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A new process of Al,Os production from low-grade diasporic bauxite based on the reactive silica dissolution and
stabilization in concentrated NaOH-NaAl(OH), solutions is proposed and proved feasible. NaOH and Al,O5 concentrations
and leaching temperature were found to be the main factors affecting the leaching process of reactive silica. The A/S (mass
ratio of ALO3/SiO;) of diasporic bauxite was enhanced from 5.4 to 15 by reactive silica removal under the optimum
operation conditions. Two obvious steps control the whole leaching process of reactive silica in NaOH-NaAl(OH ), media:
reactive silica dissolution and desilication products (DSPs) precipitation. The kinetics data of two controlling steps fit a
shrinking core model based on the calculation of OH ™ activity with the aid of OLI platform and an empirical kinetic model
well, respectively. Apparent activation energies of reactive silica leaching in the temperature range from 80 to 110 °C are
101.91 and 58.65 kI mol™" for the two steps, respectively. The stabilization mechanism of reactive silica in concentrated
NaOH-NaAl(OH ), solution was also elucidated based on the complexation of aluminum-bearing species and the calculation
of supersaturation to DSP. It was found that the concentration of OH™ sharply decreases due to the formation of Al(OH )4
species with increasing aluminum concentration, suppressing greatly DSP precipitation. This proposed process paves the
way for Al,Oj3 production from low-grade diasporic bauxite with high-reactive silica content. © 2011 American Institute of
Chemical Engineers AIChE J, 58: 2180-2191, 2012
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Introduction

Bauxite is the most important raw materials in alumina/
aluminum production. It is composed of one or more
aluminum  hydroxide minerals, including primarily
gibbsite [AI(OH);], boehmite[y-AIO(OH)] and diaspore
[oc—AlO(OH)].] There are also other compounds in bauxite
such as kaolinite [Al,Si,05(OH),], quartz [SiO,], hematite
[Fe,O3], goethite [FeO(OH)], rutile/anatase [TiO,], and
other impurities in minor or trace amounts.' Currently, the
Bayer process (Figure 1) is the most common hydrometal-
lurgical method for the production of pure alumina.” In the
Bayer process, ground bauxite is digested with caustic solu-
tion in steam-agitated autoclaves at high temperatures. Af-
ter digesting, the resulting sodium aluminate solution is
separated from the mud residue (mixtures of alumina,
silica, calcium oxide, iron oxide, titanium oxide, and so on)
and cooled before entering the precipitation tanks of the
crystallization section. The solution is also seeded with
recycled fine alumina trihydrate, which results in additional
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precipitation. The larger particles are recovered, washed,
and calcined to make the alumina product. The spent liquor
is returned to the digestion step where it is contacted with
further bauxite.’

Unlike bauxite ores found in other countries, more than 80% of
the bauxite in China is of diasporic characteristics with low ratios
of alumina to silica (A/S: 4-6).4 It cannot be processed economi-
cally through the Bayer process due to its low grade.5  Therefore,
several processes such as sintering, "* and modified Bayer proc-
esses such as those including floating®'? and lime,"*™'® have
been developed and applied to produce alumina from low-grade
bauxite ore in the alumina refineries of China. However, those
processes have encountered many problems. For example, the
sintering process is commonly associated with high costs and
high energy consumption.'” The flotation Bayer process requires
large amount of reagents that are added into the process and gen-
erates tailings totaling some 25% by weight of the initial bauxite
ores, which cannot be easily reused due to their complicated com-
position and structure.'® The lime Bayer process cannot effec-
tively reduce scaling throughout the remainder of the plant and is
not sufficiently effective for processing low-grade bauxite ores
with A/S < 5.>'” Therefore, an economic method for processing
low-grade diasporic bauxite in China, especially for ores with A/S
< 5, does not currently exist.
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Figure 1. lllustrative flowsheet of the traditional Bayer
process.
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In lime Bayer process,zo’21 lime is usually added in order
to reduce soda losses”>> during predesilication prior to diges-
tion. The primary purpose of predesilication is to ensure that
conversion of reactive silica to desilication products (DSPs) is
complete so that pregnant liquor from digestion contains a
minimum amount of dissolved silica. However, the predesili-
cation efficiency is low (<50%) and reprecipitation of DSP
on plant surfaces will cause scale build-up in the process.>**

Reversely, transferring a large proportion of the reactive
silica in bauxite directly into solution for a period sufficient
to enable a solid/liquid separation is a good idea. In this new
design, the dissolution of at least a substantial part of the re-
active silica from the bauxite and the stabilization of dis-
solved silica in solution for a period of time (or stability) suf-
ficient to effect a solid/liquid separation is the key. Therefore,
it is necessary to investigate the leaching kinetics of the reac-
tive silica from the bauxite in NaOH-NaAl(OH), media.

