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Abstract: Brown corundum dust, which is created during the manufacturing of brown corundum
using bauxite as the raw material, is a vital carrier of gallium. To ascertain the presence of the
contained gallium, the brown corundum dust was measured and characterized (XRF, XRD, ICP-OES,
EPMA, SEM-EDS, etc.). Gallium was extracted from the brown corundum dust using a one-step
alkali leaching process, and thermodynamic calculations were utilized to assess the viability of
the leaching reactions. The effects of leaching parameters (NaOH solution concentration, leach-
ing time, leaching temperature, solid-liquid ratio and stirring speed) on the recovery of gallium
during the leaching process were investigated. A gallium recovery of 96.83% was discovered to
be possible with the following parameters: 200 g/L of NaOH, 363 K for the leaching temperature,
60 min for the leaching time, 1:10 g/mL for the solid-liquid ratio, and 850 rpm for the stirring rate.
Gallium extraction was negatively impacted by raising the leaching temperature above 363 K and
the concentration of NaOH solution above 200 g/L due to the accelerated side reactions between
Na*, K, SiO44* and AlO; ™, which led to the precipitation of aluminosilicates that absorbed gal-
lium from the solution. The influences of leaching parameters such as the temperature, NaOH
solution concentration, and solid-liquid ratio on the leaching kinetics were examined. It was demon-
strated that the leaching process followed the unreacted shrinking core model, that the interfacial
diffusion associated with the contacting surface area served as the controlling step, and that the
apparent activation energy was 42.83 kJ/mol. It turned out that the final kinetic equation was
1/(1 — )3 —1=434 x 10* x (Cnaon)>'? (L/9)*#exp[—42835/(RT)] .

Keywords: occurrence of gallium; aluminum and silicon; NaOH solution leaching; thermodynamics;
kinetics

1. Introduction

Gallium is a key resource that is widely used in the electronics industry, atomic
energy industry and other industries. It is known as “electronic metal” because of its
excellent semiconductor properties, and it is an important material in the semiconductor
and chip industries [1]. Gallium has an average abundance of 15-19 ppm in the Earth’s
crust [2]. Gallium is typically found in the mineral lattice as isomorphism (substitution
of Al), trapped in amorphous melt, or adsorbed on the surface of mineral particles [3]. It
is extremely rare to form an independent or high-content mineral. Sohngeite (Ga(OH)3)
and Gallite (CuGa$,) are the only two naturally occurring crystalline phases containing
gallium [4,5]. The majority of gallium coexists with various minerals, the most important of
which are bauxite, zinc ore and coal. Because it is uneconomical to extract gallium minerals
alone, gallium is currently recovered primarily from secondary resources, such as solid
or liquid waste from the Bayer process [6-9], coal fly ash [10,11], phosphorus dust [12],
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E-waste [13-15] and various tailings [16-18]. With the growth in global industries such
as power electronics [19-21], semiconductors [22-24], medicine [25-27], aerospace [28,29],
and so on, the use of gallium is becoming more and more widespread, and thus the market
demand for gallium is expanding. As a result, gallium extraction and manufacturing have
become research hotspots.

Brown corundum dust is a key carrier of gallium, which is created during the produc-
tion of brown corundum using electric arc furnace high-temperature smelting
technology [30]. The recovery of valuable components from brown corundum dust can
improve resource utilization and generate revenues for the brown corundum industry.
However, little research has been conducted on the recovery of gallium from this type of
brown corundum dust yet. Wen et al. [31] employed CFD (corundum flue dust) as a raw
material to investigate the behavior of gallium during mixed-acid leaching with sulfuric
acid and hydrofluoric acid. In their study, the leaching rate of Ga could reach 91% under the
leaching conditions of a solid-liquid ratio of 1:5 (g/mL), a temperature of 353 K, a duration
of 4 h and a mixed acid solution of 1.5 mol/L H,SO4 and 6.4 mol/L HE. However, the high
causticity of the hydrofluoric acid and the treatment of fluorine-containing wastewater
must be taken into account in this process. A two-stage alkaline leaching, carbonation,
acid leaching, and solvent extraction process was proposed in another paper to recover
gallium from the CFD collected from a plant in Shanxi Province, China [32], and the overall
gallium recovery was acceptable. However, the two-step alkali leaching procedure could
be simplified and improved. Furthermore, the CFD contained far more Al and Si than
Ga, resulting in significant alkali use and low economic benefits. Ding et al. [33] adopted
ultrasonic-assisted sulfuric acid leaching to treat the CFD and found that the gallium leach-
ing rate was up to 82.56% at a sulfuric acid concentration of 25 wt%, a leaching temperature
of 363 K, and a leaching duration of 50 min.

