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Abstract The purpose of this study is to develop the
kinetic model and to find the optimum leaching conditions
for maximum alumina dissolution from sintered nepheline
syenite resource in the alkaline solution. About 80% of
alumina (smaller than 5% of silica) was effectively
recovered at 80 °C, 3 M NaOH, particle size less than
88 um, agitation speed of 800 rpm, and leaching time of
60 min with a minimum amount of silica dissolution.
Based on the kinetic model and the obtained reaction
degree of each effective parameter, the experimental data
were simulated. The simulation results proved that the
leaching process for alumina was controlled by diffusion
through the solid product layer and reaction at the interface
of unreacted core that was confirmed by the value of
activation energy (15.53 kJ/mol). The provided optimum
conditions could be effective to decrease the silica disso-
lution, and to improve the alumina recovery.

Keywords Sintered nepheline syenite - Alkaline leaching -
kinetics - Alumina dissolution - Silica dissolution

1 Introduction

Alumina has shown a widespread application in electronics
industry, chemical, oil and gas processing, wear-resistant
parts, and so on [1]. To produce alumina, bauxites are the
dominant Al-bearing resource. However, the lack of high-
grade bauxites in some countries has received much
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attention to alternative alumina resources [2]. Nepheline
syenite, an anhydrous sodium potassium alumina silicate,
is one of the alumina non-bauxite resources which have
been historically exploited [3, 4]. Nepheline syenite shows
more efficiency in ore processing for alumina production in
the point of view of low operating cost, low environmental
pollution, and the production of by-products such as
sodium and potassium carbonates [5]. Alumina can be
extracted either by acid leaching & thermal activation [6],
or alkaline solution leaching & lime mixture sintering
[7-9]. Acidic leaching is not a suitable method for alumina
extraction from nepheline syenite resources in contrast to
clay and fly ash resources. In this method, the production of
silica gel imposes some problems in the filtration process
and high amounts of impurities enter into the leaching
solution during further processing steps [8]. Alumina pro-
duction process from nepheline syenite is mainly com-
posed of sintering, alkaline leaching, desilication,
carbonation, and calcination [10]. On the pressurized
alkaline leaching, high energy leaching agent have been
consumed by using NaOH in the autoclave at the temper-
ature of 150-250 °C [11]. Therefore, in this study, the
alkaline leaching was carried out at the atmospheric pres-
sure. In the leaching process, the alumina of nepheline
syenite was converted to sodium and potassium aluminates
(soluble compounds in alkaline solvent) and the silica was
transformed to dicalcium silicate (insoluble compounds in
alkaline solvent). This process is conducted by Eq. (1) [5]:

(Na, K),0.A1,05.25i0, + 4CaCOs
— (Na, K),0.AL 05 + 2(2Ca0.8i0,) + 4CO, (1)

The reactions between sodium aluminate and leaching
agent, NaOH or Na,COs, are shown as Egs. (2) and (3)
[5].
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NaAlO;(s) + OH™ (aq) + 2H,0(1)
— Na*(aq) + Al(OH), (aq) (2)

2NaAlO(s) + CO532(aq) + 4H,0(])
— 2Al(OH), (aq) + Na;CO3(aq) (3)

Since the high-quality alumina production is initially
obtained by controlling its leaching condition, the targeted
alkaline leaching is a suitable hydrometallurgical method
for dissolving alumina from sintered nepheline syenite.
Therefore, in the present study, the important parameters
such as leaching agent concentration, leaching time,
temperature, particle size, and agitation speed are studied
to obtain a solution containing high A1,0; dissolution (i.e.,
with a little loss of A1,0; and minimum dissolution of
Si0,).

This present paper showed a comprehensive study about
the kinetic investigation of Al and Si dissolution after a
leaching process. In this research, the kinetic model was
applied to demonstrate the leaching mechanism through the
investigation of the physicochemical condition of the
leaching process. The determination of Si dissolution
behavior in the kinetic study could be effective to find the
optimum conditions for minimum Si dissolution in alkaline
leaching. In this research, the experimental results were
also simulated by the kinetic models to find the meaningful
relationship between the real and simulated data to reach
the maximum alumina recovery yield.

2 Material and Methods
2.1 Material

Sintered Nepheline syenite was obtained from Azarshahr
alumina pilot plant located in Eastern Azerbaijan Province,
Iran. All chemical materials were purchased from Merck
Co., Germany.

