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Sulfur phase and sulfur removal in high sulfur-containing bauxite
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Abstract: The sulfur phase in high sulfur-containing bauxite was studied by an X-ray diffraction analysis and a chemistry
quantitative analysis. The methods for the removal of different shaped sulfur were also discussed. The results show that sulfur phases
in high sulfur-containing bauxites exist in the main form of sulfide sulfur (pyrite) or sulfate sulfur, and the main sulfur forms of
bauxites from different regions are not the same. Through a combination of an X-ray diffraction analysis and a chemistry quantitative
analysis, the sulfur phases of high sulfur-containing bauxite could be accurately investigated. Deciding the main sulfur form of high
sulfur-containing bauxite could provide theoretical instruction for choosing methods for the removal of sulfur from bauxite, and an
oxidizing-roasting process is an effective way to remove sulfide sulfur from high sulfur-containing bauxite, the content of S* in
crude ore in the digestion liquor is above 1.7 g/L, but in the roasted ore digestion liquor, it is below 0.18 g/L. Using the sodium
carbonate solution washing technology to wash bauxite can effectively remove sulfate sulfur, the content of the total sulfur in ore is

lowered to below 0.2% and can meet the production requirements for the sulfur content.
Key words: high sulfur-containing bauxite; sulfur phase; oxidizing-roasting; sodium carbonate solution washing technology

1 Introduction

China is rich in bauxite, the reserve of which has
been proved to reach 2.3x10° t [1]. The amount of high
sulfur-containing diasporic bauxite has reached 1.5x10 t
[2]. These ores are mainly composed of aluminum of
middle-high proportion, silicon of middle-low proportion,
sulphur of high proportion and middle-high Al/Si ratio
(A/S) ores. Most of the ores are of high-grade alumina,
but they can only be used after the removal of sulfur
from the high sulfur-containing bauxite. Therefore,
developing an economical and practical method for the
removal of the sulfur is of great importance for industry
production. Moreover, in the process of alumina
production, the sulfur in the ore can cause not only the
loss of Na,O, but also leads to the corrosion of steel
material and the rise in the iron concentration of the
solution as a result of increasing the concentrate of S*~ of
the solution. For example, when the sulfur content of the
bauxite exceeds 0.8%, it will result in the decline of
alumina quality for the existence of Fe, the damage of

the equipment in the evaporation process and
decomposition process for the corrosion of the steel
equipment. It can even decrease the digestibility of the
alumina [3].

The removal of sulfur from bauxite has attracted
considerable attention in recent years with the rapid
development of the alumina industry [3—7]. There are
two basic processes for extracting alumina from bauxite,
namely, the sintering process and the Bayer process. The
disadvantage of the sintering process is its low efficiency
(low to 33% or less). Due to its low cost, the Bayer
process is the most commonly-used method for
extracting alumina from bauxite [8—10]. In the Bayer
process, the research area of the removal of sulfur from
bauxite is mainly the removal of sulfur from sodium
aluminate solutions or Bayer liquor. The methods are: 1)
the removal of sulfur by means of wet air oxidation and
2) adding a desulfurizing agent. But by former this
method problems for attention are that it should avoid
generating thiosulfate and increasing corrosion of the
equipment during air oxidation, and it also has a certain
risk by means of wet air oxidation.
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It has been found that the removal of sulfur is
achieved by adding a de-sulfurizing agent, which is
mainly zinc oxide or barium oxide, to the liquor, but the
basic principles of both methods are not the same. In
terms of the former process, the removal of sulfur is
capable of separating divalent sulfur ions from the liquor
by forming insoluble zinc sulfide and the latter concerns
the removal of sulfur from the Bayer process liquors by
precipitation with barium sulfate. However, in order to
improve the pertinent choice of de-sulfurizing agent, the
phase of the sulphur should be known first. To resolve
this issue, it is necessary to be aware of the phase of the
sulphur and its content of bauxite so that the appropriate
methods can be chosen for the removal of the sulfur.

