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Bayer red mud (RM) is an alumina refinery waste product rich in aluminum oxides and alkalis which are
present primarily in the form of sodium hydro-aluminosilicate desilication product (DSP). A hydrothermal
process was employed to recover alumina and alkali from “Fe-rich” and “Fe-lean” RM, the two represen-
tative species of RM produced in China. The hydrothermal process objective phase is andradite-grossular
hydrogarnet characterized by the isomorphic substitution of Al and Fe. Batch experiments were used to
evaluate the main factors influencing the recovery process, namely reaction temperature, caustic ratio
(molar ratio of Na;O to Al 05 in sodium solution), sodium concentration and residence time. The results
revealed that the Na;O content of 0.5 wt% and A/S of 0.3 (mass ratio of Al;03 to SiO,) in leached residue
Hydrothermal process could be achieved with Fe-rich RM under optimal conditions. However, the hydrothermal treatment
Alumina of Fe-lean RM proved less successful unless the reaction system was enriched with iron. Subsequent
Alkali experiments examined the effects of the ferric compound’s content and type on the substitution ratio.
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1. Introduction

As the world leader in alumina production, China’s 23.79 million
tonnes comprised nearly one-third of the global alumina output of
71.37 million tonnesin 2009 [1]. Bayer red mud (RM)is a solid waste
produced during the process of extracting alumina from bauxite.
Producing 1 tonne of alumina generates 1-1.5 tonnes of RM [2],
depending on the quality of the source bauxite and the efficiency
of the alumina extraction processes. It is standard practice to store
this RM on land near the alumina refinery [3]. In 2009 China gen-
erated approximately 30 million tonnes of RM. Such large areas
of land occupied by the solid waste storage not only carry a high
financial cost but also present a significant contamination risk for
neighboring communities, the local water supply, and any down-
wind areas. Responsibly managing these rapidly expanding solid
waste stockpiles has become a serious problem for China.

Most alumina produced commercially from bauxite is obtained
via the Bayer process [4]. The usual chemical compositions (% by wt)
of RM resulted from Bayer process are Al,03, 18-25; Na,0, 8-12;
SiO,, 15-20; and TiO,, 2-5 [5,6]. Fe;03 and CaO are also present
but their proportions vary greatly depending on the bauxite ore
and leaching condition. Some alumina and alkali are lost during
the Bayer leaching process when they combine with the silicon in
bauxite to form DSP [7], an insoluble solid and the primary compo-
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nent of RM. RM’s high alkalinity and the plentiful alumina fixed in
its DSP make it a very attractive target for resource recovery efforts.

The DSP formed during the Bayer process takes two structures,
sodalite and cancrinite [8]. The stoichiometry of sodalite and can-
crinite has been reported as Nag[AlgSigO24]-NayX-nH,0, where X
represents a variety of inorganic anions, most commonly CO32-,
S042-, 2CI-, 20H~ or 2NO3~ [9]. Hence, the theoretical method
for recovering alumina and alkali in RM was to destroy the struc-
ture of sodalite or cancrinite and to generate a new crystal phase
lean in alumina and alkali. Following this guideline, the hydro-
chemical process proposed firstly by Ablamoff[10] was an effective
method. Zhong et al. [11] went on to improve the reaction condi-
tions and succeeded in recovering 87.8% of the Al,03 and 96.4%
of the Na, O in RM. To recover alumina the hydrochemical process
initially transforms DSP into NaCaHSiO4. The NaCaHSiO4 is then
hydrolyzed to recover alkali. Though highly effective, this process
requires two steps and the management of sodium concentrations
as high as 35% Na,O solution [11]. The hydrothermal process is
relatively moderate. Cresswell and Milne [12] indicated that the
hydrothermal process could achieve recoveries of 70% Al,03 and
95% Na,0 under only 10-20% Na,O solution and temperatures of
260-300°C. Furthermore, the alumina and alkali could be recov-
ered simultaneously in only one leaching step via the formation of
silicate hydrogarnet.

