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Abstract: Red mud is a hazardous waste of alumina industry that contains high amounts of iron,
aluminum, titanium and REEs. One of the promising methods for the extraction of iron from red
mud is carbothermic reduction with the addition of sodium salts. This research focuses on the
process of hydrochloric high-pressure acid leaching using 10-20% HCI of two samples of
non-magnetic tailings obtained by 60-minute carbothermic roasting of red mud at 1300 °C and the
mixture of 84.6 wt. % of red mud and 15.4 wt. % Na250s at 1150 °C, respectively, with subsequent
magnetic separation of metallic iron. An influence of temperature, leaching duration, sol-
id-to-liquid-ratio and acid concentration on dissolution behavior of Al, Ti, Mg, Ca, Si, Fe, Na, La,
Ce, Pr, Nd, Sc, Zr were studied. Based on the investigation of the obtained residues, mechanism of
passing of valuable elements into the solution was proposed. It has shown that 90% Al, 91% Sc and
above 80% of other REEs can be dissolved under optimal conditions; Ti can be extracted into the
solution or the residue depending on the leaching temperature and acid concentration. Based on
the research results, novel flowsheets for red mud treatment were developed.

Keywords: red mud; bauxite residue; reduction roasting; sodium sulfate; magnetic separation;
alumina; high pressure acid leaching; hydrochloric acid; recycling; utilization

1. Introduction

Red mud is a solid waste generated during the extraction of alumina from bauxite
ores by the Bayer method [1]. At present time, the main treatment methods for red mud
include stockpiling by damming, direct sea-fill, and sea-fill after neutralization [2].
Globally, about 4 billion tons of red mud are currently stored [3,4]. The lack of efficient
processing technologies is the main reason why red mud is out of use and accumulated in
special sludge storage facilities, which have an adverse impact on the environment and
even have led to the technogenic catastrophe [3]. It has found that red mud is proved to
be a promising material for the obtaining of coagulants and can be used as an adsorbent
for heavy metals in wastewater; it can also be utilized in a wide range of catalytic appli-
cations [5], as well as for a production of various building materials [6].

The typical contents of valuable components in red mud such as Ti, Si, Fe, Na and Al
are 2-12%, 1-9%, 14-45%, 1-6% and 5-14%, respectively [7]. Moreover, red mud also
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contains a small proportion of rare-earth metals (REEs) in the range of 0.05-0.17% [8]. It is
important to note that Sc content in red mud is in the range of 0.013-0.039% [9] that is
quite significant. The actual composition of red mud depends on the bauxite mineralogy
and different technological parameters of the Bayer process [10]. Iron content in red mud
is comparable with poor iron ore [11] that is an important driver for research on the
processing of red mud.

Many processes were proposed for recovery of valuable components from red mud
[8,12,13]. In last years, there is a high interest for selective recovery of scandium [9,14,15].
Direct leaching processes using different lixiviants such as alkaline solutions [16,17], hy-
drochloric and sulfuric acids [18-24], organic acids [25,26] and ionic liquids [27,28] were
thoroughly investigated. However, the direct leaching methods are either non-selective
or ineffective for the extraction of titanium and REEs.

High content of iron in red mud is the main hindering factor for the extraction of
REEs from the solutions obtained by red mud acid leaching [28,29]. For this reason, the
most promising way for comprehensive recycling of red mud is combined pyro- and
hydrometallurgical methods with a recovery of iron by pyrometallurgical methods fol-
lowed by leaching of valuable components from the iron-depleted red mud [30]. The
main pyrometallurgical ways for iron recovery from red mud are reduction smelting and
carbothermic roasting with subsequent magnetic separation of reduced iron. The reduc-
tion smelting either requires high temperature and uses different fluxes such as CaO [31],
Si0z2 [32], CaO-5iO:z mixtures [29], Al2Os [33], or needs for preliminary extraction of alu-
mina [34] for the obtaining of slags with low viscosity and melting temperature. The
more favorable way is the carbothermic roasting — magnetic separation approach due to a
lower energy consumption compared with a reduction smelting. Many studies [35-40]
have shown that direct carbothermic roasting of red mud with different additions fol-
lowed by magnetic separation results in the obtaining of iron concentrates with about
95% of iron content at the temperatures below 1200 °C.

