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Abstract: Flue dust generated during the process of manufacturing corundum is a carrier of critical
metal gallium. In this study, a process of alkali leaching-carbonation-acid leaching-solvent extraction
was developed to recover and enrich gallium from corundum flue dust. Over 93% of the gallium in
corundum flue dust could be recovered through a two-stage alkali leaching process, which consists
of 120 min of concentrated alkali leaching in NaOH solution and a subsequent 30-min dilute alkali
leaching (after dilution), with an alkali-to-ore mass ratio of 1.2:1. Liquid to solid ratios in two alkali
leaching stages were 1.5:1 and 8:1, respectively. The carbonation process was employed to remove
high-level Si in alkali leachate. After carbonation and HCI leaching, over 96% of gallium in the
NaOH leachate could be dissolved into acid solution. After extracting gallium from the HCl leachate
using N235 as extracting agent, 1% NaOH solution was used to strip gallium from the organic phase.
The extraction and stripping efficiency of gallium was over 99% and 97%, respectively.
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1. Introduction

The application of gallium in modern electronic devices, such as integrated circuits (ICs),
photovoltaic (PV), and light emitting diodes (LED), was promoted because some gallium compounds
showed special properties when exposed to the light spectrum [1]. Nowadays, the global demand for
gallium is growing as the demand for Ga-based products continues to increase.

Gallium is a scarce, but not rare element. It is widely distributed in nature, and its content in
the earth’s crust is estimated at about 15-19 ppm, which is higher than arsenic, antimony, silver,
bismuth, molybdenum, and tungsten, among others [2,3]. However, gallium has little tendency to
be naturally concentrated. High-gallium minerals are extremely rare and gallium produced from
these sources is very limited. Gallium is always obtained as a byproduct from processing of ores
for other metals and effluent streams in metal production or power plants. Besides, gallium is also
recycled from scrap generated in the process of manufacturing GaAs- and GaN-based devices. During
the past few decades, studies have been carried out on recovering gallium from various sources,
which included Bayer liquor [4-6], aluminum industry residues [7], coal fly ash [8,9], industrial zinc
or copper processing residues [2,10-12], phosphorus flue dust [13], and corundum slags, among
others [14]. In addition, flue dust generated from the process of producing brown corundum was
also found to be an important source of gallium, because the gallium content in it was relatively high.
Methods have been proposed to extract gallium from corundum flue dust, including hydrochloric acid
leaching-solvent extraction [15], potassium and calcium salt roasting-alkali leaching [16], and dilute
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sulfuric acid leaching-extraction [17]. However, these methods have their own disadvantages. Using
HCl leaching-solvent extraction method could only recover 70% of the gallium in corundum flue dust;
the leaching efficiency is low. The roasting-alkali leaching method requires high roasting temperature
(over 1200 °C), inevitably leading to high energy consumption. The dilute HSO, leaching-extraction
method can extract over 80% of the gallium in corundum flue dust under atmospheric pressure,
but it has the problem of low filter velocity in the case of leaching high-silica flue dust because of the
formation of silica gel. Moreover, in some former studies, extractant such as amines, tri-C8-10-alkyl
(N235), N, N-di(1-Methyl heptyl) acetamide (N503), and tributyl phosphate (TBP), among others, were
applied to extract Ga** and In3* from chloride medium [18,19]; and in this study, N235 was used to
extract Ga®* from the HCl leachate.

Based on former studies, this study aimed to develop an effective and efficient method to recover
and enrich gallium from a corundum flue dust containing a high level of silica. This method consisted
of alkali leaching, total carbonation, acid leaching, and solvent extraction. The recovery efficiency of
gallium was over 90% and the entire process was performed under mild conditions.

2. Materials and Methods

2.1. Materials and Reagents

The corundum flue dust used in this study was collected from Shanxi province, China. Chemical
composition of this corundum flue dust was shown in Table 1. All chemical reagents were used as
received without further purification. Sodium hydroxide, hydrochloric acid used for leaching, and
kerosene, 1-decanol used for solvent extraction were of analytical grade. N235 (with carbon chains C8
35-45% and C10 52-63%, Shanghai Rare-Earth Chemical Co. Ltd., Shanghai, China) used for solvent
extraction was of technical grade.

Table 1. Chemical composition of the corundum flue dust (wt. %).

Compounds and Elements Content/wt. %
MgO 0.26
CaO 0.13
Fe203 3.52
AlL,O3 18.97
5i0, 56.65
Ga 0.15
K;O 4.39
Na,O 1.36
Loss on ignition 14.22

2.2. Experimental Procedure

2.2.1. Leaching

The alkali leaching process in this study consisted of two stages: concentrated alkali leaching and
diluted alkali leaching (as shown in Figure 1).