The general chemical formula for silicate hydrogarnet is
{X}3[Y]2(Si04)3_x(04H4)x, where X and Y are cations [13]. X, Y
and Si denote dodecahedral, octahedral and tetrahedral coordina-
tion relative to O, respectively [14]. The structure has the space
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Table 1
Chemical compositions of RM (wt%).
Na,0 Al 03 Fe, 05 SiO, Ca0 TiO, AlS
Fe-rich RM 10.46 21.49 22.13 18.46 6.89 3.14 1.16
Fe-lean RM 8.22 23.80 6.46 18.97 18.00 5.16 1.25

group Ia3d and all cation positions are fixed by symmetry [15]. Its
structure has been described as one of the considerable chemical
compliance which can accommodate a wide variety of elements.
These site occupancies involve Na, Mg, Ca and so on in X-site; Al,
Fe, Mg, Ti and so on in Y-site [16]; and the mutual substitution
of (Si04)*~ and (04H4)*" [17,18]. Consequently, many species of
silicate hydrogarnet with isomorphic substitution always exhibit
extensive solid solution.

The silicate hydrogarnet reported in the hydrothermal pro-
cess has the chemical formula Cas[Al,Fe],(SiO4)3_x(04Hg)x, which
occurs with the isomorphic substitution of Al and Fe [19]. This
silicate hydrogarnet is the solid solution of andradite-grossular
hydrogarnet, of which prototypes are CasFe,(SiO4)3_x(O4H4)x
and Ca3Aly(SiOq)3_x(04Hy)x, respectively. Obviously, andradite
hydrogarnet contains no sodium theoretically, and little aluminum
depending on the extent of iron substitution. Hence, it is a kind of
ideal phase of the residue in alumina production.

Zoldi et al. [19] and Li et al. [20] investigated the generation
of silicate hydrogarnet during the digestion of bauxite. Owing to
the addition of lime, the sodium content in RM decreased signif-
icantly. However, because it was restricted by the Bayer process’
caustic ratio (molar ratio of Na,O to Al,O3 in sodium solution),
the extent of iron substitution proved undesirable and lead to
the A/S RM ranging from 0.71 to 1.53 [20]. Here again, treating
RM via silicate hydrogarnet generation through the hydrothermal
process is promising because of the distinct difference in caustic
ratio between the hydrothermal and Bayer processes. Cresswell and
Milne [12] and Solymar et al. [21] achieved ideal results when treat-
ing RM by the hydrothermal process. However, their work did not
account for the real-world heterogeneity of RM, which typically has
a widely varying chemical composition and characterization due to
the bauxite ore used and leaching conditions.

Bauxite is composed of one or more aluminum hydroxide min-
erals, including primarily gibbsite, boehmite and diaspore. There
are also other compounds such as hematite, goethite, quartz,
rutile/anatase, kaolinite and other impurities in minor or trace
amounts. China is abundant with bauxite reserves mainly in the
form of diaspore. The Bayer process has been successfully applied
in China for local diaspore ore, as well as in more and more plants
for imported gibbsite-bauxite from Indonesia, Australia, Vietnam,
and others [3].

Extraction from diasporic-bauxite requires higher temperatures
and sodium concentrations than those needed for gibbsite and
boehmite. Moreover, Chinese bauxite samples are iron-poor com-
pared with ores from Australia and Indonesia [3]. These differences,
coupled with the fact that just over half of the bauxite processed
in China in 2008 was imported, have led to the existence of two
distinct kinds of RM in China.

In this paper, the two aforementioned kinds of RM were run
through the hydrothermal process to determine the effect RM
species has on the formation of silicate hydrogarnet. In addition,
the iron content and type in RM with respect to the replacement
of silicate hydrogarnet in the case of aluminum and iron were
also researched. Owing to the uncertainty of the formula of garnet
[16,22], end-member minerals were used to define garnet compo-
nents. Following the characteristics of an end-member described
by Hawthorne [22], three crystal phases were selected according
to their XRD patterns to define the solid solution of andradite-
grossular hydrogarnet in this study.

2. Experiment
2.1. Raw materials

In this study, the two predominant kinds of RM found in China
were subject to experimentation - Fe-rich and Fe-lean RM sourced
from Shandong and Henan Province, China, respectively. The Fe-
rich RM was generated from imported gibbsite-bauxite by the
orthodox Bayer process, while the Fe-lean RM was generated from
local diaspore-bauxite by the improved Bayer process. Their chem-
ical compositions are shown in Table 1.

According to the XRD pattern shown in Fig. 1, the identified
mineral phases of DSP are 1.08Na;0-Al,03-1.68Si0,-1.8H,0 and
Nag(AlSiO4)g(OH),-4H,0 - both of them belong to sodalite. In
Fe-rich RM, iron appears in the form of hematite and goethite,
while it takes the form of andradite-grossular hydrogarnet
CaszAlFe(SiO4)(OH)g in Fe-lean RM owing to the higher tempera-
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Fig. 1. XRD patterns of Fe-rich RM (a) and Fe-lean RM (b).
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sodalite: Na,AlSi.0, (OH),(H,0),
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Fig. 2. XRD pattern of synthetic sodalite.

ture and sodium concentration during digestion. In RM, Ti always
exists in the form of calcium-titanium compounds [23]. However,
no Ti-bearing compounds are scrutinized in the XRD patterns.