A one-step alkaline leaching approach was employed in this work to directly extract
gallium from the brown corundum dust. A number of analytical tools were used to
characterize the morphology and composition of corundum dust. The effects of the leaching
parameters, including NaOH solution concentration, leaching temperature, leaching time,
solid-liquid ratio and stirring rate, on the recovery of Ga were studied. In addition, the
shrinking core model was used to describe the leaching kinetics, and the rate-controlling
step of the leaching reaction was determined. The correlations between the rate constant k
and leaching parameters such as temperature, NaOH solution concentration, and solid-
to-liquid ratio were explored, and a kinetic equation presenting the variation of gallium
recovery with leaching parameters was constructed.

2. Experimental
2.1. Raw Materials

The brown corundum dust used in this study was provided by a brown corundum
factory in Guizhou, China. X-ray fluorescence spectroscopy (XRFE, 9900 Series, Thermo
Scientific, Waltham, MA, USA) and inductively coupled plasma emission spectroscopy
(ICP-OES, IRIS Advantage ER/S, Thermo Elemental, Waltham, MA, USA) were used to
determine its chemical composition. Because XRF is a semi-quantitative method, Ga was
confirmed using ICP-MS, and Si, K, Al and Fe were further determined using ICP-OES.
Table 1 shows the findings of the chemical analysis. Brown corundum dust is reported
to contain mostly SiO; (42.90 wt%), KO (20.50 wt%), Al,O3 (19.71 wt%), SO3 (5.01 wt%)
and gallium (0.0992%), which is significantly higher than that found in bauxite. The
overall amount of SiO,, K;O and Al;Oj3 is 83%, which will make subsequent purification
of gallium-containing solution problematic. The overall Fe,O3 composition is 4.29%, with
0.2% metallic iron.
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Table 1. Chemical composition of the brown corundum dust (wt., %).

SiO, KO Al O3 SO3 Fe;O3 P,05 MnO MgO Na,O PbO F
42.90 20.50 19.71 5.01 4.29 1.26 1.08 0.947 0.881 0.681 0.624
ZnO CuO GayO3 CaO cl SnO, CryO3 ZrO, Rb,O AspO3 SrO
0.254 0.227 0.133 0.211 0.135 0.0507 0.0497 0.0446 0.0397 0.0298 0.0178
CeO, Bi, O3 NiO V5,05 Nb,Os5 Lay O3 GeO, Co304 MFe

0.0177 0.0152 0.0089 0.0085 0.0072 0.0056 0.0034 0.0031 0.2

Note: In the above table, the content of iron is calculated in the form of iron oxide. MFe represents the content of
metallic iron and was determined using chemical titration.

Figure 1 shows the phase compositions of this dust as determined by an X-ray diffrac-
tometer (XRD, XPert PRO MPD, PANalytical B.V., Almelo, The Netherlands). Scanning
electron microscopy/energy dispersive spectroscopy (SEM-EDS) (SEM, EVO 010, Zeiss,
EDS, X-MaxN 79416, Oxford, MS, USA) was used to characterize mineral and elemen-
tal distributions, as shown in Figure 2. Figure 3 shows pictures from an electron-probe
microanalysis (EPMA-8050G, SHIMADZU, Carlsbad, CA, USA).
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Figure 1. XRD pattern of the brown corundum dust.

The major phases found in brown corundum dust are corundum (Al,O3) and potas-
sium sulfate (K,SOy), as indicated in Figure 1. There were no identifiable Ga peaks dis-
covered. This could be owing to the low gallium content. The silicon-containing phase
was not discovered, indicating that silicon was present in amorphous form. The overall
distributions of K and S are consistent, as shown in Figure 2, and this is in agreement
with the XRD analysis results. Meanwhile, most of the K and S appear in the silicon-rich
locations. The majority of Al elements exist as corundum, whereas others exist as alumi-
nosilicate. Because the concentration of Ga is low, determining the enrichment zones for
it is difficult. As a result, EPMA was used to investigated the occurrence of Ga. Figure 3
depicts the distribution of Ga in the potassium sulfate phase, which is surrounded by
corundum and amorphous silicate. To sum up, the concentration of gallium in this kind of
dust was low, and its dispersion was spread. There was no evidence of an independent
gallium-containing phase. Ga was mainly enriched in the potassium-rich phase. However,
the potassium-rich phase was enclosed by amorphous silicate and corundum, making the
extraction of gallium difficult.
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Figure 2. EDS mapping images of the brown corundum dust.