There are several studies describing leaching of valuable elements from tailings ob-
tained by carbothermic roasting of red mud with alkaline salts followed by magnetic
separation. Such two-step process followed by alumina extraction using alkaline leaching
was proposed for red mud treatment [41,42], but alkaline leaching of the tailings led to
the recovery only alumina and sodium without the extraction of other valuable elements.
It has shown [43] that the addition of sodium salts such as Na2COs and Na2SOs signifi-
cantly improves the recovery of Al, Fe, Ti and Si from the tailings by sulfuric acid leach-
ing at 30 °C.

The dissolution of silicon from red mud during an acid leaching can lead to for-
mation of silica gel, which causes significant difficulties for filtration of the leached solu-
tion [44], so different methods were proposed to avoid it. The comparative atmosphere
leaching of the tailings by different inorganic acids, namely, hydrochloric, nitric, sulfuric,
and phosphoric [45] has indicated that only phosphoric acid allows to achieve selective
removal of SiOz with substantial enrichment of Sc203 and TiO: in the residue. Suggested
two-step process includes SiO:2 extraction by phosphoric acid leaching followed by Al2Os
extraction from the residue by the leaching using sodium hydroxide. The other ap-
proaches, which allows to avoid silica gel formation, are high-pressure acid leaching
(HPAL) or using a high liquid-to-solid ratio [46]. The comparative study of the dissolu-
tion efficiency of the slags after red mud reduction smelting at atmosphere leaching and
high-pressure leaching using HCI and H2504 have shown that high-pressure hydrochlo-
ric acid leaching allows to extract more than 90% Al and above 95% Y, La, and Nd, as
well as up to 80% Sc with the co-dissolution of Si and Ti below 5% [29]. The use of hy-
drochloric acid for HPAL for the aluminum extraction in different high-silica materials,
e.g. coal ash [47], resulted in higher aluminum extraction compared with other mineral
acids [48].

Thus, a promising way for the extraction of valuable components from red mud is
the reduction roasting with obtaining of magnetic iron concentrate and non-magnetic
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tailings enriched in aluminum, titanium and REEs followed by the treatment of the tail-
ings by high-pressure hydrochloric acid leaching.

In this paper, we study hydrochloric acid leaching of two different kinds of the
tailings after carbothermic roasting and magnetic separation of red mud. The leaching
behavior of major elements (Al, Ti, Ca, Si, Fe, Na, Mg) and minor elements (Sc, Y, La, Ce,
Nd, Pr, Zr) under atmosphere and high-pressure conditions were investigated. The most
influencing factors on the leaching process were identified, and optimal leaching condi-
tions were determined. The obtained solutions and the solid residues were characterized
by different methods, so leaching mechanism of valuable components was proposed.
Two flowsheets for the processing of the both non-magnetic tailings were developed.

2. Materials and Methods

2.1. Raw Materials

Two samples of non-magnetic tailings were derived by reduction roasting — mag-
netic separation process of red mud (RM) from Bogoslovsky Aluminium Plant (Russian
Federation, Krasnoturyinsk, 59.84°N, 60.19°E) at optimal conditions according with our
previous work [49]. The first sample codenamed as without addition tailings (WAT) was
obtained by reduction roasting of RM at 1300 °C during 1 hour. The second sample
codenamed as sodium sulfate addition tailings (SSAT) was obtained by reduction roast-
ing of the mixture of 84.6 wt. % RM and 15.4 wt. % Na250s4 at 1150 °C during 3 hours.
Both the roasted samples were ground, screened through a 300-mesh sieve, and mag-
netically separated using a wet method by the Davis tube XCGS-50 (Shaoxing Weibang
Mining Machinery Manufacturing Co., Ltd., Zhejiang, China) at magnetic field intensity
of 0.1 T. Table 1 demonstrates the chemical compositions and total iron content (TFe) of
the RM, WAT, and SSAT samples.

Table 1. Chemical composition of the samples (wt. %).

