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Abstract—Extended tests of alumina fluid chlorination are performed. The implementation of the chlorine
technology is possible when using alumina, which has a high reactivity with chlorine. The improved nephe-
line technology for obtaining such an oxide is proposed: non-desilicated aluminate liquors undergo carbon-
ization followed by separation of aluminum hydroxide with sodium hydroaluminosilicate and its calcination
at 600–800°C. The proposed upgrade, compared to the existing method, is less energy intensive. Two-stage
desilication is eliminated, and more favorable conditions are created for the low-temperature digestion of sin-
tered material, reducing the secondary losses of alumina and alkali. The technological parameters of charge
chlorination, both powdered and pelleted, are worked out on a scaled-up installation in f luidized bed condi-
tions. The operational and capital cost of a complete aluminum production cycle based on the chlorine tech-
nology are evaluated in comparison with the conventional alumina production according to the Bayer process
and subsequent electrolysis of cryolite-alumina melts. The comparative cost analysis has shown the advan-
tages of the chlorine technology at the stage of aluminum chloride electrolysis (up to 30%) and the presence
of additional costs at the stage of obtaining the intermediate product for chlorination. The chlorine method
of aluminum production in modern conditions has the prospects of development not as a mass technology,
but as an effective process for obtaining high-purity aluminum (HPA) in small workshops.
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INTRODUCTION
Nephelines are one of the most promising types of

non-bauxite aluminum-containing raw materials in
Russia. Owing to the integrated utilization, existing
enterprises have achieved high production and economic
indicators of this raw material processing by sintering.

Direct chlorination of nepheline, as well as its
derivative metallurgical alumina, produced using the
existing technology is inefficient because of the large
losses of chlorine during the formation of associated alkali
metal chlorides of little value and the low alumina reactiv-
ity with chlorine. For the implementation of the chlorine
technology, alumina should be used, which has a high
reactivity with chlorine. Laboratory studies showed that
alumina containing sodium aluminosilicate offers such
properties [1]. This oxide can be obtained using a modi-
fied nepheline technology, in which non-desilicated alu-
minate liquors are carbonized at 40–50°C with release of
aluminum hydroxide and sodium hydroaluminosilicate
and subsequent calcination at 600–800°C.

The proposed process upgrade compared to the
existing method is less energy-intensive, since two-

stage desilication is eliminated and more favorable
conditions are created for low-temperature digestion
of sintered material, which reduces the secondary loss
of alumina and alkali. The alumina to caustic ratio
during the digestion can be reduced from 1.42 to 1.28–
1.30 without fear of aluminate liquor decomposition.

The purpose of the work is to determine on an
expanded-scale basis the technological parameters of
the nepheline concentrate treatment process and
chlorination of alumina isolated from it during low-
temperature carbonization and to perform a compara-
tive technical and economic assessment of the com-
plete aluminum production cycle using the chlorine
technology with the conventional Bayer process and
subsequent electrolysis of cryolite-alumina melts.

EXPERIMENTAL

The extended tests were carried out on pilot plants
created by IMET together with AO RUSAL VAMI: an
active alumina production plant (Fig. 1) and a f luid-
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Fig. 1. Technological scheme for producing pelleted and powdered alumina charge: (1) aluminate liquor reactor, (2) carbonizer,
(3) nutsche filters, (4) drying furnace, (5) mixer, (6) disk granulator, (7) thermostat.
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Fig. 2. Diagram of the plant for chlorination of aluminic raw materials in a f luidized bed: (1) chlorinator, (2) chlorinator furnace,
(3) dust chamber, (4) liquid condenser, (5) surface condenser, (6) water scrubber, (7) alkaline scrubber.
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ized bed plant for aluminiс raw material chlorination
(Fig. 2).

A technological carbonization unit (Fig. 1) consists
of aluminate liquor reactor 1, which is equipped with
an external electrical heating and a horseshoe stirrer;
carbonizer 2 with water cooling and gas supply; and
nutsche filter 3. Two-bladed mixer 5 is designed to
prepare a charge of different composition. In the
preparation of pelleted charge, disk granulator 6 was
used. Heat treatment was carried out in drying furnace 4
and thermostat 7.

To carry out the extended tests, a standardized alu-
minate liquor was prepared, which corresponded to
the liquor obtained by processing nepheline concen-
INORGANIC MATE
trate according to the existing sintering method with
limestone and conventional digestion [2]. The alumi-
nate liquor was prepared by dissolving aluminum
hydroxide obtained by the Bayer method in a 31%
alkali solution heated to 80–90°C with continuous
stirring. The prepared solution (70–80 g/L Na2O and
80–90 g/L Al2O3) had an alumina-to-caustic ratio
αc = 1.43 and specific gravity of 1.36–1.38 g/cm3. To
obtain aluminum hydroxide containing sodium hydro-
aluminosilicate, liquid glass containing 26.0 wt % SiO2
was added to the liquor.