Figure 3. EPMA images of the brown corundum dust.

The particle size distribution of brown corundum dust was determined using a laser
particle-size analyzer (Malvern Mastersizer 3000, Malvern Panalytical Ltd., Malvern, UK)
and a 15 min ultrasonic dispersion in ethanol. The results are shown in Figure 4. We
determined that the volume fraction of particles less than 28.6 m was greater than 50% after
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integrating using the origin software’s integration module, whereas particles larger than
200 m accounted for 39.63%. SEM-EDS was used to figure out the composition of the bigger
particles, and the results are displayed in Figure 5. The bigger particles are mostly made up
of Nb, Cr, Fe, Si and C, indicating that they are alloys and carbides. Before leaching, the
brown corundum dust was not ground any more.
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Figure 4. Particle size distribution of the brown corundum dust.

Spectrum 1 |* Spectrum 2

Spectrum 3 Spectrum 4

Figure 5. SEM-EDS analysis for the bigger particles of brown corundum dust (200-1000 pm).

Deionized water with conductivity of 2-10 US/CM (Canshi CM-RO-C2, Cixi Canmei
Environmental Production Technology Co., Ltd., Xinji, China) was used to prepare the
solution in the experiments. All of the reagents used were of analytical grade. The leaching
agent was sodium hydroxide from Sinopharm Chemical Reagent Company. An ultraviolet—
visible spectrophotometer (UV-6100S, Shanghai Yuanyan Instrument Co., Ltd., Shanghai,
China) was employed to evaluate the concentration of gallium in the leaching solution
using toluene, hydrochloric acid, methyl isobutyl ketone, titanium trichloride, thiourea
and rhodamine. Ncs Testing Technology provided the standard gallium solution (GSB G
6222026-90, 1000 pg/mL).

2.2. Procedure and Method

Figure 6 depicts a schematic diagram of the experimental procedures. A specific con-
centration of NaOH solution was put to a 250 mL three-necked flask before the condenser
was turned on. When the temperature reached the set level, the precisely weighed brown
corundum dust was added to the NaOH solution, and the magnetic stirring was activated.
Experiments were conducted at temperatures above 380 K in an autoclave (GCF-2, Weihai
Dingda Chemical Co., Ltd., Weihai, China), where NaOH solution and the dust were
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injected concurrently and the start time was recorded when the predetermined temperature
was attained, as displayed by Figure 6b. Suction filtration was used to separate the leachate
and tailings once the leaching reaction was completed. The leaching tailings were dried in
a drying oven (DZF-6050, Gongyi Yuhua Instrument Co., Ltd., Gongyi, China) at 353 K for
6 h before being pulverized and kept for further detection and analysis. The volume of the
leachate was measured and then collected for analyzing the amounts of Ga and impurity
elements such as Al, Si and K.
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Figure 6. (a) Schematic diagram of the experimental procedures; (b) flow chart of leaching experiment
at above 380 K.

An ultraviolet—visible spectrophotometer was used to determine the concentration
of gallium. The leachate was first diluted, and then it was deposited in a separatory
funnel. The sodium gallate was then converted into a chlorogallate complex anion using
6 mol/L hydrochloric acid. The chlorogallate complex anion was then extracted with
toluene-methyl isobutyl ketone (Viouene:Vmethy! isobuty! ketone = 6:3.5), the resulting organic
phase was washed with 50 g/L thiourea and titanium trichloride, and rhodamine B was
added to produce a red complex with gallium. A small amount of the organic phase was
taken out and transferred into a cuvette. Finally, the cuvette was placed in the UV-Vis
spectrophotometer with a wavelength range of 190-1100 nm, and the absorbance was
measured at the maximum absorption wavelength of 557 nm. To eliminate systematic
errors caused by sample decomposition, the calibration method (Chinese GB/T 8208-2007)
was utilized [34,35].

We used triplication to measure a single sample. The experiment was repeated if a
single sample is aberrant.