Component RM WAT SSAT
TFe 34.84 2.6 4.5
S5i0z2 8.71 21.56 17.91

AlLOs 12.77 31.46 24.75
TiO2 4.67 10.28 9.17
CaO 9.26 255 14.78
MgO 0.65 2.64 1.79
MnO 0.26 0.38 0.29
Na20 3.3 2.99 8.92
P20s 0.85 0.17 0.10
S 0.48 0.44 4.77
ZrO: 0.034 0.0846 0.0657
5203 0.014 0.052 0.04
Y205 0.058 0.14 0.121
Nd20s 0.032 0.0887 0.0688
Pr20s 0.007 0.0173 0.0149
CeOn 0.048 0.0804 0.1218
La20s 0.034 0.0786 0.0809

As can be seen, the contents of Al2Os, TiO2, and REEs are significantly increased, but
TFe content was considerably decreased in the WAT and SSAT samples compared with
the RM sample. The compositions of both the tailings are quite similar, but they are dif-
ferent in sulfur and sodium contents due to the addition of Na2SOs for the SSAT sample
in the roasting process.
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Figure 1 shows diffractograms of the WAT and SSAT samples with phase signs. The
mineral compositions of the samples are quite different.
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Figure 1. The XRD pattern of the WAT sample obtained using Cu-Ka radiation (a) and the SSAT
sample obtained using Co-Ka« radiation (b), where A — Ca2AlSiO7; P — CaTiOs; F - Fe; G —
CasAl:SisOn; E — MgsAlLSizO1z; I - MgALOs; H — NaAlISiOs; O - CaS.

The major phases of the WAT sample are Ca:ALSiO7 (gehlenite), CaTiOs (perov-
skite), CasAl:SisO12 (grossular). Also, it contains small amounts of MgsALSisO1n (pyrope),
MgAlL:O4 (magnesium aluminum oxide), and Fe (iron). The major phases of the SSAT
sample are NaAlSiOs (nepheline) and CaS (oldhamite), which were formed by chemical
reactions between Na250s and calcium-aluminume-silicon oxides during the carbothermic
roasting of red mud [49]. It should be noted an absence of gehlenite and grossular in the
SSAT compared to the WAT, as well as a similarity of other minerals to the WAT sample.

2.2. Experimental Procedure

The chemical composition of the tailings and solid residues after the leaching were
analyzed after an appropriate digestion using an inductively coupled plasma atomic
emission spectrometer (ICP AES) Vista Pro (Varian Optical Spectroscopy Instr., Mul-
grave, Australia). Additionally, the tailings and the solid residues were analyzed by
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X-ray fluorescence spectrometer (XRF) ARL QUANT’X (Thermo Fisher Scientific, Eku-
blens, Switzerland) and AXIOSmax Advanced (PANalytical, Almelo, the Netherlands),
respectively. The mother liquors and washings were analyzed by an inductively coupled
plasma atomic emission spectrometer (ICP-MS) Perkin-Elmer Sciex ELAN 6100 DRC
(PerkinElmer Inc., Waltham, MA, USA) and ICP AES Optima 3300RL (PerkinElmer Inc.,
Waltham, MA, USA). X-ray diffraction patterns (XRD) were obtained by diffractometers
Difrey (JSC Scientific Instruments, Saint-Petersburg, Russian Federation) using Co-Ka
radiation or ARL X'tra diffractometer (Thermo Fisher Scientific, Ekublens, Switzerland)
using Cu-Ka« radiation with their subsequent processing by the Match! software (Crystal
Impact, Bonn, Germany) [50].

The tailings was preliminary dried at 110 °C for 2 hours and then was leached using
a laboratory autoclave P2004 (Shanghai Jieang Instrument Co., Shanghai, China) in 25 ml
stainless steel pots with teflon inserts at a temperature in the range of 50-210 °C at stir-
ring speed of 350 rpm and duration time of 30-90 min. Hydrochloric acid with a concen-
tration in the range of 10-20% was used for the leaching; used solid-to-liquid ratios (S:L)
were 1:5.5, 1:11, 1:16.5. As a result of the leaching, a mother liquor was obtained by vac-
uum filtration. The solid residue obtained by the filtration was washed with distilled
water and dried at 110 °C in an air furnace for 2 hours.

The recovery degree of major and minor elements was calculated using following
equations, respectively:

& =100 — (mr x %MjE») / (mo x %M;jEs) x 100%, )

&= (CV X Vliq +ﬁ X Vwater) / (mo X %MTIEO) X 100%, (2)

where € — element recovery degree, %; mr — mass of the solid residue, g; mo — mass of the
tailings, g; %MjEo and %M]jE: — content of a major element in tailings and in the solid
residue, respectively, %; %MnEo — content of a minor element in the tailings, %; a — con-
tent of an element in mother liquor, g/l; Viig — volume of mother liquor, 1; § — content of
an element in washing distilled water, g/I; Vwaer — volume of washing distilled water, L.