First, the corundum flue dust was mixed with NaOH solution. Leaching tests were performed in
a 5 L Teflon container with a lid, and the suspension was agitated constantly. Waterbath equipment
(DK-528, Jiwei Test, Shanghai, China) was used to keep a constant temperature of suspension during
the entire process. After a preset reaction time, a certain amount of water was added to dilute the
suspension, and the suspension was continuously stirred for 30 min.
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Figure 1. Flowchart of the two-stage alkali leaching process.

In order to determine the optimum conditions for alkali leaching of gallium from corundum flue
dust, leaching parameters such as alkali-to-ore mass ratio, leaching temperature, reaction time, and
liquid to solid ratio were investigated. In the tests, the mass ratio of alkali to ore was set from 0.8 to
1.8; the leaching temperature was tested from 50 °C to 90 °C; reaction time for the first alkali leaching
stage was set from 60 to 180 min; liquid to solid ratios for the two alkali leaching stages were set from
1.5:1 to 3.5:1 and 5:1 to 10:1, respectively. The duration of the second alkali leaching stage (dilute alkali
leaching) was fixed at 30 min. Main reactions occurred during the leaching process are listed in (1)—(3):

SiOz + 2NaOH — Na28103 + H20 (1)
AL O3 + 2NaOH + 3H,0 — 2Na[Al(OH),] @)
Gay0O3 + 2NaOH + 3H,O — 2Na[Ga(OH)4] (3)

The leaching efficiency was calculated according to Equation (4):
Leaching efficiency (%) = (my/m3) x 100% 4)

where m; is the mass of metal leached, and m, is the mass of metal contained in raw materials.

After alkali leaching, the leachate was transferred into a container with agitator and was agitated
continuously. CO;, was introduced into the alkali leachate until pH value of the solution dropped to
9 (Temperature of 90 °C, CO, flow of 20 mL/min). After filtration, the carbonated precipitate was
washed three times with boiling water to remove Na*. Then, the gallium-enriched precipitate obtained
from the carbonation process was leached with 4 mol/L hydrochloric acid. The final filter cake was
washed successively with diluted hydrochloric acid and water, and then it was dried overnight in an
oven at 60 °C.

In the process of leaching, the liquid to solid ratio (L/S) was defined in Equation (5):

(L/S)i=Vi/m(i=1,2) ©)

In this study, liquid to solid ratios (L/S) in the first and second alkali leaching stages were
designated as (L/S); and (L/S),, respectively. V1 (mL) is the volume of water added in the first alkali
leaching stage (i.e., concentrated alkali leaching stage), V, (mL) is the total volume of water added
in both two stages of alkali leaching (including V; and the volume of water added later to dilute the
suspension), and m (g) is the mass of corundum flue dust.
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2.2.2. Solvent Extraction

The HCl leachate should be evaporated to about half volume to increase its acidity. The solvent
extraction process was carried out by mixing the concentrated HCl leachate with the organic phase
(25 vol. % N235 + 5 vol. % 1-decanol + 70 vol. % kerosene) and agitating for 15 min, at an aqueous to
organic phase volume ratio (A/O) of 4.5:1. Then, gallium was stripped from the organic phase with
1% NaOH solution (A/O = 1:1). The solvent extraction process was performed at room temperature.

2.3. Analysis Method

Composition of this corundum flue dust was determined by X-ray fluorescence spectroscopy
(XRF) (EDXL 300, Rigaku, Tokyo, Japan). The X-ray diffraction (XRD) technique (TTRIII, Rigaku,
Tokyo, Japan) was used to identify phases in the flue dust (with Cu Ko radiation, scan step of 10° /min,
20-range of 10-70°). The particle size of the flue dust sample was analyzed using a particle size
analyzer (Mastersizer 2000, Malvern Panalytical, Malvern, UK) and the statistical result was obtained.
The content of elements in solution was analyzed using inductivity coupled plasma atomic emission
spectroscopy (IRIS Intrepid II XSP ICP-AES, Thermo Fisher Scientific, Waltham, MA, USA).

3. Results and Discussion

3.1. Characterization of Corundum Flue Dust

The XRD pattern of the corundum flue dust sample used in this study is shown in Figure 2.

* Quartz (Si():)
¢ Corundum (A1,0,)

Intensity/Counts

2-Theta/Degrees

Figure 2. X-ray diffraction (XRD) pattern of the corundum flue dust.

