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Abstract: The liquor concentration, mineral proportion, crystal parameters and micro morphology of various desilication products
(DSPs) precipitated in silica-supersaturated sodium aluminate solution at 95 °C under different reaction conditions were
systematically researched. The DSPs formed under atmospheric pressure comprise amorphous phase, zeolite A, zeolite and sodalite,
and the DSPs concentration and crystallinity increase with the increase of initial silica concentration, initial molar ratio of caustic
Na,O to Al,O;3 (ak) and desilication duration. Decreasing the initial silica concentration, initial ax and increasing the desilication
duration can reduce the proportion of zeolite A. The zeolite and sodalite are the stable DSPs, while the precipitation of zeolite A
occurs at a high silica-supersaturated state in sodium aluminate solution. The DSPs are precipitated in the form of agglomerates, but
the morphologies of various DSPs are quite different. Both the molar ratios of Na,O to Al,O3 and SiO, to Al,O; in DSPs increase
with the increasing desilication duration, resulting in the increase of the cell volumes of various DSPs. The precipitation sequence of

DSPs under atmospheric pressure is: amorphous phase—zeolite A—zeolite—sodalite.
Key words: Bayer process; desilication; sodium aluminate solution; zeolite; sodalite

1 Introduction

The bauxite ores for the alumina extraction mainly
comprise Al-, Si-, Fe-, Ti-containing minerals as well as
lots of trace element minerals [1]. Among all the
impurity minerals, the Si-containing minerals are
considered to be the most harmful during the Bayer
digestion process, in which the dissolution reactions of
Si-containing minerals and the precipitation reactions of
desilication products (DSPs) usually occur simulta-
neously [2,3]. The precipitation of DSPs not only results
in the losses of soda and alumina into the bauxite residue
and the scaling on the reactor surfaces decreasing the
heat transfer efficiency, but also increases the residue
output deteriorating the settling property of digested
slurry [4].

The DSPs consist of several types, such as zeolite
(ZEO) series, sodalite (SOD) series, cancrinite (CAN)
series, and hydrogarnet (HG) series [5,6]. The series of
zeolite and sodalite have the same cubic sodalite-
structure, while the cancrinite has a hexagonal structure.
The above three series of DSPs are usually expressed by

a generalized formula of Nag(AlgSisO,4) X, vH,0, where
X=CI', OH, 1/2CO; , 1/280 , Al(OH), [7]. The
seriecs of hydrogarnet containing calcium, i.e.,
conventional hydrogarnet (3CaO-Al,03-mSiO, nH,0),
andradite hydrogarnet (3CaO-Fe,0;-mSiO,-nH,0) and
andradite-grossular  hydrogarnet (Ca;(AlFe),(SiOy),-
(OH)(12-4n)), form during the high pressure digestion with
lime addition [8,9].

The desilication reactions during the Bayer process
are usually complicated and diversified, which involve in
three different processes, i.e., the pre-desilication process
before digestion, the digestion process, and the diluted
desilication process after digestion [10]. The pre-
desilication process and the diluted desilication process
belong to the atmospheric pressure desilication, which
are aimed to dissolve the Si-containing minerals at a
lower temperature to decrease the following scaling
during digestion and to obtain a low silica concentration
for the following gibbsite precipitation respectively. The
digestion process belongs to the moderate or high
pressure desilication depending on the bauxite type. The
most researches about the desilication process were
focused on the pressurized desilication during the Bayer
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digestion process in the past decades [11], especially for
the kinetics and mechanisms of scale formation [12,13].
For example, WHITTINGTON et al [7] studied the
composition of sodalite and cancrinite formed at
150—250 °C in sodium aluminate solution with different
SO;”, CO3 and CI', and found the magnitude of
anion incorporation into the DSPs; BARNES et al [14,15]
studied the desilication kinetics of spent Bayer liquor
with unseeded or seeded sodalite crystals, and the
mechanism of sodalite-to-cancrinite phase trans-
formation;, KAWASHIMA et al [16] studied the
formation mechanism of several scales in single-stream
Bayer plant heat exchangers; ARMSTRONG and
DANN [17] compared the formation behavior of
synthetic sodium aluminosilicate scale with Bayer
refinery plant scale, and found that the large
concentration of organic ions in Bayer liquor has little
effect on the type of forming scales.

