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Abstract—The leaching of the major mineral (potassium alunite) from alunite ores with a potassium hydrox-
ide solution is studied. The process occurs with the retention of other minerals (dickite, hematite, quartz) in
the leaching residues. The kinetics of leaching of potassium alunite from alunite raw materials is studied by
the powder dissolution method in the temperature range of a potassium hydroxide solution 333–368 K at a
KOH concentration of 52.96–243.8 g/L. The activation energy of the process is calculated using the experi-
mental results obtained (Ea = 73.14 kJ/mol). The calculated energy indicates that the leaching of alunite from
alunite ores is controlled by a surface chemical reaction, and the reaction order with respect to KOH is 1.02.
The process under study is described by a first-order kinetic equation.
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INTRODUCTION
In the present time, more than 90% of primary alu-

minum are produced from bauxites. However, bauxite
resources in nature are being exhausted because of the
vigorous development of the aluminum industry and
they would not provide the further development of this
field. The alunite ore in Azerbaijan (Zaglikskoe deposit)
is considered to be a potential source for manufacturing
both alumina and potassium fertilizers.

The complex technology for the processing of
alunites from the Zaglikskoe deposit has been devel-
oped for several years at the Nagiev Institute of Catal-
ysis and Inorganic Chemistry (Academy of Sciences of
Azerbaijan) and Institute of Geology and Geophysics
(Academy of Sciences of Azerbaijan). These alunites
are considered as the most promising raw materials for
the development of a new alumina production.

Many diverse methods for alunite rock processing
are described in the literature [1–8]. The problem of
the efficient processing of alunite ores, especially
alunites from the Zaglikskoe deposit, remains chal-
lenging up to presently. Many studies were carried out
on the processing of alunite ores from various deposits
with the recovery of valuable products. The processing
methods can be divided into acid [1–4] and alkali
[5‒8] methods. Serious problems were found for acid
leaching related to iron removal and separation prod-
ucts, which disproves the selectivity of acid leaching.
Unlike acid leaching, alkali leaching has many advan-
tages. It is known that alunite is readily dissolved in

caustic potash (caustic soda) at the temperatures
higher than 60°C. In this case, aluminum goes to the
solution in the form of potassium (sodium) aluminate,
as well as alkaline metal sulfates. The alkaline agents
are highly reactive toward potassium alunite thus pre-
venting other metals in the residue from leaching.

In spite of the technological processes of alumina
recovery from alunite ores of the Zaglikskoe deposit,
which were studied and described in rather detail,
quantitative characteristics of the alunite dissolution
kinetics are lacking. The study of these characteristics
could give information for controlling the process and
apparatus design. The dissolution rate of alunite from
various deposits with a KOH solution was studied
[7, 8]. The authors [7] proposed alunite leaching from
alunite tailings with a highly concentrated solution of
KOH (10–15.7 mol/L) at 50–90°C. It is shown that
aluminum is completely leached from the ores within
30 min during alunite leaching at 90°C and the KOH
concentration higher than 13.5 mol/L. The apparent
activation energy calculated from the experimental
data is 44.48 kJ/mol, and the reaction order with
respect to KOH is 1.76. Unlike the published data [7],
the leaching kinetics of alunite was considered for pure
natural alunite (36.9% Al2O3) [8]. The effect of the
KOH concentration on alunite dissolution was deter-
mined for a concentration of 1.4 mol/L. At 95°C the
reaction ceases within the time less than 20 min. The
reaction rate was shown [7] to be controlled by the sur-
face chemical reaction, the reaction order with respect
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Fig. 1. XRD patterns of (a) initial alunite ore from the Zag-
likskoe deposit and (b) residue after leaching: (1) quartz,
(2) alunite, (3) dickite, and (4) hematite.
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to KOH was 1.327, and the activation energy was
94.18 kJ/mol. Published data on the kinetics of alkali
leaching of alunite from the Zaglikskaya alunite ore
are scarce.

Taking into account the aforesaid, the aim of in this
work is to study the kinetics of direct alunite leaching
with an alkali solution from the alunitized rocks that
were not subjected to annealing.

EXPERIMENTAL
Experiments on studying the leaching kinetics of

the powdered material were carried out by the dissolu-
tion method [9, 10]. This method is based on the dis-
solution of a dispersed solid mixed with a solvent in
open or closed vessels.