As shown in Table 1, the content of gallium in this flue dust was 0.15 wt. %, which was much
higher than that in bauxite, and the silica content was over 50 wt. %. Figure 2 shows that the main
phases in this flue dust were corundum and quartz, and broad scattered peaks in this pattern indicate
that the majority of silica phase in this flue dust were amorphous silica. Former studies indicated that
gallium in the corundum flue dust exists as GapOj in vitreous eutectic mixtures [20].

Particle size distribution of this flue dust sample is illustrated in Figure 3. Based on the transport
phenomenon, decreasing particle sizes of ores could increase leaching efficiency of metals. This was
because the creation of high specific area increases the chance of contacts between leaching agent and
ore particles, consequently facilitating the diffusion of reactants and the reaction products. In this
study, the corundum flue dust particles are fine; about 85% of the flue dust particles were finer than
100 pm, and nearly 93% of the particles were finer than 200 um. Moreover, the cost of sieving and
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grinding would be unfavorable for scale-up tests in the future. Therefore, in this study, corundum flue
dust was used in tests without sieving and grinding.
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Figure 3. Particle size distribution of corundum flue dust.

3.2. Alkali Leaching

3.2.1. Effect of Alkali-to-Ore Mass Ratio

Figure 4 shows the results of leaching tests performed under different alkali-to-ore mass ratios.
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Figure 4. Effect of alkali-to-ore mass ratio on leaching efficiency of gallium.

Flue dust was leached for 60 min in concentrated NaOH solution (the initial NaOH concentration
were 35 wt. %, 40 wt. %, 44 wt. %, 50 wt. %, and 55 wt. % at alkali-to-ore mass ratios of 0.8, 1.0, 1.2, 1.5,
and 1.8, respectively) at 90 °C, followed by a 30-min leaching process after dilution, with (L/S); = 1.5:1
and (L/S); = 6:1. As illustrated in Figure 4 that the leaching efficiency of gallium increased obviously
from 64.9% to 82.6% with a rising alkali-to-ore mass ratio from 0.8 to 1.2, indicating that the amount of
NaOH was important for gallium recovery. Further increasing the alkali-to-ore mass ratio to 1.8 could
only raise the gallium leaching efficiency slightly to 86.2%. Therefore, an alkali-to-ore mass ratio of 1.2
was considered appropriate in this study.
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3.2.2. Effect of Leaching Temperature

The effect of temperature on alkali leaching is shown in Figure 5.

Leaching efficiency of gallium/%

Figure 5. Effect of temperature on leaching efficiency of gallium.
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In this set of tests, leaching temperature was varied in the range between 50 and 90 °C, and the
mass ratio of alkali to ore was fixed at 1.2:1. Other test parameters were set the same as in Section 3.2.1.
As shown in Figure 5, the leaching efficiency of gallium shows an upward trend as the temperature
raised. At a temperature of 80 °C, 82.2% of the gallium in flue dust could be extracted. The leaching
efficiency of gallium was maintained almost constant when the temperature was increased to 90 °C.
Therefore, the subsequent leaching tests were performed at 80 °C.

3.2.3. Effect of Reaction Time of the First Alkali Leaching Stage (Concentrated Alkali Leaching Stage)

Figure 6 shows the variation of gallium leaching efficiency with increased reaction time for

concentrated alkali leaching.
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Figure 6. Effect of reaction time on leaching efficiency of gallium.
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This set of leaching tests was performed at 80 °C, with an alkali-to-ore mass ratio of 1.2:1, (L/S) =
1.5:1 and (L/S), = 6:1. As shown in Figure 6, the leaching efficiency of gallium increased steadily from
82.2% to 88.6% with prolongation of reaction time from 60 to 120 min. This was because as the reaction
time increased, more surface area of the unreacted particles could come into contact with the leaching
agent. However, the leaching efficiency of gallium remained almost constant when the reaction time
was further prolonged, indicating that the leaching reaction achieved its reaction equilibrium within
120 min. According to this, a reaction time of 120 min was considered enough for the first alkali
leaching stage.

3.2.4. Effect of (L/S)1 (L/S for Concentrated Alkali Leaching)

The effect of L/S for the concentrated alkali leaching on recovery of gallium was shown in Figure 7.
L/S for concentrated alkali leaching varied from 1.5 to 3.5 in this set of experiments. Leaching tests
were performed at 80 °C. The reaction times for two alkali leaching stages were 120 min and 30 min,
respectively. The mass ratio of alkali to ore was 1.2:1, and L/S for the second alkali leaching stage
(dilute alkali leaching) was 6:1. As shown in Figure 7, the leaching efficiency of gallium decreased
significantly with the increase of L/S in the concentrated alkali leaching stage, and it dropped to 74.5%
at the L/S of 3.5:1. It is obvious that lower L/S value in the first alkali leaching stage was beneficial to
the leaching of gallium from flue dust. According to the test results, a liquid to solid ratio of 1.5:1 was
optimal for concentrated alkali leaching.