These two kinds of RM were prepared for 24 h in an oven at
80°C, and then grinded to sieve for 100 mesh.

Sodalite was synthesized in this study in order to investigate
the phase transition. The synthetic was acquired from analytically
pure samples of chemical reagents NaOH, Al(OH)3, Na;SiO3-9H,O0,
and Ca(OH),.

A 21high-pressure autoclave fitted with an external heater and
an internal cooling system was used to synthesize sodalite. The
autoclave is protected by a nickel vessel from corrosion due to the
high alkali solution. An automatic proportional, integral and deriva-
tive (PID) control system managed the heating rate, agitation, and
temperature of the autoclave.

According to the operating conditions of bauxite digestion,
the synthesis of sodalite was carried out at 200°C for 2h in the
autoclave. The sodium aluminate solution was prepared by Na,O,
196 gpl and caustic ratio 1.5. And then reagent Na,SiO3-9H,0 was
added into solution to make the calculated concentration of SiO,
(assuming that SiO, dissolves in solution entirely) reach 150 gpl.
Table 2 shows the synthetic solid’s chemical composition and Fig. 2
displays its XRD pattern. The synthetic solid was ground and sieved
through 100 mesh for subsequent use.

2.2. Experimental operations

The study was composed of two parts: (a) The hydrothermal
process was applied to Fe-rich and Fe-lean RM at various leaching
temperatures, sodium concentrations, caustic ratios and residence
times to explore the recovery rates of alumina and alkali as well as
the differences in DSP to silicate hydrogarnet transformation. (b)
The influence of iron content on recovery rates was analyzed by
adding ferric compound to synthesized sodalite. The effect of the
ferric compound’s type was also researched.

These experiments were carried out in 200 ml parr autoclaves
with pure nickel protective linings. These parr autoclaves were
fixed inside a temperature and rotation speed controlled incuba-
tor. After reaction, the slurry was filtered and then twice washed

Table 2

Chemical compositions of synthetic sodalite.
Composition Na,0 Al, 03 Si0,
Content (Wt%) 20.24 21.06 25.45
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Fig. 3. Na,O content in leached Fe-rich RM as a function of sodium concentration.

with deionized water at 80 °C for 10 min before finally being dried
for 10h in an oven at 80°C. The leached residues were sub-
jected to X-ray diffraction (X'Pert Pro MPD of Panalytical Company,
40KkV, 30mA, Cu Ka as X-ray source) for identification of crys-
talline phases. The chemical components of the leaching liquor
and leached residues were analyzed by ICP-OES (Optimal 5300DV
of PerkinElmer Instruments, 1300 W, carrier gas flow 0.081/min,
peristaltic pump flow 1.5 ml/min).

The main test parameters for the hydrothermal treatment of RM
are as follows:

Temperature: 200-280 °C.

Sodium concentration (as Na,0): 196-433 gpl

Initial caustic ratio: 5-infinity.

CaO dosage, CaO-to-SiO, mole ratio in RM: 1.5 (including the CaO
in RM).

Residence time: 20-240 min.

Liquid-to-solid mass ratio: 8.

3. Results and discussion
3.1. Hydrothermal process for Fe-rich and Fe-lean RM

3.1.1. Dealing with Fe-rich RM

3.1.1.1. Effects of sodium concentration and temperature. These
experiments were carried out at caustic ratio 20, residence time 2 h
with various sodium concentrations and temperatures. Figs. 3 and 4
show the fluctuation of NayO content and A/S in leached RM
as sodium concentration increases. The Na,O content and A/S
decreased monotonically as temperature increased, with high tem-
perature markedly enhancing the extraction of alumina and alkali.
The variation trend of Na,O content versus sodium concentration
can be neatly divided into two parts according to operating tem-
perature. While changing little at relatively low temperatures (200,
240°C), Na, O content decreased slowly before rapidly increasing
at relatively high temperatures (260, 280 °C).

