulp density at 363 K for 3 h. The residues that
remained after the dissolution were silicon dioxide, talc, and clinochlore.
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1. Introduction

Magnesite (MgCO;) is one of the most important mineral resources
for the production of magnesium (Mg) using the electrolytic process.
According to the United States Geological Survey (USGS) report
shown in Fig. 1(a), China produced 70% of the global magnesite
production in 2014 [1]. Although, North Korea has 18% of the global
reserves of magnesite as shown in Fig. 1(b), the country’s magnesite
production is limited to only 0.83% of the global production in 2014.
These results imply the potential of the North Korea to become one
of the magnesite suppliers in the future.

Generally, concentrated hydrochloric acid (HCI) is used for the
dissolution of magnesite to produce magnesium chloride (MgCl,)
solution [2,3]. After the removal of impurities in MgCl, solution,
anhydrous MgCl, is produced through the condensation of MgCl,
solution followed by the dehydration of magnesium chloride hexahydrate
(MgCl,-6H,0). This anhydrous MgCl, is used as a feedstock for the
electrolytic process.

When the removal of the impurities to prepare high-purity MgCl,
solution is considered, it is important to understand not only the
dissolution of Mg in magnesite but also the dissolution of impurities
by the concentrated HCI solution. The dissolution of impurities is
affected by the mineral types of the impurities in the magnesite and
the dissolution conditions. In addition, the mineral types of the impurities
vary depending on the mining site.

The dissolution of magnesite feed, mined in several countries, in
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various types of acid has been reported by researchers in the past [4-
12]. Most of these studies investigated the dissolution kinetics of Mg
in the magnesite feed using acids to determine the rate-controlling
step [10-12]. However, the dissolution of Mg and impurities from
North Korean magnesite using HCI solution is seldom reported
except for the preliminary study carried out by Park and co-workers;
nevertheless, any systematic investigation was not conducted [4].
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Fig. 1. Global (a) production and (b) reserves of magnesite in 2014.
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Fig. 2. Process flowchart for the preparation of anhydrous magne-
sium chloride from North Korean magnesite in Korea Insti-
tute of Geoscience and Mineral Resources.

Fig. 2 shows the process flowchart for the preparation of anhydrous
MgCl, from North Korean magnesite produced in the Ryongyang mine.
The purpose of this study was to investigate the influence of the acid
concentration, particle size of the magnesite, reaction temperature,
and pulp density on the dissolution of Mg and impurities such as iron
(Fe), calcium (Ca), aluminum (Al), and silicon dioxide (Si0O,) in
North Korean magnesite. In addition, the optimum conditions for the
preparation of MgCl, solution from North Korean magnesite through
dissolution by HCI solution were determined. The results of this
study can be used to produce high-purity MgCl, solution through the
removal of the impurities when the North Korean magnesite is used
as feedstock.

Table 1. Analytical results of the magnesite feed from North Korea
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Fig. 3. (a) Schematic and (b) photograph of experimental apparatus
for the dissolution of the magnesite.

2. Experimental

Fig. 3 shows a schematic and a photograph of the experimental
apparatus used in this study. The magnesite sample was pulverized
and sieved before use. Table 2 shows the particle size distribution
after the pulverization. For the experiment preparation, 500 ml of
HCI (guaranteed reagent, JUNSEI CHEMICAL Co. Ltd.) solution
was placed in the double-jacketed reactor as shown in Fig. 3. Before
increasing the temperature of HCI solution, 50 sccm of Ar gas
(purity: 99.999%) was injected through a quartz tube into the HCI
solution for 0.5 h, and the tube was removed from the reactor after
the bubbling was finished. The temperature of the HCI solution was
increased to reach the reaction temperature by supplying hot water
through the bath circulator (model No.: CW-10G, JEIO TECH, CO.,

Table 2. Analysis results for the particle size distribution of North
Korean magnesite

Size fraction (um) Cumulative volume fraction (%)*

under 45 11.52
45~75 21.54
75~105 30.48
105~150 40.52
150~300 67.46
300~425 83.43
over 300 425~600 95.31
600~710 98.58
710~1000 100.00

#Determined by particle size analyzer

Feedstock

Mass percentage of element i, C; (mass %)

Mg? Feb b

N Ca AP Sit

Magnesite 28.68 0.09 N.D

N.D 0.72 0.13 0.31

“Determined by wet analysis (gravimetric analysis)
"Determined by ICP-OES analysis, N.D: Not Detected (< 0.010 mass %)
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LTD.). A condenser was used to prevent evaporation of the reactor
contents.