However, the researches focused on the atmospheric
pressure desilication rarely appeared. Meanwhile, as the
bauxite compositions are complex especially for the
Si-containing minerals, it is usually difficult to study the
desilication process in depth, especially for the precise
crystal structure and morphology of DSPs [18]. In this
work, the aim is to systematically investigate the
precipitation behavior and mineral transition of DSPs in
synthetic sodium aluminate solution under atmospheric
pressure, which will provide theoretical guidance for the
atmospheric pressure desilication during the Bayer
process.

2 Experimental

The DSP precipitation experiments were carried out
at 95 °C under different desilication conditions in three
necked flasks with agitation made by revolution at
100 r/min. The slurry after desilication was separated by
filtration. The filter cakes separated from the slurry
samples were washed carefully and dried for weighing
and solids tests, while the concentration of filtrate with
sodium aluminate determined. The
synthetic sodium aluminate solution was prepared by
dissolving  analytically pure NaAlO,, NaOH,
Na,Si03-9H,0 into deionized water. The concentrations
of Na,0O (pna,0) and ALO; (pai0,) in sodium aluminate
solution before and after the desilication experiments
were analyzed by the volumetric method, and the
concentration of SiO, (psio,) Wwas analyzed by
spectrophotometry using a 722S spectrophotometer.

X-ray diffraction measurements were performed to
identify the minerals in samples with an X-ray powder
diffractometer (XRD, PANalytical PW3040/60) using
Cu K, radiation with a scan rate of 3 (°)/min. The total
crystallinities of DSPs were calculated using the Jade

solution was

software. The mass fractions of different crystalline
phases in the DSPs were semi-quantitatively calculated
by the RIR method. Scanning electron microscopy and
energy dispersive X-ray spectroscopy (EDS) were
performed on samples using a scanning electron
microscope (FESEM, Zeiss UltraPlus), operating at an
accelerating voltage of 15 kV.

3 Results and discussion

3.1 Effect of initial SiO, concentration on DSPs
precipitation

The Si-containing minerals in bauxite ore mainly
contain kaolinite, illite, quartz, opal, oolitic chlorite,
sericite and feldspar, and the reaction activities of which
with the alkali solution are quite different. Meanwhile,
the contents of active Si-containing minerals in various
bauxite ores vary sharply. Therefore, the concentration of
silica in sodium aluminate solution during the Bayer
process is different. The precipitation behavior of DSPs
in synthetic sodium aluminate solution with different
initial SiO, concentrations from 1 to 5 g/L at 95 °C for
8 h was studied.

The concentrations of sodium aluminate solution
after desilication are listed in Table 1. The concentrations
of caustic alkali, alumina, and silica decrease after the
desilication process, especially for the silica
concentration dropping by a large percentage. The final
silica concentrations with different initial SiO,
concentrations are almost the same, demonstrating that
the equilibrium solubility of silica in sodium aluminate
solution at 95 °C is about 1.1 g/L. The DSPs
concentration formed with different initial SiO,
concentrations was determined after drying, as shown in
Fig. 1. No DSP is precipitated when the initial SiO,
concentration is 1 g/L. With the increase of initial SiO,
concentration, the DSPs concentration in sodium
aluminate solution increases approximately linearly to
the initial SiO, concentration.