So far, studies on the phase of sulfur of high-sulfur
bauxite have seldom been reported, and although there
are many kinds on the research methods for the phases,
the method for the study of the bauxite phase is the use
of an X-ray diffraction analysis and a scanning electron
microscopy [11—-12]. ZHANG et al [11] investigated the
existence of sulfur mineral in high-sulfur bauxite from
Guizhou Province, China, by an X-ray diffraction
analysis and a scanning electron microscopy. Due to the
limitations of the instrument, the X-ray diffraction phase
analysis method is imperfect in many aspects. Firstly, it
mainly analyzes crystal, and is not suitable for the
analysis of non-crystal, which means that the diffraction
peak of sulfate, which does not crystallize well, cannot
be shown in the X-ray diffraction pattern, and cannot
demonstrate whether or not sulfate is present in the ore.
Secondly, XRD cannot quantitatively and accurately
measure the content of sulfur at various phases, and a
scanning electron microscopy can only perform a
topographical observation and cannot be used as a
method of the phase.

Therefore, using kinds of  high
sulfur-containing bauxites from three provinces, namely,
Henan province, Guizhou province and Guangxi
province, China, by means of both XRD and a chemistry
quantitative analysis, the sulfur-presence phase of the ore
was shown by X-ray diffractometry, the total sulfur
content was measured by chemical analysis, and a
quantitative measurement of the content of various phase
sulfur was carried out. On the basis of these, the further
law of the sulfur phase of high sulfur-containing bauxite
was explored. Moreover, different methods for the
removal of different phase sulfur were also investigated.

seven

2 Experimental

2.1 High-sulfur bauxite

Experiment materials included seven types of high-
sulfur bauxites, namely, Guizhou ores A and B, Henan
ores A, B and C, Guangxi ore A and B. Those ores were

ground using a vibrating grinding mill. The main
chemical compositions of these bauxites are shown in
Table 1.

Table 1 Chemical compositions of seven bauxites

Sample w(ALO3)/% w(SiOy)/%  A/S  w(S)1%
Guizhou ore A 60.65 11.74 5.17 0.36
Guizhou ore B 66.58 14.52 4.59 0.63

Henan ore A 61.62 12.65 4.87 0.97
Henan ore B 70.27 6.32 11.12 0.85
Henan ore C 80.18 7.21 11.12 0.78
Guangxi ore A 65.16 4.33 15.05 2.28
Guanggxi ore B 60.11 4.20 14.31 0.10

It can be seen from Table 1 that the sulfur contents
of Henan bauxite samples A, B, C and Guangxi bauxite
sample A are relatively high, respectively 0.97%, 0.85%,
0.78% and 2.28%. When the sulfur content of the bauxite
exceeds 0.8%, it will result in the decline of the quality
of the alumina for the pollution of Fe, the damage of the
equipment in evaporation process and the decomposition
process, as a result of the corrosion of the steel
equipment [3]. In order to meet this specification, it is
necessary to remove the sulfur from the high-sulfur
bauxite. It can be seen from aluminum silicon ratio that
Guizhou ores A, B and Henan ore A belong to the
middle-grade bauxites (A/S of 4—7), but Henan ores B, C
and Guangxi ore are high-grade bauxites (A/S> 11).

2.2 Pregnant liquor

The pregnant liquor in the digestion experiment
came from an aluminate solution of one alumina factory
by the Bayer process in China. The main chemical
composition is shown in Table 2. It is composed of total
alkali (N7), caustic alkali (Ng) and AlOs;, and the
concentration ratio of Al,O; to caustic alkali (Rp) was
0.61.

Table 2 Chemical composition of aluminate solution

p(NDIgL)  pMNAgL™)  p(ALOY(gL) R
248 228 140 0.61

2.3 Methods
2.3.1 Analysis of main chemical composition of solid
phase and ores
The main chemical compositions, Al,O; and SiO,,
of the solid phase and ores were analyzed by a
wavelength dispersive—X-ray fluorescence spectrometer,
and the total sulfur of bauxite was analyzed by the
national standard “GB3257.18 — 82”, combustion—
iodimetry of bauxite chemical analysis method.
2.3.2 Analysis of main chemical composition of liquid
phase
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After the digestion process was finished, the liquid
phase was separated from the solid phase by filtration.
The composition of liquid phase Al,O; was analyzed by
an EDTA compleximetry method and the caustic alkali
was analyzed by acid-base titration. The concentration of
S? in the aluminate solution was analyzed according to
the literature method [13]. The sample was firstly
acid-decomposed by adding the SnCl, hydrochloric acid
solution and releasing H,S, and the sulphur of H,S was
determined.

