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Abstract: The effects of siderite, hematite, and goethite on pyrite reactions in sodium aluminate solution at high
temperatures, based on the coexistence of pyrite and iron-bearing minerals in bauxite, were studied. The addition of
siderite, goethite, and hematite increases the concentrations of $,0%, SO and SO, enhancing sulfur removal during
desilication. Siderite and hematite facilitate nearly 100% magnetite formation from pyrite, whereas goethite leads to the
formation of both hematite and magnetite from pyrite through a multiphase transformation process. Iron-bearing
minerals significantly increase the iron content in residues and enhance iron recovery from the red mud. Siderite,
goethite, and hematite produce a porous surface in the form of erosive holes due to electrochemical corrosion,
improving reaction efficiency of pyrite. Additionally, electrochemical corrosion promotes the pyrite reaction in
accordance with the Kroger and Ziegler models, controlled by interfacial diffusion and chemical reactions in the

presence of siderite, hematite and magnetite.
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1 Introduction

Pyrite (FeS;) frequently occurs alongside
metal ores such as copper [1], zinc, and gold,
generating acid mine drainage (AMD) during the
excavation of abandoned mines and tunnels [2].
Pyrite also contributes to acid rain through SO,/SO3
during ore processing [3]. In high-sulfur bauxite,
pyrite exacerbates the corrosion of steel equipment,
increases alkali soda loss, deteriorates the
separation of the red mud, and contaminates
alumina, limiting the utilization of 1.5x10°t of
bauxite with a high sulfur content (>0.7 wt.%) in
China. Moreover, iron recovery from the 30%—60%
Fe,Os present in the red mud is generally low due to
the weak magnetism of hematite and goethite [4].
Therefore, efficient sulfur removal from Bayer
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liquor (sodium aluminate solution) and improved
iron recovery from red mud are critical to alumina
production.

Roasting and flotation are commonly used in
alumina refineries to remove sulfur from bauxite [5].
However, the high cost, high energy consumption,
and large volume of SO, associated with roasting,
as well as the negative effects of organics on
alumina production, tremendous amounts of
attached water, and the complexity of the flotation
process, have limited their widespread adoption.
Furthermore, sulfur remains in the Dbauxite
concentrate (sulfur content <0.3 wt.%), leading to
the accumulation of sulfur anions in the Bayer
liquor, which adversely impacts
production.

As S?7, S,0;, SO; and SO; generally
coexisted in the sodium aluminate solution after

alumina
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bauxite containing sulfur was digested by the Bayer
process [6], various approaches for sulfur removal
from the sodium aluminate solution were studied.
Precipitation of S?  using zinc [7] and sodium
ferrite [8], and SO; by adding Ba(OH), [9], has
been reported. Oxidation by pumping O, [10] or
adding NaNOs [11] to a sodium aluminate solution
has also been used to transform S2~into S,03, SO3
and SO; . However, the use of expensive additives,
complex processes, and the decline in alumina
quality have limited their applications. In addition,
the weak magnetism of hematite and goethite in red
mud results in low iron recovery efficiency (<35%)
and iron content in concentrates (TFe <55%), which
have long impeded the economic utilization of red
mud for decades. Moreover, sulfur species such as
S,037, SO; and SO; are easily incorporated into
zeolite (desilication product, PSD) [12]. This study
introduces a novel self-oxidation approach that
eliminates negative S*~ from pyrite by converting it
into S,03, SO;, and SO, while simultaneously
promoting Fe3;O4 formation to enhance iron
recovery from red mud.

The reaction between pyrite and iron-bearing
minerals in the sodium aluminate solution is crucial
for digestion in the Bayer process. Fe**/Fe*" ions
from iron-bearing minerals, which act as oxidants,
readily react with pyrite under acidic conditions
[13,14]. Meanwhile, higher temperature, lower
S?" concentration, and increased caustic soda
concentration promote pyrite reactions [15,16].
40%—90% of pyrite is digested into the sodium
aluminate solution during the Bayer process, and
magnetite forms on the surface of pyrite, inhibiting
further reaction [17]. Hematite can be converted to
magnetite by controlling the redox potential [18],
and the addition of hematite seeds promotes the
conversion of goethite to hematite at high
temperatures in the sodium aluminate solution [19].
However, few studies have reported the
self-oxidation of pyrite and iron-bearing minerals
from bauxite in the sodium aluminate solution at
high temperatures using the Bayer process.