Table 1 Concentration of sodium aluminate solution with
different initial SiO, concentrations before and after
desilication

Before desilication After desilication

Initial SiO,
conzge.n]iﬁ;ion/ pNaz9]/ ,0A1293]/ ,051'03{ pNaz9]/ pA]2(33]/ ,051'03{
(gL ) (gL )(gL) (gL ) (gL ) (gL )

1 1445 1039 098 1444 103.8 0.95

2 145.0 104.8 2.02 1448 104.0 1.16

3 1448 1043 3.01 1435 1024 1.11

4 1445 1047 398 1427 101.7 1.13

5 1445 1047 5.03 142.1 100.3 1.11
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Fig. 1 DSP concentration formed with different initial SiO,

concentrations

The XRD patterns of DSPs precipitated in sodium
aluminate solution with different initial SiO,
concentrations are shown in Fig. 2. The effect of initial
Si0, concentration on the mineralogical compositions of
DSPs is quite apparent. When the initial SiO,
concentration is between 2 and 3 g/L, the crystalline
DSPs comprise ZEO, SOD and ZEO-A. However, the
crystalline DSPs only comprise ZEO-A and ZEO when
the initial SiO, concentration is over 3 g/L. The
proportions of each DSP among the total crystalline
DSPs with different initial SiO, concentrations were
semi-quantitatively calculated, as listed in Table 2, and
the corresponding lattice constants were also calculated.
With the increase of initial SiO, concentration, the
proportions of ZEO and SOD among the total crystalline
DSPs decrease and the corresponding lattice constants
increase. In contrast, the proportion of ZEO-A increases
largely with the increase of initial SiO, concentration,
and the corresponding lattice constant decreases.

Many researchers reported the existence of
amorphous phase of sodium aluminosilicate hydrate
formed under the Bayer-type conditions. The total
crystallinities of DSPs with different initial SiO,
concentrations obtained from the XRD patterns were
calculated, as listed in Table 2. The crystallinity of DSPs
increases with the increase of initial SiO, concentration,
demonstrating that increasing the initial SiO,
concentration during the desilication process under

atmospheric pressure results in the decrease of the
amorphous DSPs.

10 20 30 40 50 60
260/(°)
Fig. 2 XRD patterns of DSPs formed with different initial SiO,

concentrations

The microstructures of DSPs precipitated in sodium
aluminate solution with different initial SiO,
concentrations were characterized by SEM as shown in
Figs. 3 and 4. On a macro level, all the DSPs are
precipitated in the forms of agglomerates as seen in
Fig. 3(a) and Figs. 4(a), (c), and the agglomeration
degree increases with the increasing initial SiO,
concentration. The ZEO appears as quasi-spherical
agglomerates with a ‘cotton ball’ type morphology (Fig.
3(b)), and each ‘cotton ball’ contains considerable discs.
The irregular-shaped small particles existing between the
ZEOs as shown in Fig. 3(c) are the amorphous DSPs.
The SOD has a square prismatic particle shape, which
either attaches the surface of ZEO or precipitates
individually (Fig. 3(d)). The attachment of SOD to the
ZEO surface indicates that the SOD is precipitated after
the ZEO precipitation.

The ZEO-A with an octahedron shape exists
obviously as observed in Figs. 4(b) and (d) when the
initial S10, concentrations of sodium aluminate solution
are 3 and 5 g/L, respectively. The proportion of ZEO-A
in Fig. 4(d) is much larger than that in Fig. 4(b), which is
consistent with the XRD results as listed in Table 2. As
seen in Fig. 4(d), the ZEO is precipitated on the surface
of ZEO-A, indicating that the ZEO is precipitated after
the ZEO-A precipitation.

Table 2 Proportion and lattice constant (a) of DSPs formed with different initial SiO, concentrations

Initial SiO, o ZEO SOD ZEO-A
) 1 Crystallinity/%
concentration/(g-L ) Content/%  a/nm Content/% a/nm Content/% a/nm
2 72 65 0.8958 31 0.8953 4 1.2324
3 87 60 0.8973 10 0.8969 30 1.2313
4 90 54 0.8988 - - 46 1.2296
5 93 30 0.9000 - - 70 1.2289
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Fig. 4 SEM images of DSPs formed with different initial SiO, concentrations for 8 h: (a, b) 3 g/L; (c, d) 5 g/L

The micro-area compositions of DSPs were
determined by EDS, and no obvious difference was
found among the different kinds of DSPs precipitated
under the same desilication conditions. However, the
EDX results of Na, Al and Si in DSPs formed with
different initial SiO, concentrations are different as listed
in Table 3, the data of which are the average of at least 3
micro points. The molar ratios of Na,O to ALL,O3; (N/A)
and SiO, to Al,O5 (S/A) were calculated accordingly.

