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Abstract: Lithium is one of the secondary mineral elements occurring in bauxite. The behavior
of lithium-bearing bauxite in the digestion process was investigated, and the effect of digestion
conditions on the extraction rates of lithium was studied. The results demonstrate that the mass
ratio of the added CaO to bauxite, the KOH concentration, and the digestion temperature had a
significant effect on the lithium extraction efficiency. An L9(34) orthogonal experiment demonstrated
that the order of each factor for lithium extraction from primary to secondary is lime dosage, caustic
concentration, and reaction temperature. Under the optimal conditions (t = 60 min, T = 260 ◦C,
ρ(K2O) = 280 g/L, and 16% lime dosage), the leaching efficiencies of lithium and alumina are 85.6%
and 80.09%, respectively, with about 15% of lithium entering into red mud. The findings of this study
maybe useful for controlling lithium content in alumina products and lithium recovery from the
Bayer process.

Keywords: lithium-bearing bauxite; digestion; K2O-Al2O3-H2O system

1. Introduction

Lithium is one of the secondary mineral elements occurring in bauxite, where lithium
content can reach up to 0.3% (as Li2O) [1–3].During the digestion process, lithium in
bauxite is extracted into Bayer liquor, and in the following seed precipitation process, it
co-precipitates with alumina hydroxide (ATH), resulting in high lithium content in alumina
and, consequently, raising lithium impurity content of alumina products in China, which
seriously impacts product quality and the competitiveness of refineries. Moreover, lithium
impurity accumulation in the aluminum cell during electrolysis [4,5] leads to excessive
(4–8%) LiF content in molten electrolytes and brings a series of serious problems to the
electrolytic process, such as worsening stability of electrolytic cells and the difficulty of
production operation, which affect electrolytic cell stability and the technical-economic
index [6–9].

Lithium is a common impurity in the Bayer process using Chinese bauxite. A series of
studies have been conducted, such as the equilibrium concentration and existence form
of lithium in liquor and processes related to its removal and purification. Huang et al. [5]
found that the equilibrium concentration of lithium ions in the sodium aluminate solution
with pure substance can be increased with elevated temperature, caustic concentration,
and declined alumina concentration. During crystal seed decomposition [10], lithium ions
can promote secondary nucleation, increasing the content of fine particles and changing
the crystal morphology of aluminum hydroxide. Restidge et al. [11] found that lithium
ions can promote the precipitation and growth of ATH in extremely dilute liquor, some
even co-precipitating with ATH. Vanstraten et al. [12] found that lithium exists in the form
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of lithium-ion in dilute liquor and can react with Al(OH)4
− to form LiA12(OH)7·2H2O.

Xu et al. [13] found that a H2TiO3 ion sieve has a good purification effect on lithium ions
in Bayer liquor, which can remove lithium from liquor (56 mg/L to less than 1.0 mg/L).
When Tang Wen-qi et al. [14] synthesized highly active ATH to remove lithium from liquor
with appropriate reaction conditions, the removal rate of lithium could reach 80.04%. The
removal mechanism of lithium in liquor was also studied. The illite content of bauxite in
Henan and Guizhou is high [15]. In the digestion process, potassium of illite is extracted
into liquor, resulting in a potassium oxide content of liquor above 100 g/L. Potassium
impurity in the Bayer liquor can contribute to elevate SiO2 equilibrium concentrations,
namely inhibiting the conversion of desilication products from natriuretic to calcite during
the process of slurry preheat and digestion [16,17]. Moreover, as potassium aluminate
is different from sodium aluminate solution, the lithium reactive behavior of the two
leaching mediums also differs. Although the equilibrium concentration of lithium in
sodium aluminate [5] is increased with elevated temperature and caustic concentration, few
detailed investigations and evaluations of lithium-bearing bauxite in the high-temperature
Bayer digestion process have been reported, especially in K2O-Al2O3-H2O systems.

In this study, the leaching behavior of lithium-bearing diaspore at high temperatures
was studied, and the results of investigation on this process are presented. The findings of
this study maybe useful for controlling lithium content in alumina products and lithium
recovery from the Bayer process.