The samples before and after leaching were placed onto the carbon tape and ana-
lyzed using scanning electron microscope (SEM) VEGA 3SB (Tescan, Brno, Czech Re-
public) equipped by energy-dispersive X-ray analyzer (EDX) INCA SDD X-MAX (Oxford
Instruments, Abingdon, UK).

3. Results

3.1. HPAL experiments with the variation of leaching temperature and HCI concentration

3.1.1. HPAL for the WAT sample

Figure 2 demonstrates the influence of leaching temperature on the recovery degree
of major elements for the WAT sample. A significant simultaneous dissolution of alu-
minum, iron, calcium, magnesium and sodium for both the acid concentration of 10%
and 20% were discovered. An increase of temperature from 70 to 170 °C led to a growth
of the aluminum extraction degree from 74% to 91% for 10% HCI, while a temperature
rises from 50 to 210 °C with the application of 20% HCI resulted in an increase of the
aluminum recovery degree from 81% to 98%.

Silicon dissolution degree was 41% at 50 °C for diluted acid, and it decreased to less
than 2% with an increase of leaching temperature above 100 °C; an increase of acid con-
centration also led to similarly low dissolution of silicon. These results can be explained
by significant retardation of silica hydration with a HPAL temperature rise due to water
released as vapor, so a partially hydrated metal reacts with hydrochloric acid to silica
form. Therefore, the use of HPAL allows to avoid silica gel formation. The process can be
described by the following equation [29,51]:

d0i:10.20944/preprints202102.0065.v1
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Figure 2. The effect of the temperature on recovery degree of the major elements for the leaching
of the WAT sample using 10% and 20% HCl at S:L ratio = 1:11 for 60 min.

The leaching behavior of titanium is quite different for 10% and 20% acid concen-
tration. The recovery degree of titanium for diluted acid is 18% at 50 °C; it decreases to
less than 1% at temperatures above 100 °C. In contrast, the dissolution degree of titani-
um at 50 °C is 49% for concentrated acid; it increases to 77% with HPAL temperature
rising up to 150 °C, then decreases to 36%. These results agree well with previously re-
ported data [51,52], where perovskite is proved to be highly soluble in concentrated hy-
drochloric acid and poorly soluble in diluted acid. Hence, the use of high-pressure di-
luted hydrochloric acid leaching allows to separate selectively titanium and silicon from
the other elements.

Figure 3 shows the influence of leaching temperature on the extraction degree of
minor elements.
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Figure 3. The effect of the temperature on recovery degree of the minor elements for the leaching
of the WAT sample using 10% and 20% HCl at S:L ratio = 1:11 for 60 min.

As can be seen, for both 10% and 20% HCI the dissolution degrees of La, Ce, Pr, Nd
are very similar, but the dissolution behavior of Sc and Y is rather different that is in
agreement with the results of other researchers [53]. The recovery degrees of all REEs
were near 40% for both the acid concentrations at 50 °C; they increase significantly with

d0i:10.20944/preprints202102.0065.v1
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temperature rising. REE extraction degrees have a peak with the values of more than
75% for 10% HCI at the temperatures above 150 °C. These results are also in accordance
with [53], where a significant influence of the temperature on leaching of REEs from
iron-removed red mud was noted. There are few differences of REE leaching using the
diluted and concentrated acids. REE extraction degree for 10% HCI starts to increase
dramatically at the temperature over 110 °C, and for 20% HCI such abrupt jump occurs
above 90 °C. The dissolution degree of Sc is near 80-90% at the low temperatures for the
concentrated acid unlike 50-60% for the diluted acid. However, a rise of the temperature
up to 150 °C and above using the diluted acid led to an achievement of a plateau at a
level of 83-91%, while using of the concentrated acid enabled to achieve the best extrac-
tion degrees of 96-97% in the range of 170-210 °C.

A zirconium behavior is considerably different compared with the other minor el-
ements. The application of 10% HCI at the temperature range of 110-210 °C resulted in
the recovery degrees of Zr below 5%, while the application of 20% HCI at the same
range led to 78-95% Zr extraction. Therefore, either dissolution or retention in the resi-
due can be considered for Zr recovery in the case of its economic feasibility. It should be
noted that the behavior of Zr correlates with Ti qualitatively but differs quantitatively
that is probably because of similarity of their properties due to the presence in the same
subgroup of the periodic table.