Table 3 EDX results of DSPs formed with different initial SiO,
concentrations

Initial SiO, .
. _1. x(Na)/% x(Al)/% x(Si)/% N/A S/A
concentration/(g-L )
2 12.1 16.8 155 072 1.85
3 11.5 16.5 149 070 1.80
5 10.0 15.0 13.0 0.67 1.73
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Both the N/A ratio and the S/A ratio of DSPs decrease
with the increase of initial SiO, concentration.

3.2 Effect of duration on DSPs precipitation

The precipitation behavior of DSPs in sodium
aluminate solution with different durations at 95 °C
when the initial SiO, concentration is 2 g/ was then
studied. The concentrations of sodium aluminate solution
after desilication are listed in Table 4. The silica
concentration decreases slightly when the desilication
duration is less than 2 h, then decreases sharply as the
desilication duration increases to 8 h, and finally
becomes stable until 12 h. The DSPs concentration
formed with different desilication durations are in good
agreement with the results of liquor concentrations as
shown in Fig. 5. Most of DSPs are precipitated with the
duration from 2 to 8 h, and the precipitated DSPs are rare
at the start or the end of desilication process.

Table 4 Concentration of sodium aluminate solutions in

different durations before and after desilication

Desilication time/h pn,,0/(g'L™) pao/(gL™) psio/(gL™)

0 145.0 104.8 2.02
| 144.9 104.8 1.96
2 144.8 104.6 1.91
4 144.7 104.4 1.67
8 144.5 103.9 1.16
12 144.3 103.7 1.02
30
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Fig. 5 DSPs concentration formed with different durations

The XRD patterns of DSPs formed with different
durations are shown in Fig. 6. The DSPs comprise
amorphous phase, ZEO, SOD and ZEO-A when the
desilication durations are 4 and 8 h, but the ZEO-A
disappears when prolonging to 12 h. As listed in Table 5,
the total crystallinity of DSPs increases with the
increasing duration, demonstrating that extending the
desilication time can decrease the content of amorphous
phase. The proportions of each DSP and its lattice
constant among the total crystalline DSPs formed with
different durations are listed in Table 5, and the
corresponding cell volumes of DSPs were calculated as
shown in Fig. 7. The proportion of ZEO increases but the
proportions of SOD and ZEO-A decrease as the
desilication duration increases. All the lattice constants
of ZEO, SOD and ZEO-A increase with the increasing
duration. As shown in Fig. 7, both the cell volumes of
ZEO and SOD increase as the duration increases, and the
increase amplitude of ZEO is larger than that of SOD.

o

¢ —ZEO
+—SOD
= —7ZEO-A

(13

=12h

10 20 30 40 50 60
20/(°)

Fig. 6 XRD patterns of DSPs formed with different durations

The EDX results of DSPs formed with different
durations are listed in Table 6. Both the N/A ratio and the
S/A ratio of DSPs increase with the increasing duration,
especially for the S/A ratio. This result is in agreement
with the crystallographic data in Table 5 and Fig. 7. The
constituent elements of sodium aluminosilicates
gradually diffuse into the crystal lattice of DSPs with the
increase of reaction time, resulting in the formed DSPs
more and more stable.