2.3.3 Study on phase of sulfur

The study on the sulfur phase of high-sulfur bauxite
used two methods, namely, XRD and chemistry phase
analysis of sulfur. The sulfur in bauxite mainly exists in
the form of pyrite, with maybe a small quantity of sulfate.
Therefore, the determination of the sulfur was mainly
composed of the determination of the total sulfur, the
contents of sulfide sulfur and sulfate sulfur. The analysis
of the total sulfur in the bauxite was based on the
national standard “GB3257.18 — 82”, combustion-
iodimetry of bauxite chemical analysis method. The
sample with a fusing agent was burned at (1 300+20) °C
with oxygen, and SO, was released, which was absorbed
into H,SO; in water. The sulphur of H,SO; in water was
determined by a titration of standard iodine with starch
as an indicator.

To determine the content of the sulfate sulfur and
sulfide sulfur [14], the ore was washed with 10% sodium
carbonate solution, and 10% BacCl, solution was added to
the filtrate after it was separated from the filter cakes by
filtration. Then, the barium sulfate was determined by
means of barium sulfate gravimetry and was converted
into sulfur, which was the content of the sulfate sulfur.
The sulfur in the dried filtrate cake, namely, sulfide
sulfur was determined by burning iodimetry.

2.3.4 Roasting experiment and digestion experiment

The roasting experiment was carried out in a muffle
furnace SX2-5-12, with a temperature control accuracy
of +5 °C. After spreading the powder-like bauxite in a
porcelain dish, it was quickly removed into a muffle
when the furnace reached the specified temperature, and
then quickly taken out and cooled down after
pre-determined roasting time to begin to carry out the
digestion experiment.

The digestion experiment was carried out on a
molten salt furnace, using an automatic temperature
control device, with a temperature accuracy of +1 °C.
The digestion experiment temperature was adjusted
according to the experimental requirements, the
dissolution time was 60 min and the stirring speed was
60 r/min. The mineral powder and the pregnant liquor
were placed in a 100 mL-steel bomb, which was sealed
in the experiment. When the furnace reached the
specified temperature for 5 min, the steel bomb was

placed in it and the dissolution process was completed
within the predetermined time. When the experiment was
over, the sodium aluminate solution was filtered. Then
the contents of Al,O; and SiO, in the dried filter cake
were sampled and analyzed, and the contents of ALO;,
caustic alkali and S* in filtrate were also analyzed.

3 Results and discussion

3.1 XRD analysis

According to Ref. [15], the sulfur in bauxite is
mainly FeS, and most of it exists in the form of pyrite.
Since the content of sulfur in bauxite is very low,
generally below 3%, and most of it appears in the form
of pyrite, other types of sulfur mineral scatter, such as
sulfate, and they are difficult to form crystal. It can be
predicted that no sulfate exists in the XRD patterns of
bauxite. According to the standard XRD pattern of pyrite,
a strong diffraction peak appears at 26=33.08°. Moreover,
such a diffraction peak does not overlap with the other
diffraction peak of the bauxite. In addition, there are
some weak peaks, but such weak peaks often overlap
with the other diffraction peak of the bauxite. Therefore,
it can be basically judged whether or not the sulphur
stays in the form of pyrite according to whether or not a
diffraction peak of pyrite emerges, and the content of
pyrite can be judged according to the intensity of the
diffraction peak. The XRD pattern of high sulfur bauxite
is shown in Fig. 1.