In this study, the self-oxidation reactions
between pyrite and iron-bearing minerals were
investigated based on the coexistence of hematite,
goethite, and siderite with pyrite in bauxite. The
thermodynamics of these reactions were first
examined, followed by a study of the effects of
hematite, goethite, and siderite on pyrite reactions.

Phase transformation, iron content, and morphology
of the residues after digestion were carefully
examined. Finally, the reaction mechanism was
discussed based on the kinetic model and scanning
electron microscopy (SEM) images. The results
provide insight into the self-oxidation mechanism
between pyrite and
alkaline solutions and suggest new opportunities for
the economical utilization of high-sulfur bauxite.

iron-bearing minerals in

2 Experimental

2.1 Materials

Pyrite was purchased from Yunnan Province,
China. The pyrite was soaked in a 6 mol/L HCI
solution at room temperature for 48 h and then
washed with deionized water [20]. The treated
pyrite was dried at 45 °C. X-ray diffraction (XRD)
patterns of the resulting pyrite and iron-
bearing minerals are shown in Fig. 1. All peaks
corresponding to FeS, in Fig. 1 were assigned to
pyrite (PDF No. 97-063-3274), with a composition
of 50.94% Fe, and 44.58% S, yielding a S/Fe molar
ratio of 2.0, confirming the presence of the pure
pyrite. SEM images of the pyrite and iron-bearing
minerals (hematite, goethite, and siderite) are
shown in Fig. 2. The particle sizes of pyrite and
siderite are less than 15 um, whereas those of
hematite and goethite are less than 5 um, as shown
in Fig. S1 of Supporting Material (SM).
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Fig. 1 XRD patterns of pyrite after wet pretreatment with
6 mol/L HCI and iron-bearing minerals

Sodium aluminate solution was prepared by
dissolving aluminum hydroxide and sodium
hydroxide in hot deionized water. Based on the
composition of Bayer liquor during the digestion
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Fig. 2 SEM images of minerals: (a) Pyrite; (b) Hematite; (c) Siderite; (d) Goethite

process, the composition of the as-synthesized
sodium aluminate solution contained 230 g/L Na,O
and 126 g/L ALL,Os, with o=3.0 (molar ratio of
Na,O to Al,Os3 in solution).

Hematite, siderite, goethite, AI(OH);, NaOH,
and other reagents used in this study were of
analytical grade and purchased from Sinopharm
Chemical Reagent Co., Ltd.

2.2 Procedure

Sodium aluminate solution (100 mL), pyrite,
and iron-bearing minerals were added into a
150 mL steel bomb. Four steel balls (2xd15 mm
and 2xd5 mm) were added to intensify the agitation.
After sealing the bomb, digestion was carried out in
molten salt at high temperatures [21]. The bomb
was subsequently cooled rapidly with water, and the
resulting slurry was filtered. The filter cake was
washed with boiling water and dried at 50 °C for
36 h. The dried cake was then used to record XRD
patterns and SEM images. The filtrate was used to
determine the concentration of sulfur-containing ions.

2.3 Characterization and methods

XRD patterns of the minerals and residues
were recorded using a D/Max 2500VB (Rigaku
Corporation, Japan) with CuK, radiation at a
scanning rate of 5 (°)/min. Phase content was semi-
quantitatively analyzed using the RIR method [22].
SEM (MIRA3-LMH, TESCAN, Czech Republic)
and energy-dispersive X-ray spectroscopy (EDX)
(One Max20, Czech Republic) were used to
determine microscopic morphology and microscale
composition (EDS mapping). Sulfur content in the
pyrite and residues was detected using a sulfur
analyzer (HDS3000, Hunan Huade Electronics
Corporation, China) [23]. Concentrations (generally
expressed as S) of $,03, SO; and SO; were
determined by ion chromatography (ICS-90A,
Dionex, USA) [24], whereas S*” concentration was
measured using titration method [25]. Iron content
in the residues was determined using the potassium
dichromate titration method (GB/T 6730.65—2009).
Fe(Il) and Fe(Ill) concentrations (generally
expressed as Fe;Os3) in the solution were measured
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using iron-phenanthroline spectrophotometry (HJ/T
345—2007).
The oxidation proportion (Rs) was determined
using Eq. (1):
G +G+C,
S C+C,+C+C,

x100% (1)

where Ci, C>, C; and Cy4 represent the concentrations
of S, $,03, SO3™ and SO; ", respectively.