3. Results and Discussion
3.1. Thermodynamics of the Leaching Reactions

To assess the feasibility of the leaching reactions between the brown corundum dust
and the leaching agent, the thermodynamic software HSC Chemistry 6.0 (Outotec Cor-
poration, Espoo, Finland) was utilized. Equations (1)—(7) depict the main reactions that
may occur in the leaching process based on the phase and chemical compositions of the
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brown corundum dust. Figure 7 displays the standard Gibbs free energy change, AGO-T,
diagram, the nonstandard Gibbs free energy change A,G-T diagram (A,G = A:G® + RTInQ,
R-ideal gas constant, 8.314 J/(mol-K); T—Kelvin temperature, K; Q—reaction quotient, J)
and the standard reaction enthalpy change, A,H®-T, diagram.

GapO3+20H™ = 2GaO; + H,0 1)

Al,O3 (Corrundum)+20H™ = 2A10, + H,O ()
SiO, (Amorphous) +40H ™ = SiO}~ +2H,0 @)
SiO; (Quartz)+40OH ™~ = SiO;~ +2H,0 (4)

SiO;~ +AlO, +2H,0+Na "= NaAlSiOy(s) +40H ™ (5)
SiO; ™ +AIlO, +2H,O+K "= KAISiOy (s) +40H ™ (6)

2Si0, (Amorphous) + Al,O3 (Corrundum) +2Na ™ +20H ™~ = 2NaAlSiOy4(s)+ H,O (7)
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Figure 7. (a) A;G®-T diagram for reactions (1)~(7) in leaching process; (b) A;G-T diagram for
reactions (1)—(4) in leaching process (Cop: 3 mol/L, Cogher jons: 1 mol/L); (¢) AH®~T diagram for
reactions (1)—(7) in leaching process.
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Figure 7a shows the standard Gibbs free energy changes for reactions (1)—(7) over the
range of 273-373 K. Reactions (1) and (2) were shown to be less likely to occur under the
standard state. As demonstrated in Figure 7b, increasing the concentration of OH™ can
boost reaction (1) and make processes (2)-(4) more thermodynamically feasible. The Gibbs
free energy shift is greater in reaction (3) than in reaction (4), indicating that the amorphous
5i0; is more reactive with sodium hydroxide. When high concentrations of SiOi_ and
AlO, are present in the sodium hydroxide leaching solution system, precipitations of
NaAlSiO4 and KAISiO4 will form via reactions (5) and (6), which may absorb gallium ions
and cause coprecipitation. As the temperature rises, the feasibility of reactions (1) and (4)
decreases, whereas reactions (5) to (7) improve. Figure 7c shows that, with the exception of
reactions (5) and (6), all other reactions are exothermic. This suggests that increasing the
leaching temperature causes more dissolved SiOi_ and AlO, to precipitate, leading to a
decrease in the concentration of Ga in the leaching system.

According to the thermodynamic calculations, dilute alkaline leaching is less reactive
with amorphous silicate and corundum. In the case of brown corundum dust, this indicates
that gallium is extracted ineffectively because the majority of gallium is surrounded by
these two phases. To recover gallium efficiently, the concentration of sodium hydroxide
solution must be increased. However, as more silicate and aluminate appear in the leaching
solution system, the production of aluminosilicate precipitate is increased, which may
absorb gallium ions and have a detrimental influence on gallium extraction.

Gallium and aluminum are both IIIA elements with similar chemical characteristics in
aqueous solution as illustrated by the E-pH plot (Figure 8). Gallium and aluminum exist
as trivalent cations in acidic conditions. Metal hydroxides of Ga(OH)s and Al(OH)s are
the major species in the mildly acidic and neutral pH ranges [36]. Gallium and aluminum
both exist stably in alkaline aqueous solution as GaO, ™ and AlO; ™. When the temperature
rises from 313 to 380 K, these two species’ stable existence areas are extended and shift
to a lower pH direction, such as 7.12 for GaO,~ and 8.80 for AlO, . Additionally, silicon
is found as SiO4*" in the alkaline solution (pH > 13.0). As a result, gallium exists in the
leachate of the brown corundum dust in the form of GaO, ~, whereas impurities of Al and
Si exist in the solution in ionic form as well, adding load to the subsequent separation and
purification works.