2. Experimental Section
2.1. Materials

The lithium-bearing diasporic bauxites used in this study were obtained from Henan
province. All the bauxite was crushed and ground to a 250 µm (>75 wt%) particle size
distribution as shown in Table 1 and then sampled for compositional analysis and phase
identification. Table 2 shows that the main chemical components in the bauxite sample
are Al2O3 and SiO2 at 64.92% and 12.95%, respectively, followed by Fe2O3, TiO2 (2.94%
and 2.48%, respectively), and lithium (0.14%, as Li2O). The mineral phase compositions are
presented in Table 3, together with the X-ray diffraction result. Figure 1 illustrates that the
available alumina in this bauxite occurs as diaspore. The main silicon-bearing minerals
are kaolinite, illite, and quartz (24.5%, 7%, and 0.5 wt%, respectively), while the main
iron-bearing mineral is hematite, at about 1.7 wt%. The main titanium-bearing minerals
are anatase and rutile (2.0 wt% and 0.5 wt%, respectively), and the main lithium-bearing
mineral is cookeite.

Table 1. Particle size distribution of lithium-bearing bauxite (%).

+250 µm 150–250 µm 90–150 µm 45–90 µm –45 µm

22.3 28.4 11.1 7.60 30.6

Table 2. Chemical composition of lithium-bearing bauxite (%).

Al Si Fe Ti K Na Ca Mg Li A/S

34.4 6.04 2.06 1.49 0.61 0.032 0.12 0.13 0.07 5.01

Table 3. Mineral phase composition of lithium-bearing bauxite (%).

Diaspore Kaolinite Hematite Illite Quartz Anatase Rutile

62.5 24.5 1.7 7.0 0.5 2.0 0.5



Metals 2021, 11, 1148 3 of 11

Figure 1. XRD pattern of lithium-bearing bauxite.

Bayer liquor, with 254 gL−1 K2O and 144.6 gL−1 Al2O3, was prepared by dissolving
alumina hydroxide and potassium hydroxide in boiling water.

2.2. Experimental Procedure

Digestion experiments were conducted using steel bombs heated in molten salt. After
a designated duration, the bombs were removed from the molten salt cell and immediately
placed in cold water to cool. Subsequently, solid-liquid separation was conducted by
vacuum filtration, and the chemical composition of the dissolved liquid was analyzed,
while solids were washed with deionized hot water and then dried at 100 ◦C for 6 h
before analysis.

2.3. Characterization

Based on the A/S (mole ratio of alumina to silica) in bauxite and red mud, the digestion
efficiency of alumina was calculated with Equation (1).

ηA =
(A/S)b − (A/S)r

(A/S)b
× 100% (1)

where ηA is the digestion efficiency of alumina, and (A/S)b and (A/S)r are the mole ratios
of alumina to silica in bauxite and red mud, respectively.

The lithium extraction efficiency was calculated based on the lithium content and
mass of red mud with Equation (2).

ηL =

(
1 − m1 × w1

m2 × w2

)
× 100% (2)

where ηL is lithium extraction efficiency; m1 and m2 represent the masses of bauxite and
red mud, respectively; and w1, w2 represent the lithium contents in bauxite and red
mud, respectively.

The chemical composition of bauxite was analyzed by X-ray fluorescence spectrometry
(XRF). The mineral phases were identified by X-ray diffraction, TTR III, Cu Kα radiation
(Rigaku, Tokyo, Japan). Semi quantitative analysis of the phase content was carried out
using the relative intensity ratio (RIR) method [18,19]. The lithium concentration in the
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sodium aluminate solution was analyzed with an inductively coupled plasma atomic
emission spectrometer (ICP-OES, Thermo Scientific ICAP 7200 Radial, Thermo Fisher
Scientific, Waltham, MA, USA).

