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The modern production of aluminum which by its global output ranks first among the non-ferrous metals
includes three main stages: ore extraction, its processing into alumina and, finally, the production of primary
aluminum. Alumina production from bauxites, being the primary raw material in the alumina industry, is based
on two main methods: the Bayer method and the sintering method developed in Russia under the lead of an
academician Nikolay Semenovich Kurnakov. Alumina production by the Bayer’s method is more cost effective,
but has higher requirements to the quality of the bauxite feedstock. A great deal of research has been carried
out on low quality bauxites focusing firstly on finding ways to enrich the feedstock, secondly on improving the
combined sequential Bayer-sintering method and thirdly on developing new hydrometallurgical ways for baux-
ites processing. Mechanical methods of bauxite enrichment have not yet brought any positive outcome, and a
development of new hydrometallurgical high alkaline autoclave process faced significant hardware difficulties
not addressed so far.

For efficient processing of such low quality bauxite feedstock it is suggested to use a universal thermochem-
istry-Bayer method, which was developed in St. Petersburg Mining University under the lead of Nikolay Ivano-
vich Eremin, allows to process different substandard bauxite feedstock and has a competitive costing as compared
to the sintering method and combined methods. The main stages of thermochemistry-Bayer method are thermal
activation of feedstock, its further desiliconization with the alkaline solution and leaching of the resultant bauxite
product under Bayer’s method. Despite high energy consumption at the baking stage, it allows to condition the
low quality bauxite feedstock by neutralizing a variety of technologically harmful impurities such as organic mat-
ter, sulfide sulfur, carbonates, and at the same time to remove crystalline hydrate and free water. Subsequent de-
siliconization of thermally activated bauxite with an alkaline solution allows to regrade it from low quality baux-
ites to feedstock suitable for processing by the Bayer method.
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Introduction. The quality of bauxites is determined by a number of factors affecting the alumina
production costs. As specific consumption of bauxite and caustic alkali depends on the content of alu-
minum and silicon oxides, abroad the quality of bauxites is assessed by the base number
B = {ALO3(ct) — (SiO2act) + CO2)}, where: ALOj3(c) and SiOxc) — 1s the percentage of soluble alumi-
num oxide and silicon dioxide.

Since this formula does not reflect the loss of alkali with red mud, the Hungarian researchers have
proposed to assess the quality of bauxite using the formula based on the ratio {(C — C"*2°)/Q,}, where C
is a constant; CN2° — is the cost of the alkali lost with the red mud and; 0Oy — is an amount of dry bauxite
consumed per a ton of alumina [15].

N.N. Tikhonov proposed a complex criterion to assess the quality of bauxites [4], according to
which the bauxite equivalent is equal to O»kQ,. The correction factor £ accounts for a difference in the
cost of alkali and bauxite, and specific consumption of bauxite O, and alkali Q, per a ton of alumina is
equal respectively to: Op = 99/(Aymy) u O, = 990(Siph + 1.455m, + 0.14Cp) / (Apr)y), where percentage of
aluminum oxide in bauxite is — Ap; of sulfur — S;; of silicon dioxides — Si, and carbon — C,, actual ex-
traction of alumina from bauxite is — 1; of silicon dioxide — /4 and of sulfur — ;.

The main indicator of the bauxite quality is the silicon module or weight ratio of aluminum oxide to
silicon dioxide in the bauxite feedstock, but the mineral resources base shows tendency not only towards
deterioration in bauxite feedstock quality, but also towards increase in extraction costs.

Last century Russia-based studies aimed at development of technology for alumina extraction
from low-grade bauxites were carried out in the Mining Institute and the Russian Institute of Ap-
plied Chemistry under the general lead of Nikolay Semenovich Kurnakov, an academician and a
Professor of the Mining Institute. On September 14, 1929 the USSR Government for determining
the final scope of aluminum production accepted recommendation given by N.S. Kurnakov to proc-
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ess bauxites at Volkhov Aluminum Plant using Muller-Yakovkin-Lileev’s sintering method and at
Dnepr Aluminum Plant using Kuznetsov-Zhukovsky’s method, proposed by A.N. Kuznetsov, Pro-
fessor of the Mining Institute, and by his associate E.I. Zhukovsky.