2.0
Si0, A
ST o0;
.92 Formation 363K N
1.0 + AL N s e 3
Ga** 363K ;;;'v;'f?!:f—-,__
0.5 iR - B =
T R |
3k o]
S oo ,
“ I . Ga(O awpk . B
H, Formation K (OH); Ga0; e SI04"
—0.5 |
G. 313K
63K
380K
10 \ 15k
=si
-1.5 \\
f. wa—~————— |
3 S \Q\
-2.0 1 1 . 1 n b |1 . —
0 2 4 6 8 10 12 14
pH

Figure 8. Potential vs. pH equilibrium plot of Ga-Al-Si-H,O system at 313 K, 363 K and 380 K.
3.2. Relationships between Gallium Recovery and Leaching Factors
3.2.1. The Effect of NaOH Solution Concentration

The concentration of NaOH solution has a significant impact on Ga recovery, as
illustrated in Figure 9a,b. Its influence has two effects. On the one hand, when the
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concentration increases from 40 g/L to 200 g/L, the recovery of Ga increases dramatically,
reaching a maximum of 96.83% at 200 g/L. More alkali can increase the leaching reactions
involved in attacking and dissolving the aluminates and silicates that envelope the gallium-
containing phase. The recovery of Ga, on the other hand, declines as the NaOH solution
concentration reaches above 200 g/L. This differs from the experimental data obtained by
K. Wen et al. [32], in which the leaching rate reached 82.6% at 353 K for 120 min as the mass
ratio of alkali to ore was increased to 1.2:1, and then gradually increased until it reached
a level when the ratio of alkali to ore was further improved. This could be because the
NaOH solution concentration range they picked is lower than that used in this study, and
the higher concentrations of sodium hydroxide solution increased the reactions between
Si04~, AlO;~ and Na*, as shown in reaction (5).
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Figure 9. Relationships between gallium recovery and NaOH solution concentrations, (a) change in
gallium recovery with NaOH solution concentration (leaching temperature: 363 K, S/L =1:10 g/mL,
stirring speed: 850 rpm, leaching time: 60 min); (b) change in gallium recovery with leaching time
at different NaOH concentrations (leaching temperature: 363 K, S/L = 1:10 g/mL, stirring speed:
850 rpm).

As shown in Figure 10, when the concentration of NaOH solution is 100 g/L, the
tailings are primarily constituted of corundum and quartz, with a trace of sodium aluminate
(NaAlOy). Leucite is formed as the concentration is increased to 150 g/L. Increasing the
concentration accelerates the reactions between Al,O3, SiO; and NaOH, releasing more
gallium into the solution. The peaks for quartz (5iO,) disappear in the XRD pattern of the
tailings obtained at a NaOH solution concentration of 250 g/L, showing that more SiO, has
reacted with the leaching agent of NaOH. In fact, in the leaching experiments, we found
that as the concentration of the NaOH solution grew, the slurry became more viscous,
which was caused by the increasing silicic acid gel content in the slurry. Furthermore,
as more SiO, was introduced into the solution, the reactions between silicate, aluminate,
potassium and sodium, as illustrated by reaction (5) and reaction (6), began. Consequently,
when the concentration was higher than 200 g/L, sodium aluminosilicates were formed, as
shown in the tailings XRD pattern. The aluminosilicate adsorbed Ga and coprecipitated,
resulting in a decrease in the recovery of Ga.

To sum up, increasing the alkali concentration enhances the leaching reactions within
a given concentration range. Side reactions take place and speed up when the concentration
exceeds 200 g/L, and then precipitates of sodium aluminosilicate form, causing a decline
in gallium recovery.
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Figure 10. XRD patterns for leaching tailings of different concentrations of NaOH solution (leaching
temperature: 363 K, S/L = 1:10 g/mL, stirring speed: 850 rpm, leaching time: 60 min).