The leaching mechanism and kinetics of silica compounds
have been described in the Bayer process literature. Kaolin-
ite, which is usually the predominant source of reactive
silica in bauxite, dissolves quickly in Bayer liquor. Once a
certain level of silica in solution is reached, silica reacts
with alumina and soda to form DSP.?® Roach and White®’
found that kaolinite dissolution in synthetic sodium alumi-
nate solution is promoted mainly by high free caustic con-
centration and high temperature. The degree of crystallinity
or nature of the kaolin (kaolinite or halloysite) has also been
reported to influence silica dissolution rate. Banvolghi
et al.”® proposed a mechanism whereby kaolinite transforms
to sodium aluminum silicate without significant dissolution
in the digestion of high silica bauxite (>5% SiO,, A/S =
6.9) in caustic solution at 80-130 °C. Using scanning elec-
tron microscopic (SEM) and Infrared Spectroscopy (IR)
techniques, the authors found that OH™ and Na™ ions react
with gibbsite, but the Si—O bonds resist attack and trans-
form gradually to sodalite. Sodium hydroxide concentration
was cited as the driving force for kaolinite dissolution. The
kaolinite reaction has also been described as occurring in
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three stages at 100°C.%° In the first 50 min, kaolinite dis-
solves gradually, increasing solution silica levels. At about
50 min, precipitation of a DSP begins. After 135 min, the
concentration of DSP reached a constant level. Buhl et al.*°
followed the hydrothermal transformation of kaolinite to so-
dalite in pure sodium hydroxide using nuclear magnetic reso-
nance. The rate of transformation was enhanced by increas-
ing temperature (80-200°C) and by the presence of carbon-
ate in solution.

Quartz is less susceptible to caustic attack than kaolinite
and only begins to react above 180°C.%* Oku and Yamada®'
studied the dissolution rate of quartz in the digestion of
monohydrate bauxite at 180-240°C. The dissolution of quartz
was found to be first order with respect to quartz surface area,
controlled by the chemical reaction of OH™ at the surface of
the quartz and an activation energy of 82 kJ mol™" calculated
for the reaction. The presence of dissolved aluminum ions has
been reported to inhibit quartz dissolution.*?

Recently, the removal of reactive silica from gibbsite in
NaOH-NaAI(OH), solution was studied by Hollitt et al.’
They found that a liquor having a high caustic and alumina
concentration can allow rapid solubilization of reactive silica
and stabilize a high level of silica in solution for a period of
time sufficient to effect a solid/liquid separation.

Most of the previous studies have been focused on the
leaching of pure silica compounds (kaolinite and quartz) or
reactive silica from gibbsite. However to date, very limited
studies involving the reactive silica leaching from diasporic
bauxite have been reported. Moreover, an overall leaching ki-
netic model incorporating the behaviors of reactive silica dis-
solution and DSP precipitation has not yet been presented.

In this article, the leaching of the reactive silica from low-
grade diasporic bauxite in NaOH-NaAI(OH), media was stud-
ied. More specifically, the experimental parameters affecting
the leaching of reactive silica, including NaOH concentration,
mean particle size of the diasporic bauxite, Al,0; concentra-
tion, leaching temperature, and time were investigated in
detail. A classical shrinking core model was applied to deter-
mine the controlling step, and an empirical kinetic model for
DSP precipitation has been applied to fit the experimental
data in two stages, respectively. Then, the kinetic parameters
and activation energies were obtained. Moreover, the mecha-
nism of reactive silica stabilization in concentrated NaOH-
NaAl(OH), solution was elucidated with help of the calcula-
tion of activity and supersaturation. Finally, a new process for
Al,O3 production from low-grade diasporic bauxite based on
the reactive silica dissolution and stabilization in NaOH-NaA-
1(OH), media is proposed and is experimentally proven.

Experimental
Materials

The diasporic bauxite used in this study is from KAIMAN
Alumina Company (China). The chemical composition of
the diasporic bauxite is listed in Table 1. Analytically pure
Al(OH)3;, Na,SiO3-9H,0, and CaO were all supplied by
Sinopharm Chemical Reagent Co. Ltd. with minimum puri-
ties of 98.5, 97.5, and 98.0%, respectively. NaOH (98.0%)
was supplied by Chemical Company of Beijing. The starting
aluminate solution with the required content of alkali and
alumina was prepared by dissolving sodium hydroxide and
aluminum hydroxide in double distilled water (conductivity
< 0.1 uS cm ') and heating to 110°C with agitation for 30
min till all the aluminum hydroxide had been dissolved.
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Table 1. Mineralogical Composition of Bauxite from
KAIMAN Alumina Company (China)

Chemical Mineralogical
Composition wt. % Composition wt. %

Al 329 Al In gibbsiteand 2.0

Si 54 Boehmite
Fe 4.4 Diaspore 23.5
Ti 24 Kaolinite 7.1
Ca 0.29 Hematite 0.3
K 0.85 Total 329
Si In kaolinite 5.0
Quartz 0.4
Total 5.4
Fe In goethite 1.2
Hematite 32
Total 44

Experimental apparatus

The 1-L mixed tank reactor used in this study was made
from glass, as shown in Figure 2. The reactor was heated by
circulating oil from a thermostat batch within £0.5°C and
stirred with a Teflon impeller driven by a variable speed
motor under autocontrolled agitation.

Measurement of silica stability in
NaOH-NaAl(OH), solution

Silica stability experiments were conducted in the same re-
actor. A total of 400 mL of the prepared NaOH solution or
sodium aluminate solution with the required content of alkali
and alumina was heated to 90°C with circulating oil. On
attainment of 90°C, addition of 100 mL of 50 g L! SiO; so-
dium silicate solution at once and stirring at 300 rpm were
simultaneously started. Samples of 5 mL were taken at prear-
ranged time intervals, immediately filtered with a 0.22-um
membrane filter, and the liquor was analyzed for silica. The
residues were then filtered, washed three times, dried at 80°C
for about 10 h, and analyzed by X-ray diffraction (XRD).