2.2 Experimental Procedures

The leaching experiment was carried out at a 2L glass
reactor equipped with a water-cooled condenser. The bottle
cap and mechanical mixer were used to suspend all fine
particles of nepheline syenite by varying the type of
impellers and the agitation speeds. Each experiment was
done by pouring 1L of leaching agent into the reactor. It
was heated in the temperature ranges from 20 to 80 °C by
using a thermostatically controlled water bath (+ 0.1 °C).
Then, 150 g of sintered nepheline syenite was added to the
leaching agents. During the leaching process, some sam-
ples were collected to analyze the aluminum (Al) and silica
(Si) concentrations. After the leaching process of sintered
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nepheline syenite, the slurry was quickly filtered and the
desilication process was performed. Figure 1 shows the
flowsheet of leaching and the other processes for alumina
production from sintered nepheline syenite. The concen-
trations of Al and Si were measured by atomic absorption
spectroscopy and UV—Visible spectrophotometer, respec-
tively. To characterize the leaching residue, X-ray powder
diffraction (XRD), X-ray fluorescence analysis (XRF),
scanning electron microscope, and energy dispersive
spectrometer (SEM-EDS) were also used.

2.3 Kinetic Models

The kinetics study plays an essential role to explain the
mechanism of the leaching process of sintered nepheline
syenite using NaOH and Na,COj; solution by evaluating
the kinetic model with the experimental data. The shrink-
ing core model is the most important kinetic model to
describe the leaching process of metal ions [12-21]. The
shrinking core model indicates that the leaching process is
controlled by the diffusion of reactant through the solution
boundary layer and may be controlled through a solid
product layer or by the rate of the surface chemical reac-
tion. The equations of reactions were controlled by
chemical reaction and diffusion calculated from Egs. (4)
and (5), respectively [6]:

1= (1 =X\ =kt (4)

1 - G)x- (1 — X)i= kyt (5)

where X is the fraction reaction after time (t), kg and k, are
the kinetics constants for diffusion and chemical reaction
control, respectively. In Eq. (6), it is assumed that in
addition to diffusion from reaction product layers, the
reaction can be controlled through the interface of
unreacted core and the layer composed of reaction
products [22].

_1 2bD,C
A =kt (6)

Pshy

wi—

%ln(le)flJr(l ~X)

D, is the molecular weight of dissolving metal, Cy, ry, b,
ps are the concentration of the dissolved lixiviant A in the
bulk solution, the initial radius of the solid particle, the
diffusion coefficient in the porous product layer, and the
stoichiometric coefficient of the reagent in the leaching
reaction, respectively. Equation (3) reveals that if the
surface reaction controls the rate, the relation between the
left side of the equation and time must be linear. The slope
of this line is called the apparent rate constant which is
directly proportional to 1/ry [23]. If the diffusion through
the product layer controls the leaching rate, there must be a
linear relationship between the left side of Eq. (5) and time.
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The slope of the line is an apparent rate constant and it
must be directly proportional to 1/ry* [24]. The temperature
dependence of the reaction rate constant can be calculated
by Arrhenius equation (Eq. 7) *°:

k=Aexp ( 11§T> (7)

where A is the frequency factor, E,, is the activation energy
of the reaction, R is the universal gas constant, and T is the
absolute temperature [7]. In this way, the values less than
20 kJ/mol indicate diffusion-controlled processes, while
the high values of activation energy greater than 40 kJ/mol
mention the chemical reaction control [26-28].

3 Results and Discussion

3.1 Physicochemical Characterizations of Sintered
Nepheline Syenite

The initial grain size of the sintered nepheline syenite is
relatively large in the range of 6—12 cm. Therefore, these
raw materials were ground by using a laboratory jaw
crusher and ball mill. Sieve analysis was used to determine
the particle size distribution of the ground sample. As
shown in Fig. 2a to c, the ground sintered nepheline syenite
were separated into three particle size fractions.

The chemical composition of the initial sintered
nepheline syenite sample was determined by XRF and
listed in Table 1. The mineralogical composition and
chemical phases of this sample were identified by XRD in
Fig. 3. The obtained results indicated that the sintered
nepheline syenite mainly contained dicalcium silicate
(Larnite), sodium aluminate, and calcium sodium alumi-
nate. Therefore, the sintering process was efficient to form
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Fig. 2 The particle size fractions of ground sintered nepheline syenite a from 38 to 88 pum, b from 88 to 250 um, and ¢ from 210 to 400 pm

Table 1 XRF analysis of sintered nepheline syenite fed to the leaching process

Component SiO, Al,O3 K>,O Na,O CaO MgO Fe,03 MnO P,0s5 SO; TiO, L.O.I

Amount (% wt.) 24.57 8.94 4.37 2.57 50.10 0.57 3.80 <0.10 0.17 < 0.10 0.30 4.60

leaching agents such as NaOH and Na,COj; in different

2004 Lamite (4) ) concentrations, temperature, particle size, and contact time
Sodium Aluminum Oxide (B) . . .

300- Calcium Sodium Afuminum Oxide (C) were evaluated. Figure 4a to h shows the dissolution

200

Inteasity (CPS)

100+
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Fig. 3 XRD analysis of sintered nepheline syenite fed to the leaching
process

aluminate salts soluble in alkaline solution in the leaching
process, and the formation of dicalcium silicate with low
solubility in alkaline solution.