In the dissolution experiments, 30 g of North Korean magnesite
produced in Ryongyang mine was added to the HCI solution, in
order to conduct the experiments that investigate the influence of the
acid concentration, particle size of the magnesite, and reaction
temperature on the dissolution. On the other hand, when experiments
on the influence of the pulp density on the dissolution were conducted,
30g,50g,70 g, or 90 g of the magnesite were added to the HCI solution,
respectively. The HCI solution was continuously stirred at 500 rpm.
During the dissolution, 5 ml of the solution was taken from the reactor at
predetermined time intervals, then the sample was filtered by using a
syringe filter unit (pore size: 0.20 pum, ADVANTEC®) for the analysis.

The concentrations of Mg and the impurities in liquid samples
were analyzed with inductively coupled plasma optical emission
spectroscopy (ICP-OES: Perkin Elmer, Optima 5300DV and Thermo
Fisher Scientific, ICAP 6500). The crystalline phases of the residues
that remained after the dissolution were identified by X-ray diffrac-
tion (XRD: Rigaku, SmartLab, Cu-Ka radiation). In addition, the
particle size distribution of the magnesite was analyzed by using a
particle size analyzer (Malvern Instruments, Mastersizer200).

3. Results and Discussion

3-1. North Korean magnesite feed

Table 1 and Figure 4 show the results of composition analysis and
XRD analysis of the magnesite, respectively. The analysis results
revealed that the main phase of North Korean magnesite was MgCOs,
while other phases were not identified by XRD analysis. In addition,
the main impurities found in the magnesite were Fe, Ca, Al, and Si,
as shown in Table 1. Even though the phases of the main impurities
were not identified by the results of XRD analysis, the literature
indicates that silicon dioxide, talc, chlorites, dolomite, and calcite are
the main phases of the impurities contained in North Korean magnesite
produced in Ryongyang mine [20].

Hanawalt et al. reported that Fe, copper (Cu), and nickel (Ni)
accelerate the corrosion rate of Mg alloys [13,21]. These elements
should be removed during the preparation of high-purity MgCl,
solution. In addition, Fe in anhydrous MgCl, decreases the current
efficiency of the electrolytic process [3]. As shown in Table 1, Cu and
Ni were not contained in North Korean magnesite. Therefore, the
dissolution and removal of Fe are important when the use of North
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Fig. 4. XRD analysis result of the magnesite feed from North Korea.

Korean magnesite is considered.

3-2. Observation

Bubble generation was observed during the dissolution of the
magnesite by HCl solution. The chemical reaction between the magnesite
and HCI solution is expressed by Eq. (1) [6,10]. Therefore, carbon
dioxide (CO,) gas is expected to be generated by the dissolution of
the magnesite by HCl solution.

MgCO; (s) +2 HCI (1) =MgCl, (aq.) + H,O (I) + CO, (g) @)

3-3. Influence of the concentration of HCI solution on the
dissolution

Fig. 5 shows the fraction of Mg dissolved when the experiments
were conducted using the magnesite with particle sizes in the range
0f45~75 pm at 343 K under 6% pulp density. As shown in Fig. 5, the
Mg dissolution rate increased when the concentration of HCI solution
increased in the range of 0.1 M~3 M. The experimental results showed
that the fractions of Mg dissolved reached 93.5~94.4% after 2 h
when 3 M HCl solution was used. The fractions of Mg dissolved were
increased by 16.8~17.7% point compared to the results obtained
when 1 M HCl solution was used.

The pH for the Mg**/Mg(OH), eq. is 8.37 at 298 K [14]. This
indicates the possibility of the dissolution of Mg even in weak acids
depending on the types of feedstock. Ranjitham and Khangaonkar
reported that calcined magnesite began to dissolve at pH 4.5 and the
fraction of MgO dissolved was 90% at pH 6.7 when ammonium
chloride was used [15]. However, as shown in Fig. 5, the fraction of
Mg dissolved was 0.71% even though 0.1 M HCI solution was used
when the magnesite was used as the feedstock. Therefore, the
concentration of HCI solution required for the sufficient dissolution
of the magnesite with particle sizes ranging between 45~75 pum at
343 K under 6% pulp density should be at least 3 M.

3-4. Influence of particle size on the dissolution
To investigate the influence of the particle size, various particle
sizes of the magnesite ranging from below 45 pum to above 300 um at
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Fig. 5. Fractions of Mg dissolved when the experiments were con-
ducted using the magnesite with particle sizes in the ranges
of 45~75 pm at 343 K under 6% pulp density.
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Fig. 6. Fractions of (a) Mg, (b) Fe, (c) Ca, (d) Al, and (e) SiO, dissolved when the experiments were conducted using 3 M HCI solution with the
various particle sizes of the magnesite from below 45 pm to above 300 pm at 343 K under 6% pulp density.