At present within the umbrella of one of the leading research schools of the Mining University
the studies once held under the lead of Nikolay Ivanovich Eremin, the Head of the Light and Rare
Metals Department in the Mining Institute, for enrichment of low quality bauxite feedstock, whose
idea was to use the processes of thermal stimulation and subsequent selective leaching, allowing for
targeted changes in chemical and mineralogical composition of bauxites and giving a possibility to
process the resultant concentrates by conventional alkaline methods.

The quality of Bayer’s bauxites in the first approximation is determined based on silicon module ps;,
according to which theoretical alumina extraction by the Bayer’s method is equal to [(usi— 1)/ psi]100 %
provided that total silicon dioxide present in the bauxite is fixed in the sodium hydroalumosilicate
(SHAS) composed of Na,0-Al,03-1.7S10,-#H,0. In case of high concentrations of silicon dioxide in
the bauxite it will be converted into the production wastes, i.e. the red mud in the form of SHAS, thus
leading to high losses of alumina and alkali. After desiliconization of the low-grade bauxites, the latter
can be processed by the Bayer’s method with recovery of not only alumina, but of a whole range of by-
products based on silicon dioxide.

The use of mechanical beneficiation methods for increasing the silicon module depends on chemi-
cal and mineralogical properties of the processed feedstock. In some instances the Bayer’s concentrate
was received with Al,Os3 recovery rate of 50+70 % and the concentrate yield of 60+70 %. Therewith
inevitably the high-silicon product of low quality is produced with: pug;=1.5+2.5, a while the amount of
alumina entrained reaches 30+50 %.

Microbiological methods help to improve the quality of bauxites to some extent, but their industrial
application due to the long process time at current stage is highly problematic [5].

Bauxite deposits. The main Russian fields with high concentration of the bauxites are: North Ural
bauxite district, Timanskaya bauxite area Severoonezhsky bauxite district, Belgorod region, Kras-
noyarsk region (see Figure 1) [3].
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Fig.1. Main bauxite fields, distribution of bauxite reserves
and inferred resources (mln t) across constituent territories of the Russian Federation
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Fig.2. Bauxite of Vezhayu-Vorykvinskoye field at different scale
Bm — boehmite / diaspore, Shm — chamosite, KL — kaolinite, Rt — rutile, Gt — goethite, Gb — gibbsite, Gm — hematite

About 26 % of the Russian bauxite reserves are concentrated in Timanskaya Bauxite Area (Re-
public of Komi). These are Vezhayu-Vorykvinskoye field and fields Verkhne-Schugorskoye and
Vostochnoye [12]. The bauxites in this area are highly ferrous and have silicon module from 3 to 6.
Certain processing challenges are faced due to presence of sulfur in the form of pyrite. The bauxites
are located close to the surface and can be extracted by open cast mining. The inferred resources of
Timansk bauxite area comprise around 40 min t.

Vezhayu-Vorykvinskoye field is located in the area of Vorykva and Vezhayu rivers. Thickness of
ore layers within the field varies from 1.0+1.5 to 3032 m. The depth of ore deposits varies in range
from 0.2+0.5 to 132 m. The material composition of bauxites is as follows (% wt): SiO; 8.8-19; AL,O; 41-
48; Fe,05 21.9-29.8; FeO 3.5-7.4; TiO, 2.4-3.2; CaO 0.07-0.9; other impurities 11,6+12,5. High con-
tent of rare metals Nb,Os (0.005-0.009 %) and Ta,Os (0.0003 %) has also been recorded. The main
minerals are boehmite, kaolinite, chamosite and hematite (Figure 2). The field’s bauxites belong to
the industrial boehmite type.