The average chemical composition of the alunite
ore from the Zaglikskoe deposit is the following (%):
19.2 Al2O3 (alunite), 2.5 Al2O3 (dickite), 20.0 SO3,
1.38 Na2O, 3.72 K2O, 41.4 SiO2, 5.05 Fe2O3, 0.2 CaO,
0.18 P2O5, 0.12 MgO, 0.53 TiO2, and 6.5 H2O.

The X-ray diffraction (XRD) pattern of the alunite
ores from the Zaglikskoe deposit is presented in Fig. 1.
The major minerals composing the alunite ores are
potassium (sodium) alunite KAl23(SO4)2(OH)6,
kaolinite (dickite) Al4(Si4O10)(OH)8, hematite Fe2O3,
and quartz SiO2. Thus, aluminum in the ore exists in
alunite and dickite.

During leaching, the target mineral (potassium
alunite) was dissolved with a solution of potassium
hydroxide, whereas dickite, hematite, and quartz are
retained in the leaching residue (red mud) (Fig. 1b).
Two diffraction lines characteristics of the indicated
minerals are pronounced in the XRD patterns.
RU
The main reaction of alunite leaching is described
by the following equation:

(1)

When studying the leaching kinetics of alunite with
a potassium hydroxide solution, it was accepted that all
leached alunite passed to the solution via reaction (1).

Leaching was carried out in a temperature-main-
tained glassware with stirring at variable parameters of
the process (potassium hydroxide concentration in
solution CKOH, temperature T, and stirring time τ).
The experimental procedure was as follows. A weighed
sample of the ore was stirred in a KOH solution,
during which excess alkali providing a high alumina to
caustic ratio should be achieved in all cases. The solu-
tions with the following concentration CKOH (g/L)
were prepared for the study: 52.96 (5%), 110.9 (10%),
174.6 (15%), and 243.8 (20%).

A glass beaker containing 100 mL solution with one
of the indicated concentrations was placed in a ther-
mostat, and samples were taken after a given tempera-
ture of the solution was reached or a certain time was
elapsed. The aluminum content was determined by
photocolorimetry, and the content of  ions was
also monitored in the solution.

Preliminary experiments showed that, for a stirrer
speed >700 rpm, the rate of alunite transition to a
solution was independent of the stirring rate. There-
fore, the leaching kinetics of alunite was studied at a
stirrer speed of ~700 rpm.

RESULTS AND DISCUSSION

A milled material with various granulometric com-
positions was used for leaching. The surface of this
material changes during leaching, which results in a
change in the leaching rate along with the reagent con-
centrations. If reaction (1) is taken to be irreversible
and not accompanied by the formation of a solid prod-
uct shell, the rate of alunite leaching v from the ores
can be expressed as a rate of decrease of the leached
alunite content in the solid phase [9],

(2)

where α and (1 – α) are the fractions of alunite passed
to the solution and remained in the solid phase with
the surface area S, respectively; k′ is the rate constant
of leaching (1); and n is the reaction order with respect
to the potassium hydroxide concentration CKOH.

To take into account the change in the solid phase
surface in time, the surface area was assumed to
change during leaching proportionally to the relative
fraction of the leached metal in the solid phase in the
power β; that is S = S0(1 – α)β, S0 is the initial specific

3 4 2 6

2 4 2 2

KAl (SO ) (OH) 6KOH
2K SO 3KAlO 6H O.

+
= + +

2
4SO −

( ) KOH1 ' ,nd d k SC= − α τ = −v
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Fig. 2. Types of the kinetic dependences of (a, b) leaching
of alunite at 333 K with potassium hydroxide solutions
with a concentration (1) 52.96, (2) 110.9, (3) 174.6, and
(4) 243.8 g/L.
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Fig. 3. Leaching rate constant for alunite k′ vs. the potas-
sium hydroxide concentration in the solution.
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surface area (50 dm2/g). In this case, Eq. (2) for the
leaching rate is reduced to the form

(3)

where the rate constant is k′′ = k′S0.

The experimental data obtained at different con-
centrations of the solvent showed that the relative frac-
tion of alunite in the solid phase decreased in time via
the exponential law [5]

(4)

where k is the coefficient determined experimentally
as the slope of the straight line in the ln(1 – α)–τ
coordinates. After taking logarithm and differentiating
Eq. (4), we have

(5)

( ) ( ) KOH1 '' 1 ,
nd d k Cβ= − α τ = − − αv

1 , or 1 ,
k ke e− τ − τ− α = α = −

( ) ( )1 1 .d d k− α τ = − − α
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A comparison of Eq. (5) with Eq. (3) allows us to
find that β = 1. Then, we have

(6)

It is seen from the data in Fig. 2 that the amount of
alunite passed to the solution changes proportionally
to the alkali concentration. An increase in the potas-
sium hydroxide concentration in the solution favors
faster dissolution of alunite.

