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Leaching of gallium from corundum flue dust using mixed acid solution
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Abstract: In order to extract gallium from a high-silica-content flue dust generated in corundum production, a mixed acid solution of
H,S0, and HF was used for leaching, and test parameters of the leaching process were optimized. Experimental results show that the
leaching rate of gallium was only 38% when H,SO, was used as leaching agent. Composition analysis results of micro areas in this
corundum flue dust indicate that the content of gallium in silica-enriched phases was high; this portion of gallium was insoluble in
H,SO, solution. The leaching rate of gallium increased significantly with addition of HF due to corrosion of silica. Effects of reaction
time, temperature, and concentrations of HF and H,SO, on leaching rates of gallium were investigated. The leaching rate of gallium
reached 91% when this corundum flue dust was leached in a mixed acid solution of H,SO4and HF for 4 h, at a temperature of 80 °C,
with a liquid-to-solid ratio of 5:1 (mL/g). The optimal concentrations of H,SO, and HF in the mixed acid solution were 1.5 and

6.4 mol/L, respectively.
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1 Introduction

Gallium is an important scattered metal that enjoys
vast applications in various high-tech fields. The use of
GaAs and GaN in integrated circuits accounts for about
74% of total U.S. gallium consumption [1-3]. GaAs (or
GaN) based integrated circuits offer low energy
consumption and high computation speed. Therefore,
they are mainly employed in telecommunications and
military applications. Besides, gallium can also be used
in optoelectronic devices such as solar cells, LEDs and
photodetector [4—7].

Gallium is chemically similar to aluminum and
zinc. Primary ores of gallium are extremely rare (except
for gallite in Namibia and germanite in Tsumeb) and
recovery of gallium from these sources is difficult [8]; it
is generally recovered as a byproduct from alumina and
zinc industries. OKUDAN et al [9] and ZHAO et al [10]
recovered gallium from industrial waste generated in
Bayer process, and similar researches have been carried
out during the past decades. WU et al [11] and LIU
et al [12—14] used acid leaching method to recover
gallium from zinc residues. To a less extent, gallium is

also recovered from coal fly ash and phosphorus flue
dust [15,16]. In addition, flue dust obtained from dust
collecting system in corundum manufacturer is another
important source of gallium. This kind of dust was
generated during the process of roasting bauxite to
produce brown corundum, and gallium in the bauxite
could be enriched through this process; it usually
contains 0.05%—0.2% Ga (mass fraction) with SiO,,
Al,O;, K,0 and Fe,0; as main components. So far, only
a few researches have been carried out to extract gallium
from corundum flue dust, and they mainly focused on
acid leaching method since it was easy to operate. Some
researchers used hydrochloric acid to extract gallium
from a corundum flue dust, but the leaching rate of
gallium was only about 77% [17]. In another
research [18], a corundum flue dust containing 35% SiO,,
40% Al,O; and 17% K,O (mass fraction) was treated
with sulfuric acid, and the leaching rate of gallium
exceeded 80% under normal pressure; this process was
simple and low-cost, and it was performed under mild
condition. However, the portion of gallium entrapped in
silica in flue dust could not be extracted, and the filter
velocity was very low due to the formation of silica gel
during the process of acid leaching. Another problem of
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this method is the liquid-to-solid ratio was higher than
10:1 (mL/g), leading to high consumption of water.
TIAN et al [19] proposed a process of alkali roasting—
grinding—alkali leaching—separation—alkali leaching to
recover gallium from a corundum flue dust collected in
Guizhou province, China. This was an environmental
benign method, and the silicon—calcium slag generated
from recovering process could be recycled and used as
raw materials in the cement industry. However, this
process is complicated, flue dust should be mixed with
CaCO; and K,COs;, and then roasted at 1200 °C, so the
energy consumption is high. Moreover, pH of the
solution in separation stage should be strictly controlled,
and the dosage of KOH used for leaching is very high.

In this study, an improved method of using mixed
acid of H,SO, and HF to leach gallium from a
high-silica-content corundum flue dust was developed,
and the related mechanisms were discussed. The whole
process was easy to operate under mild conditions. Over
90% of the gallium in corundum flue dust could be
effectively extracted. On the other hand, considering the
large-scale production of corundum in China, this
research also contributes to effective recovery of
valuable metals from industrial waste.