Vostochnoye field is located to the east of Vezhayu-Vorykvinskoye field and is virtually its con-
tinuation. The bauxite deposits of Vostochnoye field are at the depth from 78 to 400 m, layer thickness
varies from 1.5 to 46 m. The average composition of bauxites is as follows (% wt): ALOs; — 50.26;
SiO, — 7.39; Fe,0; — 27.8; TiO, — 2.6. Also high content of rare metal and rare earth elements is re-
corded: Nb,Os (up to 0.0093 %), Ta,Os (0.0002 %); Ga (up to 100 g/t); Sc (up to 120 g/t); V (up to
630 g/t). The minerals present include boehmite, diaspore, kaolinite, chamosite and hematite. Bauxites
are of boehmite and diaspore-boehmite type.

The Verkhne-Schugorskoye field is located to the north-west from the Vezhayu-Vorykvinskoye
field, upstream the Schugor river. Deposit thickness varies from 0.4 to 50 m. Concentration of ALOs is
49.76 %, of Si0; is 6.61 % and of Fe,O; is 28.03 %. The main minerals are boehmite, diaspore, kaolin-
ite and hematite. The industrial type — monohydrate boehmite bauxites.

The main silicious minerals of Timanskaya bauxite area are kaolinite and chamosite.

Kaolinite behavior during bauxite processing by thermochemistry-Bayer method. The process
of thermochemical desiliconization of kaolinite feedstock relies on the kaolinite ability to disintegrate at
temperatures higher than 900 °C into aluminosilicate with silicon dioxide content lower than in kaolinite
and amorphous free silicon dioxide, well soluble in alkaline solutions [1, 2, 6, 8-10].

Along with the X-ray diffraction and crystal optical analysis techniques N.I. Eremin in order to ex-
amine the mechanism of kaolinite thermal activation used a simple and reliable chemical method. It was
demonstrated that the products of kaolinite baking at 925+1000 °C are amorphous SiO,, y-ALOs and
mullite with almost even quantitative distribution of the aluminum oxide between them according to the
reaction and the graphic interpretation (Figure 3):

6(AL,03-2Si05) = 10(SiO5 amorphous) + 3(Y — ALO3) + (3BALO3-2Si0,).
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Thus in theory it is possi- Kaolinite
ble that silicon dioxide extrac-
tion through the process of
baked kaolinite desiliconiza-
tion may be beyond 80 %.

Chamosite behavior Ka ‘baking
during bauxite processing by
thermochemistry-Bayer
method. While kaolinite be-
havior during thermal treat-
ment was crystal clear, a ques-
tion of chamosite thermal
transformations remained un-
derstudied. Chamosite behavior . Gamma-modification
(Fez+,Fe3+)3- [AIS130,0]-(OH), x Amorphous silicon of aluminum oxide Mullite
x {(Fe,Mg)3(0,0H),}  within dioxide
the scope of thermochemistry-

Bayer method to a large extent

depends on process parameters Fig.3. Graphic interpretation of kaolinite thermal decomposition

[7, 11, 13, 14]. Research sam-

ples with different level of oxidation and different orthogonal to monoclinic modifications ratio
were taken from the Belgorod territory of the Kursk Magnetic Anomaly (Table 1).

QOH oAl ©0 oSi

Table 1
Material composition of chamosite

1 o
Sample Concentration, % Oxidation” Modiﬁcatior:f ratio
N Other 0, Si0, | Fe0s | FeO | RO | TiO, (O/M)
impurities
1 8.08 18.26 15.30 54.56 29.61 0.16 1.19 0.46 2.1
2 15.58 31.75 26.00 21.40 8.43 0.25 1.96 0.61 2.0
3 10.52 23.72 22.40 39.10 23.30 0.20 0.61 0.40 9.0

" Level of oxidation (Fe,05-FeO)/Fe,05; ™ (O/M) — orthogonal / monoclinic.

Based on the results of the X-ray phase analysis the examined chamosite samples belong to
kaolinite type, as there is no diffraction peak corresponding to the interplanar distance d = 1.4 nm,
characteristic of chlorites. In radiographs of all initial samples the basic chamosite reflexes are seen:
d=0.7; 0.35; 0.25; 0.24 nm. It was also found that samples contain hematite (d = 0.369 nm), the
samples 2 and 3 contain kaolinite (d = 0.712; 0.443; 0.356 nm), the samples 1 and 3 contain small
amounts of siderite (d =0.279 nm), the sample 2 contains gibbsite (d =0.483 nm) and quartz
(d = 0.334 nm).