A/S in leached residue only changed slightly across various
sodium concentrations. The alumina content decreased gradually
as temperature increased, ultimately reaching 5wt% at 280°C as
listed in Table 4. The A/S in leached solution decreased with sodium
concentration or temperature increasing. These observations are
explained by the fact that the solubility of silicon increases with
increasing sodium concentration and temperature [8], a relation-
ship which results in only the fluctuation of A/S recorded in both
leached residue and solution.
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Fig.4. A/S in leached Fe-rich RM as a function of sodium concentration.
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Fig. 5. XRD patterns of leached Fe-rich RM after leaching at sodium concentration
324 gpl and different temperatures: (a) 200°C, (b) 240°C, (c) 280°C.

Based on the results above, it is under the conditions of
280°C and Na,0 283-362gpl that the Na,O content and A/S in
leached residue can reach minimum, approximately 0.5 wt% and
0.3, respectively.

3.1.1.2. Analysis of phases. Figs. 5 and 6 show several XRD pat-
terns from these experiments. The silicate hydrogarnet generated
in the reaction appears as Cas(Fegg7Alg.13)2(Si04)1.65(0H)5.4 (1#)
and CasAlFe(SiO4)(OH)g (2#). The PDF (Powder Diffraction File)
numbers for these XRD patterns are 87-1971 and 32-0147, respec-
tively. Owing to their isomorphic structure, it is difficult to discern

Table 3

A Caa(Feo e7A|013)2(Si04)1 ss(OH)sA
B: Ca AlFe(SiO,)(OH),

D:Fe,0,

E: NaCaHSiO,

D
A B
A

209

Fig. 6. XRD patterns of leached Fe-rich RM after leaching at 280°C and different
sodium concentrations: (a) 196 gpl, (b) 324 gpl, (c) 433 gpl.

the difference between them. However, the leached RM'’s A/S val-
ues listed in Tables 3 and 4 fall in between those of 1# (0.134) and
2# (0.850). This confirms that the andradite-grossular hydrogar-
net in leached Fe-rich RM is the solid solution of 1# and 2#, which
are taken as end-member components. Sodalite transforms into
cancrinite when exposed to high temperature. The cages of can-
crinite’s 12-membered ring channels prefer larger cations [24] and
thus preferentially select Ca2* over two Na*s when the former is
present in solution as shown in Fig. 5. The final product in this case
is Na5[AIGSi6024]-2CaC03-nH20 [4]

Fig. 5 shows the effect of various temperatures. The Na,O con-
tentand A/S trends are indicated by the XRD patterns. The relatively
high level of Na,O content and A/S at 200 °C is due to the existence
of cancrinite NagCayAlgSig0,4(C03)2-2H, 0. The cancrinite had dis-
appeared by 240 °C, having transformed into 1# and 2# with Fe;Os3.
Andradite-grossular hydrogarnet was the main crystal phase at
each temperature. As temperature increased, its peaks strength-
ened due to the gradual reduction of A/S and the corresponding
rising proportion of 1# grown in the leached RM.

Fig. 6 shows the influence of various sodium concentrations.
When sodium concentrations were 196 gpl and 324 gpl, the crystal
phases were mainly 1# and 2#. When entering the hydrochemi-
cal method region at 433 gpl, NaCaHSiO4 emerged. At this point,
the content of Na,O increased and that of Al,03 began a continu-
ous decline. It is noteworthy that 1# and 2# were still present at
433 gpl, despite having entered the hydrochemical method region.
Their presence makes it clear that the variation of Na,O and A/S
essentially depends on the crystal phase change.

3.1.1.3. Effect of caustic ratio. The caustic ratio’s effect was also
investigated. In accordance with the conditions discussed above,
experiments were carried out at 280°C, Na,0 283 gpl, and a resi-

Chemical compositions of leached Fe-rich RM at various sodium concentrations and the A/S in leached solution? (wt%).

Na,0 Al, 03 Fe, 03 Si0, Ca0 TiO, AlS A/S in leached solution
196 gpl 1.16 6.79 21.39 18.23 28.89 3.46 0.373 42.83
283 gpl 0.49 5.55 2244 18.73 30.39 3.63 0.297 20.82
324¢gpl 0.44 5.69 23.33 19.02 34.07 3.70 0.299 20.65
362 gpl 0.48 5.08 23.09 17.62 30.74 3.71 0.288 14.46
433 gpl 3.01 4.59 23.54 13.10 28.71 3.76 0.350 12.40

2 Reaction at 280°C.
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Table 4

Chemical compositions of leached Fe-rich RM at various temperatures and the A/S in leached solution® (wt%).