2 Experimental

2.1 Materials and reagents

The corundum flue dust used in this study was
collected from Shanxi Province, China. It was generated
during the process of smelting bauxite in electric arc
furnace to produce corundum. The flue dust sample and
all chemicals were used as received without any
treatment. Chemicals used for leaching, including
sulfuric acid, hydrochloric acid and hydrofluoric acid
were of analytical grade.

2.2 Equipment and leaching procedure

The leaching procedure was performed in a
container equipped with a rotary stirrer. At first the
leaching agent was added into the vessel and stirred for
30 min. Water bath equipment was used to heat the
solution and maintained a constant temperature during
the process of leaching. Corundum flue dust was added
into the acid solution under continuously stirring when
the solution was heated to required temperature. When
the leaching process was finished, the suspension was
filtered and the filter cake was washed with water until
the filtrate was colorless. Finally, the filter cake was
dried overnight in an oven at 60 °C. All leaching tests
using HF should be performed in a Teflon container with
a fitted lid. The liquid-to-solid ratio (L/S) of all leaching
tests in this study was fixed at 5:1 (mL/g), which ensured
a good fluidity of the suspension.

2.3 Analysis method

The particle size distribution of corundum flue dust
was analyzed by using Malvern Mastersizer 2000
particle size analyzer. Phase characterization of flue dust
was performed on an X-ray diffractometer (XRD,
Rigaku-TTRIIL, Cu K,) with a scan step of 10 (°)/min, in
the 26 range from 5° to 70°. The XRD pattern was
analyzed with MDI JADE software. The concentration of
gallium in the leachate was analyzed by inductivity
coupled plasma atomic emission spectroscopy (ICP-AES,
IRIS Intrepid II XSP), and the composition of leaching
residues was determined by chemical analysis.

JXA—8230 electron probe microanalyzer (EPMA)
equipped with a wavelength dispersive spectrometer
(WDS) was used to determine the composition of micro
areas in corundum flue dust sample. Qualitative analysis
was carried out to identify phases, and then over 10 spots
were chosen randomly in different silica-enriched micro
areas and the composition of each spot was analyzed.

3 Results and discussion

3.1 Characterization of corundum flue dust

The main composition of the corundum flue dust is
shown in Table 1, and it should be noted that the silica
content in this sample is much higher than that of other
corundum flue dust reported before. Moreover, the
content of gallium in this flue dust is also higher than
that in traditional gallium sources.

Table 1 Main chemical composition of corundum flue dust
(mass fraction, %)

MgO CaO Fezo3 A1203 SIOZ Ga Kzo NaZO LOI
026 0.13 3.52 18.97 56.65 0.15 439 1.36 13.92

LOI: Loss on ignition

Particle size distribution of the corundum flue dust
is presented in Table 2. It shows that only about 15% of
the flue dust particles are larger than 100 pm, and about
7% of the particles are larger than 200 pm. Therefore,
this corundum flue dust could be used in the leaching
experiments without grinding.

X-ray diffraction (XRD) analysis was used to
identify the existence of alumina and quartz in the flue
dust sample. A broad peak centered at 26 value around
21.6° was also recorded in the pattern (Fig. 1), indicating
that the major silica phase in this material was in an
amorphous state [20,21]. Although a peak of quartz
could be observed at 20 value of 26.6° in the XRD
pattern of this flue dust sample, the quartz content was
estimated to be very low. No special gallium-bearing
minerals were identified in the pattern. The ion radius of
Ga’' is close to that of AI’*, and chemical properties of
gallium and aluminum are similar. Gallium exists in
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bauxite in the form of isomorphism, so it probably exists
as oxide in the flue dust, just as aluminum does.

Table 2 Particle size distribution of corundum flue dust

Grain size/um Proportion/%
0.631-5.012 6.12
5.012-15.136 20.98
15.136-39.811 31.74
39.811-104.713 26.29
104.713-208.93 7.65
>208.93 7.22
Total 100.00
® — Corundum
o B — Quartz
]
°
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Fig. 1 XRD pattern of corundum flue dust

3.2 Leaching gallium from corundum flue dust using
H,S0,

To investigate the feasibility of using sulfuric acid
to extract gallium from corundum flue dust, tests were
carried out under different H,SO, concentrations and
reaction time. The temperature for this set of leaching
tests was fixed at 90 °C. The main chemical reactions in
the process of H,SO, leaching are shown in Egs. (1)
and (2):

G3203+3HQSO4:G32(SO4)3+3H20 (1)
ALO+3H,S0,—AL(S0,):+3H,0 )

According to result illustrated in Fig. 2(a), the
leaching rate of gallium rose slightly with the increase of
H,SO, concentration, and the increase of leaching rate
could be negligible when the H,SO, concentration
exceeded 2.9 mol/L. In these tests, only about 38% of the
gallium in flue dust could be dissolved into the H,SO,
solution at the most.