Difference in correlation between reflection intensities, especially as concerns reflexes correspond-
ing to interplanar distances d =0.251 nm and d = 0.240 nm, is associated with different ratio of or-
thogonal to monoclinic forms of chamosite mineral across the samples. Reflection typical for the or-
thogonal form is d = 0.251 nm, while for the monoclinic one it is d = 0.240 nm. In order to compare
intensities of reflections d = 0.251 nm and d = 0.240 nm the X-ray phase analysis results were presented
in the form of line diagrams, where lines correspond to the height of peaks in the diffraction pattern as
compared to the spectral background. Correlation between intensities of the said reflections is propor-
tional to the ratio of forms in the sample. At I;-¢240 > I7=0251 the monoclinic form is predominant, while at
Ly=0240 <1j-0251 the dominating form is orthogonal. Kak mpaBuo, oproronanpaas ¢opma npeodnanaet
B mamosute. Diffraction peaks 0.7; 0.35 nm are typical for both structural forms.

Thus by comparing correlation between reflection intensities 7, - o251 / 1i = 0.240 for samples Ne 1; 2;
3 respectively we obtained the following reflection intensity ratios: 2.1; 2.0; 9.

Chamosite samples were crushed to a particle size of minus 0.147 mm. Then some of them were
baked. Diffraction patters of initial and baked chamosite are shown in Fig.4.
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Fig.4. Typical line diagram of chamosite before (a) and after baking at temperature 600°C (b)
d =0,251 nnm — orthogonal form, d = 0,240 nm — monoclinic form
Then initial and baked chamosite samples underwent leaching with different process parameters
(Table 2).
Table 2
Composition of leaching products
Leaching conditions: Content in leaching residuals, % Na,0"
- 0, T O, . 9
Baking, °C emperature °C, _Other 110, Si0, Fe,O; FeO Na,0 Si0,
Na,O, /1 and o, impurities
Moles
Sample 1
Not baked 95 °C, 150 g/l 8.80 17.51 14.60 53.55 20.64 1.25 0.080
400 95 °C, 150 g/l 4.75 18.83 16.00 59.02 9.12 1.30 0.080
600 95 °C, 150 g/l 8.11 15.12 14.40 56.54 1.68 5.80 0.390
Sample 2
Not baked 80 °C, 150 g/l - 28.00 26.40 22.50 15.10 1.40 0.051
Not baked 80°C, 150 g/lu 3,5 - 28.70 27.00 23.20 15.43 1.00 0.001
Not baked 95 °C, 150 g/l 11.96 27.56 26.20 21.58 14.36 6.30 0.230
400 95 °C, 150 g/l 12.20 27.75 26.00 21.70 7.90 6.30 0.230
600 95 °C, 150 g/l 13.06 21.93 24.40 20.58 2.88 12.00 0.480
Sample 3
Not baked 95 °C, 150 g/l 6.56 22.14 22.40 40.55 25.75 0.65 0.030
400 95 °C, 150 g/l 8.22 23.12 23.40 41.30 11.52 2.56 0.100
600 95 °C, 150 g/l 11.10 21.65 20.00 36.08 3.84 8.00 0.390
" Upon chamosite decomposition and emergence of SHAS composed of Na,0:Al,05:8i0,= 1:1:(2+2.4) Molar ratio
Na,0O/Si0; is equal to (0.50+0.42)
X-ray diffraction analysis of leaching
products (Figure 5) has revealed that the main
100: products are SHAS having the following mo-
20 2 lecular ratio Na,0:Al,05:Si0, = 1:1:(2+2.4),
g ig,:, and ferrous minerals.
= 60 £ £ ?E . Degree of decomposition, one of indica-
> — = = . . . . . .
Z 40 £ E E E EESE tors of which is Na,O to SiO, ratio in solid
T = = 5] v O
g 5 9 . 8 = Eg z phase, for samples baked at 600 °C and
20- o @ a2 =« 2|91 3 leached at 95 °C is higher than even after the
g 213 Sl.a SIS . . o
shls sl Sl s samples processing in autoclave conditions
0 10 20 30 40 20, glrad. without prior baking, which made it possible