Na,0 Al,03 Fe, 03 Si0, Ca0 TiO, A/lS A/S in leached solution
280°C 0.44 5.69 2333 19.02 34.07 3.70 0.299 20.65
260°C 1.54 7.81 21.38 16.77 27.50 3.40 0.466 36.25
240°C 3.65 11.11 20.28 15.40 26.73 3.13 0.722 48.32
200°C 443 12.89 18.92 14.25 23.51 2.83 0.905 51.27
2 Reaction at Na,0 324 gpl.
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Fig. 7. Na,O content and A/S in leached Fe-rich RM as a function of caustic ratio.

dence time of 2 h. The results are shown in Fig. 7. As the caustic ratio
increased from 5 to infinity over the course of 2 h, the leached RM’s
Na, O content and A/S were observed to decrease from 3.23 wt% to
0.90 wt% and from 0.96 to 0.26, respectively.

Despite its effectiveness in recovering alkali and alumina from
RM, acquisition of a suitably high caustic ratio solution for indus-
trial manufacturing remains difficult. The use of an inappropriately
low caustic ratio solution would lead to unacceptable Na, O content
and A/S results. Overall, this research made use of solutions with a
caustic ratio of 20.

3.1.1.4. Effect of residence time. The experiments were performed
under the conditions which were 280 °C, Na, 0 324 gpl, caustic ratio
of 20. The residence time was taken at the range from 20 min to
240 min. The results are plotted in Fig. 8 and the chemical compo-
sitions are displayed in Table 5.

From Fig. 8, it is obviously observed that the Na,O content and
A/S in leached RM decreased rapidly within the residence time
ranging from 20 min to 120 min, whereas they changed slightly
when residence time was over 120 min. Hence, 2h of residence
time was selected for other experiments as one optimal variable.
In addition, the Na;O content in Fe-rich RM decreased from ini-
tial 10.46 wt% to 3.09 wt% in 20 min reaction. The extraction of
alkali went faster than that of alumina. This phenomenon can be
explained by their XRD patterns shown in Fig. 9.

As the XRD patterns after 2 h are the same as that at 2 h, Fig. 9
just shows the XRD patterns from 20 min to 120 min. As Fig. 9

20 40 60 80 100 120 140 160 180 200 220 240
time (min)

Fig. 8. Na,O content and A/S in leached Fe-rich RM as a function of residence time.

Al CaS(Feﬁ 87A|0 13)2(Sio4)1.86(OH)5.4 D: Fe203

B B: Ca AFe(SI0JOH),  G: Nay0a AlS1,0,,(C0,),+2H0

Fig.9. XRD patterns of leached Fe-rich RM after leaching at 280 °C, Na, 0 324 gpl and
different residence times: (a) 20 min, (b) 40 min, (¢) 60 min, (d) 90 min, (e) 120 min.

showed, in 20 min, sodalite had totally disappeared, cancrinite with
weak peaks and silicate hydrogarnet with sharp and strong peaks
formed. It explained the Na,O content decreased sharply in ini-
tial 20 min. In addition, the early formed silicate hydrogarnet was

Table 5
Chemical compositions of leached Fe-rich RM at various residence times (wt%).
Na, 0 A1203 Fe,03 Si02 Cao TiOZ A/S

20 min 3.09 17.22 13.91 18.40 25.04 2.98 1.239
40 min 3.83 15.94 13.76 18.05 25.15 292 1.158
60 min 241 13.24 15.03 20.96 29.49 332 0.881
90 min 0.61 8.35 14.68 20.16 29.10 3.14 0.569
120 min 0.43 6.74 18.16 21.42 31.07 3.44 0.371
180 min 0.41 6.32 17.83 21.32 30.83 335 0.354
240 min 0.36 6.39 18.13 20.92 30.75 341 0.352
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Table 6
Chemical compositions of leached Fe-lean RM at various sodium concentrations (wt%).
NaZO A1203 Fe203 Si02 Ca0 Ti02 A/S
283 ¢gpl 1.65 15.01 5.20 13.50 38.12 4.20 1.112
324¢gpl 3.30 12.49 5.21 15.11 35.54 3.92 0.827
362 gpl 4.84 8.64 6.12 15.83 36.43 4.26 0.546
B B: Ca,AlFe(SiO,)(OH), B
C . " A
\E E C: Ca, Al oSig 60;.59(OH)g 44 A: Ca,(Fe Al ,.),(SiO,), «(OH),,
E E: NaCaHSsio ' ’
B : 4 B: Ca,AlFe(SiO,)(OH),
H: Ca(OEH)z B D: Fe,0,
A D
B
A
B
A
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Fig. 10. XRD patterns of leached Fe-lean RM residue after leaching at 280°C and
different sodium concentrations: (a) 283 gpl, (b) 324 gpl, (c) 362 gpl.

mainly grossular hydrogarnet. As reaction proceeded, the hematite
peaks got weaken and peaks of garnet got diffuse. It indicated iron
gotinto hydrogarnet to substitute for aluminum and the proportion
of andradite in silicate hydrogarnet enhanced. Finally, it formed an
andradite-grossular hydrogarnet in which andradite took the main
part.