3.2.2. The Effect of Leaching Duration and Temperature

Figure 11a depicts the change in Ga recovery with leaching time at various leaching
temperatures. The recoveries of Ga at temperatures ranging from 313 to 363 K all gradually
increase with the progress of the leaching within the initial 60 min, indicating that sufficient
time is required to completely react the Ga-containing phase with the NaOH solution. A
maximum recovery of 96.83% appears at 363 K when the leaching time is 60 min. The
recovery of gallium slows as the reaction time increases from 60 min to 90 min. The reason
for this is that as the reaction time gets longer, side reactions (reactions (5)—(7)) occur in the
leaching system, and sodium and potassium aluminosilicates are formed on the surface of
the unreacted raw particles, causing the leaching reactions to slow down, especially the
reactions occurring at higher temperatures over 363 K. As shown in Figure 11b, when the
temperature rises from 363 to 393 K (because the boiling point of 200 g/L NaOH solution is
about 380 K, the experiments above 380 K were implemented in an autoclave, and the other
leaching parameters were the same as those of the atmospheric leaching experiments),
the recovery of gallium decreases from 96.83% to 69.45%. This is because the rate of side
reactions increases with increasing leaching temperature, and more gallium is absorbed
and coprecipitates with the sodium aluminosilicates and potassium aluminosilicate.
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Figure 11. (a) Relationships between gallium recovery and leaching temperature from 0 to 90 min
(NaOH solution concentration: 200 g/L, S/L = 1:10 g/mL, stirring speed: 850 rpm); (b) effect of
leaching temperature within 60 min (NaOH solution concentration: 200 g/L, S/L = 1:10 g/mL,
stirring speed: 850 rpm).
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Figure 12 demonstrates this point. The leaching rates of Ga and K follow the same trend
and start to reduce at 60 min, whereas the leaching rates of Al and Si change consistently
and begin to decline at 40 min, indicating that side reactions take place. Then, when more
Ga is absorbed by the aluminosilicates and precipitates into the tailings, the recovery of Ga
decreases.
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Figure 12. Variation of impurity elements’ (K, Al, Si) leaching yield with leaching time (leaching
temperature: 363 K, NaOH solution concentration: 200 g/L, S/L = 1:10 g/mL, stirring speed: 850 rpm).

To better understand why gallium recovery decreased when the temperature reached
above 363 K, the leaching tailings obtained at different leaching temperatures were char-
acterized by XRD and SEM-EDS, as displayed by Figures 13 and 14 and Table 2. It is
found that as the temperature rises from 333 to 363 K, the content of corundum and
quartz in the residues decreases, and sodium aluminosilicates (Na3 g Al 6Sig 4O24-H2O,
NagSO4AlsSicOr4) appear in the leaching tailings. As the temperature rises to 383 K, there
are no peaks for the quarts, but pitiglianoite NagKy (AlgSigO24)(SO4)(H20), is generated as
a result of side reactions driven by the greater silicon concentration in the leaching solution.
This is also supported by Figure 14. Unreacted particles (points 2 and 3 in Figure 14a) with
little or less solidum still persist in the tailings, showing that the leaching processes are
incomplete. The side reactions generate additional sodium aluminosilicates (points 5, 6, 8)
that absorb gallium ions (point 7), resulting in a drop in the concentrations of Ga, Si, Al
and K in the leachate.
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-Naj oAl (Sig 0y H,0 5 GKAISIO,
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Figure 13. XRD patterns produced from leaching tailings at various leaching temperatures (NaOH
solution concentration: 200 g/L, S/L = 1:10 g/mL, stirring speed: 850 rpm, leaching time: 60 min).
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Figure 14. SEM images of leaching tailings at various leaching temperatures (NaOH solution con-
centration: 200 g/L, S/L = 1:10 g/mL, stirring speed: 850 rpm, leaching time: 60 min, leaching
temperature: (a) 333 K; (b) 363 K; (c) 380 K).

Table 2. EDS analysis of the corresponding points marked in Figure 14 (wt., %).

Point (@) Na Al Si K Ga
1 40.62 12.49 13.70 24.07 9.12 -
2 34.56 3.41 8.35 41.63 12.06 -
3 18.83 - 20.72 40.38 20.07 -
4 45.30 7.87 25.60 14.91 6.33 -
5 14.75 13.11 22.42 23.00 26.72 -
6 41.74 17.89 14.43 21.82 412 -
7 39.44 34.99 6.37 11.12 - 8.08
8 46.92 12.38 15.48 20.39 4.83 -

3.2.3. The Effect of Stirring Speed

Figure 15 shows that the recovery of gallium does not change substantially when
the stirring speed is higher than 850 rpm, with the highest recovery (96.83%) occurring at
this speed. However, within the 0-850 rpm rotation speed range, the recovery increases
dramatically with the increase in stirring speed. This is because increasing the stirring
speed aids the external diffusion of the leaching agent. Additionally, the shearing force
of stirring could thin the solid product layer on the surface of the brown corundum dust
particles, reducing the leaching agent’s internal diffusion resistance. The leaching speed
increases with the thickness of the diffusion layer. As a result, 850 rpm is selected as the
suitable stirring speed.