The reaction efficiency (7g) of pyrite can be
calculated using Eq. (2):

ns=(1—%jxloo% )
myx,
where m; and m» respectively represent the mass of
the pyrite and residues, and x; and x, represent the
mass fraction of sulfur in the pyrite and residues,
respectively.

3 Thermodynamic reactions of pyrite,
hematite, goethite and siderite during
digestion

High temperatures and concentrated caustic
soda were used during digestion. The possible
reactions involving iron-bearing minerals are
presented in Table 1. Sulfur (S37) in pyrite may be

Table 1 Chemical reactions of pyrite and iron-bearing
minerals in Bayer digestion

No. Reaction formula

(1) FeSy+8/30H=1/3Fe304+2/38%+2/3S5 +4/3H,0
(2) FeS;+40H =1/3Fe;04+11/6S>+1/6SO; +2H,0
(3) FeS;+40OH =1/3Fe;04+16/98%+2/9S0O; +2H,0
@) FeSz-iill/3OH’:_

1/3Fe304+5/38*+1/6S,05 +11/6H,0

(5) FeS,+8/30H =1/3Fe;04+4/35% +2/3S+4/3H,0
(6) FeS,+50H =HFe0,+7/4S*>+1/4S0; +2H,0
(7 HFeO,+1/3H,0=1/3Fe304+OH +1/3Ha(g)?1

(8) FeCOs+20H = Fe(OH),+CO?"
o) FeCOs+20H =
1/3Fe;04+CO2 +2/3H,0 +1/3Ha(g) 1
(10) FeOOH=1/2Fe,05+1/2H,0
(11) FeOOH+OH = FeO;+H,0
(12) FeOOH+1/2HFeO;=1/2Fe;04+1/2H0 +1/20H"
(13) Fe,05+HFeO, = Fe;04+0H
(14) Fe;O3+20H =FeO,+H,0

converted into S?, SOf, SO; and Szng, whereas
the iron-bearing minerals may transform into Fe3;O4
and Fe;Os.

Based on the possible reactions in Table 1 and
the thermodynamic data listed in Table S1 of SM
[26], the relationship between Gibbs free energy of
reaction (AG®) and T was calculated using Factsage
8.2, as illustrated in Fig. 3.
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Fig. 3 Relationship between AG® and T: (a) Pyrite;
(b) Iron-bearing mineral

The digestion temperature in various stages of
the Bayer process ranges from 503 to 553 K. As
illustrated in Fig. 3, due to the negative Gibbs free
energy of the reactions, species such as Fe,Os3 along
with Fe;04, S, $,037, SO; and SO; may form in
the sodium aluminate solution. Meanwhile, pyrite
may convert to FesOs, accompanied by the
formation of S,03, SO; and SO; (Fig. 3(a)).
Increasing the temperature may favor the formation
of HFeO,. However, FeOOH and Fe;Os show
resistance to conversion into FeO, (Fig. 3(b)),
whereas HFeO, and FeCOj preferentially transform
into Fe3O4. Furthermore, Fe(Il) in FeCOs; and
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HFeO, can convert into Fe3O4. It is important to
note that sulfur species such as S and S; are
unlikely to form in concentrated alkaline solutions
at high temperatures, and FeO, formation is
minimal during digestion.

Thus, iron in pyrite may primarily transform
into FesOs and HFeO,, whereas the sulfur may
convert into S*, S,03, SOF, and SO;. The
presence of HFeO, and FeCO; facilitates the
formation of Fe;Os. These results imply that the
self-oxidation of iron-bearing minerals and pyrite
may occur.

4 Results and discussion

Based on the thermodynamic analysis,
hematite, goethite, and siderite were added into the
sodium aluminate solution during pyrite digestion.
The study focused on the efficiency of the pyrite
reaction, the presence of sulfur in the solution, iron
concentration, phase evolution, and electrochemical
corrosion.
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4.1 Effect of iron-bearing minerals on pyrite
reaction efficiency in digestion

The effects of temperature and reaction time
on pyrite reaction efficiency are shown in Fig. 4. A
significant increase in the efficiency of the pyrite
reaction was observed with increasing temperature.
Extending the reaction time initially resulted in a
sharp increase in reaction efficiency, which later
plateaued. Pyrite exhibited low reaction efficiency
within the temperature range of 220-240 °C
(Fig. 4(a)). For example, the reaction efficiency of
pyrite was 55.46% at 260 °C, while a reaction
efficiency greater than 95% was achieved at 280 °C
within 30 min.