The carbonization of the obtained aluminate liquor
was carried out at a temperature of 40°C in the car-
bonizer equipped with a horseshoe stirrer and water-
RIALS: APPLIED RESEARCH  Vol. 10  No. 5  2019



CHLORINATION OF ALUMINA OBTAINED FROM NEPHELINE CONCENTRATE 1251

Table 1. Chemical composition of the initial materials

* Powdered charge.

No.
Composition, wt %

Volatiles Al2O3 SiO2 Na2O C

1 1.34 65.33 1.11 0.62 29.17

2 1.62 63.82 1.52 0.84 29.79

3 1.48 62.11 1.98 1.15 31.01

4 1.27 62.18 2.42 1.37 30.36

5* 1.21 60.20 2.15 1.18 30.90
cooled jacket for carbon dioxide-air sparging at a vol-

ume ratio of 1 : 7. The CO2 consumption was 0.5 m3/h.

The residual Al2O3 content in the solution was 1%.

After the end of carbonation, the pulp was fed to
the nutsche filter. The precipitated aluminum hydrox-
ide was filtered through a belting fabric and washed
out with hot water to a residual content of 5–8 g/L of
Na2O in the washings. The separated aluminum hydrox-

ide was dried in the drying furnace at 110°C and calcined
at 600–800°C. The result was alumina with impurities of
sodium and silicon, so-called rough alumina.

The chlorination was carried out with pelleted and
powdered charges containing 70 wt % alumina and
30 wt % petroleum coke. In the preparation of the
powdered charge, petroleum coke with a particle size
of <0.6 mm was used, and for the pelleted charge, the
particle size was <0.2 mm. Before pelleting in the
blade mixer, a sulfide liquor binder was added to the
charge in the amount of 20–25 wt % of the charge
weight. The obtained pellets were dried in air for 24 h
and then for 5 h in a drying furnace at 130–150°С with
occasional stirring.

After that, the pellets were calcined in the thermo-
stat at 700°C for 4 h in a nitrogen atmosphere at a
heating rate of 50 K/h. The pellets of 1–4 mm in size
were used for chlorination.

It was shown in laboratory conditions that the
chlorination of Al2O3 containing sodium aluminosili-

cate reduces dust losses by 4–5% [13]. The effect of
the amount of sodium aluminosilicate on the chlori-
nation process was studied. The chemical composition
of the initial materials is shown in Table 1.

The chlorination was carried out at a pilot f luidized
bed plant (Fig. 2). The main components of the plant:
(1) graphite-lined fluidized bed reactor, (2) vertical fur-
nace, (3) dust chamber, (4) mechanical scrubber for
chloride condensation in molten salts, (5) water-cooled
condenser for chloride desublimation, (6) wet scrubber
for absorption of uncollected chlorides, (7) three-stage
alkaline scrubber for f lue gas cleaning. The experi-
mental conditions: reactor temperature—900°C, dust
chamber temperature—250°C, condenser tempera-
ture—40°C; fluidized bed height—500–600 mm,
chlorine consumption—3.1–3.6 kg/h, nitrogen con-
sumption—250 L/h.

Before starting the chlorination, reactor 1 was
loaded with 3.0 kg of petroleum coke and 2.0 kg of
charge. The excess coke allowed reducing f luctuations
in the height of the f luidized bed. During the experi-
ments, a vacuum from 5 to 10 mm water gauge was cre-
ated in the system. Exhaust gases were analyzed for
Cl2, CO, CO2, O2, and HCl. The chlorination took

place with almost complete chlorine utilization. To do
this, with the appearance of traces of chlorine in the
exhaust gas, reactor 1 was loaded with the next charge
batch. Thus, the periodic batch feeding allowed con-
tinuous chlorination, maintaining the given f luidized
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
bed height. Chloride condensation was provided in
two versions: in the molten salts in mechanical scrub-
ber 4 and their desublimation in condenser 5. Both
condensing systems, depending on the tasks, can work
simultaneously or autonomously. After the end of the
experiment, the furnace residues and products from
dust chamber 3 and condenser 5 were weighed and
analyzed for the content of the main components.

RESULTS AND DISCUSSION

According to the test results, the products from the
condenser do not contain Al2O3, Na2O, and SiO2. The

chlorinity of oxides was calculated from the formula

where po is the amount of the oxide that entered the

reactor during the experiment, and ps is the amount of

the non-chlorinated oxide, equal to the sum of the
oxide mass in the burning residue and the oxide mass
in the product from the dust chamber.