Measurement of reactive silica leaching kinetics

The kinetics experiments of reactive silica leaching in dia-
sporic bauxite were conducted as follows. A total of 500 mL
of the prepared NaOH solution with various concentration lev-
els of sodium aluminate was introduced into the same reactor,
which was heated by oil bath, set to the desired temperature,
for at least 1 h to equilibrate the temperature of the solution.
Then a certain amount of dry raw bauxite with the particle

BEB "
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A, heating jacket; B, impeller controller; C, oil circula-
tor; D, 4 baffles attached to the lid; E, band heater; F,
thermometer.
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size of 50~125 um was rapidly added into the reactor, whist
stirring at 300 rpm. Suspension samples of 5 mL were with-
drawn at prescribed times, immediately filtered with a 0.22-
um membrane filter, and the separated liquor was recovered
for analysis. Finally, the residues were filtered, washed three
times, dried at 80°C for about 10 h, and analyzed to deter-
mine their chemical and mineralogical compositions.

Chemical analysis and characterization

The Na,O concentration of the sodium aluminate solution
was determined by volumetric analysis with HCI solution and
phenolphthalein as the indicator. The Al,O3 concentration
was analyzed by the chelating titration method with ethylene-
diaminetetraacetic acid (EDTA), using Xylenol orange as the
indicator. The silica concentration in the solution was deter-
mined by ultraviolet—visible spectrophotometer (UNICOUV-
2000). Polarizing microscopy (DMRX, LEICA, Germany)
was used to identify the mineralogical phases of the treated
bauxite. X-ray fluorescence (XRF) was used to determine the
chemical composition of the raw bauxite, the treated bauxite,
red mud, and Al,O; obtained. The solid Al,O; products
obtained were further examined using powder XRD and SEM
(JEOL-JSM-6700F). Powder XRD (X’Pert PRO MPD, PANa-
Iytical, Almelo, The Netherlands) patterns were recorded on a
diffractometer (using Cu Ko radiation) operating at 40 kV/30
mA. A scanning rate of 0.02°/s was applied to record the pat-
terns in the 20 angle range of 5°— 90°.

Chemistry of Aqueous Aluminum and Silica
in NaOH Solution

Aluminum in sodium hydroxide solutions occurs as vari-
ous kinds of species, such as AI(OH),~, AIOH>", AI(OH)*",
Al(OH);°, AI’*, and so on.**7% The speciation diagram of
aluminum ions in NaOH solution was constructed with the
help of the OLI platform and is presented in Figure 3. As
can be seen, the tetrahedral AI(OH),™ ion is the predominant
species in alkaline solutions with pH higher than 10, which
is consistent with the results reported in the literatures.*®>’

In the Bayer process, reactive silica is first dissolved in
the liquor and then the dissolved silica precipitates as
DSP.?**% Therefore, the whole leaching process of reactive
silica in NaOH-NaAl(OH), media can be subdivided into
two parallel and simultaneous reactions: the dissolution of
reactive silica and DSP precipitation.26

In the reactive silica dissolution step, the reactive silica
(kaolinite) of the bauxite is attacked by caustic soda to form
silicon and aluminum bearing species.

Al,O5 - 2Si0; - 2H20(S) + 60H™ + H,O«—
2A1(OH); + 2H,Si03~ (1)

In the DSP precipitation step, silicon species is reacted
with aluminum species to form DSP.

8Na'+20H" + 6AI*T +6Si0,(aq) + 14H,0«—

2
NagSisAlsO24(OH), (H,0),(s) + 24H" @

The supersaturation (S) of the solution with respect to
DSP was defined as the ratio of the activity products divided
by the thermodynamic equilibrium constant (also called the
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Figure 3. Speciation diagram of aluminum ions in
NaOH solution at 25°C and 1 atm.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

solubility product constant, Kgp, in solid-liquid equilibria) of
DSP

g (ana-)* (aon )*(@ap)° (asio,)* ()™

Kop(an+ )24
[(mNa' )¥ (mon- ) (mps+)° (msio, )6}
| )* Gron () (rs) | (@)™

Ky (myy )24 (Vm+ )24

(3)

where any+, @on-> dap+, dsio, and ay: are the activities (mol
kg™ 1) of Na",OH ™, Al3+, Si0,, and H™, respectively, in solution;
MNas MoH» MAp+s Msio,, and my. are the corresponding
concentrations in molality (mol kg’l); YNat» YOH » AP+ VSiOp
and yy- are the ion activity coefficients; a,, is the activity of water.

Finally, the chemistry of the Al,05-2S5i0,-2H,0-NaOH-
NaAl(OH)4-H,0 system can be presented by partial dissolu-
tion of Al,05-25i0,-2H,0 and association (speciation) of
ionic species as below.