3. Results and Discussion
3.1. The Effects of Lime Dosage on Lithium and Alumina Extraction Efficiency

The digestion procedures were conducted at a caustic content of 254 g/L and at 260 ◦C
for 60 min with different lime dosages to explore the effects of lime addition on the alumina
and lithium extraction rates. The results are shown in Figure 2, which demonstrates that
the addition of CaO had a significant effect on the lithium extraction efficiency. As the lime
dosage increased from 0% to 8%, lithium extraction efficiency increased from 59.05% to
80%. When the lime dosage increased to 16%, the leaching efficiency gradually reached
the maximum value of 89.81%. As the lime dosage exceeded 16%, the lithium extraction
efficiency declined with an increase in lime dosage. It is therefore speculated that the Li+

ion may be absorbed by the formed hydrogarnet (Figure 3). Lime can promote the leaching
of alumina from bauxite. The lime dosage was greater than 8%, the alumina extraction
efficiency declined, and excess lime and aluminum oxide formed hydrogarnet, leading to
the decrease in the extraction rate of alumina and excess lime and aluminum oxide formed
hydrogarnet, leading to the decrease in the extraction rate of alumina.

Figure 2. Effect of lime addition on lithium digestion behavior of bauxite (conditions: ρ(K2O) =
254 g/L, T = 265 ◦C, t = 1 h).

Figure 3 shows that no characteristic peak of lithium chlorite was observed, indicat-
ing lithium chlorite and KOH react completely with lime. K1.33(H2O)0.33Ti4O8.33(OH)0.67
was generated during titanium-containing mineral reactionswith KOH and without the
addition of lime, which formed a film on the surface of the diaspore and prevented further
reaction between leach solution and the diaspore; therefore, alumina digestion efficiency
was low. With the addition of lime, the K1.33(H2O)0.33Ti4O8.33(OH)0.67 in the leach residue
that inhibits dissolution disappeared, therefore promoting the decomposition of the dias-
pore [20–22]. Similar to the alumina leaching of diaspore digestion, the addition of CaO in
this study also greatly promoted the decomposition of cookeite.
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Figure 3. XRD patterns of red mud with different mass ratios of CaO/bauxite (conditions: ρ(K2O) =
254 g/L, T = 265 ◦C, t = 1 h).

3.2. The Effects of Caustic Concentration on Lithium and Alumina Extraction Efficiency

The effects of caustic concentration (K2O) on lithium and alumina extraction rates
are shown in Figure 4, which demonstrates that caustic concentration has a significant
influence on the leaching process. Caustic concentration can promote the leaching of
lithium and alumina from bauxite when ρ(K2O) is less than 250 g/L. When ρ(K2O) is
higher than 250 g/L, the lithium extraction efficiency slightly slows down; therefore, the
suitable caustic concentration is 250 g/L.

Figure 4. Effect of caustic concentration on lithium and alumina digestion behavior of bauxite
(conditions: T = 265 ◦C, mass ratio of CaO/ore = 8%, t = 1 h).

Diaspore digestion reaction takes place on the interface between mineral and alkali
solution, which belongs to the control stage of surface chemical reaction [23]. Elevated
K2O concentration can increase alumina equilibrium concentration, which will promote
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bauxite dissolution. Elevated K2O promotes the process of reaction (5), but excessive
K2O will increase the viscosity of the system and affect the diffusion process of lithium
dissolution [24]. No characteristic peak of cookeite can be found in Figure 5, demonstrating
that lithium chlorite reacted completely. Silicon-bearing minerals first react with alkali
entering into the solution in the form of potassium silicate [25] and then react with sodium
aluminate solution to form potassium silicate hydrate entering into red mud in the high-
temperature digestion process of a K2O-Al2O3-H2O system.

Figure 5. XRD patterns of red mud with different caustic concentrations (conditions: T = 265 ◦C,
mass ratio of CaO/ore = 8%, t = 1 h).

3.3. The Effects of Temperature on Lithium and Alumina Extraction Efficiency

The digestion experiments were conducted at K2O 254 g/L and a lime dosage of 8%
for 60 min with different temperatures to explore the effects of digestion temperature on
alumina and lithium extraction efficiencies; the results are shown in Figure 6.

Figure 6. Effect of digestion temperature on lithium and alumina digestion behavior of bauxite
(conditions: ρ (K2O) = 254 g/L, mass ratio of CaO/ore = 8%, t = 1 h).