The effect of reaction time on the extraction of
gallium was also studied. Tests were performed at fixed
temperature of 90 °C and H,SO, concentration of
2.9 mol/L, with L/S of 5:1 mL/g. Figure 2(b) shows that
the leaching rate of gallium increased slightly when the

reaction time was prolonged, and there was almost no
further dissolution of gallium after 6 h. The leaching rate
of gallium was still below 40%.
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Fig. 2 Influence of H,SO,4 concentration on gallium extraction
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in H,SO, solution at reaction time of 6 h (a) and influence of
reaction time on gallium extraction in 2.9 mol/L H,SO,
solution (b)

It is obvious that the leaching rate of gallium
increased slightly with notable increase of H,SO,
concentration or reaction time. As stated in literatures, in
the presence of potassium sulfate, the gallium sulfate
gave alums, KGa(SOy), 12H,0 [8]. For this reason, the
gallium content in H,SO, leachate may be reduced.
Hence, a leaching test using HCI as leaching agent was
performed (temperature: 50 °C; reaction time: 6 h; L/S:
5:1 mL/g; HCI concentration: 5.8 mol/L), but the
leaching rate of gallium was only raised slightly to 40%,
indicating that the formation of alum was not the major
cause of low leaching rate. Besides, another problem in
these tests was the low filtration velocity (about
0.12 m/h).

Obviously, the results of H,SO, leaching tests were
quite different from those reported in former studies [19],
which may be ascribed to differences in composition of
raw materials and occurrence condition of gallium.
According to research results in Ref. [22], vitreous
eutectic mixtures of silica and alumina (may also contain
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other elements, such as K and Fe) were formed during
the process of manufacturing corundum in electric arc
furnace at a temperature of over 2000 °C. Considering
chemical similarities between Ga and Al, it is probable
that gallium exists as oxide in this flue dust and occurs in
vitreous eutectic mixtures, just as Al does. As shown in
Table 1, the silica content of this corundum flue dust
exceeds 50% (mass fraction), so it is highly probable that
a large portion of gallium in this flue dust was wrapped
in silica-enriched vitreous eutectic mixtures, which is
insoluble in H,SO,4or HCI solution. As a result, gallium
in these phases could not be extracted into the leachate.
As illustrated in Table 3, the content of gallium in
different silica-enriched areas ranges from 0.085% to
0.235%, and the average gallium content of these spots is
0.157%, which is close to that in raw materials. This
confirms the assumption that there exists a large portion
of gallium in the corundum flue dust sample in the
silica-enriched phases.

Table 3 EPMA analysis of silica-enriched areas (mass
fraction, %)

Spot ¢ Al Fe Ga Si
1 38.748  3.352 0942 0.166 32.822
2 39366  3.368 0.711 0.116  33.509
3 36935 3.235 0.729 0.107 26.718
4 39332 3.577  0.661 0222 33.126
5 44.628 1.849 0.810 0.103  26.509
6 41.633 3301 0.594 0.157 29.401
7 42.761  3.890 0.674 0.201  30.623
8 38.648  3.587 0.935 0.161 31.433
9 40.044 3.602 0.810 0.245 28.942
10 35775  3.856 0.650 0.153  27.783
11 39.083  2.253 0.733 0.130  28.503
12 42.710 2338 0.821 0.118  29.839
13 39.216  1.952  0.879 0.085 32.604
14 38.660 3.258 0.974 0.235  30.098
Average 39.824  3.101 0.780 0.157  30.136

Besides, in aqueous solution, water molecules were
adsorbed on silica surface and colloidal silica particles
were formed. Then, condensation of these particles leads
to the formation of silica gel [23], resulting in low
filtration velocity.

3.3 Leaching gallium from corundum flue dust using
H,SO,—HF mixed acid

The leaching rate of gallium was low when H,SO,

or HCI was used individually as leaching agent. As

discussed above, it was because the portion of gallium

wrapped in silica-enriched phases could not be extracted.