343 K under 6% pulp density were used to conduct the experiments
using 3 M HCI solution. The dissolution rate of Mg increased when
the particle size of the magnesite decreased in the range of below 45 um
~above 300 pum, as shown in Fig. 6(a). The fractions of Mg dissolved
were 94.4~95.8% and 90.8% after 3 h when magnesite with particle
sizes below 75 pm and 75~105 pm was used, respectively. Therefore,
when the dissolution of the magnesite is conducted using 3 M HCl
solution at 343 K under 6% pulp density, it is more effective to use
feedstock particle sizes below 75 pum.

Fig. 7 shows the XRD results of the residues after the dissolution
of the magnesite feed when the experiments were conducted using
3 M HCl solution at 343 K after 3 h under 6% pulp density. As shown
in Fig. 7(a), although magnesite with small particle sizes (within the
range below 45 um) was used, MgCO; was still identified. However,
it seems that the fraction of Mg dissolved was saturated when the
dissolution was conducted at 343 K. Therefore, it is required to increase
the dissolution rate of Mg by increasing the reaction temperature to
ensure the complete dissolution of Mg from the magnesite.

Figs. 6(b)~(e) show the fractions of Fe, Ca, Al, and SiO, dissolved
when the dissolution of the magnesite is conducted. The figures
illustrate that the dissolution rates of the impurities increased when
the particle size of the feedstock decreased in the range of below 45
um - above 300 pm. The fractions of Fe and Ca dissolved were
81.6~84.3% and 88.5~93.1%, respectively, after 3 h when particle
sizes below 75 um were used. These results indicate that most of Fe
and Ca in the magnesite dissolved, and it is necessary to remove Fe
and Ca to obtain high-purity MgCl, solution.

The fractions of Al and SiO, dissolved were 10.4~12.9% and
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9.6~12.1%, respectively, after 3 h when particle sizes below 75 pm
were used. Figs. 6(d), 6(e), and 7 show that most of the Al and SiO,
remained as SiO,, Mg;Si,0,,(OH), (talc), and (Mg, Al)(Si, Al),0,,(OH)g
(clinochlore in chlorites). The phases of these impurities aligned with
the results of the literature [20] (as mentioned in section 3.1). Even
though the dissolved amount of Al and SiO, in the magnesite was
small, it is also necessary to remove those impurities to produce
high-purity MgCl, solution.

Ross reported the dissolution of clinochlore ((Al; osFe 2 *Feg 57
Mg, 34)(Si, 93 Al} 12)O;4(OH)g) using 2 N HCl at 298~373 K [16]. It
was estimated that almost 100% of the Mg, Fe, and Al in the clinochlore
was dissolved at 373 K after 2 h, while about 50% of Mg was dissolved
at 333 K after about 2 h. Therefore, in this study, some of the dissolution
of Al is anticipated to be caused by the dissolution of clinochlore by
3 M HCl solution at 343 K. In addition, it is also anticipated that the
dissolution of Mg and Al will increase when the reaction temperature
increases owing to the increase of the dissolution rate of the clinochlore
in the magnesite [16].

It is also reported that the fraction of amorphous silica dissolved is
higher than that of quartz dissolved under the identical conditions
[18,19]. Therefore, if amorphous silica exists in the magnesite, the
dissolution of SiO, can be caused by the dissolution of the amorphous
silica by 3 M HCI solution since talc is difficult to dissolve by acid
[17,18]. However, the exact reason for the dissolution of SiO, is still
under investigation.

3-5. Influence of reaction temperature on the dissolution
To evaluate the influence of the reaction temperature on the
dissolution of the magnesite, particle sizes within the range of 75~

715

105 um were used since the fractions of Mg dissolved were 90.8 % at
343 K after 3 h, as previously described in section 3.4. As shown in
Fig. 8(a), the dissolution rate of Mg increased when the reaction
temperature increased in the range of 303~363 K. In addition, the
fractions of Mg dissolved reached 97.7~98.5% when the dissolution
was conducted using 3 M HCl solution at 363 K after 2 h. Furthermore,
MgCO; was not identified in the residues obtained after the dissolution
of the magnesite at 363 K, as shown in Fig. 9(c). The maximum
fraction of Mg dissolved could be obtained by increasing the reaction
temperature owing to the increase of reaction rate.