The addition of hematite, goethite, and siderite
enhanced the reaction of pyrite, as shown in
Figs. 4(b—d). More than 98% reaction efficiency
was achieved at 280 °C, and the additives also
accelerated the pyrite reaction within 10 min. The
effects of the iron-bearing minerals on the
pyrite reaction were different. For example, after
10 min at 220-280 °C, hematite increased reaction
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Fig. 4 Effect of temperature and reaction time on pyrite reaction efficiency in the presence of various iron-bearing

minerals in sodium aluminate solution (Na,Ox: 230 g/L; ax: 3.0)
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efficiency from 6.34% to 46.34%, while adding
goethite increased reaction efficiency from 1.66%
to 23.17% (Figs. 4(c, d)). In contrast, after siderite
was added, the reaction efficiency of pyrite
increased from 22.38% (before addition) to 59.29%
after 10 min at 280 °C, and more than 98% of
reaction efficiency was found within 20 min.
Therefore, siderite remarkably promoted the pyrite
reaction during digestion compared to hematite and
goethite.

4.2 Effect of iron-bearing mineral dosage on

pyrite reaction efficiency

Hematite and goethite are extensively found in
bauxite, generally accounting for 1% to 15% Fe,O;.
Siderite is also present in bauxite deposits in China
and Guinea. The effect of iron-bearing mineral
dosage (expressed as Fe) on pyrite reaction
efficiency is shown in Fig. 5. As the dosages of
hematite, goethite, and siderite increased, reaction
efficiency increased sharply and then remained
almost constant. Hematite and goethite dosages of
3 g/L resulted in reaction efficiencies of 86.03%
and 84.95%, respectively, while siderite achieved a
reaction efficiency of 98.27% at the same dosage.
These results corroborate the findings shown in
Fig. 4, where siderite significantly enhanced the
pyrite reaction at 260 °C. Therefore, the difference
in pyrite reaction efficiency during digestion can be
attributed to the varying iron-bearing mineral
contents in bauxite. These results imply that
self-oxidation is significantly dependent on the
presence of iron-bearing minerals.
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Fig. 5 Effect of iron-bearing mineral dosage on pyrite
reaction efficiency in sodium aluminate solution (Na,Ox:
230 g/L; ox: 3.0) at 260 °C for 60 min

4.3 Effect of iron-bearing minerals on sulfur ions
and iron concentrations in sodium aluminate
solution

In practice, iron (expressed as Fe,O3)
concentration is less than 20 mg/L in the Bayer
liquor, which has a minimal impact on alumina
quality. However, due to the formation of soluble
Nay[FeS>(OH)] and other soluble iron ions, a high
concentration of Fe;O3 has been reported in some
alumina refineries in China, where Fe,Os content in
alumina may reach 0.14 wt.%, exceeding the
smelter-grade alumina specification of less than
0.02 wt.%. Therefore, it is crucial to understand the
variation in sulfur ions and Fe»O; concentration
during digestion to economically remove sulfur
from sodium aluminate solutions and produce
high-quality alumina. Figure 6 shows the effect of
iron-bearing minerals on the concentrations of S
ions and Fe;Os.

When hematite, goethite, and siderite were not
added, as shown in Figs. 6(a—c), the concentrations
of S*” and total sulfur (St) were 1.01 and 2.25 g/L,
respectively. The concentrations of S,03, SO;,
and SO; were all less than 0.3 g/L. The oxidation
proportion (Rs) was approximately 25%. The
addition of iron-bearing minerals increased S* and
St concentrations in the pyrite reaction. However,
the addition of iron-bearing minerals resulted in
variations in the concentrations of sulfur ions and
Rs. For example, increasing the dosage of siderite
significantly  increased the S* and St
concentrations in the solution, whereas the
concentrations of SO; , SO; and S,0; slowly
increased. Rs decreased by approximately 15%,
primarily due to the high reaction efficiency of
pyrite. In contrast, increasing the dosage of
hematite and goethite notably increased the
concentrations of S~ and Sr in the solution, which
then stabilized (Figs. 6(b, c)), while the SO; ", SO;~
and S,0F concentrations increased. However, Rs
initially reduced but then increased significantly,
surpassing 25% at 20 g/L of hematite and goethite.
These results indicate that Fe(Ill) in hematite and
goethite promotes the conversion of S>~ into SO;,
SO;3 ™ and S,0; compared to siderite.