It is important to corrode the silica phases to release this
portion of gallium. Therefore, a mixed solution of HF
and H,SO, was used. The main reactions occurring
during the process of leaching corundum flue dust in
H,SO,~HF mixed acid solution can be expressed as
follows [24,25]:

SIOQ+6HF:H281F6+2H20 (3)
A1203+HQSiF6:2A1F3+Si02+H20 (4)
G8.203+6HF:2G8F3+3H20 (5)

The reactions illustrated in Egs. (1) and (2) also
happened during this process. Moreover, GaF; could
be dissolved in hydrofluoric acid to form a hydrate
GaF;-3H,0 [26].

3.3.1 Effect of HF concentration

The effect of HF concentration on leaching rate of
gallium was studied by varying the HF concentration in
the range of 4—7.2 mol/L in mixed acid solution at 80 °C.
The H,SO, concentration was set to be 2.9 mol/L, and
the reaction time was 6 h. It should be noted that the
leaching rate of gallium in the mixed solution is much
higher than that in H,SO, solution, because HF
molecules in solution could break the Si—O bonds and
corrode vitreous silica phases. Therefore, gallium
wrapped in these phases could be released into leachate.
Figure 3 shows that the leaching rate of gallium
increased from 59% to 93% with the rise of HF
concentration from 4 to 6.4 mol/L, demonstrating that
the dosage of HF is an important factor that influences
the recovery of gallium from corundum flue dust. The
leaching rate of gallium remained almost constant when
the HF concentration was increased from 6.4 to
7.2 mol/L. Therefore, the optimal concentration of HF in
this study was 6.4 mol/L.

3.3.2 Effect of reaction time

In order to determine the optimal reaction time, a
set of tests were performed in a mixed acid solution of
2.9 mol/L H,SO,4 and 6.4 mol/L HF at 80 °C, by varying
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Fig. 3 Influence of HF concentration on gallium extraction in
H,SO,—HF solution
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the duration of leaching. Figure 4 shows that the leaching
rate of gallium increased steadily with prolongation of
reaction time within 4 h; the leaching rate of gallium
reached 92.5%, and it could hardly be increased by
further prolonging the reaction time to 6 h. Therefore, the
reaction time for subsequent tests was fixed to be 4 h.
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Fig. 4 Influence of reaction time on gallium extraction in

H,SO,—HF solution

3.3.3 Effect of H,SO,4 concentration

The effect of H,SO, concentration on gallium
extraction was determined by leaching the corundum flue
dust at 80 °C for 4 h in a mixed acid solution with HF
concentration of 6.4 mol/L. The concentration of H,SO,
was varied from 0 to 3.6 mol/L. It can be seen from
Fig. 5 that gallium could be dissolved in 6.4 mol/L HF
solution without adding H,SO, owing to dissolution of
GaF; in HF acid, and the leaching rate was 65%. The
leaching rate of gallium could be increased greatly by
raising H,SO,4 concentration from 0 to 1.5 mol/L and it
reached 91% when the H,SO, concentration was
1.5 mol/L. It is obvious that the addition of H,SO,
enhanced the extraction of gallium effectively because
H,S0O, in the mixed solution promoted the dissolution of
silica, facilitating the release of gallium from
silica-enriched phases. This could be attributed to some
reasons. First of all, the addition of H,SO, decreased pH
value of the solution and prevented the precipitation of
silicate in the form of calcium, sodium and potassium
salts. Secondly, H;O" ions in the mixed solution shifted
the equilibrium of silica distribution towards silicon and
aluminum complexes coordinated by fewer fluorine
atoms, thus reducing the consumption of HF. Thirdly,
according to researches, the dissolution of silica in the
mixed solution of HF and strong acid consists of two
parallel surface reactions: attack by adsorbed HF
molecules and a reaction catalyzed by adsorbed H;O"
ions, which means that H;O" ions in the mixed solution
could act as an effective catalyst to increase the
dissolution rate of silica [27—30]. Further increasing the
concentration of H,SO4 could only slightly improve the

gallium leaching rate, indicating that 1.5 mol/L H,SO, in
the mixed solution was sufficient for leaching.
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Fig. 5 Influence of H,SO,4 concentration on gallium extraction
in H,SO,—HF solution

3.3.4 Effect of leaching temperature

Corundum flue dust was leached at 50, 60, 70, 80
and 90 °C in a mixed solution of 1.5 mol/L H,SO, and
6.4 mol/L HF for 4 h to determine the optimal
temperature for leaching. It is shown in Fig. 6 that the
curve of gallium leaching rate shows a slight upward
trend with the increase of temperature. Similar leaching
rates (about 91%) were obtained at both 80 °C and
90 °C. Therefore, a moderate temperature of 80 °C was
chosen as the optimum.