3.1.2. HPAL for the SSAT sample

The leaching of the SSAT sample was performed starting with 90 °C to avoid a sub-
stantial silicon dissolution at temperatures below. Figure 4 depicts the effect of the tem-
perature and the acid concentration on the extraction degree of the major elements for

the SSAT sample.
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Figure 4. The effect of the temperature on the recovery degree of the major elements for the leach-
ing of the SSAT sample using 10% and 20% HCl at S:L ratio = 1:11 for 60 min.

The curves of Fe, Al, Na, Ti, and Si are fairly similar to the ones obtained by the
processing of the WAT sample, but a behavior of Mg and Ca is significantly different. As
can be seen, the extraction degree of calcium for 10% acid concentration is 68% at 90 °C,
whereas for the WAT sample under similar conditions it is more than 91% (Figure 2).
The dissolution degree of calcium grows up with a temperature increasing and becomes
above 91% only at 150 °C for both 10% and 20% acid concentration. The magnesium re-
covery degree rises from 46% to 74% for the diluted acid and from 36% to 94% for the
concentrated acid at the range of 90-170°C. The maximum recovery degree of magne-
sium for the SSAT sample is 94% at 210 °C and 20% HCI concentration.

Figure 5 shows the effect of the temperature on the extraction degree of minor ele-
ments for the SSAT sample.
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Figure 5. The effect of the temperature on the recovery degree of the minor elements for the SSAT
sample using 10% and 20% HCl at S:L ratio = 1:11 for 60 min.

As can be inferred from the plots, the main factor influencing on the REE dissolu-
tion is temperature for both the WAT and SSAT sample. An increase of acid concentra-
tion also leads to a rise of the REE recovery degree at low temperatures. The extraction
degrees of La, Ce, Pr, and Nd are similar in the SSAT compared to the WAT sample, but
the dissolution degrees of Sc and Y are lower. The maximum recovery degrees of Sc for
the WAT sample were 91% for the diluted acid and 96% for concentrated acid, wherein
they were only 66% and 75% for the SSAT sample, respectively. Other REEs have also a
rather lower dissolution degree for the SSAT sample. A discrepancy in dissolution be-
havior of elements for the WAT and SSAT samples is likely due to a difference in chem-
ical and phase compositions; we consider it below.

3.2. The analysis of the solid residues
3.2.1. The solid residues obtained from the WAT sample

To determine the leaching mechanism, the XRD and SEM-EDX analyses of the solid
residues after the leaching were performed.

Figure 6 demonstrates the elemental distribution of one of the residues obtained by
HPAL of the WAT sample. It is clearly presented that the residue is a mixture of amor-
phous SiOz and minerals containing aluminum, calcium and titanium.

Figure 7 presents the XRD patterns of the WAT residues obtained at various leach-
ing temperatures using different HCl concentrations. The WAT sample contains four
aluminum phases, namely, Ca2AL:SiO7, CasAl:SisO12, MgsAlSisO12, and MgAlLOs (Figure
1), but the solid residues obtained by HPAL of the WAT sample using 10 and 20% HCl
contains no gehlenite, which fully dissolves at low leaching temperatures. These results
correlate with the data of other researchers [54], where gehlenite passed into the solution
in 1M HCI after 3-stage leaching during 2 hours at room temperature. Aluminum in the
solid residues is in CasAlSisO1n, MgsALSizOrn, and MgALOs phases that were incom-
pletely dissolved at the experimental conditions. It has shown [55] that grossular has a
low solubility in the diluted hydrochloric acid; to decompose it fully, a high acid con-
centration and temperature over 130 °C are required (Figure 7). The magnesium alumi-
num oxide is also undissolved even at 190 °C and 20% acid concentration. MgAl:0s is a
hardly soluble phase that remains in the residue after sequential long-time treatment by
36-38% HCl u 40% HF [56]. Even high-pressure leaching by a strong HCI solution at
210°C led to substantial but still incomplete dissolution of MgAl204 [57]. Therefore, full

aluminum extraction requires a high temperature, a strong acid concentration and using
of HPAL.
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Figure 6. SEM images with the distribution of elements in the solid residue obtained by the leach-
ing of the WAT sample using 10% HClI at 150 °C and S:L = 1:11 for 60 min.

A dissolution behavior of titanium is very different for the diluted and the concen-
trated acids. Figure 7a shows that perovskite exists in the solid residues after the treat-
ment of the WAT sample by HPAL with 10% HCl up to 130 °C, and it was undetected in
the residue at 190 °C.