The results of a set of experiments on chlorination
are presented in Table 2. In experiments 1–4, pellets
were chlorinated with different SiO2 content (from

1.11 to 2.45 wt %). The Al2O3 chlorinity was 97.1–

98.9 wt %, which is ~10% more than the alumina
chlorinity obtained under similar conditions, but not
containing sodium aluminosilicate.

Polymorphic transformations were studied during
the heat treatment of alumina obtained under various
conditions. It was shown that sodium oxide and silicon
additives are stabilizers of low-temperature Al2O3

modifications, which are distinguished by a higher
reactivity [1]. The improvement in chlorination can also
be explained by the formation of a eutectic NaAlCl2

compound in the reaction molten zone, which pre-
vents dust losses. The alumina loss in the products
from the dust chamber was only 0.7–2.5%, and when
the alumina was chlorinated without sodium alumino-
silicate, this value was 10–14%. Thus, the chlorination
of Al2O3 obtained by calcination of Al(OH)3, sepa-

rated by low-temperature carbonization of the alumi-
nate liquor, which was not subject to desilication,
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Table 2. Results of the extended fluid chlorination tests on the pilot plant

No.

Experimental 

conditions
Distribution of components

Chlorinity, %

consum-

ption, kg/h

time, 

h

input, kg furnace residue, kg dust chamber product, kg

mass Al2O3 SiO2 Na2O mass Al2O3 SiO2 Na2O mass Al2O3 SiO2 Na2O Al2O3 SiO2 Na2O

1 3.2 16.3 79.8 16 0.6 0.3 3.2 0.04 0.1 0.01 9.7 0.4 0.04 0.01 97.3 74.2 94.1

2 3.2 15.6 77.5 16 0.65 0.35 3.8 0.03 0.12 0.01 5.3 0.15 0.05 0.01 98.9 72.6 94.5

3 3.2 10.5 50.3 9.0 0.4 0.2 4.3 0.17 0.08 0.01 3.5 0.09 0.07 0.01 97.1 62.5 93.3

4 3.6 22.0 117 22 0.6 0.3 3.8 0.09 0.2 0.01 5.1 0.15 0.06 0.01 98.9 56.7 94.7

5 3.2 10.8 50.6 9.9 0.33 0.2 10 0.25 0.09 0.01 3.1 0.08 0.04 0.01 96.6 60.6 91.5
makes it possible in great measure to eliminate one of
the main drawbacks of f luidization, that is, dust loss.

The silicon oxide chlorinity (Table 2) is lower than
that of aluminum and sodium oxides. The furnace res-
idue after the reaction contains from 19 to 34% of non-
chlorinated silica. This makes it possible to use fur-
nace residues for the production of alumina-silicon
alloys. SiCl4 formed in the chlorination process when

solving the problem of its separation from the gas
phase can be used as a finished product. The data on
the powdered charge chlorination (Table 2, Experi-
ment 5) are of industrial interest, since it is shown that
the chlorinity hardly decreases (96.6%) under the
same experimental conditions. The insignificant
Al2O3 dust loss during the chlorination of the pow-

dered charge is also a consequence of the formation of
sodium tetrachloroaluminate. The use of powdered
charge as an initial material will make it possible to
exclude such technological procedures as pelletizing
and pellet firing in an inert environment.

The extended tests of alumina fluid chlorination
obtained from non-desilicated aluminate liquors showed
the manufacturability of this material in the production
of aluminum by the chlorine method. The proposed
nepheline processing technique, with allowance for the
huge reserves of this raw material, can be considered one
of the key priority areas of aluminum production.

The prospect of the development of a complete
chlorine-based aluminum production cycle can be
considered when comparing technical and economic
indicators with the conventional low-temperature
Bayer process of alumina production and the subse-
quent electrolysis of cryolite-alumina melts.

COMPARATIVE ASSESSMENT 
OF THE COMPLETE CYCLE 
ALUMINIUM PRODUCTION

The physical and chemical advantages of the elec-
trolysis of aluminum chloride over the alumina elec-
trolytic decomposition are as follows: lower process
temperature, lower decomposition potential of AlCl3,

inactivity of the carbon anode in relation to chlorine.
However, the electrolysis of aluminum chloride is
INORGANIC MATE
more sensitive to the quality of raw materials, which
accordingly leads to additional costs for chlorination.
The high purity of the raw materials and the absence of
anode ash ensure the purity of commercial aluminum
close to HPA.

A raw material for electrolyzers is metallurgical
alumina (GOST 305558-98). Consumption per 1 t of
aluminum is 2 t of alumina. The intermediate product
for aluminum chloride electrolysis should contain at
least 99.97% of the main component AlCl3. Con-

sumption per 1 t of aluminum is 5 t of aluminum chlo-
ride; per 1 t of aluminum chloride, it is –0.4 t of Al2O3.