As shown in Fig. 1, Henan ore A and Guangxi ore A
have obvious characteristic diffraction peaks of pyrite
crystal at 26=33.08° and no other phase of S appears in
the XRD pattern. This indicates that the primary phases
of sulfur in two types of high-sulfur bauxites are pyrite.
In addition, Guizhou ore B only has a weak diffraction
peak at 26=33.08°, while other ores have no peaks of
pyrite crystal at all. This indicates that there is very small
content of pyrite in these bauxites. Although Henan
bauxites B and C have very high content of total sulphur,
respectively 0.78% and 0.85%, there is no obvious
characteristic diffraction peaks at 26=33.08°, and this
may be due to the small content of pyrite. In addition,
XRD verifies that these seven bauxites are all diaspore
(f-AIOOH) and contain a different amount of
titanium-containing minerals, such as TiO,.

3.2 Chemical phase analysis of sulfur

The contents of the total sulfur, sulfide sulfur and
sulfate sulfur in high-sulfur bauxite were determined by
a chemistry phase analysis of sulfur, and the results are
listed in Table 3.

As shown in Table 3, the main existing form of
sulfur is sulfide sulfur, which accounts for above 80% of
the total sulfur in both the Guangxi bauxite A and Henan
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Fig. 1 X-ray diffraction patterns of high-sulfur bauxite

Table 3 Sulfur phase analytic results of high sulfur bauxite

w(St)/% w(S)/% m/% w(S)/% /%
1 Guizhouore A 0.35 026 7428 0.09 2572
2 Guizhouore B 0.63 035 5556 028 44.44
3 HenanoreA  0.98 0.18 1836 080 81.64
4 HenanoreB  0.85 0.67 78.82 018 21.18
5
6

No. Sample

Henanore C  0.78 0.63 80.76 0.15 19.24
Guangxiore A 2.28 045 1995 1.83 80.05
7 Guangxiore B  0.10 0.08 80.00 0.02 20.00

Note: S; and S, refer to sulfate sulfur and sulfide sulfur, respectively; 7, and
n, refer to the mass ratios of S; and S, to total Sy, respectively.
M=w(S,)/ w(St) *100%; 7= (S, ) / w(S) *100%.

bauxite A, and XRD pattern in Fig. 1 verifies that both
bauxites have an obvious characteristic diffraction peak
of pyrite. However, in Henan bauxites B, C and Guizhou
bauxite A, the main existing forms of sulfur are sulfate
sulfur which occupies above 70%. Correspondingly,
there is almost no diffraction peak of pyrite in XRD
patterns. The pyrite content in Guizhou B is very small,
and occupies about 40% of the total and there is only a
weak diffraction peak in the XRD pattern. The chemistry
phase analysis of sulfur is identical to XRD analysis, but
it can also be used for a simultanecous quantitative
analysis of the content of various form sulfur. The results

show the main sulfur phases of the high-sulfur bauxites
from different areas are not the same, since some ores
stayed in sulfide sulfur (pyrite), and some in sulfate
sulfur, and some in both. Such research results of the
sulfur phases of the high-sulfur bauxites are further
supplements for the theory “sulfur of bauxite exists in the
main form of iron sulfide FeS,, mainly pyrite” [15]. By
combining X-ray diffraction with a quantitative chemical
phase, the sulfur phase of high-sulfur bauxite can be
accurately investigated.

According to Ref. [16], the weathering of a bauxite
surface layer which leads to the occurrence of a physical
chemistry change of pyrite may initially be the primary
pathway for the sulfate formation of the ore, but suitable
methods for the removal of sulfur can be chosen by
ascertaining the main existing form of sulfur.

3.3 Instructional role of sulfur phase analysis for

choosing methods for removal of sulfur
3.3.1 Removal of sulfide sulfur

In the process of alumina production, the harm
caused by the sulfur of different existing forms is not the
same. ABLAMOFF [15] believed that the main harm of
sulfur is the decline of the alumina quality for the
pollution of Fe. Under a high temperature and high
concentration of Na,O, the dissolution rate and
equilibrium concentration of iron greatly increased the
content of sodium sulfide in Bayer solution, and hydrated
sodium thiosulfate Nay[FeS,(OH),"2H,0] was formed.
Sodium sulfide is formed under a condition of high
temperature and a high alkali solution. Therefore, the
removal of sulfide sulfur was mainly studied. The
removal of pyrite from bauxite was achieved by
oxidation roasting. According to Ref. [17] FeS, can
evoke a series of reactions during roasting in an oxygen
atmosphere:

(1-x)FeS,+(1-2x)0,=Fe, ,S+(1-2x)SO, (1)
2Fe; ,S+(3—x)0,=2(1—x)Fe0+2S0, )
3Fe0+1/20,=Fe;0, 3)
2FeS,=2FeS+S, “4)
S+20,=2S0, (5)
4FeS+70,=2Fe,05+4S0, (6)

Fe;0, and FeO were oxidized to form Fe,03, and in
addition, some of the SO, produced by the reaction was
dispersed in the air, and some reacted with alkalinity in
the ore to form sulfate. In order to explore the
mechanism of roasting, the XRD analysis of ore roasted
at 600 °C for 60 min was carried out, and the results are
shown in Fig. 2.

As shown in Fig. 2, the disappearance of the
characteristic diffraction peak of pyrite and the
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Fig. 2 X-ray diffraction pattern of roasted Henan bauxite

emergence of the Fe,O; peak are in contrast with Figs. 1
and 2, which indicates that pyrite reacted to form Fe,O;
during the roasting. Therefore, roasting could lower not
only the total sulfur of ore obviously, but also the sulfide
sulfur.

Moreover, by comparing Fig. 2 and Fig. 1, it can be
seen that the diffraction peak of diasporite f-AlIOOH
disappears, and a peak of a-Al,O3 appears. The formula
of the phase transition can be expressed as follows:

ﬁ-AlOOH—>0{-A1203+H20 (7)

According to Ref. [12], the crystal phase of
diasporite does not change when baked at low
temperatures below 500 °C. At 500 °C, part of the
diasporite changes to a-Al,Os;. At 600 °C, the diasporite
alumina S-AlOOH completely changes to a-Al,O; The
crystal cell makes a transition from octahedral
Al(O,0H)s of orthogonal crystal system to the
octahedral AlO¢ of trigonal system, namely, perfect
crystalline diasporite ~ f-AIOOH transforms into
incomplete crystalline corundum (a-Al,O;). Since such
incomplete crystalline corundum (a-Al,Os) activities are
better than those of the diasporite, it can be confirmed
that the dissolution rate of roasted ore at 600 °C is higher
than that of crude ore.

In order to verify the effect of roasting and

1645

determine whether or not the digestibility was affected
by roasting, a digestion experiment was carried out using
roasted ore. Henan high sulfur-containing bauxite A was
firstly roasted in the muffle roaster at 600 °C for 60 min,
and then the digestion experiment was simultaneously
carried out in a molten salt furnace by the Bayer process
for both the crude ore and the roasted ore at dissolution
temperatures of 230, 240, 260 °C for dissolution time of
60 min. The aluminate solution is shown in Table 2.
After the experiment, the divalent sulfur ion (S*)
concentration was analyzed, and according to results, the
extraction rate of aluminum was calculated to test
whether or not digestibility was affected by roasting. The
dissolution results are shown in Table 4.

_ (A/S) e —(A/S)

) mud . 100%
(A/S)crude -1

According to the experimental results, the content
of S$* in the roasted ore digestion liquor is significantly
decreased. The content of S* in crude ore in the
digestion liquor is above 1.7 g/L, but in the roasted ore
digestion liquor, it is below 0.18 g/L. In addition, the
digestion liquor of crude ore with a high content of 8> is
black, yet roasted ore digestion liquor is yellow. On the
other hand, the relative extraction rate of aluminum (#,)
of roasted ore is higher than that of crude ore, especially
since the lower the dissolution temperature, the larger the
distinction. The experimental results indicate that the
roasting cannot only significantly decrease the content of
S*" in digestion liquor, but also greatly improve the
digestibility of ore. Thus, using oxidizing roasting is an
effective way to remove the sulfide sulfur from
high-sulfur bauxite.