As follows from Figure 7b, the use of 20% HCl led to full dissolution of perovskite
at temperatures lower than the use of 10% HCI, but the precipitation of titanium was
incomplete. The titanium extraction degree increases with leaching temperature rising
(Figure 2). A similar titanium behavior in hydrochloric acid solution also was reported
earlier [29,57] that is likely owing to titanium hydrolysis process [57]. The processes of
dissolution and precipitation of titanium can be described as follows:

2Ca0-TiOz¢) + 8HClqy = 2CaClzqy + TiClaqgy + TiOz)| + 4H20q), 4)
CaO-TiOzs) + 4HClg) = TiOClzq) + CaClzq + 2H20q), (5)
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Figure 7. The XRD patterns of the solid residues after leaching of WAT sample using 10% (a) and 20% HCI (b), where P —
CaTiOs; A — TiOz (anatase); R — TiOz2 (rutile); G — CasALSisOn; K — CasAlSis(OH)i2; E — MgsAlSisO12; D — 5A1:03-H20; I -
MgAILQOa.

Although the main part of aluminum passed into solution during HPAL, small
peaks of aluminum-containing phase, 5A1203-H20, was still detected in the residues ob-
tained at 70-190 °C using 10% HCl and at 70-130 °C using 20% HCI. Figure 8 and Table
2 also confirm the presence of this phase using SEM-EDX analyses. As reported by [58],
5A1:03-H20 may be formed only under hydrothermal conditions. It is an open question
how this phase has been generated during the experiments, but its formation is an un-
ambiguously adverse factor due to a decreasing of the aluminum dissolution degree.

Figure 8. SEM image of an area in the solid residue obtained by leaching of the WAT sample using
10% HCl at 150 °C and S:L ratio = 1:11 for 60 min.

Table 2. Elemental composition (at. %) of the sample point signed in Figure 8.

Sign Al Si Ti Ca Mg Cl [0)
1 21.6 5.2 2.3 1.6 1.4 0.2 67.6

Table 3 shows that the residues obtained by HPAL using the diluted and the con-
centrated acids contain different amounts of SiO2 and TiO», as well as a similar amount
of Al2Os. The residue obtained by HPAL using 20% HCl at 210 °C has a lower Al:Os and
MgO amount compared with the residues obtained at lower temperatures and acid con-
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centration. These data substantiate the above-mentioned leaching mechanism for the
WAT leaching.

Table 3. Chemical composition of the solid residues obtained by the leaching of the WAT sample
at S:L ratio = 1:11 for 60 min (wt. %).

HPAL conditions Al0s CaO MgO SiO: TiO: S
10% HCI, 190 °C 9.36 1.30 1.38 59.1 22.5 0.15
20% HCI, 150 °C 8.47 1.43 1.74 71.6 9.64 0.24
20% HCl, 210 °C 1.29 0.32 1.02 77.0 14.6 0.25

Figure 3 demonstrates that REE dissolution is sharply increased at temperatures for
both acid concentrations above 110 °C and 90 °C, respectively, that is likely due to the
dissolution of CaTiOs (Figure 7). REEs can be associated with perovskite in a form of
solid solution [59]. It was reported that Sc in the slag obtained after red mud reduction
smelting is associated with CaTiOs3[29] and with Ti in the initial red mud [60]. It should
be mentioned that Sc also can be partially associated with grossular [53].

In summary, it can be inferred that the leaching temperature of 150 °C and acid
concentration of 10% are the optimal conditions for the WAT treatment that led to pass-
ing into solution of 91% Sc and above 80% of other REEs and remaining of TiOz and SiO:
in the residue. It should be noted that small aluminum losses with the residue are inevi-
table.

3.2.2. The solid residues obtained from the SSAT sample

Figure 9 shows the results of the SEM-EDX analysis of the residue obtained by
HPAL of the SSAT sample using 10% HCI at 170 °C. One can see from the images that
the SSAT residue, like the WAT sample, mainly consists of amorphous SiO: and titani-
um oxide. Moreover, sulfur can be observed in the form of particular grains. It is note-
worthy that the distribution of aluminum and magnesium correlates that clearly points
out to the presence of MgAl20a.