H,O——H" + OH"~ “

APT + OH™ «—AIOH*" 5)
AIOH>" + OH™ «—AI(OH); ©6)
Al(OH); + OH™«—Al(OH); (aq) (7
Al(OH),(aq) + OH™ «+—AI(OH), ®)
H' + H,Si02 ™ «+—H;Si0, )

ALyO5 - 28i0;, - 2H,0(s) 4+ 60H™ + H,0—
2AI(OH), +2H,Si02~ (1)

8Na®+20H" + 6AI’" +6Si0,(aq) + 14H,0«—

2)
NagSisAlsO24(OH), (H,0),(s) + 24H" (
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Kinetic Modeling Framework
The kinetics of reactive silica dissolution

The Shrinking Core Kinetic Model Based On Activity. In
the reactive silica dissolution step, solid kaolinite reacts with
OH™ ions (from the NaOH-NaAI(OH), solution) and pro-
duces a soluble silicate complex. In this work, the kinetic
model used to describe the concentration of dissolved silica
with time takes into account reactive silica dissolution as an
irreversible, first-order reaction with respect to OH ™ activity.
According to the shrinking nonporous particles model,* the
rate is assumed to be proportional to the surface area of the
kaolinite particles A, as follows:

= kA - 10
it aoH (10)

where Cs;o, is the dissolved silica concentration (mol LY.k
is the kinetic rate constant. The surface area of the particles,
which are assumed to be spherical, is:

A = Ndn? (11)

where N is the number of particles and r is the average particle
radius. It is observed that the particle radius changes along the
reaction time. This can be related to the kaolinite concentra-
tion (moles of kaolinite/volume of solution), Cy,o1in, by taking
into account the variation of the volume of the particles:
Cgaolin - Ckaolin = % ﬂl’g - %1’3 )’3
0 3 =1l=73 (12)
kaolin 370 To

where 1y is the initial particle radius. As 2 mol of silica goes
into solution for each mole of dissolved kaolinite,* the
difference Cﬁaohn — Claolin 18 half the amount of dissolved
silica Cso,, and Eq. 12 can be rewritten as below:

1
. . /3
I Csio,
—=(1= 2 13
ro ( 2C0 > ( )

kaolin

One should observe that CSiOZ/ZCanlin can be regarded as
the conversion of the kaolinite. Substituting Eq. 11 and Eq.

13 into Eq. 10, the following equation can be obtained:

dc C %
30— kN4r (1 _ Csio, ) o (14)
dt 2Ckaolin

The size of the kaolinite particles used in all the experi-
ments was always the same, which means that ry is a con-
stant value. Also, the mass of kaolinite was constant in all
experiments, meaning that the number of particles was
approximately the same. All the constants appearing in Eq.
14 were lumped together with the kinetic constant k;. So,
Eq. 14 can be rewritten as:

dc C 2/3
L (1 TN ) o (15)
dr 2Ckaolin

The activity of OH™ ions in solution is given by
AoH~ = MOH Yon- (16)
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In the NaOH-NaAl(OH),-H,O system, the relation
between mgoy- and Cop- is given by
Con-

mon- = (an

T p—0.0013. C;MW,

where p is the solution density in g mL™', and MW; is the
molar mass of the species i in g mol~'. Coy- was calculated
according to the following equation:

COH— = (COOH - 3CSiOz - 2C0A1203) (18)

where Cop-’ and C9,; are the initial concentrations (mol
L") of OH™ and AL,O;, respectively.

Activity Coefficient of OH™ Ion. 1t is clear from Eq. 16
that determination of the activity of OH™ ion in solution
requires the knowledge of the OH ™ ion activity coefficient.
There are several types of coefficient models that may be
used in this context.*'"** However, the Bromley—Zemaitis ac-
tivity coefficient model*? developed by Bromley* and
empirically modified by Zemaitis*' is one of the models
used by the OLI software. This model has been successfully
used for electrolytes with concentrations of 0-30 M at 0-
200°C; hence, it is appropriate for calculating the OH™ ion
activity coefficient in the NaOH-NaAl(OH)4-H,O systems af-
ter validation. The Bromley—Zemaitis activity coefficient
model for the case of cation i/ in a multicomponent electro-
lyte solution is expressed as follows:

~AZ2V1
eI LT

+Z(

0.06 + 0.6B;)|Z;Z;|

2
1.51
(1 )]

+ B,:,‘ + C,:/‘I + D,:,*I2

2

where j indicates all anions in solution, A is the Debye—Huckel
parameter, / is the ionic strength of the solution, B, C, and D
are temperature-dependent empirical coefficients, Z; and Z; are
the cation and anion charges, respectively. B;; = B;; + BT +
B 3,»]~T2 (where T is the temperature, in Celsius), and the other
coefficients C and D have similar forms of temperature
dependence. For the activity coefficient of an anion, the
subscript i represents that anion and the subscript j then
represents all cations in the solution. Each ion pair is described
with this nine-parameter equation.

The kinetics of DSP precipitation

The kinetics of DSP precipitation have been widely stud-
ied.?"**** Almost all researchers agree that the rate is sec-
ond order with respect to the degree of silica supersaturation
driving force.

dCsio, .
% = —ka(Csio, — Csi0,) (20)

In this work, Eq. 20 was also used to fit the experimental data
for DSP precipitation. Equation 20 shows that regardless of the
mechanism of the formation of DSP, the effect of concentration
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is very strong. Consequently, accurate knowledge of the equilib-
rium concentration, Cg;q,, is essential for the reliable prediction
of the degree of supersaturation of the liquor and the rate of
DSP deposition. Several correlations have been proposed in the
literature for the prediction of silica equilibrium concentration
in NaOH-NaAI(OH), solution.>"**=! In this study, the follow-
ing expression originally derived by Oku and Yamada®' was
used to calculate silica equilibrium concentration

2.7 x 10° X Mng,0 X Maj,o0,
MWs;o,

where My,,0 and May,03, Tespectively, represent NaO and

Al,O3 concentrations (g L") of the sodium aluminate solu-

tion. MWy, is the molar mass of SiO, in g mol .