Figure 6 shows that digestion temperature has an obvious effect on the leaching
process, which can promote the leaching of lithium and alumina from bauxite. The lithium
extraction efficiency increases from 70.38% to 83.53% with temperature increasing from
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180 to 280 ◦C. In contrast, the alumina extraction efficiency increases first and then tends to
stabilize, arriving at a maximum value of 80.48% at 265 ◦C; therefore, the suitable digestion
temperature is 265 ◦C. The XRD pattern (Figure 7) shows that no characteristic peak of
cookeite can be found when the temperature is above 180 ◦C, demonstrating that cookeite
reacted completely. In addition, there is the characteristic peak of diaspore when the
temperature is below 265 ◦C, suggesting that the bauxite did not react completely. When
the temperature is 280 ◦C, the characteristic peak of illite remains and does not change
significantly, indicating that K2O inhibits the dissolution reaction of illite with a high
digestion temperature in a K2O-Al2O3-H2O system.

Figure 7. XRD patterns of red mud with different temperatures. (conditions: ρ(K2O) = 254 g/L, mass
ratio of CaO/bauxite = 8%, t = 1 h).

3.4. The Effects of Duration on Lithium and Alumina Extraction Efficiency

The digestion experiments were conducted at K2O254 g/L, 260 ◦C, and a lime dosage
of 8% with different durations to explore the effects of reaction time on the alumina and
lithium extraction rates; the results are shown in Figure 8.

Figure 8. Effect of leaching time on lithium and alumina digestion of bauxite (conditions:
ρ(K2O) = 254, mass ratio of CaO/ore = 8%, T = 265 ◦C).
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As shown in Figure 8, the leaching time presents a remarkable effect on the lithium
and alumina extraction efficiency. As leaching time increases from 5 min to 60 min, the
lithium extraction efficiency increases from 74.97% to 83.18%, while the alumina extraction
efficiency increases from 46.42% to 79.53%. However, further increasing the leaching time
does not result in a clear increase in lithium and alumina. As shown in Figure 9, no
characteristic peaks of cookeite were found, indicating that the reaction of cookeite was
thorough. The diffraction peaks of diaspore still existed after increasing the leaching time to
30 min, but they were weaker. The diffraction peaks of diaspore disappeared when reacted
for 60 min, the mineral decomposition was complete, and, thus, the suitable duration is
60 min.

Figure 9. XRD patterns of red mud with different digestion times (conditions: ρ(K2O) = 254 g/L,
mass ratio of CaO/ore = 8%, T = 265 ◦C).

3.5. Orthogonal Experiment

As shown in Section 3.4, when the duration is greater than 60 min, its effect is very
small, and it is generally 60 min in real production. In order to clear the interactions
among different impacts, orthogonal experiments were designed, where lime dosage,
caustic concentration, and temperature were selected as variables. According to the design
principles of the orthogonal experiment, an L9(34) orthogonal table was adopted, and each
factor identified three levels (Table 4).

Table 4. Design of L9(34) orthogonal table.

NO. Lime Dosage (%) Temperature (◦C) K2O (g/L)

1 0 240 200
2 0 260 240
3 0 280 280
4 8 240 240
5 8 260 280
6 8 280 200
7 16 240 280
8 16 260 200
9 16 280 240

Tests were conducted according to the above designed experiment matrix in Table 4.
During the date analysis process, ηL was selected as the objective function, and the results
are shown in Table 5.
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Table 5. Experimental scheme and analysis results based on ηL.

NO. A B C ηL (%) ηA (%)

1 1 1 1 70.00 31.46
2 1 2 2 69.95 70.28
3 1 3 3 75.40 81.00
4 2 1 2 79.48 70.29
5 2 2 3 83.34 79.08
6 2 3 1 66.83 78.08
7 3 1 3 83.89 71.55
8 3 2 1 85.26 73.90
9 3 3 2 86.34 76.61

Based on the signal-noise ratio (SNR) and mean corresponding analysis, the order of
each factor from primary to secondary is A (lime addition), C (K2O, g/L), and B (tempera-
ture, ◦C). The best scheme is A3C3B2.