3.2 Effect of Different Leaching Conditions

In this study, the alkaline leaching efficiency of sintered
nepheline syenite was investigated to find the optimum
processing parameters. Accordingly, the effect of various
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behavior of Al and Si from alkaline leaching of sintered
nepheline syenite under different conditions.

As shown in Fig. 4a and b, the increase in the concen-
trations of leaching agents (NaOH or NaOH + Na,COs)
significantly enhanced the Al,O; recovery in less than
60 min. According to Fig. 4c and d, the increase of tem-
perature and decrease of particle size also improved the
dissolution of alumina due to the increase of the probability
of collision between particles.

The influence of leaching conditions on silica dissolu-
tion behavior is illustrated in Fig. 4e to h. According to
these results, the increase of NaOH leaching agent con-
centration was obtained to be less than 10% of silica dis-
solution during 60 min. However, the synergistic effect of
both NaOH and Na,COj; leaching agents increased the
silica dissolution. As shown in Fig. 4g, increasing the
temperature from 20 to 80 °C made a low increase in the
silica dissolution. With decreasing the particle size
(Fig. 4h) from 400 to 88 pm, the silica dissolution was also
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Fig. 4 The alumina and silica dissolution under consideration of NaOH concentration (a) and (e); NaOH + Na,COj; concentration (b) and (f),
temperature (c¢) and (g), and particle size (d) and (h), respectively, by sample uptaking at different times

changed slightly. Therefore, with regard to the leaching
results, the optimum conditions for getting maximum
Al,O3 recovery (up to 80%) and minimum silica dissolu-
tion were obtained at temperature = 80 °C, NaOH con-
centration = 3 M, agitation speed = 800 rpm, particle size
less than 88 um, and leaching time = 60 min.

In all experiments, the Si and Al leaching decreased in
the solution after 60 min which might be explained by the

formation of dicalcium silicate and its reaction with NaOH
to produce Na,SiO;(OH), (Eq. (8)).

2Ca0.5i0, + 2NaOH + 3H,0
— Na,SiO3(OH), + 2Ca(OH), (8)

Furthermore, Ca(OH), could react to sodium aluminate
in the solution to produce calcium hydroaluminate
(CaAl,04.6H,0) according to Ea. (9):
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3Ca(OH), + 2NaAlO; + 4H,0
— 3CaAl,04.6H,0 + NaOH 9)
. In this condition, calcium hydroaluminate was
.y i Larnite (A) unstable and reacted to Na,SiO3(OH), to produce
DB xzt“zg‘mmsmwe@ calcium hydroalumosilicate (Eq. 10).

Intensity (CPS)
3
1

Fig. 5 The XRD analysis of belite mud

Fig. 6 SEM micrograph of

a sintered nepheline syenite
before leaching, b belite mud
after 60 min alkaline leaching,
¢ belite mud after 360 min
alkaline leaching, and d EDS
analysis of belite mud surface
after 360 min alkaline leaching
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Fig. 7 Kinetic plots of alumina and silica dissolution based on surface chemical reaction (a) and (e); diffusion of the product layer (b) and (f),
diffusion control from the layer formed from products and interface of unreacted core models (c) and (g) (at 3 M NaOH, 60 min, 800 rpm, and
particle size less than 88 pum), and the Arrhenius plot (d) and (h), respectively

The XRD analysis of leaching residue (belite mud) is
shown in Fig. 5. Obtained results indicated the presence of
dicalcium silicate (Larnite), calcium hydroalumosilicate
(Katoite), and sodium and potassium hydroalumosilicates.

Accordingly, it seems that the leaching process under 3 M
NaOH concentration, at 80 °C, 60 min, 800 rpm, and the
particle size less than 88 pm was suitable to dissolve alu-
mina and to prepare insoluble silica compounds.
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Table 2 The amount of Inky at different temperatures

Tc:,mperature T (k) 1000/ kq In ky4
O T

20 293 3.41 0.0005 -7.60
40 313 3.19 0.0008 -7.13
60 333 3.00 0.0011 —6.81
80 353 2.83 0.0015 —6.50

The morphologies of the sintered nepheline syenite and
the belite mud are examined in Fig. 6a to c. These results
agreed well with the leaching experiment data to form a
passive layer after 60 min. Figure 6¢ illustrated the com-
plete coating of belite mud surface with the passive layer
after 360 min leaching. According to EDS data in Fig. 6d,
this passive layer consisted of calcium and sodium
hydroalumosilicate which decreased alumina recovery in
the solution after 60 min.