Csio, = 21

Results and Discussion
Characterization of the original bauxite

The chemical and mineralogical phase compositions of the
original bauxite samples were determined by XRF and XRD
using quantitative reference intensity rationing phase analy-
sis,>? respectively. The analysis results are shown in Table 1.
As can be seen, more than 60% of the bauxite ore is dia-
spore. Other phases include ~11% silicon dioxide in the
form of kaolinite and 10% quartz, titanium, and iron impur-
ities. The A/S of the bauxite is 5.4, which can be identified
as low-grade diasporic bauxite.

Silica stability in NaOH-NaAl(OH) 4 solution

Figure 4 shows the variation of silica concentration as a func-
tion of time and Al,O5 concentration for sodium aluminate solu-
tion initially containing 10 g L™" SiO, at 90°C. As can be seen,
the rate of DSP precipitation decreases rapidly with increasing
concentration of Al,Oj3 in solution, indicating the enhanced sta-
bility of silica. The composition of DSP precipitated in different
concentrations was qualitative sodalite (3[Na,O - AlL,O5; -
2Si0,] - 2NaOH - 2H,0), identified by XRD (Figure 5). So, the
DSP precipitation reaction can be expressed by Eq. 2.

14
® Exp, AlLO, 40g/L
12 1 A Exp, Al,04 150g/L
®  Exp, Al,04300g/L
=, 104 Model

SiOzconcentration, gL
[}
1

360 460 560 660
Time, min
Figure 4. Silica concentration as a function of Al,O3;
concentration and desilication time in sodium
aluminate solution initially containing 400 g
L' NaOH at 90°C.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 5. XRD patterns of DSP obtained in sodium alu-
minate solution initially containing 400 g L'
NaOH at 90°C.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Reactive silica leaching in NaOH-NaAl(OH), solution

Effect of Leaching Temperature. The influence of tem-
perature on the leaching of reactive silica was investigated,
and the results are shown in Figure 6. As can be seen, a sim-
ilar tendency was observed at all temperatures (80, 90, 100,
and 110°C). The silica concentration first increased with
leaching time and then decreased sharply with further pro-
longed leaching time. This means that the silica dissolved
from the raw bauxite is not stable and readily precipitates
from the liquor as DSP. In addition, the rate of reactive silica
dissolution was promoted with the increase of leaching tem-
perature ranging from 80 to 110°C. With the progress of
leaching, the rate of DSP formation at high temperature was
greater than that at low temperature. One of the possible rea-
sons is that at high leaching temperature, the SiO, concentra-

16
14 = Exp,80°C
7 A Exp,907TC
1 4 Exp,100T
124 ® Exp,110T
< 1 Model
2 104
c
2 4
g s
c
g 4
g ©7 s
s 1 .
B 4
2
0~ ¥ T 4 T T T Y T
0 200 400 600 800

Time, min
Figure 6. Effect of leaching temperature on the leach-
ing of reactive silica in pure NaOH solution
(NaOH 400 g L~ '; the particle size 74~98 um;
solid/liquid ratio 0.2).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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1 = Exp, NaOH 200g/L
14 4 A Exp, NaOH 300g/L

1 < Exp, NaOH 400g/L
12 4 e Exp, NaOH 500g/L

Model

SiO, concentration, g/L

0 200 400 600 80 1000
Time, min
Figure 7. Effect of NaOH concentration on the leaching of
reactive silica in pure NaOH solution at 90°C (the
particle size 74~98 um; solid/liquid ratio 0.2).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

tion reached the critical supersaturation threshold more
quickly and formed DSP seed, which promoted the rate of
DSP precipitation.

Effect of NaOH Concentration. Figure 7 shows the influ-
ence of NaOH concentration on the leaching of reactive
silica at 90°C. As can be seen, the silica concentration first
increased with leaching time and then decreased rapidly with
further prolonged leaching time. Silica reaction with caustic
solution involves reactive silica dissolution and DSP precipi-
tation, as shown in Eqgs. 1 and 2. At the beginning of leach-
ing, the NaOH concentration is at its highest level, but the
concentration of silica is at its lowest. This is interpreted to
imply that during the initial stage only dissolution occurs,
leading to build-up of silica in the liquor. After a certain
time, the build up of silica reaches a critical supersaturation
level and precipitation starts, leading to a decrease in dis-
solved silica content.

Effect of Al,O3 Concentration. The effect of Al,O3 con-
centration on the leaching of reactive silica at 90°C was

16
1 [ ]
14
12 A
= |
= 104 ==
c " Y
2 . 2 -
ol 4
£ 8 ] )
8 4 | ]
S 64 = Exp, AlL,O/NaOH mass ratio 0 -
95 4 A Exp, AL,O/NaOH mass ratio 0.2
S 4 4 Exp, AL,O/NaOH mass ratio 0.4
¥ ® Exp, ALO/NaOH mass ratio 0.5
2] v Exp, AI?OJ,'NaOH mass ratio 0.75
E —— Model
0 1 T T 1
0 200 400 600 800 1000