The generation of elemental sulfur during HPAL is probably due to the following
mechanism. It is clear that calcium sulfide containing in the tailings interacts with hy-
drochloric acid forming hydrogen sulfide:

CaSgs) + 2HCly) = CaClagy + HaS¢g), (7)

Then hydrogen sulfide can react with atmospheric oxygen in gaseous phase with
precipitation of sulfur [61]:

2HaSe) + O2) = 25¢)| + 2H204), (8)
2H2S(g) + Oz(g) = 2502(5) + 2H20¢g), )
2H2S(g) + SOz = 35| + 2H20(g). (10)

Moreover, sulfur forms quite likely by interaction of hydrogen sulfide and ferric
chloride [62]:

CaSs) + 2HClgy = CaClag) + HaS¢g), (11)
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Figure 9. SEM images with the distribution of elements in the solid residue obtained by the leach-
ing of the SSAT sample using 10% HCl at 170 °C and S:L ratio = 1:11 for 60 min.

Figure 10 shows the XRD patterns of the SSAT residues obtained at different leach-
ing temperatures using both the HCl concentrations.
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Figure 10. The XRD patterns of the solid residues after the leaching of SSAT sample using 10% (a) and 20% HCI (b),
where P - CaTiOs; A — TiOz (anatase); R — TiOz (rutile); S — sulfur (a-Ss); D — 5A1:03-H20; N — NaCl; I - MgALOs.

The SSAT sample contains only one aluminum-containing phase, namely,
NaAlSiOs, which is more soluble in acid solutions compared with CasAl:SisOn and
Ca2ASiO7 phases that is clearly seen from the XRD spectra. Nonetheless, aluminum
passed into solution incompletely even at high temperatures and acid concentrations
due to the formation of 5A1:0sH20 and MgAl:Os phases. Table 4 gives the elemental
composition of the residues obtained by HPAL of the SSAT sample using the diluted
and the concentrated acids. They mainly contain SiO2 and TiO: that indicated to the
same dissolution behavior of Ti and Si during leaching of the SSAT and WAT samples
alike.

Table 4. Chemical composition of the solid residues obtained by the leaching of the SSAT sample
at S:L ratio = 1:11 for 60 min (wt. %).

HPAL conditions AlL:0s CaO MgO SiO2 TiO: S
10% HCI, 90 °C 9.18 10.7 2.17 38.8 14.4 722
10% HCI, 210 °C 7.09 1.68 1.30 50.4 20.0 4.02
20% HCI, 130 °C 11.3 3.22 2.51 46.3 5.68 8.5
20% HCI, 210 °C 2.94 1.23 0.38 52.8 16.5 8.7

As can be seen from Figures 3 and 5, the extraction degrees of Sc for the SSAT sam-
ple were lower compared to the WAT sample that is probably owing to an increase of
pH solution due to dissolution of sodium. It is well-known that an increase of pH value
of the solution led to a decrease of Sc extraction [45,46]. It is previously reported [53] that
a significant part of Y and Sc can be associated with NaAlSiOsin the tailings obtained
after carbothermic roasting of red mud with the addition of sodium salts, but the present
investigation has shown that there were no positive correlation between their dissolu-
tion. On the contrary, SEM-EDX analysis of the residue obtained by HPAL of the SSAT
sample (Figure 11 and Table 4) indicates clearly that Sc along with Zr are predominantly
associated with titanium. The detected presence of zirconium and scandium together
and an increase of the Sc extraction degree with Zr dissolution degree rise in 20% HCI
(Figures 3 and 5) enable to assume that a minor part of scandium is probably associated
with zirconium minerals that is consistent with the results of authors [62], which noted
that 10% of the total Sc is associated with ZrSiOs in red mud.
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Figure 11. SEM image of an area in the solid residue obtained by the leaching of the SSAT sample
using 10% HCl at 170 °C and S:L ratio = 1:11 for 60 min.

Table 4. Elemental composition (at. %) of the sample point signed in Figure 11.

Sign Al Si Ti Ca Mg Zr Sc S Cl (0)
2 2.6 52 207 54 0.8 3.2 1.4 0.6 03 597

The optimal leaching conditions for the SSAT sample, which allows to extract 91%
Al, 75% Sc, 63% Y, and more than 78% of other REEs, are 150 °C and 20% HCI concen-
tration. However, it should be appreciated that about 26% Ti also passed into the solu-
tion under these conditions.