3.3 Kinetic Study

The curves of kinetic models related to chemical control,
diffusion control through the layer on the product surface,
and diffusion control from the layer formed from products
are depicted in Fig. 7a, b and c, respectively. As shown in
Fig. 7c, the results of calculated kinetic models showed
good compliance with the product layer diffusion and
reaction at the surface of the unreacted core model. For this
model, the value of correlation coefficients (R%) was closer
to 1. Therefore, the apparent rate constant ky was extracted
from the slope of Fig. 7c equation, which was directly
presented in Table 2. The rate constants could be used for
determining the temperature dependency by Arrhenius’
law to calculate the activation energy.

Figure 7d shows the plot of activation energy with the
amount of 15.53 kJ/mol. Since the calculated activation
energy was lower than 20 kJ/mol, the leaching process
fitted well with the controlling model of diffusion through
the product layer and reaction at the surface of the unre-
acted core.

During leaching of nepheline syenite, in addition to
alumina dissolution, dissolved silica could also enter into
the solution. Therefore, the kinetics of silica dissolution
should be investigated. The graphs of the kinetic models
based on Eqs. (3), (4) and (5) are shown in Figs. 7e, fand g,
respectively. Based on these results, the correlation coef-
ficient related to diffusion control was close to 1 and the
diffusion through the product layer controlled the leaching
process. Figure 7h shows the plot of activation energy with
the calculated amount of 15.87 kJ/mol. This activation
energy value showed the diffusion controlling step.

@ Springer

According to this kinetic result, the possible mechanism for
silica diffusion in alkaline leaching was the decomposition
of dicalcium silicate precipitation.

As shown in Fig. 8a to h, the selected kinetic models for
both alumina and silica dissolution were investigated to
find the degree of reaction of effective parameters such as
particle size fraction (rp), agitation speed (rpm), and the
concentration of [OH™] & [CO327] related to NaOH &
Na,COj; leaching agents. In this way, kg could be extracted
from the slopes of Fig. 8a to h. Therefore, the degree of
reaction was determined by plotting the Inky versus Inry, In
(rpm), In [OH ], and In [CO,*"].

As shown in Fig. 9a to h, the obtained slope for each
parameter reflected the degree of reaction. Accordingly,
Eq. (11) represented the leaching kinetics of sintered
nepheline syenite for maximum alumina dissolution. Based
on Eq. (12), the leaching kinetics of silica was also
determined.

1

§1n(1 —-X)—-1+(1 —X)_% = kyt

= 3.353[0H " 1" [cOo72043 063 0.94 1553

= 3.353| | COF7 ) rg T (rpm) 7 exp( o )t
(11)

- (%)X—(I—X)%

_ kdt= 4.16 [OH—]O.OOOOO4 [CO327]().()()()03 rof()432 (rpm)0.0()OOl
15.87
exp (=t
(12)

These results showed that the increase of agitation
speed, the concentration of [OH | & [CO327], and the
decrease of particle size improved the alumina dissolution
with a small amount of silica in alkaline solution during the
leaching process. By plotting the left and right sides of
Egs. (11) and (12) in Fig. 10, the correlation coefficient of
0.9 indicated a strong positive correlation between the test
data and those predicted by Eq. (11).
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Fig. 8 Kinetic plots of effective parameters on alumina and silica dissolution particle size fraction (a) and (e); agitation speed (b) and (f); the
concentration of [OH ™| (¢) and (g); and the concentration of [C032_] (d) and (h), respectively
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Fig. 9 Plots for alumina and
silica dissolution based on In kg
vs In (rpm) (a) and (e); In ro
(b) and (f); In [OH™] (¢) and (g),
and In [CO57?] (d) and (h)

Fig. 10 Comparison of
experimental and calculated
data of sintered nepheline
syenite dissolution in the
alkaline leaching solution for
a alumina dissolution and

b silica dissolution
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According to the experimental results, the optimum con-
ditions for maximum alumina recovery (with minimum

silica dissolution) were achieved at
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80 °C, NaOH

concentration of 3 M, during 60 min, particle size less than
88 um, and agitation speed of 800 rpm.

Contact time played a critical role in the leaching pro-
cess. Based on the SEM-EDS and XRD analysis data, the
formation of the passive layer after 60 min leaching
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(optimum contact time) extensively reduced the dissolution
of alumina.

In this research, the experimental data were also used to
evaluate the shrinking core kinetic models. Simulation
results represented that the shrinking core model could
illustrate the real phenomenon of the leaching process. The
activation energy values related to alumina production and
silica dissolution were calculated as 15.53 and 15.87 kJ/
mol, respectively. It was proven that the alkaline dissolu-
tion of the sintered nepheline syenite was controlled by the
diffusion through the product layer and reaction at the
interface of the unreacted core for alumina dissolution, and
the diffusion of the product layer for silica dissolution.
Therefore, by understanding the leaching mechanism and
the degree of reaction of effective parameters, the maxi-
mum dissolution rate of alumina (up to 80%) was achieved.
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