In addition, Fe in the
predominantly present in the form of Fe(Il)
(Figs. 6(d—f)), with only a small amount of Fe(III)
detected in the sodium aluminate solution.
Without the addition of iron-bearing minerals, the

solution was
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230 g/L; ox: 3.0; 60 min)

concentrations of total iron (Fer) and Fe(Il) were
127.64 and 125.63 mg/L, respectively. After adding
3 g/LL of siderite, goethite, and hematite, Fer and
Fe(Il) concentrations exceeded 190 mg/L. These
high concentrations of Fe(Il) and Fer are mainly
attributed to the formation of Nay[FeS2(OH).],
colloidal Fe(OH),, and HFeO, in solution, which
facilitate magnetite formation. Furthermore, when
the dosage of hematite and goethite exceeded 5 g/L,
Fe(Il) and Fer concentrations slightly decreased.
Notably, the variation in Fe(Il) concentrations

followed that of S*, indicating that S*

concentrations are directly related to the
concentration of Fe(Il) in the solution [27,28].
These findings further confirm that the soluble
Nay[FeS;(OH):]:2H20 mainly contributes to the
Fe(Il) and Fer concentrations.

4.4 Phase transformation and iron content in
residues
4.4.1 Various phases in residues
Figure 7 displays XRD patterns of the residues
after pyrite reacted with iron-bearing minerals at
260 °C. Regardless of the addition of iron-bearing
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Fig. 7 XRD patterns of residues from pyrite reacting with iron-bearing minerals in sodium aluminate solution (Na;Ox:
230 g/L; ox: 3.0) at 260 °C (P—Pyrite; M—Magnetite; H-Hematite; G—Goethite): (a) 7.5 g/L FeSy; (b) 7.5 g/L FeS, +
10.4 g/L FeCOs; (¢) 7.5 g/L FeS,+ 8.0 g/L FeOOH; (d) 7.5 g/L FeS,+ 7.1 g/L Fe; 03

minerals, the reaction of pyrite in the sodium
aluminate solution generated magnetite, as shown
in Table 1. This prolonged duration benefited
magnetite formation. However, the magnetite
content varied significantly after the addition of
iron-bearing minerals. In the absence of additives,
high pyrite and low magnetite contents were
observed, with 54.0% and 53.8% pyrite remaining
in the residues after digestion at 260 °C for
45 min, and 60 min, respectively. The low reaction
efficiency is in good agreement with the results
shown in Fig. 4(a).

Figure 7(b) shows a significant increase in
magnetite content with the addition of siderite
compared to the results in Fig. 7(a). After 45 min,
only magnetite (100%) was observed, with no
pyrite remaining. These results imply that siderite in
bauxite notably promotes the formation of
magnetite from Fe(II) in solution.

Similarly, the addition of goethite and hematite
also promoted the pyrite reaction and magnetite

formation (Figs. 7(c, d)). The magnetite contents in
the residues at 60 min were 34.7% with goethite
and 95.1% with hematite. However, these values
were lower than those obtained with siderite. Based
on pyrite reaction efficiency, the order of promotion
by iron-bearing minerals is siderite >hematite >
goethite.
4.4.2 Variation of iron content in residues

Iron recovery from the red mud has been
performed extensively through magnetic separation
in China and is notably dependent on the formation
of magnetite. Meanwhile, the iron content in
concentrates is crucial for the economic feasibility
of iron recovery from the red mud. The results
indicate that iron-bearing minerals favor the
formation of magnetite, as evidenced by the high
iron content (TFe 72.4%) in Fe3Os4 compared to
Fe,Os (TFe 70.0%), FeOOH (TFe 62.9%), and FeS,
(TFe 46.7%). The effects of iron-bearing minerals
on the iron content of the residues are shown in
Fig. 8.