Figs. 8(b)~(e) show that the dissolution rate of impurities such as
Fe, Ca, Al, and SiO, also increased when the reaction temperature
increased in the range of 303~363 K. Figs. 8(b) and (c) show the
fractions of Fe and Ca dissolved from the magnesite with particle
sizes in the range of 75~105 pm when the experiments were conducted
using 3 M HCl solution at 303~363 K. The obtained fractions of Fe
and Ca dissolved were 86.5~86.9% and 86.9~87.3% after 2 h, respectively.
Even though the reaction temperature was increased, the fractions of
Fe and Ca dissolved showed about 10% point difference compared
to that of Mg.

The fractions of Al and SiO, dissolved reached 23.6% and 20.4%,
respectively, at 363 K after 3 h. Although about 76% of Al and 80%
of SiO, were not dissolved by HCI solution at 363 K, and remained
as SiO,, talc, and clinochlore as shown in Fig. 9(c), it is necessary to
remove the dissolved amount of Al and SiO, to produce high-purity
MgCl, solution. In addition, as shown in Fig. 8(d) and (e), the
fractions of Al and SiO, dissolved at 363 K were not saturated until 3 h.
As aresult, it is anticipated that the dissolved amount of Al and SiO,
will increase as the reaction time increases.
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3-6. Influence of pulp density on the dissolution

The influence of pulp density on the dissolution of the magnesite
with particle sizes in the range of 75~105 um in 3 M HCl solution at
363 K after 3 h was investigated. The pulp density is expressed by
Eq. (2) in this study. The fractions of the magnesite feed dissolved
were 99.1%, 99.0%, and 92.2% when the pulp densities were 6%,
10%, and 14%, respectively, as shown in Fig. 10. Based on these
experimental results, the appropriate pulp density is 10%.

Pulp density (%) = weight of feed (g) * 100/ volume of solution (ml) (2)

When the pulp densities were 10%, 14%, and 18%, the obtained
pH values of the leachate were below 0, 2.80, and 2.81, respectively.
In addition, when the pulp densities were 14% and 18%, the concentrations
of Mg in the leachate were 37600 mg/l and 37500 mg/1, respectively.
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Fig. 10. Influence of pulp density on the fractions of the dissolved mag-
nesite with particle sizes in the range of 75~105 pm when the
experiments were conducted using 3 M HCI solution at 363 K
for 3 h.
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These results indicate that the dissolution of the magnesite by HCI
solution is difficult when the pH of the acid solution is higher than
around 2.80, and the maximum concentration of Mg is around 37500
mg/l under the dissolution of the magnesite with particle sizes in the
range of 75~105 pm in 3 M HCl solution at 363 K after 3 h. Therefore,
on the basis of the experimental results, the optimum pulp density is
calculated as 13.07%.

4. Conclusions

A fundamental study on the dissolution of North Korean magnesite
by HCl solution was carried out. The influence of the acid concentration,
particle size of the magnesite, reaction temperature, and pulp density
on the dissolution of the Mg and impurities such as Fe, Ca, Al, and
SiO, from the magnesite was investigated.

When 0.1~3 M HCl solution was used at 343 K for 3 h under 6%
pulp density, the fraction of Mg dissolved from the magnesite with
particle sizes ranging between 45~75 um was 94.4% in 3 M HCI
solution.

When the influence of the magnesite particle size was investigated
using 3 M HCl solution at 343 K for 3 h under 6% pulp density, the
obtained fractions of Mg, Fe, Ca, Al, and SiO, dissolved from the
magnesite with particle sizes below 75 pm were 94.4~95.8%, 81.6~
84.3%, 88.5~93.1%, 10.4~12.9%, and 9.6~12.1%, respectively. In
addition, the residues that remained after the dissolution were mainly
Si0,, talc, and clinochlore.

When the dissolution was conducted at 303~363 K using 3 M HCI
solution for 3 h under 6% pulp density, the reported fractions of Mg,
Fe, Ca, Al, and SiO, dissolved from the magnesite with particle sizes
ranging between 75 um and 105 pm were 98.5%, 86.9%, 87.3%,
23.6%, and 20.4%, respectively, at 363 K.

‘When the dissolution was conducted under the pulp density ranging
from 6% to 18% using 3 M HCl solution at 363 K for 3 h, the achieved
fraction of the dissolved magnesite with particle sizes in the range of
75 pm to 105 pm was 99.0% under 10% pulp density. In addition,
the optimum pulp density was calculated to be 13.07%.
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