100
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Fig. 6 Influence of temperature on gallium extraction in

H,SO,—HF solution

3.3.5 Characterization of leaching residues

Chemical compositions of the residues obtained
from H,SO, leaching (test conditions: 100 g flue dust,
2.9 mol/L H,SOq4, 90 °C, 6 h, L/S=5:1) and mixed acid
leaching test (test conditions: 100 g flue dust, 1.5 mol/L
H,SO,, 6.4 mol/L HF, 80 °C, 4 h, L/S=5:1) are shown in
Table 4. It can be seen that the mass of flue dust sample
only decreased by 15% after leaching in H,SO, solution;
the mass of silica in the sample remained almost
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Table 4 Chemical composition of leaching residues
. Mass of leaching Mass fraction/%
Leaching agent . -
residue/g MgO CaO Fe,0; Al,O; SiO, Ga K,0 Na,O
H,SO, 85 0.185 0.038 1.08 12.72 64.83 0.109 1.39 0.451
H,SO,+HF 43.9 0.214 0.06 1.302 24.49 39.53 0.02 1.701 0.484
. Mass of leaching Mass/g
Leaching agent . .
residue/g MgO CaO Fe,0; Al,O; SiO, Ga K,0 Na,O
H,SO, 85 0.157 0.032 0918 10.81 55.11 0.093 1.182 0.383
H,SO,+HF 43.9 0.094 0.026 0.572 10.75 17.35 0.008 0.747 0.212

unchanged, and about 40% of alumina in the flue dust
was dissolved into H,SO4 solution (the portion of
alumina remained undissolved is probably a-AlO3).
Relative content of silica in the residue increased due to
the mass loss of the flue dust sample, and the content of
gallium in the leaching residue was still high. The mass
of acid soluble phases such as K,O, Na,O, and Fe,04
decreased obviously.

When a mixed acid solution of H,SO, (1.5 mol/L)
and HF (6.4 mol/L) was used as leaching agent, the mass
of the corundum flue dust sample decreased markedly
(from 100 to 43.9 g), and the total mass of silica in the
sample reduced significantly (from 55.11 to 17.35 g).
Moreover, the content of gallium in this residue was very
low, indicating that most of gallium in the flue dust
sample was dissolved into the leachate. Besides, the
masses of AlLO; remaining in both H,SO, and
H,SO,—HF leaching residues were almost the same.

According to results obtained from leaching tests
and composition analysis of leaching residues, as the
mass of silica in flue dust sample decreased, the leaching
rate of gallium increased correspondingly. This further
illustrates that H,SO, could only dissolve gallium
occurring in acid soluble phases (may also include small
amount of gallium in silica-enriched phases but was not
completely covered by silica), and the addition of HF
enabled the dissolution of silica-enriched phases, so that
the portion of gallium wrapped in these phases could be
dissolved into the leachate.

Moreover, the addition of HF also increased the
filtration velocity of the leaching suspension because the
fluorine-containing ions in the mixed solution attacked
the silica surface by breaking the Si—O bond of surface
hydroxyl groups. The removal of hydroxyl groups
brought hydrophobic properties to the surface of silica;
therefore, the formation of silica gel was effectively
inhibited [29,31].

4 Conclusions
1) Corundum flue dust used in this study contains

high levels of silica, and the analysis result shows that
there is a relatively high proportion of gallium in this

flue dust in silica-enriched phases.

2) Less than 40% of the gallium in this corundum
flue dust could be extracted by using H,SO, or HCI
individually as leaching agent, because the portion of
gallium entrapped in silica-enriched phases could not be
dissolved.

3) The leaching rate of gallium could be increased
significantly to over 90% with addition of HF due to the
corrosion of silica. In certain ranges, the leaching rate of
gallium increased obviously with the rise of reaction
time, temperature and concentration of H,SO, and HF.
The leaching rate of gallium was more than 91% under
optimal leaching conditions: H,SO, concentration
1.5 mol/L, HF concentration 6.4 mol/L, temperature
80 °C, reaction time 4 h and liquid-to-solid ratio
5:1 (mL/g).
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