4274

N
()
T

wn
(9]
T

Iron content/%
[®))
(=)

—=— FeS§,

50+ —o— FeS,+FeCO;
—— FeS,+FeOOH
45+ —¥— FeS,+Fe,04

0 10 20 30 40 50 60
t/min
Fig. 8 Effect of iron-bearing minerals on iron content of
residues in sodium aluminate solution at 260 °C

The iron content in the residues increased with
time, aligning with the increasing proportion of
magnetite (Fig.7) and the reaction efficiency
(Fig. 4). Notably, pyrite reacted with the sodium
aluminate solution yielded a residue iron content of
59.26% at 60 min due to low reaction efficiency
and the presence of pyrite in the residues. Adding
siderite, hematite, and goethite significantly
increased the iron content in the residues. For
example, iron contents of 72.44%, 72.28%, and
70.46% in residues from adding siderite, hematite,
and goethite were obtained at 60 min, respectively.
Furthermore, adding siderite, hematite, and goethite
also resulted in 72.44%, 70.38%, and 66.86% Fe in

@*30 min

aluminate solution (NaxOx: 230 g/L; ax: 3.0) at 260 °C

W @) 60 min
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residue after 45 min. These results confirm that
siderite promotes pyrite reaction in the sodium
aluminate solution more effectively than hematite
and goethite, suggesting that efficient iron recovery
from the red mud can be achieved through
self-oxidation during digestion. This provides a
novel approach for simultaneously recovering iron
from the red mud and removing sulfur from Bayer
liquor in high-sulfur bauxite.

4.5 Effect of
morphologies of residues after digestion

To better understand the effects of iron-bearing
minerals on the reaction efficiency of pyrite and
iron content in the residues, the morphological
changes in the residues after digestion were
discussed.
4.5.1 Morphology of residues from pyrite without

iron-bearing minerals

The SEM images (Figs. 9(a—d)), EDS mapping
(Figs. 9(e—g)), and elemental distribution (Fig. 9(h))
of the residues are presented in Fig. 9. No apparent
changes in particle size (less than 15 um) were
observed on the surface of residues at 15 min
(Fig. 9(a)). After 30 min, Fe3O4 particles (Spots 3#
and 4#) began to appear (Fig. 9(h)) and by 45 min,
many Fes;O, particles had agglomerated into coarse
particles (Figs. 9(c, d)). These coarse particles,
wrapped in Fe;O4 (Spot 5#), possibly inhibited the
pyrite reaction, as indicated by 55.46% of reaction

iron-bearing minerals on

0) 60 min

B) 60 min wt.%

0 Fe S
% 35 439 526
24 244 436 320
3# 338 662 0
4 412 588 0
sS4 361 639 0
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efficiency shown in Fig. 4 and the 53.6% pyrite in
the residues shown in Fig. 7.

Based on the E—pH diagram of the Na—S—Fe—
H,O system [29], the conversion of pyrite to Fe;O4
and HFeO, is advantageous. The S? and Fe(II) ions
in the solution promoted the formation of Fe;Os, as
shown in Table 1 and Fig. 3. Furthermore, Fe(Il) in
the sodium aluminate solution readily converts to
Fe(Ill), generating H,. The coexistence of Fe(Il)
and Fe(Ill) further promotes magnetite formation
from pyrite (Reaction (7) in Table 1).

4.5.2 Morphologies of residues from pyrite with
siderite addition

The addition of siderite resulted in the
formation of numerous erosive holes, each less than
2 pum in diameter, on the surface of pyrite at 15 min
(Fig. 10(a)), in contrast to the morphologies of
residue from pyrite in Fig. 9. These rich holes in the
pyrite particles generated a porous surface with a
large specific surface area, thereby facilitating the
pyrite reaction and promoting ionic diffusion. The
formation of these erosive holes is attributed to

electrochemical corrosion, likely induced by the
low concentrations of Fe(Ill) (Fig. 6) reacting with
S5~ on the pyrite surface. As the reaction progressed,
a significant number of Fe;Os particles were
observed covering the pyrite (Spot 5#, Fig. 10(d)).
After 45 min, pyrite was transformed into magnetite
(Fig. 10(c)).

In alkaline solutions, CO3 can form soluble
iron-carbonate complexes (Fe(CO3); ) in dilute
alkaline solutions at normal temperatures, whereas
Fe(Il) and Fe(Ill) hydroxocomplexes in the form of
soluble Fe(OH), and Fe(OH), are readily formed
from Fe(CO3);” in concentrated alkaline solution
[30]. Fe(Il) may also exist as HFeO, [31].
Consequently, when siderite reacts rapidly with
OH", some Fe(Il) ions are oxidized to Fe(Ill),
accompanied by the release of CO; and H,
(Reaction (9) in Table 1). Subsequently, magnetite
is generated. The high reaction efficiency of pyrite
with the addition of siderite can be attributed to the
synergistic contribution of soluble iron-bearing
complexes and electrochemical corrosion.