Time, min
Figure 8. Effect of Al,O3 concentration on the leaching
of reactive silica at 90°C (NaOH 400 g L™ ; the
particle size 74~98 um; solid/liquid ratio 0.2).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 9. Effect of particle size on the leaching of reac-

tive silica in pure NaOH solution at 90°C

(NaOH 400 g L '; solid/liquid ratio 0.2).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

studied, as shown in Figure 8. As can be seen, without the
addition of Al,O;, the silica concentration reached a very
rapid peak and equally dropped to a low level of silica con-
centration. In this process, the solution was not sufficiently
stable to allow the separation of high silica liquor from re-
sidual solids. When the concentration of Al,O3 was 80 g Lfl,
silica concentration increased continuously over about 5 h,
reaching a maximum silica concentration of 13 g L™, and
then decreased due to the precipitation of DSP. With further
increasing of Al,O3 concentration to 300 g L™, the silica con-
centration reached a maximum of about 15 g L™, which repre-
sents ~65% of the silica content of the bauxite sample, and
then decreased smoothly because of DSP precipitation. How-
ever, high levels of silica were still maintained for greater than
2 h. This indicted that the liquor of the high alumina and caus-
tic concentrations would suppress DSP precipitation.

Effect of Particle Size. To investigate the effect of the par-
ticle size of raw bauxite on the leaching of reactive silica at
90°C, three particle sizes, 50-74 um, 74-98 um, and 98-125
um, were obtained by hierarchical sieving. The results are
shown in Figure 9. The particle size was found to have notable
effect on silica dissolution. The reason is that the smaller parti-
cle size promoted dissolution of reactive silica from the dia-
spore bauxite, thus reaching the critical supersaturation level
more quickly and triggering the precipitation of DSP.

Characterization of the treated bauxite

The residue obtained after leaching at 90°C, NaOH con-
centration 400 g LY Al,O3 concentration 300 g L’l, the

Table 2. The Chemical Composition of the Treated Bauxite,
Red Mud, and Product Al,O5; Obtained in This Study

Composition (wt. %)

Material source Al Si Fe Ti Ca Na
Treated bauxite  37.43  2.17 4.44 2.72 0.16  0.55
Red mud 1197 9.48 8.09 455 14.02 3.78
Product Al,O5 52.31  0.009 0.014 0.38
2186 DOI 10.1002/aic Published on behalf of the AIChE

30 - Cal. (OLI) -
e Lit, 30C
25 A Lit,60C
= Lit,95C
= 20 A
& 484
=
10 A
54
0
T T T T T T
0 5 10 15 20 25
Ndz(), %

Figure 10. The solubility of gibbsite in NaOH solution.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

particle size 74~98 um, and solid/liquid ratio 0.2, was ana-
lyzed. The chemical composition of the treated bauxite sam-
ple was determined by XRF, and the analysis results are
listed in Table 2. When compared with the chemical compo-
sition of the original bauxite (Table 1), the content of SiO,
in the treated bauxite sample was reduced sharply by
reactive silica removal. Up to 65% of silica in the diasporic
bauxite was removed into the liquor so that the A/S of the
diasporic bauxite was enhanced from 5.4 to 15. So, the
upgrading of diaspore bauxite was fulfilled by reactive silica
removal in concentrated NaOH-NaAl(OH), solution at
atmospheric pressure. The mineralogical phases of the
treated bauxite were identified by the polarizing microscope
and were mainly diaspore and secondary hematite, kaolinite,
and quartz. The results of the polarizing microscope analysis
indicated that the reactive silica in the form of kaolinite was
removed from the original bauxite into the concentrated
NaOH-NaAl(OH), solution. Furthermore, it was found that
quartz present in the raw bauxite was not readily attacked by
alkali solution at low temperature. Finally, a small quantity
of kaolinite remaining in the treated bauxite was noted to be
associated with hematite.

2.0
Cal. (OLI)
e Lit.a, 325
164 v Lita, 552

1.2

0.4

0.0 T T T T T T T T T T T
0 2 4 6 8 10 12

molality(NaOH), molkg™

Figure 11. The osmotic coefficients for the NaOH-NaA-
I(OH)4-H,0 system at 313.2 K and 0.1 Mpa.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Table 3. The Model Parameters of the Leaching Process of
Reactive Silica at Different Temperatures

Leaching ky (kg L! k> (L mol™!
temperature (°C) min~ ) min~ ")
80 3.15 x 1073 0.0053
90 147 x 1074 0.0126
100 265 x 1074 0.02
110 524 x 107* 0.0256

Table 4. The Model Parameters of the Leaching Process of
Reactive Silica at Different NaOH Concentrations

NaOH Concentration ky (kg L! k> (L mol™!
(gL™h min~ 1) min~ 1)
200 6.63 x 1073 0.0118
300 0.95 x 107* 0.0122
400 147 x 1074 0.0126
500 172 x 1074 0.0127
The model

Validation of OLI's Calculation. Previous studies’>°

demonstrated that the Bromley—Zemaits activity coefficient
model embedded in OLI platform has been successfully
applied for predicting or calculating works in acidic media
or alkaline solutions. Likewise, the Bromley—Zemaits activ-
ity coefficient model may be applied in calculating the OH™
ion activity coefficient in this study. It is considerably im-
portant to evaluate the validity of calculation by OLI soft-
ware with default parameters. This was done by comparing
OLI’s prediction in estimating gibbsite solubility in NaOH
solutions with the experimental data reported in the litera-
ture.’” Both sets of data (OLI predictions and experiments)
are plotted in Figure 10 for the case of the solubility of
gibbsite in 0.0—22.0 mol kg~' NaOH solutions at different
temperatures. As can be observed, the comparison is satis-
factory. Also, to further test the validity of calculation by
OLI software, a comparison of calculated values by OLI and
experimental data reported in the literature®® for the case of
the osmotic coefficients ¢ at 313.2 K for the NaOH-NaAl
(OH)4-H,0 system with the caustic modulus (o, molar ratio
of Na,O to A1,05) from 3.25 to 5.52 is presented in Figure
11. As can be seen, OLI gives reasonable calculated values
of ¢. Therefore, the OH™ ion activity in the NaOH-NaA-
1(OH)4-H,O system calculated by the existing OLI model
can be used to fit the kinetic data in the next section.