Table 5 Proportion and lattice constant (a) of DSPs formed with different durations

ZEO SOD ZEO-A
Desilication time/h  Crystallinity/%
Content/% a/nm Content/% a/nm Content/% a/nm
4 59 56 0.8931 35 0.8942 9 1.2309
8 72 65 0.8958 31 0.8953 4 1.2324
12 80 77 0.8979 23 0.8968 - -
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Fig. 7 Cell volume of DSPs formed with different durations

Table 6 EDX results of DSPs formed with different durations

Desilication

x(Na)% x(AD/% x(Si)% N/A S/A

time/h
4 10.2 15.9 13.6 0.64 1.71
8 12.1 16.8 15.5 072 185
12 13.6 18.2 17.9 075 1.97

3.3 Effect of initial Al,O; concentration on DSPs

precipitation

The alumina concentrations in sodium aluminate
solution before and after the Bayer digestion are quite
different. According to the Bayer circle theory, the molar
ratio of caustic Na,O to Al,O3 (ax) before digestion is
about 3.0, while it decreases to 1.4 after digestion.
Therefore, the precipitation behavior of DSPs in sodium
aluminate solution with different ax from 1.4 to 3.0 at
95 °C for 8 h when the initial SiO, concentration is 2 g/L
was finally studied. The concentrations of sodium
aluminate solution after desilication are listed in Table 7,
and the corresponding DSP concentrations formed with
different initial ox are shown in Fig. 8. The silica
concentration does not change when the oax is 1.4.
Because the equilibrium solubility of silica in sodium
aluminate solution increases with the increase of alumina
concentration, the DSPs are not precipitated when the ag

Table 7 Concentration of sodium aluminate solutions with
different initial ok before and after desilication

Before desilication After desilication

Initial ax a0/ Paoy/  Psio)  Prnao/  Canol/  psio)f
(gL (L) @gLh (@Lh (gL (gL
1.4 1444 1683 1.99 1443 168.2 1.98
1.8 144.7 131.5 1.98 144.3  130.9 1.52
2.2 145.0 107.8 2.02 1444 106.8 1.16
2.6 143.8 91.3 2.04 144.2 90.2 1.05
3.0 145.1 79.5 2.00 144.3 78.7 0.83
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Fig. 8 DSPs concentration formed with different initial o

is 1.4 due to the high alumina concentration. The silica
concentration after desilication decreases gradually as
the ax increases, and the DSP concentration increases
accordingly. Increasing the ax of sodium aluminate
solution promotes the precipitation of DSPs.

The XRD patterns of DSPs with different initial oy
are shown in Fig. 9. The DSPs comprise amorphous
phase, ZEO and SOD when the initial agx is 1.8.
However, when the initial ax increases to 2.2, the ZEO-A
starts to precipitate. As listed in Table 8, the increase of
initial ax not only promotes the precipitation of ZEO-A,
but also decreases the content of amorphous phase and
ZEO. On the contrast, the proportion of SOD among the
total crystalline DSPs increases largely with the increase
of initial ak.

4= * —7EO

10 20 30 40 50 60
200(°)

Fig. 9 XRD patterns of DSPs formed with different initial ay

3.4 Discussion

The formation of DSPs in silica-supersaturated
sodium aluminate solution is usually represented as
Eq. (1). According to the XRD results in this study, the
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types of DSPs under different desilication conditions are
quite different. The molecular formulae and crystal
structures of various DSPs without lime incorporation
are listed in Table 9 [19]. Most DSPs belong to the cubic
crystal except cancrinite. Because of the atmospheric
pressure desilication with relatively short duration and
synthetic sodium aluminate solution without impurities,
the cancrinite was not found under the present
desilication conditions. As listed in Table 9, the
molecular formulae of DSPs are different. Meanwhile,
according to the SEM results in Figs. 3 and 4, the
morphologies of DSPs are quite different. Therefore, the
various DSPs may not transform each other, and one
DSP is precipitated based on the dissolution of another
DSP.

xNa,Si0;(aq)+2NaAl(OH)4(aq)—
Na,O-ALO5;xSi0,°(4—x)H,0(s)+2xNaOH(aq) (1)

According to the results in Section 3.2, the
amorphous phase and the ZEO-A are unstable DSPs
precipitated during the desilication process, the contents
of which decrease with the increasing desilication
duration. As the duration prolongs, both of the above
DSPs dissolve gradually. In contrast, the ZEO and SOD
can exist stably during the desilication process. The ZEO
is the stablest phase among all the DSPs, the content of
which increases with the increasing duration.