0,
Shot wt.%
Fe S
1# 3.1 49.1 478

2# 441 559 0
3# 422 578 0
4 244 53.6 22.0
St 41.1 589 0

Fig. 10 SEM images (a—c) and elemental distribution (d) of residues from pyrite after siderite addition in sodium

aluminate solution (Na,Ox: 230 g/L; ax: 3.0) at 260 °C
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4.5.3 Morphologies of residues from pyrite with
goethite and hematite addition

The morphologies of the residues after pyrite
digestion with the addition of goethite are shown in
Figs. 11(a—d). Numerous fine, spiculated goethite
particles were attached to the surface of the pyrite
particles, as shown in Fig. 11(a). Similarly, erosive
holes with a diameter less than 5 pm were observed
on the surface of pyrites at 30 min, resulting from
electrochemical corrosion. However, the number of
holes was fewer than that observed with siderite
addition, as shown in Fig. 10. The addition of
goethite also promoted the formation of hematite
and magnetite. After 60 min, goethite was no longer
observed, whereas octahedral magnetite was clearly
present (Area 1). This finding suggests that multiple
mechanisms occur after adding goethite into the
solution, including the transformation of pyrite into
magnetite, goethite into magnetite, and goethite into
hematite.

Similarly, after the addition of hematite
(Figs. 11(e—h)), rich erosive holes with a diameter
of less than 3 um were also clearly observed on the
surface of pyrite (Fig. 9) at 30 min compared to pits
after adding goethite in Fig. 11(f), possibly through
readily reacting between pyrite and hematite from
electrochemical corrosion. From Fig. 11(g), large
hematite and magnetite particles were formed.
Octahedral magnetite coexisted with a small

amount of hematite after 60 min, as observed in
Fig. 11(h) (Area 2). These results suggest that
HFeO,, predominantly formed by reactions with
hematite, facilitates the formation of magnetite
(Reaction (13) in Table 1).

Therefore, Fe(Ill) in goethite and hematite, as
well as Fe(Il) from siderite oxidized to Fe(Ill),
accelerating the pyrite reaction in the sodium
aluminate solution through self-oxidation between
Fe(Ill) and S; in FeS,, leading to rapid magnetite
formation. Electrochemical corrosion generates
porous pyrite enriched with erosive holes, further
accelerating the pyrite reaction. Furthermore, the
number of erosive holes in pyrite follows the order
of siderite > hematite > goethite, consistent with the
reaction efficiencies shown in Fig. 4.

4.6 Effect of iron-bearing minerals on reaction

kinetics of pyrite

To further investigate the effect of iron-bearing
minerals on the pyrite reaction in the sodium
aluminate solution, kinetic models were developed
based on nearly constant particle size before
and after the reaction (Figs.2,9—11), and the
concentrated nature of the sodium aluminate
solution. Kinetic models were explored from data in
Fig. 4 using the surface chemical reaction model
(Eq. (3)) and the Kroger and Ziegler model (Eq. (4))
[32], and the results are shown in Fig. 12. Tables S2

Fig. 11 SEM images of pyrite residues after addition of goethite (a—d) and hematite (e—h) in sodium aluminate solution

(NaxOx: 230 g/L; ox: 3.0) at 260 °C
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Fig. 12 Effect of iron-bearing minerals on kinetic models of pyrite in sodium aluminate solution (Na;Ox: 230 g/L,

ox: 3.0)

and S3 in SM present the apparent rate constant £,
and correlation coefficient R%.

The kinetic equations can be rewritten as
Egs. (3) and (4):

kt=1~(1-a)" 3)
K =[1-(1-a) " )

where ¢ is the reaction time, and a is the reaction
extent of pyrite.

As shown in Fig. 12(a) and Tables S2 and S3
in SM, the reaction kinetics of pyrite in the sodium
aluminate solution were consistent with the surface
chemical reaction model. This suggests that the
reaction of pyrite in the sodium aluminate solution
is predominantly controlled by chemical reaction
[33] within the temperature range of 220—280 °C.
Therefore, the reaction of pyrite is mainly
temperature-dependent, as shown by the reaction
efficiency in Fig. 4.

In contrast, when siderite, goethite, and
hematite were added, the reaction kinetics followed
the Kroger and Ziegler model (Figs. 12(b—d)),
demonstrating that the reactions of pyrite in the
sodium aluminate solution are controlled by both
interfacial diffusion and chemical reactions. This
change is attributed to the occurrence of
electrochemical corrosion and the enlarged specific
surface area resulting from the formation of erosive
holes.