Kinetic Model Parameter and Activation Energy. For the
reactive silica dissolution controlling step, a good fit of the
model (Eq. 15) to experimental data at different temperatures
was observed in Figure 6. The model parameters were obtained
by nonlinear regression analysis using the software MATLAB
and summarized in Table 3. As can be seen, the dissolution Ki-
netic rate constant (k) increases with temperature. The model

Table 5. The Model Parameters of the Leaching Process of
Reactive Silica at Different Al;O; Concentrations

Al,0O3 Concentration ky (kg L7! ky (L mol ™!
(gL™h min~") min~")
0 147 x 107* 0.0126
80 1.52 x 107* 0.00435
160 1.615 x 10°* 0.00103
200 1.845 x 107* 0.000526
300 2.005 x 107* 0.000101
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Figure 12. The Arrhenius plots for the leaching kinetics
of reactive silica.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

was also found to be applicable for fitting the experimental data
under other operating conditions (see Figures 7 and 8), and the
model parameters are summarized in Tables 4 and 5.

For determination of the DSP precipitation controlling step, a
good agreement of the model (Eq. 20) to experimental data at
different temperatures was achieved in the parameter estima-
tion, as shown in Figure 6. The model parameters determined
by nonlinear regression analysis are also shown in Table 3.
Moreover, the model was also found to be applicable for fitting
the experimental data under other operating conditions, as
shown in Figures 7 and 8, and the model parameters are also
summarized in Tables 4 and 5. In addition, it was found that the
model can successfully predict the experimental data of silica
stability in NaOH-NaAl(OH), solution, as shown in Figure 4.

The slopes of the curves in Figure 6 can be used to
determine the apparent reaction rate constants for various
temperatures in both reactive silica dissolution and DSP
precipitation steps. Then these data obtained were used to
draw Arrhenius plots, as shown in Figure 12. The calculated
values of the activation energies were 101.91 kJ mol ' for
the reactive silica dissolution controlling step and 58.65 kJ
mol~' for the DSP precipitation controlling step,

1.0

0.8

0.6

s/8°

0.4

m,,, . molkg

0.2

3 T T T T T T T 0.0
05 00 05 10 15 20 25 30 35

molality(AL,O,), molkg"

Figure 13. S/S° and OH™ ion concentration as a func-
tion of Al,O3 concentration at 90°C in Na,O
(5 m)-Al,03-SiO, (0.25 m)-H,0 system.
[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 14. lllustrative flowsheet of the proposed process for low-grade diasporic bauxite treatment.>

respectively. Therefore, the reactive silica dissolution and
DSP precipitation steps are both limited by chemical reac-
- 59

tion.

The mechanism of reactive silica stabilization in
concentrated NaOH-NaAl(OH) 4 solution

The experimental results mentioned above show that the
sodium aluminate solution with high alumina concentration
can stabilize a high level of silica in liquor for a period of
time sufficient to effect a solid/liquid separation. The mecha-
nism of reactive silica stabilization in concentrated NaOH-
NaAl(OH), solution can be explained from two perspective.
Qualitatively, a probable explanation could be that the dis-
solved alumina is reacted with the dissolved silica to form
Al-Si oligomers,®** as seen in Eq. 22. Al-Si oligomers are
soluble so that the dissolved silica can be stabilized for a
longer time until the polymerization phenomena occurs,®>%*
as seggl6 6in Eq. 23. Eventually, aluminosilicates are precipi-
tated.”™

H,Si02™ 4 2AI(OH);” «—[Al,(H,Si04)(OH)(|* + 20H~
(22)
(HO), ,SiO*" + AI(OH),

——(HO),AlOSiO,(OH) ™" V™ + H,0  (23)

Quantitatively, supersaturation of DSP (Eq. 2) can be cal-
culated with the aid of OLI platform according to Eq. 3.

8Na'+20H" + 6AIP* +6Si0,(aq) + 14H,0——

2)
NagSigAlgOy4 (OH), (H,0),(s) + 24H" (

The K, of DSP is unavailable because the composition of
DSP is very complicated. Therefore, the relative supersatura-

2188 DOI 10.1002/aic
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tion (S/S%) for the DSP-NaOH-NaAl(OH),-H,O system was
expressed in the form of Eq. 24 and calculated by ignoring
the changes of an,:, dap+s dsio,aq» 9+ and yop- in solu-
tions with various Al,O3 concentrations.

5= ()
SO md

where S° and moy-°, respectively, represent the supersatura-
tion and OH™ concentration (mol kg~ ') in pure NaOH solu-
tion.