Direct chlorination of natural or by-product mate-
rials is not effective, since chlorination of impurities of
the applied material requires an additional amount of
chlorine. Purification of the obtained aluminum chlo-
ride from impurities by fractional condensation is an
expensive operation, and besides that, it is necessary
to solve the problem of disposal of the resulting asso-
ciated chlorides [4].

Inexpensive raw materials (reactive with chlorine
with a minimum content of impurities) for chlorina-
tion can be obtained by the hydrochloric acid enrich-
ment of high-silica aluminic raw materials to produce
rough alumina [1]. To achieve high chlorinity, it is
possible to isolate part of the f low in conventional alu-
mina refineries, to produce rough alumina by low-
temperature carbonization without deep desilication
at a low calcination temperature (below 800°C).
Owing to this simplification, the obtained rough alu-
mina as a raw material for chlorination according to
our estimate can be 5–25% cheaper than commercial
alumina as per GOST 30558-98. Thus, the cost of raw
materials for aluminum chloride electrolysis will be
higher than that for alumina electrolysis.

Modern electrolyzers with prebaked anodes carry-
ing a current of 275–350 kA with anodic current den-

sity of 0.85–0.88 A/cm2 achieve current efficiency of
~95% and anode consumption of 550/420 kg/t Al
(gross/net) (Table 3). Electrolytic decomposition of
aluminum chloride when using a bipolar electrode
system makes it possible to reduce the specific electri-
cal energy consumption at a current efficiency of 86%,
RIALS: APPLIED RESEARCH  Vol. 10  No. 5  2019
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Table 3. Comparative indicators of the aluminum production processes using the chlorine technology and the conventional
Bayer alumina production process, followed by electrolysis of cryolite-alumina melts

Process indicators
Chlorine method 

of aluminum production

Conventional Bayer alumina production process 

and electrolysis of cryolite-alumina melts 

in AR-30 type baths

Anode type Bipolar (carbon) Carbon

Current efficiency, % 86.0 95

Current density, A/cm2 1.3 0.8

Bath voltage, V 2.63 4.3

Total emission of greenhouse gases, t CO2/t Al 

equivalent
9.57 15.89
that is, by 35%, and to increase the capacity of a single
bath by 4–8 times.

During the electrolysis of cryolite-alumina melts, the
non-recoverable loss of AlF3 electrolyte is 15–25 kg/t.

Aluminum chloride electrolyzers are sealed and such
losses are practically absent. Nonconsumable anodes
in the process of aluminum chloride electrolysis also
reduce running costs.

Owing to the smaller amount of impurities, aluminum
chloride electrolysis provides purer metal quality than alu-
mina electrolysis, and taking into account the additional
raw material purification by fractional condensation
during chlorination, it is possible to obtain HPA.

The main positive effect of producing aluminum
from its chloride will be the end of polyfluorocarbon
emission into the atmosphere and the reduction of
CO2 emission by 40% due to the airtightness of elec-

trolyzers.

The chlorine method of aluminum production can be
implemented on the basis of qualitative technological
restructuring and re-equipment of enterprises. The
method consists of two main process stages—the pro-
duction of aluminum chloride and its electrolysis. The
advantages of the method include the possibility of using
low-quality aluminic raw materials, reducing the specific
electric energy consumption by about 30%, eliminating
the consumption of high-quality carbon-containing
materials, using less scarce and aggressive chlorides
instead of fluorides, and reducing costs and harmful
emissions into the atmosphere [4, 5]. The Alcoa Corpo-
ration came the closest to the commercialization of the
chlorine method in the 1970s, but after 6 years of opera-
tion, the plant was mothballed until solution to the prob-
lem of reducing the AlCl3 cost. Also, a clay-to-aluminum

chlorination and purification technology was tested by
Toth Aluminum Corporation (TAC) and proposed for
industrial implementation [4].

The chlorine method of aluminum production in
modern conditions has prospects of development not
as a mass technology, but as an effective process for
obtaining HPA in small workshops.

CONCLUSIONS

(A) The extended chlorination tests performed on
the f luidized bed plant showed that the best process
parameters were obtained by chlorination of alumina
containing 2 wt % sodium aluminosilicate.

(B) The optimum conditions for chlorination were
determined: gas velocity—0.1–0.2 m/s, fluidized bed
height—600–700 mm, temperature—800–900°C. In this

case, the chlorinator productivity is 0.3–0.35 t/(m2 h)
AlCl3, and the alumina chlorinity is 98.9%.

(C) It was shown that the use of powdered alumina
charge with 2 wt % sodium aluminosilicate forms in
the chlorinator a melt of NaAlCl2, which significantly

reduces dust loss.
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