3.2.4. The Effect of Solid-Liquid Ratio

Figure 16 shows that when the solid-liquid ratio exceeds 1:10, the recovery is no longer
significantly increased. This is due to a lack of leaching agent coming into contact with the
brown corundum dust particles when the solid-liquid ratio is high. The viscosity of the
slurry lowers as the solid-liquid ratio falls, making it more favorable to the diffusion of
the leaching agent and the products. This positive effect will diminish as the solid-liquid
ratio decreases; however, an excessively small solid-liquid ratio requires a considerable
amount of NaOH consumption, adding burden to the solution’s treatment. Therefore, a
solid-liquid ratio of 1:10 is more suited.
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Figure 15. Effect of stirring speed on gallium recovery (leaching temperature: 363K, S/L = 1:10 g/mL,
NaOH solution concentration: 200 g/L, leaching time: 60 min).
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Figure 16. Effect of solid-liquid ratios on gallium recovery (leaching temperature: 363 K, NaOH
solution concentration: 200 g/L, stirring speed: 850 rpm).

3.3. Kinetics Equation for the Leaching Process

Gallium extraction with NaOH solution is a complex solid-liquid multiphase process
in which certain substances react with sodium hydroxide and transfer into the solution,
while some non-reactive components and solid products remain on the unreacted core’s
surface. As a result, the unreacted nuclear shrinkage model [33,37,38] is adopted to ana-
lyze the leaching process of brown corundum dust and to estimate the rate-controlling
step [39,40].
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Spheres are commonly used to represent reacting solid particles [41]. Following the
selection of the kinetic equations related to the shrinking core model, the three kinetic
equations shown below are used to analyze the leaching extraction of Ga from brown
corundum dust, where «a represents the leaching rate of Ga, %, k is the reaction rate
constant, min~!, and ¢ is the leaching time, min.

(1) If the leaching process is regulated by an internal diffusion (Ginstling—Brounshtein),
the kinetics should be as follows:

kt=1-2a/3 —(1—a)?/3 (8)

(2) If the leaching process is regulated by chemical reactions (interface), the leaching
kinetics should be as follows:

kt=1—(1—a)/? )

(8) If the leaching process is regulated by a transfer across the sphere’s contacting
interface [42], the kinetics of the leaching process should be as follows:

kt=1/1—a)t/3 -1 (10)

The experimental data were fitted using the three equations listed above, and the
fitting lines are depicted in Figure 17. To assess the reliability of the dynamic equations, the
linear correlation coefficient (R?) values were used.
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Figure 17. Linear fitting results of different kinetic equations, (a) kt =1 — 24/3 — (1 — w)?/3;
b)Y kt=1—(1—a)/3; () kt=1/1 — a)1/3 — 1.

We found that the equation proposed by Dickinson et al. [30] (kt = 1/(1 — a)!/3 — 1)
was the best fitting one by comparing the correlation coefficient values of the fitting lines.
This means that, assuming the interacting solid particles are spherical, the leaching process
is controlled by diffusion across the contacting interface, and the leaching rate is related to
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the surface area of the solid particles. As the reaction progresses, the solid particles shrink
and the radius decreases, affecting the area of the interface directly.

The reaction rate constant, k, was calculated based on the slope of the straight
lines in Figure 17¢, and the Ink-1/T curve was plotted (Figure 18). The apparent acti-
vation energy, Ea = 42.83 kJ/mol, was determined, as well as the pre-exponential factor,
InA = 10.68. Although the apparent activation energy value is somewhat higher than
41.8 k] /mol, which usually indicates that the chemical reaction controls the reaction pro-
cess, additional studies have proved that the activation energy is not the only criterion for
determining the reaction rate-controlling step [43—47].

-3.5F
y =-5152.13x+10.68
”=0.99094
—4.0F Fa=42.83 kJ/mol
43k
=
=5.0F
=551
Ll
_6() 1 1 1 1 1

2.8 2.9 3.0 3.1 3.2
7'/1073K™!

Figure 18. Relationship between Ink and 1/T.

Considering that other factors, including the NaOH solution concentration and solid—
liquid ratio, affect the apparent rate constant, k, the dynamic equation is expressed as
Equation (11) [48]. The slope of the fitting straight lines (Figure 19a,c) can be used to
calculate the apparent rate constant (k) value, and the In(ky,) versus In (Cnaon) and In(ky,)
versus In(L/S) plots (Figure 19b,d) were established to determine the reaction orders of the
NaOH solution concentration and solid-liquid ratio, respectively. Equation (12) describes
the final kinetic equation.

km = A(Cnaon)? (L/S)°exp[—Ea/RT] (11)

1/(1 = @)'? = 1= A(Cnaon)* (L/S) exp[—Ea/(RT)]t (12)

where, k, denotes the apparent rate constant; A denotes the Arrhenius constant, which was
estimated to be 4.34 x 10% based on the intercept of the straight line in Figure 18; a and b
denote the reaction order as it relates to the NaOH solution concentration and solid-liquid
ratio, respectively; E, is the activation energy of the reaction; R is the gas constant; and T is
the thermodynamic temperature.