Based on the results above, the optimal reaction conditions are
280°C, Nay0 283-362 gpl, caustic ratio 20 and residence time 2 h
which was used for the most following reactions.

3.1.2. Dealing with Fe-lean RM

3.1.2.1. Effectofsodium concentration. Fe-lean RM was subjected to
three experiments under the optimal conditions identified through
Fe-rich RM analysis. The Na,O content and A/S in leached RM were
much higher than those of leached Fe-rich RM, and decreased when
the sodium concentration increased as seen in Table 6.

3.1.2.2. Analysis of phases. This trend can be explained by their
XRD patterns shown in Fig. 10. The XRD pattern of crystal
phase Caj g3Alq.97(Sig402.56)(OH)g 44 (3#) is structurally isomor-
phic with 1# and 2#, and its XRD pattern resembles that of 2#. It
is believed that the 2# and 3# are the end-member components of
andradite-grossular hydrogarnetin leached Fe-lean RM. The substi-
tution ratio of iron on aluminum is much lower than that of Fe-rich
RM, i.e. grossular takes a large proportion of the hydrogarnet, which
keeps the A/S high. Decreases in ferric oxide favor the formation
of NaCaHSiO4. The XRD patterns show that, as sodium concentra-
tion increased, the peaks of 2# and 3# got weaken while those
of NaCaHSiO4 were enhanced. It is this reason why Fe-lean RM’s

20(°)

Fig. 11. XRD pattern of leached iron-enriched Fe-lean RM.

Na, O content and A/S are higher than those of Fe-rich RM despite
identical operating conditions.

3.1.2.3. Effect of iron addition. The greatest difference between the
two kinds of RM lies in the ferric oxide content. The experiment was
repeated with the addition of ferric oxide into the reaction system
from an external source in order to verify whether low ferric oxide
content was indeed the cause behind high Na,O content and A/S in
leached residue. Considering the alkali nature of the system, ferric
hydroxide was chosen for iron enrichment. Post-enrichment, the
Fe-lean RM sample’s iron content matched that of Fe-rich RM. This
experiment was carried out at 280°C, Na,O 324 gpl, caustic ratio
20 and residence time 2 h.

Post-enrichment, the Na,O content was 1.25wt% and A/S
reached 0.454, as shown in Table 7. The XRD pattern in Fig. 11
reveals the total disappearance of NaCaHSiO4 and the emergence
of sharp peaks of andradite-grossular hydrogarnet. The existence
of iron restrains the phase of NaCaHSiO4 and promotes the substi-
tution of iron on aluminum, both of which facilitate the decrease
of Na,O content and A/S in leached RM. Thus, iron’s crucial role
in the hydrothermal process is evident. By extension, Fe-lean RM is
not suitable for the hydrothermal process unless it is enriched with
iron before processing.

3.1.2.4. Blending of Fe-rich & Fe-lean RM. According to the dis-
cussion above, it is natural to consider enriching the Fe-lean RM
with the addition of Fe-rich RM. To test this, three experiments
were carried out with Fe-rich RM addition amounts of 40, 60 and
80 wt% of RM mixture. The reaction was under 280 °C, Na, 0 324 gpl,

Table 7

Chemical compositions of leached Fe-lean RM after adding ferric hydroxide (wt%).
Nazo A1203 FEZOg SiOZ CaO TiOZ A/S
1.25 5.94 21.24 13.09 31.60 4.58 0.454
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Table 8
Chemical compositions of leached Fe-lean RM with Fe-rich RM addition (wt%).
NaZO A1203 F8203 Si02 Cao TiOZ A/STM
40 wt% 3.14 9.94 13.64 17.25 26.31 4.35 0.576
60 wt% 2.38 8.97 16.53 17.62 26.07 411 0.509
80wt% 1.17 8.32 19.49 17.76 25.32 3.71 0.468
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Fig. 12. Effect of iron addition on Na,O content and A/S.

caustic ratio 20, residence time 2 h and the results are shown in
Table 8.