Fig.5. Line diagram for leaching products
of sample 3 baked at 600°C

to make the graphical interpretation of
chamosite thermal decomposition (Figure 6).
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Simultaneously with ther-
mal transformations of alumi-
nosilicates during bauxite bak-
ing, alumina-containing phases
also undergo changes. Accord-
ing to literature sources, the
phase transition temperatures
either in the process of thermal
decomposition of aluminosili-
cates or in the course of alu-
minum oxide transformations
depend on several factors, in-
cluding the heat treatment
conditions, degree of material
dispersion, presence of solid
and gaseous mineralizers [11].

Thermochemical con-
ditioning of bauxites from
Vezhayu-Vorykvinskoye
field. In-process monitoring
of bauxite baking conditions
was performed with the sim-
plest and most informative
chemical method.

With increase in the bak-
ing temperature for bauxite

DOI 10.18454/PMI.2016.5.668

Chamosite

Low crystalline

gamma-modification of Amorphous silicon
; aluminum oxide dioxide
Hematite
QOH ©Al ©0 ©Si ©Fe

Fig.6. Graphic interpretation of chamosite thermal decomposition

from Vezhayu-Vorykvinskoye field a more drastic desiliconization is observed. A short flat segment in the
area of 500+800 °C can be explained by the presence of chamosite in these bauxites and by its thermal de-
composition, resulting in the emerged amorphous free oxides of aluminum and silicon freely passing into the

alkali solution. This is also proven
by the fact that the flat segment in
the silicon dioxide extraction curve
coincides with that of the alumi-
num dioxide.

Further increase in the degree
of baked bauxite desiliconization is
attributable to thermal decomposi-
tion of metakaolinite emerged from
kaolinite, while decrease in alumi-
num oxide extraction rate is due to
its polymorphic transformations,
making it more inert to alkaline
solutions.

The longer thermal expo-
sure during baking after the set
temperature is reached produces
the same effect as when the
temperature is increased (Figure
7). This is evidenced by the
relative position of dots (un-
shaded and shaded dots stand
respectively for no exposure
and an hour-long exposure to
the set temperature). But the
effect is minor.
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Fig.7. Extraction of SiO; (1, 3) and Al,05(2, 4) from bauxites with modules:
usi = 5.06(1, 2) and pg; = 2.27(3, 4) depending on the baking temperature
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Conclusions. Examination of behavior of the main siliceous minerals during thermochemical con-
ditioning of the low quality bauxites resulted in a number of valuable scientific findings:

® chemical conditioning of bauxite not exposed to baking, based on dissolution of hydrous sili-
cates and aluminosilicates in alkali and aluminate solutions, is efficient, but only for the bauxites with a
silicon module greater than 5 and containing a limited amount of impurities technologically detrimental
to the Bayer’s process, such as organic substances, carbonates and sulfides;

¢ the thermochemistry-Bayer’s method shall be recognized as energy intensive, yet universal;

® the products of kaolinite baking at 925+1000°C are amorphous SiO,, y-Al,O3 and the mul-
lite, which make it possible to recover from the baked kaolinite to the alkali solution of more than
80 % Si0y;

® degree of chamosite decomposition upon interaction with alkali and aluminate solutions de-
pends on the ratio of its polymorphic modifications and level of its oxidation: 1) higher level of
oxidation leads to higher structural disorder, while orthogonal modification manifests higher resis-
tance in the alkali solutions; 2) chamosite baking at temperature above 600 °C levels down these
differences due to chamosite decomposition and emergence of amorphous oxides of aluminum and
silicon;

® a dependency has been revealed between the desiliconization intensity of thermally activated
bauxites and the temperature of their baking.

More than a dozen of invention certificates and patents of the Russian Federation have been ob-
tained for the technologies and technical solutions developed in the Mining University for the process-
ing of low quality bauxite feedstock by thermochemistry-Bayer method.
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