Figure 19a displays the linear fitting results for the data obtained at different concentra-
tions (as indicated in Figure 9b), which were fitted with the equation 1/(1 — a)!/3 — 1 =kyt.
The slopes of the straight lines were used to obtain the apparent rate constant, k,, at differ-
ent concentrations, and then a plot of In(k;,) versus In (Cnaon) was produced (Figure 19b)
to determine the empirical reaction order a. It was equal to the slope of 2.12. In the same
way, the empirical reaction order b related to the solid-to-liquid ratio was predicted to be
0.43 according to the slope of lines illustrated in Figure 19¢,d. Substituting the derived
values into Equation (12) yields Equation (13), which accurately represents the relationship
of gallium recovery on the leaching temperature, solution concentration, and solid-to-liquid
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ratio during the leaching process of brown corundum dust with sodium hydroxide solution.

1/(1 — )% —1=4.34 x 10* X (Cnaon)*'2 (L/S)*Pexp[—42835/(RT)]t  (13)
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Figure 19. (a) Linear fitting results for different NaOH solution concentrations; (b) relationship
between In(Cnaon) and In(ky,); (c) linear fitting results for different solid-liquid ratios; (d) relationship
between In(L/S) and In(k,).

4. Conclusions

Gallium was successfully extracted from brown corundum dust using the one-step
direct alkaline leaching method, and the following conclusions were drawn.

Gallium is relatively concentrated in the potassium-rich phase, which is surrounded by
corundum and silicates. Though the raw material contains up to 42% SiO,, silicon is mostly
amorphous, which is beneficial in the reaction with sodium hydroxide. According to the
thermodynamics of the aqueous solution, gallium and the main impurities, including potas-
sium, silicon and aluminum, coexist stably in the leaching system in the forms of GaO, ",
K*, SiO4*~ and AlO, ™, respectively, complicating the subsequent leachate purification.

The NaOH solution concentration, leaching time and leaching temperature all have
a significant impact on gallium recovery, while the solid-to-liquid ratio and stirring rate
have a minor impact. The maximum recovery of 96.83% was obtained under the leaching
conditions of 200 g/L of NaOH, a 363 K leaching temperature, a 60 min leaching time,
a 1:10 (g/mL) solid-to-liquid ratio, and an 850 rpm stirring rate. Increasing the leaching
temperature above 363 K or the NaOH solution concentration beyond 200 g/L has a
negative effect on the gallium extraction, as side reactions between Na*, K, SiO4*~ and
AlO;, ™ are accelerated and the precipitation of aluminosilicates absorb gallium from the
solution and co-precipitate with gallium. Hence, it is critical to control the values of
these two parameters in order to achieve a high extraction of gallium from this type of
brown corundum dust, limiting the generation of sodium aluminosilicate and potassium
aluminosilicate and reducing the impact of adverse reactions.
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The process of extracting gallium from brown corundum dust particles via leaching
with NaOH solution is a complex solid-liquid heterogeneous reaction that can be described
through a typical unreacted nuclear shrinking model. The experimental kinetic data are
best described by the kinetic equation kt =1/(1 — ®)1/3 — 1, which shows that the kinetic
process is governed by diffusion in relation to the contact area of the unreacted core. The
apparent activation energy was 42.83 kJ /mol, the reaction orders of the NaOH concentration
and solid-liquid ratio were 2.12 and 0.43, respectively, and the final kinetic equation was
1/(1 — a)l/3 =1 =434 x 10* x (Cnaon)*'? (L/S)**3exp[—42835/(RT)] t.

Based on the influence of the NaOH solution concentration and leaching temperature,
we discovered that it is critical to control the values of these two parameters in order to
achieve a high extraction of gallium from this type of brown corundum dust, limiting the
generation of sodium aluminosilicate and potassium aluminosilicate and reducing the
impact of adverse reactions.

Due to the poor selectivity of alkaline leaching over impurity elements such as Al and
Si, which enter the leaching solution with Ga, leachate purification is critical to the overall
process’s efficient recovery of gallium. We used a combination of chemical precipitation
and solvent extraction to remove the impurity ions from Ga, with the goal of recovering
Si and restarting the Na cycle. In the future, we will need to carry out an in-depth and
systematic investigation of this purifying task.
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