The dependence of the leaching rate constant of
alunite on the potassium hydroxide concentration in
the solution is shown in Fig. 3. Refined rate constants k
in Eq. (6) were as follows: 0.003388, 0.00616, 0.00964,
and 0.01271. It is seen from the plot in Fig. 3 that the
dependence of k′ on the KOH concentration in a range
of 52.2–237.3 g/L is rectilinear; that is, the process
proceeds via a first-order reaction law. This corre-
sponds to the real change in the potassium hydroxide
concentration in the industrial leaching process and is
expressed by the equation

where  = 4 × 10–4 (see Fig. 3), and k′′ = 5 × 10–5 at
T = 298 K.

The dependence of lnk on lnCKOH is shown in

Fig. 4. The slope of the curve indicates a reaction
order of 1.02 with respect to the KOH concentration.

To study the temperature effect on the process of
alunite dissolution, experiments were carried out at
temperatures of 333, 343, 353, and 368 K, and the
potassium hydroxide concentration during leaching
was 110.9 g/L. The results of these experiments
(Figs. 5a, 5b) show that the dissolution rate curve
increases proportionally to the temperature rise.

( )1 .k= − αv

0 KOH
'' '' ,k k k C= +

0
'k
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Fig. 4. ln k vs. lnCKOH for determining the leaching reac-
tion order.
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Fig. 5. Types of the kinetic dependences of (a, b) leaching

of alunite with a potassium hydroxide solution (CKOH =

1.946 mol/L) at a temperature (1) 333, (2) 343, (3) 353,

and (4) 368 K.
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Fig. 6. Temperature dependence of the logarithm of the
leaching rate constant for alunite.
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The given below rate constants for alunite dissolu-
tion at different temperatures were calculated as the
slopes of straight lines 1–4 (see Fig. 5b):

The determined temperature dependence of k′ is
adequately described by an Arrhenius equation
(Fig. 6).

In this case, the activation energy can be graphi-
cally determined from the slope of the straight line by
the equation

where δ is the slope of the straight line to the abscissa,
R is the gas constant, and ξ is the ratio of scales on the
axes of abscissa and ordinate.

The temperature dependence of the rate constant

for alunite dissolution in each chosen scale  =

1.91 is shown in Fig. 6. If the ratio of scales on the

abscissa and ordinate is (1 : 1.01 × 10–3) : (1 : 0.2) =

2 × 103, we have Ea = 2.303 × 8.314 × 1.91 × 2 × 103 =

73142.0824 J/mol = 73.14 kJ/mol.

Thus, the apparent activation energy Ea calculated

from the experimental data is 73.14 kJ/mol. The tem-
perature coefficient of the dissolution rate of alunite in
KOH solutions in the temperature range 333–368 K
was determined from the experimental data and
turned out to be low, 1.1 on average.

Apparent activation energy Ea was also calculated

from four conventional equations. The results of the
theoretical calculations made it possible to derive the
temperature dependence of the rate constant of
alunite leaching in a KOH solution, k′ = 1.721 ×

108exp(–7863/T).

T, K 333 343 353 368

k′, min–1 0.0066 0.02613 0.0421 0.0843

a 2.303 tan ,E RT= δ ξ

tan δ
RUSSIAN METALLURGY (METALLY)  Vol. 2020  No. 9
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The activation energy of the reaction is  =
7863R = 7363 × 8.314 = 65.372 kJ/mol.

The determined values of activation energy and
temperature coefficient suggest that the leaching of
alunite from the alunite ores with a KOH solution in a
temperature range of 333–368 K is controlled by a sur-
face chemical reaction.

CONCLUSIONS

(1) The rate constants were calculated on the basis
of the studies of alunite leaching with potassium
hydroxide solutions with concentrations of 52.2, 109,
170.7, and 237.3 g/L at 333 K and were found to be
0.003388, 0.00616, 0.00964, and 0.01271, respectively.
The dependence of the process rate on the KOH con-
centration was constructed using these data, and this
curve is rectilinear.

(2) The temperature dependence of the leaching
rate of alunite obeying the Arrhenius law was studied,
and the apparent activation energy was determined
(Ea ≈ 73.14 kJ/mol). According to the published data,

the obtained activation energy is characteristic of sur-
face chemical reactions.
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