90

Leaching efficiency of gallium/%

60 -

1 N 1 N 1 N 1 L 1
1.5 2.0 2.5 3.0 35

L/S in the concentrated alkali leaching process/mlog"

Figure 7. Effect of liquid to solid (L/S) for concentrated alkali leaching on leaching efficiency of gallium.

3.2.5. Effect of (L/S) (L/S for Dilute Alkali Leaching)

Figure 8 shows the variation tendency of gallium leaching efficiency with the increase of L/S
value in dilute alkali leaching stage.

L/S in the second alkali leaching stage was varied in the range from 5:1 to 10:1 to investigate its
effect on gallium recovery. In these tests, L/S for the first alkali leaching stage (concentrated alkali
leaching) was fixed at 1.5:1, and other testing parameters including leaching temperature, reaction
time, and alkali-to-ore mass ratio were the same as those in Section 3.2.4. Figure 8 shows that a higher
L/S value in the dilute alkali leaching stage was more favorable for gallium recovery and the leaching
efficiency of gallium reached 93.6% at the L/S of 8:1. At a higher L/S value of 10:1, the leaching
efficiency of gallium was about 94%. Therefore, in the second stage of alkali leaching, a L/S of 8:1 was
considered to be optimal in this study.
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Figure 8. Effect of L/S for dilute alkali leaching on leaching efficiency of gallium.

According to the results shown above, the L/S value in two alkali leaching stages significantly
affected the leaching efficiency of gallium. A low L/S value in the first leaching stage implied that the
concentration of NaOH in suspension was high, and this was conducive to the corrosion of phases
(especially silica-enriched phases) in the flue dust; hence, gallium could be easily dissolved into the
suspension. However, high viscosity (implied poor fluidity) of the concentrated alkali suspension was
unfavorable for filtration and the further leaching of gallium. Therefore, the concentrated suspension
should be diluted. Optimal conditions for the two-stage alkali leaching are shown in Table 2.

Table 2. Optimal conditions and result for two-stage alkali leaching. (L/S—liquid to solid ratio).

Test Parameters and Result Value
Alkali-to-ore mass ratio 1.2:1
Temperature 80°C
Reaction Time (1st + 2nd stage) 120 min + 30 min
L/S for the 1st alkali leaching stage 1.5:1
L/S for the 2nd alkali leaching stage 8:1
Leaching efficiency 93.6%

3.3. Carbonation and Acid Leaching

The concentration of Si in the alkali leachate was high (>15 g/L), which was unfavorable for
further treatment of the leachate. As a result, leachate obtained from the alkali leaching process

should be carbonated first. Main reactions during the process of carbonation are as described in
Equations (6)-(10) [21].

2NaOH + CO, — Na,CO3 + H,O (6)
Na,CO; + CO;, + HyO — 2NaHCO;5 @)
NaySiO3 + CO; + nHyO — NapyCO3 + Si0p nH,O )
2Na[Al(OH)4] + CO, — 2A1(OH)3)+ NayCO; + H,O )

2Na[Ga(OH)4] + 4NaHCOj3 + aq — NapyO-Gay03-2CO,-nHy;O+ 2NayCOs3 + (6 — n) H,O +aq  (10)

After being washed with boiling water, the carbonated precipitate was leached by 4 mol/L HCI.
The analysis results show that there was hardly any gallium in both carbonated liquor and the washing
liquor, the recovery efficiency of gallium in the process of carbonation was higher than 99%. Over 96%
of gallium in carbonated precipitate could be dissolved into the HCI leachate. Si in the alkali leachate
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was effectively removed via carbonation and acid leaching; the concentration of Si in the HCI leachate
was reduced to lower than 50 mg/L. As gallium in the flue dust was transferred into the acid leachate,
hydrated silica could also be obtained.

3.4. Solvent Extraction

The acid leachate obtained from the alkali leaching-carbonation-HCl leaching process was
evaporated to half of its volume to ensure sufficient acidity, so that gallium ions in the solution
converted to gallium tetrachloride GaCly ™~ ions [22]. N235 was chosen as extracting agent in this
study, and the organic phase consisted of 25 vol. % N235, 5 vol. % 1-decanol, and 70 vol. % kerosene.
The process of solvent extraction can be described as follows [23-26].