3.3.2 Removal of sulfate sulfur

The Bayer solution sulfate produces a harmful
effect on equipment for scaling. In accordance with some
low sulfur minerals, it employs a natural removing sulfur
process, which is the evaporation and condensation of
the solution when sulfate has accumulated to some extent
in alumina production. However, when the content of
sulfur in bauxite is higher, and the capability to naturally
remove sulfur is not enough, it is necessary to organize a

Table 4 Results of digestion of Henan high-sulfur bauxite A by Bayer process

Liquid phase Solid phase
Sample Temperature/°C  p(AL,O3)/  p(Ng)/ p(STY p(ALO;)/ p(Si0y)/ /%
@) (gl @l 2o @™ M

Crude ore 230 198 208 0.95 1.85 30.28 15.37 1.97 74.93
Roasted ore 230 212 210 1.01 0.18 28.95 17.04 1.66 80.00
Crude ore 240 225 209 1.08 1.78 26.98 17.07 1.57 85.27
Roasted ore 240 228 202 1.13 0.15 26.91 20.08 1.34 91.21
Crude ore 260 224 200 1.12 1.92 25.24 20.19 1.25 93.54
Roasted ore 260 231 201 1.15 0.17 24.49 21.40 1.14 96.38
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special process of removing sulfur. As shown in Table 3,
sulfur emerges in the form of sulphate sulfur in Henan
bauxites B, C and Guizhou bauxites. Since the contents
of total sulfur in Henan bauxites B and C are respectively
0.85 % and 0.76 %, and those of sulfur sulfate are
respectively 0.66% and 0.61%, the method of removing
the sulfur from the two bauxites is mainly focused on
removing sulfate. However, the content of sulfur (>0.7%)
is higher than one requested (<0.2%) in production, and
even though two such bauxites belong to high-grade
alumina bauxite for Al/Si ratio above 11. They cannot be
used until the sulfur has been removed from the bauxite.
Due to the sulfate sulfur, the sulfate in the ore is entirely
dissolved in the solution and separated from the ore, the
main phase of ore f-AIOOH will not be affected when
the sodium carbonate solution is added to wash the ore.
There are some sulfates in bauxite such as Na,SOy,
K,SO, and FeSO,, which are soluble in water and can be
separated directly from ore. There are also some sulfate
basically CaSO,4 which are insoluble in water and can
react with sodium carbonate, the main chemical reaction
occurs as follows:

CaS0,+Na,CO;=CaCO;+S0,* +2Na" (8)

So such sulfate can be separated from ore, the
results are shown in Table 5.

Table 5 Results of scrubbing of Na,COs

Content of Content of
N32CO3
Sample total S before Luti total S after
ion
washing/% solutio washing/ %
0.85 10 % Na,CO; 0.18
0.85 8 % Na,COs 0.18
Henan ore B 0.85 6% Na,CO3 0.19
0.85 4% Na,CO3 0.19
0.85 2% Na,COs 0.19
0.76 10 % Na,CO, 0.15
0.76 8 % Na,COs 0.15
Henan ore C 0.76 6% Na,CO3 0.16
0.76 4% Na,CO3 0.16
0.76 2 % Na,CO;3 0.17

As shown in Table 5, 2% sodium carbonate solution
can meet the requirements of washing. The content of the
total sulfur in ore is lowered from 0.75 % to below 0.2%
and can meet the production requirements for the sulfur
content. Therefore, this type of ore can be used again.

4 Conclusions

1) Sulfur in the high sulfur-containing bauxite
mainly exists in the form of sulfide sulfur (pyrite) or
sulfate sulfur, and the main existing forms of sulfur
bauxites from different areas are not the same. These are

the further supplements from the previous theory.

2) The sulfur phase of high-sulfur bauxite can be
accurately determined by means of a combination of
X-ray diffraction and a quantitative chemical analysis.
Ascertaining the main form of sulfur in high-sulfur
bauxite can provide a theoretical instruction for choosing
methods for the removal of sulfur.

3) This is an effective way of using oxidizing
roasting to remove sulfide sulfur from high-sulfur
bauxite, the roasting ore cannot only significantly
decrease the content of S* in digestion liquor, but also
greatly improve the digestibility of ore.

4) This is an effective way of using the sodium
carbonate solution washing to remove sulfate sulfur, the
content of the total sulfur in ore is lowered from 0.75 %
to below 0.2% and can meet the production requirements
for the sulfur content.
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