Table 8 shows the Na,O content and A/S in leached residue
decreased as Fe-rich RM amount increased. As expected, the Na,O
content and A/S are between the values of Fe-rich RM and Fe-lean
RM under the same reaction condition. Due to the relatively excess
iron in Fe-rich RM, the addition of Fe-rich RM promotes the extrac-
tion of alkali and alumina in Fe-lean RM to some extent. However,
in light that the Fe-lean RM is far from the Fe-rich RM from a geo-
graphical viewpoint in China, it is kind of impossible to blend the
two species RM for industrial application.

3.2. Effect of ferric compound content and type

3.2.1. Effect of ferric compound content

Having established that iron plays a critical role in the leaching
success of the hydrothermal method, it becomes necessary to scru-
tinize the effectiveness of different amounts of iron. To accomplish
this, synthetic sodalite was substituted for RM and six experiments
were conducted across a sodalite weight percentage range of 0-25.
Ferric hydroxide acted as the iron enrichment source for the alkali
reaction system. The reaction conditions were the same as those of
RM except the temperature was 260 °C and Nay0 324 gpl. In addi-
tion, in order to better simulate the components of RM, titanium
dioxide accounting for 4 wt% of sodalite by weight was added to
the system.

As Table 9 and Fig. 12 show, the Na,O content and A/S in
leached residue decreased as the amount of iron enrichment
increased, though enrichments past 20 wt% had little effect. Accept-

Fig. 13. XRD patterns of leached residue of sodalite with different degrees of iron
addition: (a) Owt%, (b) 10wt%, (c) 20 wt%.

able Na,0 content and A/S can conclusively be achieved through
the hydrothermal process provided that the iron content is suffi-
cient. Therefore the Chinese diaspore-RM, i.e. Fe-lean RM with an
iron content of 6-8 wt% Fe, 03, is not suitable for the hydrothermal
process unless there is an additional source of iron.

As shown in Fig. 13, with inadequate levels of iron, the DSP
was not decomposed in 2 h, and there was some NaCaHSiO4 and
andradite-grossular hydrogarnet. At 10 wt% iron content, the DSP
disappeared and the quantity of NaCaHSiO4 increased. Finally,
after increasing iron content to 20 wt%, NaCaHSiO4 disappeared,
with andradite-grossular hydrogarnet as the main phase, and some
Fe,03 emerged.

3.2.2. Effect of ferric compound type

Iron enrichment of Fe-lean RM is very efficient. However, the
type of the ferric compound in Fe-rich RM is uncertain, leaving
questions as to the propriety of enrichment with ferric hydroxide.
Further research into the type of RM’s ferric compounds is needed.

Goethite and hematite are the primary iron minerals present in
bauxite, though small amounts of magnetite, chamosite, ilmenite,
siderite and pyrite may also be present [19]. These minerals
decompose during the bauxite digestion process with the notable
exception of hematite. Goethite’s conversion into hematite in alkali
solutionsis well-documented [25,26], and some iron hydrogarnet is

Table 9
Chemical compositions of leached residue of sodalite with ferric hydroxide addition (wt%).
Na,O0 Al 03 Fe,03 SiO, CaoO TiO, AlS

owt% 9.32 23.40 0.00 21.00 26.29 4.86 1.114
5wt% 6.01 19.01 537 20.84 27.72 535 0912
10wt% 5.19 11.88 9.57 20.75 26.89 5.03 0.573
15wt% 2.55 9.12 16.64 18.58 26.98 4.86 0.491
20 wt% 1.77 7.50 22.45 18.19 24.08 5.02 0.412
25 wt% 1.87 7.56 27.81 17.16 22.49 4.61 0.441
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Table 10
Chemical compositions of leached residue with different ferric compounds addition (wt%).
NaZO A1203 F6203 SiOZ Cao Ti02 A/S
Fe, 05 10.11 19.09 13.50 18.29 19.92 0.00 1.04
Fe(OH)3 2.26 7.35 14.92 18.85 28.76 0.00 0.39
Table 11
Chemical compositions of leached residue with titanium dioxide addition (wt%).
Nazo A1203 Fe203 SiOz CaO TiOZ A/S
Fe,05 2.21 9.70 16.68 18.51 28.17 3.83 0.52
Fe(OH)3 1.96 8.39 15.45 19.24 27.79 4.32 0.44

typically generated by the improved Bayer process. The type of iron
in RM should therefore be hematite, iron hydrogarnet, and perhaps
some goethite which has not totally converted to hematite.