Figure 13 shows the S/S°and OH™ ion concentration in the
Na,O (5 m)-Al,03-Si0, (0.25 m)-H,O system, as a function
of Al,O3 concentration. It can be observed that the concen-
tration of OH™ ion decreases sharply due to the formation of

24

N
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PDF-01-088-0107:ALO,

0 10 20 30 40 50 60 70 80 90
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Figure 15. XRD pattern of Al,O3; obtained in this study.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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AI(OH),~ species with increasing Al,O5 concentration. As a
result, the supersaturation of DSP decreases sharply (Figure
13), indicating that DSP precipitation is greatly suppressed.
This is consistent with the experimental results of silica sta-
bility, as shown in Figure 4.

Development of a new process for Al,O3 production
Jfrom low-grade diasporic bauxite

On the basis of the theoretical analysis and experimental
results mentioned above, a predesilication operation is intro-
duced into the traditional Bayer process. As a result, a new
process for Al,O; production from low-grade diasporic
bauxite based on reactive silica dissolution and stabilization
in NaOH-NaAl(OH), solutions is generated, as shown in
Figure 14.

The new process includes the key steps of leaching of
reactive silica into sodium aluminate solution, desilication
of sodium aluminate solution with high silica content,
gibbsite precipitation, followed by calcination of the
gibbsite to alumina (Al,O3) and digestion of the desili-
cated bauxite into hot caustic solution. Al,O3; production
through this new process was successfully tested in the
laboratory.

Based on the experimental results, the mass balances for
the main constituents such as SiO,, Al,O3, and Na,O of the
proposed process were obtained, as also shown in Figure 14.
Moreover, continuous and fully instrumented experiments
were carried out and similar results were obtained. The
Al,O3 product obtained from the continuous experiments
was analyzed by XRD, SEM, and XRF, and the results are
shown in Figures 15 and 16 and Table 2, respectively. As
can be seen, the final product Al,O5 crystallizes well with a
size of around 80 um and meets the specifications of metal-
lurgical grade alumina.! In addition, the red mud obtained
was analyzed using XRF, and the results are also given in
Table 2. It shows that the A/S of the red mud is ~1.2, indi-
cating a high Al,0O5 recovery from this new process.

Conclusions

A new process of Al,O3 production from low-grade dia-
sporic bauxite based on reactive silica dissolution and stabili-
zation in concentrated NaOH-NaAl(OH), solution is pro-
posed and proven feasible by the experiments and models
shown in this work.

e Different parameters such as NaOH concentration, mean
particle size of the diasporic bauxite, Al,O5; concentration,
leaching temperature, and time influence reactive silica

AIChE Journal July 2012 Vol. 58, No. 7

Figure 16. SEM morphologies of Al,O3; obtained in this study.
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leaching in NaOH-NaAl(OH), media. Among them, NaOH
and Al,O5 concentrations and leaching temperature are the
most important determining factors. The optimum condition
for reactive silica leaching is at temperature 90°C, NaOH
concentration (400 g L™, particle size (74~98 um), Al,O3
concentration (300 g LY, and solid/liquid ratio (0.2). Under
the optimum condition, the silica in the diasporic bauxite
used herein was removed into the liquor by 65%, which sub-
sequently enhanced the A/S of the bauxite from 5.4 to 15.

® The leaching of reactive silica in NaOH- NaAl(OH),
media is a typical process of solid—liquid reaction. A classi-
cal shrinking core model based on activity for the reactive
silica dissolution controlling step and an empirical kinetic
model for the controlling step of DSP precipitation have
been developed and successfully modeled. The activation
energies over the temperature range of 80—110°C were
101.91 and 58.65 kJ mol ' for the two steps, respectively.
These values indicate the whole reactive silica leaching pro-
cess is chemical reaction-controlled.

e In the leaching process of reactive silica, due to the for-
mation of AI(OH),  species, the concentration of OH™ ion
and supersaturation in system decrease rapidly with increas-
ing Al,O3 concentration of sodium aluminate solution. As a
result, DSP precipitation was suppressed greatly. Therefore,
a high caustic and alumina concentration in the liquor can
allow rapid solubilization of reactive silica and stabilize a
high level of silica in solution for a period of time sufficient
to effect a solid/liquid separation.

® The proposed process was successfully tested in a con-
tinuous loop. The product of Al,O; obtained meets the spec-
ifications of the metallurgical grade alumina. Hence, the new
process paves the way for Al,O5; production from low-grade
diasporic bauxite with high reactive silica content.
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Notation

A/S = mass ratio of Al,O5/SiO,
DSP = desilication products
S = supersaturation
K, = the solubility product constant of DSP
k = the kinetic rate constant (refer to Eq. 10)
k; = the dissolution kinetic rate constant of reactive silica, kg L!

min
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k, = the precipitation kinetic rate constant, L mol~' min~'

t = leaching time, min
A = the surface area of the particles
N = the number of particles

C;, C7 = concentration at any time and at equilibrium of the species i,

mol L'

MW, = the molar mass of the species i, g mol '

€Y = the initial concentration of the species i, mol L™
m; = the molality of the species i, mol kg~

Mpya,0 = NayO concentration of sodium aluminate solution, g L!
Ma1,03 = Al O3 concentration of sodium aluminate solution, g L!

o = molar ratio of Na,O to A1,05

Greek letters

o; = activity of the species i, mol kg™

7; = activity coefficient of the species i

y = the average particle radius

7o = the initial particle radius

p = the solution density, g-mL ™"

¢ = the osmotic coefficients
system

for the NaOH-NaAl(OH),-H,O
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