Based on the result of orthogonal experiments, the verified experiment was conducted
at a caustic content of 280 g/L and at 260 ◦C with a lime dosage of 16% for 60 min. ηL
and ηA are 85.6% and 80.09%, respectively, verified in accordance with the results of the
orthogonal test.

4. Behavior Mechanism of Lithium during Digestion Process

The XRD pattern for red mud under the optimum leaching condition of a 16% lime
dosage, a potassium concentration of 280 g/L, leaching temperature of 260 ◦C, and leaching
duration of 60 minis shown in Figure 10, in which the main phase compositions are
illite, hydrogarnet, perovskite, and KAlSiO4. There is no characteristic peak of lithium
chlorite and diaspore under this condition, which indicates that cookeite and diaspore
reacted completely. Moreover, lithium and most alumina were extracted to the sodium
aluminate solution.

Figure 10. XRD patterns of red mud under the optimum condition(ρ(K2O) = 280 g/L, mass ratio of
CaO/ore = 16%, T = 260 ◦C).

Figures 11 and 12 shows the SEM images of lithium-bearing diaspore before and
after digestion under optimal conditions, and Figure 12 confirms that the structure of the
lithium-bearing diaspore is disrupted during leaching. As can be observed in Figure 12,
the red mud is smaller in size than the bauxite (Figure 11.), and the structure has changed
significantly, from crystallized slabs to dispersed flakes.
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Figure 11. SEM image of Henan lithium-bearing diaspore.

Figure 12. SEM image of red mud.

The cookeite is a layer of aluminum silicate minerals [26]. Strong chemical bonds
exist between silica and alumina. Thus, high-temperature and high-pressure high alkali
concentration in ambient conditions should be controlled, with which OH− ions from the
aluminum silicate crystals immersed inside the crystal surface, reacting with aluminum
and silicon, making the aluminum silicate structure of osteoporosis [27].

From XRD results, it is speculated that the main reactions for the digestion of diaspore
in K2O-Al2O3-H2O system can be expressed as follows:

2LiAl4(Si3Al)O10(OH)8) + 10KOH = 4KAl(OH)4+ 2LiOH + 3K2O·Al2O3·2SiO2+ 4H2O (3)

2LiAl4(Si3Al)O10(OH)8)+ 9KOH = 3KAl(OH)4+ LiOH+ LiAl(OH)4+ 3K2O·Al2O3·2SiO2+ 4H2O (4)

2LiAl4(Si3Al)O10(OH)8)+ 8KOH = 2KAl(OH)4+ 2LiAl(OH)4+ 3K2O·Al2O3·2SiO2+ 4H2O (5)

LiAl4(Si3Al)O10(OH)8+ 18Ca(OH)2+ 7KAl(OH)4 = 6(3CaO·A12O3·0.5SiO2·5H2O)+ 7KOH + LiOH+ 2H2O (6)

2LiAl(OH)4+ K2SiO2(OH)2 = Li2SiO3+ 2KAl(OH)4+ H2O (7)

4LiOH+ 2KAl(OH)4+ 3K2SiO2(OH)2 = 2LiAlSiO4+ 8KOH+ Li2SiO3+ 5H2O (8)

5. Conclusions

The results demonstrate that the mass ratio of the added CaO to bauxite, the KOH
concentration, and the digestion temperature had a significant effect on the lithium ex-
traction efficiency. An L9(34) orthogonal experiment demonstrated that the order of each
factor for lithium extraction from primary to secondary is lime dosage, caustic concen-
tration, and reaction temperature. Under the optimal conditions (t = 60 min, T = 260 ◦C,
ρ(K2O) = 280 g/L, and 16% lime dosage), the leaching efficiencies of lithium and alumina
are 85.6% and 80.09%, respectively, with about 15% of lithium entering into red mud.
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D.H.; formal analysis, D.H., Z.P and E.S.; investigation, D.H.; Z.P. and E.S.; resources, D.H., Z.P., E.S.
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