Excluding iron hydrogarnet as it is the target product, RM'’s
ferric compounds have two morphologies: goethite and hematite.
In this study, the reagents ferric hydroxide and ferric oxide were
used to represent goethite and hematite, respectively. The reac-
tion conditions were the same as those for RM experiments except
the temperature was 260°C, and the sodium concentration was
284 gpl. Iron enrichment constituted 15wt% of sodalite, and the
dosages of ferric compounds were both based on the molecular
formula of Fe;0s.

As Table 10 shows, the kind of ferric compound used for enrich-
ment significantly affects the leaching results. However, there is a
significant difference in between the results from the ferric oxide
enriched residue and ferric hydroxide enriched residue, and the
type of ferric compound in Fe-rich RM is hematite. It seems para-
doxical that the treatment results of Fe-rich RM are much better
than those of synthetic materials with ferric oxide.

The key difference between real RM and the synthetic substi-
tute is the presence of titanium compounds. To correct for this
deficiency, the experiments were repeated with the addition of
titanium dioxide accounting for 4 wt% of sodalite. The results are
shown in Table 11.

The addition of titanium improved treatment via ferric oxide
enrichment, while having no significant impact on the results of
ferric hydroxide enrichment. The XRD patterns of leached residue
with ferric oxide addition are shown in Fig. 14. In the absence of
titanium dioxide, the DSP was not decomposed within 2 h, while its

A: Ca Fe, Al ),(Si0,), (OH), , D: Fe,0,
B: Ca,AlFe(SiO,)(OH), E E: NaCaHSiO,
C: CaZ.QﬁIW 97(Si0.6402.56)(OH)9.44 F: NaSAIGSiGOZA(OH)Z(HZO)Z
E G: Na,Ca,AlSi,0,,(CO,),*2H,0
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Fig. 14. XRD patterns of leached residue of sodalite with ferric oxide addition: (a)
without titanium dioxide, (b) with titanium dioxide.

presence allowed the andradite-grossular hydrogarnet to become
the main phase.

Hematite is usually the main Fe-bearing phase for Fe-rich red
muds such as gibbsite RM. It is apparent that hematite, which could
not generate silicate hydrogarnet alone, can be effective with the
assistance of titanium. The 2-4 wt% of TiO, commonly found in RM
is enough to assist hematite in the formation of hydrogarnet. Tita-
nium dioxide can strongly restrain the transformation of goethite
to hematite [26], and titanium in alkali solution always combines
with calcium to form a series of calcium-titanium compounds [23].
However, it is uncertain whether the titanium compound works as
a catalyst or enters the structure of silicate hydrogarnet to facilitate
the generation of andradite-grossular hydrogarnet. The mechanism
of titanium’s assistance needs further study.

4. Conclusions

The hydrothermal process is feasible when dealing with Bayer
RM. Under optimal conditions, the Na,O content and A/S in leached
Fe-rich RM could reach 0.5 wt% and 0.3, respectively. Further, after
iron enrichment, the Na,O content and A/S of leached Fe-lean RM
can achieve the same levels as those of Fe-rich RM.

The objective phase in the hydrothermal process is andradite-
grossular hydrogarnet, which is created through the decomposition
of DSP to recover alkali and alumina. In this article, three end-
members of andradite-grossular hydrogarnet were used to describe
the substitution ratio of iron on aluminum. When the substitution
ratio is high, such as with Fe-rich RM, the hydrogarnet is composed
of Caz(Feg g7Alp.13)2(Si04)1.65(0H)s 4 (1#) and Ca3AlFe(SiO4)(OH)g
(2#). Similarly, for a low substitution ratio, such as with Fe-lean
RM, it is COITlpOSEd of 2# and Ca2,93Al1,97(Si0.6402‘55)(OH)9,44 (3#)
At the same time, the DSP cannot be decomposed within 2 h and
some NaCaHSiOy, the effective phase in the hydrochemical pro-
cess, emerges. This leads to both the Na,0 content and A/S in RM
remaining high.

Research was also carried out on the effect of ferric compound
content and type on the recovery of alumina and alkali by synthetic
materials. The Na,O content and A/S decrease continuously as the
amount of ferric compound increases until the ferric compound
accounts for 20 wt% of solid, after which no significant changes
occur. In addition, it was discovered that leaching from hematite,
as the main Fe-bearing phase in RM, requires the assistance of
titanium. The mechanism of assistance of the titanium compound
needs further research.
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