According to the results in Section 3.1, the
precipitation of ZEO-A occurs at a high silica-
supersaturated state in sodium aluminate solution. The
larger the driving force of desilication reaction is, the

increases. The results of Section 3.3 also prove the above
conclusions. The metastable solubility of silica in sodium
aluminate solution decreases with the decreasing alumina
concentration. As the increase of initial oy, the
metastable solubility of silica decreases gradually, and
the corresponding supersaturation degree of silica
increases [19,20]. Thus, the content of ZEO-A increases
as the initial ox increases.

According to the XRD and SEM results in this
study, the precipitation sequence of DSPs under
atmospheric pressure at 95 °C is: amorphous phase—
ZEO-A — ZEO — SOD. It is consistent with BARNES
et al’s results [15], although they did not give the
precipitation sequence of ZEO-A because of the different
desilication conditions from this study. Most of the
previous researches studied the pressurized desilication
simulating the bauxite digestion process, and the
desilication time was very long even for several
days [14,20]. Therefore, the precipitation of ZEO-A was
seldom found and studied during the Bayer desilication
process. However, the synthesis of zeolite A
(Na;,Al,S11,045-27H,0) from various silicon-containing
minerals, such as fly ash, kaolin and feldspar, was widely
investigated in recent years [21-23]. SU et al [23]
described the synthesis mechanism of zeolite A from a
pretreated K-feldspar as the following three main stages:
1) the dissolution of amorphous aluminosilicate releasing
[SiOz(OH)Q]zf and AI(OH),; 2) the formation sodium
aluminosilicate gel as zeolite precursor; 3) the
crystallization of zeolite A. Although the morphology of
ZEO-A in this study is different, the forming

more easily the ZEO-A precipitates. Thus, the content mechanisms of zeolite A during the desilication
of ZEO-A increases as the initial silica concentration processes may be the same.
Table 8 Proportion and lattice constant (a) of DSPs formed with different initial oy
ZEO SOD ZEO-A
Initial ax Crystallinity/%
Content/% a/nm Content/% a/nm Content/% a/nm

1.8 52 88 0.8941 12 0.8964 - -

2.2 72 65 0.8958 31 0.8953 4 1.2324

2.6 79 49 0.8964 41 0.8949 10 1.2329

3.0 81 35 0.8973 39 0.8945 26 1.2341

Table 9 Various DSPs formed during desilication process

DSp Formula Crystal structure
Zeolite X 32Na,0-32A1,05-64Si0,°256H,0 Cubic
Zeolite A Na,0-Al,05-1.85S10,°5.1H,0 Cubic

Zeolite 1.08Na,0-Al,0;-1.68Si0,°1.8H,0 Cubic
Sodalite 3Na,0-3A1,0;-6Si0,-4H,0 Cubic
Hydroxy—sodalite 3Na,0-3A1,05°6S10,-2NaOH-2H,0 Cubic
Aluminate—sodalite 3Na,0-3A1,05-6S10,-NaAl(OH),-4H,O Cubic

Cancrinite

3Na,0-3A1,05:6810,:24H,0

Hexagonal
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4 Conclusions

1) The DSPs precipitated in silica-supersaturated
sodium aluminate solution at 95 °C comprise amorphous
phase, ZEO-A, ZEO and SOD, and the precipitation
sequence of DSPs is: amorphous phase — ZEO-A —
ZEO — SOD.

2) The DSP concentration and total crystallinity
increase with the increase of initial silica concentration,
initial ag and desilication duration. Decreasing the initial
silica concentration, initial ax and increasing the
desilication duration reduce the proportion of ZEO-A.

3) The micro morphologies of various DSPs are
quite different precipitated in the forms of agglomerates.
The ZEO and SOD are the stable DSPs formed under
atmospheric pressure, while the precipitation of ZEO-A
occurs at a high silica-supersaturated state in sodium
aluminate solution.
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