R3N + HCl = R3NH*CI~ (11)

Ga®* +4Cl~ = GaCly~ (12)

Fe3* +4C1~ = FeCly ™ (13)

R3NH*Cl™ + GaCl,~ = R3NH* GaCl,~ + Cl~ (14)
RsNH*CI™ + FeCly~ = R3NH* FeCly~ + Cl~ (15)

Gallium in the solution was extracted as GaCly~ [25-27], as shown in Equation (13). The
concentration of major elements in the acid leachate after evaporation is shown in Table 3. The results of
solvent extraction are shown in Table 4. The extraction efficiency of gallium was higher than 99% in a
two-stage counter-current extraction process with A/O (aqueous/organic volume ratio) = 4.5:1, and the
stripping efficiency of gallium was higher than 97% when the organic phase was stripped with 1% NaOH
solution in a three-stage counter-current stripping process (A/O = 1:1). In addition, the extraction and
stripping efficiencies of iron were about 99% and 96%, respectively. In the process of solvent extraction,
tertiary amine only extracted Ga®* and Fe®* in leachate, while Al** remained in the raffinate [22,28].
As a result, major elements in the strip solution were gallium and iron, and the concentrations of Ga and
Fe in this solution were about 2 g/L and 1 g/L, respectively.

Table 3. Content of major elements in acid leachate after evaporation (g/L).

Element Concentration/wt. %
Ga 0.468
Si 0.110
Al 1.823
Fe 0.244

Table 4. Recovery of gallium from the acid leachate. (A/O—aqueous/organic volume ratio)

Test Parameters and Results Value
Extraction -
Solvent 25% N235 + 5% 1-Decanol + 70% kerosene
A/O 4.5:1
Temperature Ambient temperature
Extraction efficiency (Ga) 99.8%
Extraction efficiency (Fe) 99.1%
Stripping -
Stripping agent 1% NaOH solution
A/O 1:1
Temperature Ambient temperature
Stripping efficiency (Ga) 97.4%

Stripping efficiency (Fe) 96.5%
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Obviously, gallium in corundum flue dust could be effectively recovered and concentrated
through leaching and extraction processes in this study, which facilitated further separation and
purification of gallium. Separation of gallium from the strip solution could be achieved by further
processing the strip solution with conventional methods. For instance, gallium could be extracted
individually from the solution (containing both FeCl; and GaCls) after reducing Fe3* to Fe?* [22].

4. Conclusions

Gallium was effectively recovered and enriched from the corundum flue dust by performing a
process consisting of alkali leaching, carbonation, acid leaching, and solvent extraction. The flowchart
is given in Figure 9.

Corundum flue dust

!

Alkali leaching
& filtration

I

Alkali leachate

!

Carbonation
& filtration

|

Carbonated precipitate

!

Washing with boiling water

I

Precipitate

!

Acid leaching
HCl — & filtration

|

Acid leachate

NaOH solution—»

Ca(OH),

Causticization

CO, —» — Na,CO; solution

—> SO,

N235+kerosene l -
+1-decanol 4'| Extraction

I

Loaded organic phase

. l Stripped
1% NaOH solution 4.| Stripping '_'orcw_r:i%%\se

Solution containing Ga* & Fe*

| Further processing |

Figure 9. Flowchart for the process of gallium recovery.

The leaching efficiency of gallium in the two-stage alkali leaching process was above 93% under
optimum conditions, including alkali-to-ore mass ratio of 1.2:1; temperature of 80 °C; reaction time
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of 120 min + 30 min; and liquid to solid ratios of 1.5:1 and 8:1 in the first and second alkali leaching
stage, respectively. During the process of carbonation and HCI leaching, over 96% of gallium in
the alkali leachate could be extracted into HCl leachate; high-level Si in the solution could also be
effectively removed.

Using a mixture of 25 vol. % N235, 5 vol. % 1-Decanol, and 70 vol. % kerosene (with A/O = 4.5:1),
99.8% of the gallium in HCl leachate could be extracted. Then, the loaded organic phase was stripped
with 1% NaOH solution at an A /O ratio of 1:1, and the stripping efficiency of gallium was 97.4%. As a
result of these, a gallium-enriched solution containing 2 g/L Ga and 1g/L Fe was obtained.

The method proposed in this study contributed to recycling of rare metal gallium from a common
industrial waste-corundum flue dust. It was easy to operate, and had advantages of high recovery
efficiency of gallium and low energy consumption.
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