To elucidate the effect of iron-bearing minerals
on the reaction mechanism of pyrite, the
relationship between Ink and 1/T is plotted in
Fig. 13 using the Arrhenius equation (Eq. (5)).
k=Aexp[E/(RT)] (5)
where A is a constant, T is the temperature, and E, is
the apparent activation energy.

Without the addition of iron-bearing minerals,
the apparent activation energy of the pyrite reaction
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Fig. 13 Relationship between Ink and 1/7 based on

Arrhenius equation

was 90.1 kJ/mol, consistent with the results from
Fig. 12 controlled by the surface chemical reaction.
However, after adding siderite, goethite, and
hematite, the reaction apparent activation energies
decreased significantly to 18.5, 24.8 and 5.9 kJ/mol,
respectively. This significant reduction in the
apparent activation energies proves that the addition
of iron-bearing minerals promotes the pyrite
reaction, which aligns well with the results in
Figs. 4 and 5 as well as the morphological changes
shown in Figs. 10 and 11. The reduction is
primarily attributed to electrochemical corrosion
and the enlarged specific surface area resulting
from erosive holes, which facilitate the diffusion of
HFeO, and other ions.

4.7 Self-oxidation mechanism between pyrite
and iron-bearing minerals in bauxite
Because pyrite and iron-bearing minerals

(a) Electro-chemical

reaction FeOOH

tro—chcmical
reaction

generally coexist in bauxite, self-oxidation occurs
during digestion by the Bayer process, facilitating
the removal of sulfur from the solution and iron
recovery from the red mud. The reaction
mechanism between pyrite and iron-bearing
minerals during Bayer digestion is shown in
Fig. 14.

Pyrite reacts with sodium aluminate solution to
generate S? and other sulfur anions, along with
Fe(ll). Only a small amount of Fe(Il) was
transformed into Fe(Ill), leading to limited
electrochemical reactions, and minimal erosive hole
formation. When goethite and hematite are added,
Fe(Ill) from the iron-bearing minerals reacts with
Sy in pyrite through electrochemical corrosion and
oxidation, generating a porous surface enriched
with  erosive holes and improving the
concentrations of S,03, SO and SO; with
increased Rs. Meanwhile, Fe(Il) from siderite
rapidly converts to Fe(Ill), releasing H, in the
sodium aluminate solution at high temperatures.
This results in electrochemical corrosion on the
surface of pyrite, generating rich erosive holes. The
altered reaction route and improved ion diffusion
both accelerate the reaction of pyrite with a low
apparent activation energy and promote magnetite
formation. Additionally, HFeO, and Fe(COs3); both
contribute to the high reaction efficiency. The
formation of S,0;, SO; and SO;, along with
magnetite, supports through
desilication and iron recovery from the red mud.
However, the role of electrochemical corrosion in

sulfur removal

forming erosive holes warrants further investigation.

S,0%"

Fe(Tl) Fe(ll)+Fe(lll) “
R
Fe(1l)

Fe(lll)icw FC3O4

== Fe(CO3)3
3 '.' 827
O s 02 Fe(ID+Fe(l)
b Xy —>

Fe(1l)

Fig. 14 Schematic of self-oxidation reaction between pyrite and iron-bearing minerals
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5 Conclusions

(1) Both Fe(Il) and S?>~ were the predominant
species occurred in the sodium aluminate solution
following pyrite digestion at high temperatures. The
addition of siderite, goethite, and hematite raised
the concentration of S*°, Sy, Fe(Il) and Fer in
solution, as well as the increased concentration of
S,037, SO; and SO; .

(2) Siderite, goethite and hematite significantly
enhanced the pyrite reaction efficiency in the
sodium aluminate solution. Meanwhile, siderite and
hematite generated nearly 100% magnetite with
more than 72% iron from pyrite at 260 °C for
60 min. Furthermore, these iron-bearing minerals
promoted the formation of erosive holes on the
pyrite surface through electrochemical corrosion.

(3) The pyrite reaction in the sodium aluminate
solution followed the surface chemical reaction
model. However, the porous pyrite surface,
resulting from electrochemical corrosion, caused
the reaction to follow the Kroger and Ziegler
model, where interfacial diffusion and chemical
reactions governed the process after adding siderite,
goethite, and hematite.
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