3.3. HPAL experiments with variation of leaching time, S:L ratio, and HCI concentration

The performed experiments have pointed out that using of HPAL with hydrochlo-
ric acid for the WAT sample is more preferable compared to the SSAT sample due to
enabling of selective separation of titanium and silicon from the other elements. To elu-
cidate a dissolution behavior of the most important elements in the WAT sample, a set of
the experiments at the optimal temperature with a variation of different leaching pa-
rameters was carried out. Figure 12 illustrates the influence of leaching duration on re-
covery degree of aluminum, titanium, iron, and scandium. An increase of leaching time
led to insignificant growth of the extraction degree of Sc and Al for both the acid con-
centrations. Moreover, the decrease of leaching time led to an increase of Ti extraction
degree that negatively effects on the process selectivity.
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Figure 12. Effect of leaching time on the recovery degree of Al, Ti, Fe, Sc at 150 °C and S:L = 1:11
using 10% (a) and 20% (b) HCI.
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Figure 13. Effect of S:L ratio on the recovery degree of Al, Ti, Fe, Sc at 150 °C and 20% HCI (a)
and effect of HCI concentration on recovery degree of Al, Ti, Fe, Sc at 150 °C and S:L = 1:11 (b).

Figure 13 demonstrates the influence of S:L ratio and concentration of the acid on
the recovery degree of aluminum, titanium, iron, and scandium. As can be seen, the
dissolution degree of Ti drastically grows up with an increase of acid concentration and
S:L ratio that is consistent with equation (6). It has to be taken into account that an in-
crease of S:L ratio led to a drop not only aluminum extraction degree, but also scandium
extraction degree that accords with previous studies [63,64].

4. Discussion

The HPAL of the tailings using the diluted hydrochloric acid allows to separate se-
lectively REEs and Al from Ti and SiO2with high effectivity. The obtained residue can
contain more than 20% TiO:2 and over 50% SiO: (Table 3) that indicates it as a valuable
raw material for Ti extraction. To extract Ti, various leaching treatment was suggested
using the mixture of hydrogen peroxide and sulfuric acid with suppression of Si disso-
lution [65], as well as using alkaline solutions [66], phosphoric acid [45], etc. However,
the most promising way for Ti extraction from the residue is the leaching by concen-
trated hydrochloric acid with its dissolution and subsequent precipitation of TiO2 [67].
The obtained amorphous SiO: can be used for production of white carbon black [68].

REEs can be relatively simply recovered from the leached solutions by well-known
methods, e.g., solvent extraction, ion-exchange sorption, selective precipitation, etc. [69].
The remaining aluminum chloride solution can be used as a coagulant for water treat-
ment [57,70] or as a raw material for the production of metallurgical alumina [71]. Thus,
a two-step hydrochloric acid leaching process can be implemented.

As reflected by Figure 13, the application of 20% HCI with S:L ratio of 1:16.5 led to
a considerable rise of Al, Ti, Sc extraction degree that enables to consider simultaneous
dissolution of these elements with a following stepwise extraction of REEs and titanium
from the leached solution. Moreover, after the REE extraction, Al-Ti-containing solution
can be regarded as a complex coagulant, which has an increased efficiency for waste
water treatment compared with the Ti-free solutions [72,73]. However, it should be not-
ed that the use of excess of acid and liquid-to-solid ratio during HPAL deteriorates cost
efficiency of the process, so a feasibility study is necessary.

The application of HPAL method using HCI led to a similar Al recovery for the
WAT and SSAT samples, but the treatment of the SSAT resulted in a rather lower Sc re-
covery and a slightly higher acid consumption. Furthermore, the residue obtained by the
leaching of the SSAT sample can contain a substantial percentage of elemental sulfur
and sodium chloride, so additional stages for their removal is necessary. To remove
NaCl, washing by water can be applied, and to extract elemental sulfur, distillation [74]
or flotation [75] can be used. Despite the mentioned disadvantages of the SSAT leaching,
total cost of red mud processing using sodium sulfate may be lower owing to reduced
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roasting temperature and improved grindability of the roasted sample. In any case, a
comparative economic assessment of the treatment of the WAT and SSAT samples is
required.

Figure 14 shows two principal flowsheets of red mud processing developed as a
result of the study.
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Figure 14. The flowsheets of red mud processing using two (a) and one (b) leaching stages.

5. Conclusions

The application of HPAL using hydrochloric acid for the extraction of Al and REEs
from non-magnetic residues obtained from red mud after iron removal has shown a high
effectivity. The leaching of valuable elements from the WAT sample is probably more
preferable than from the SSAT sample.

For the WAT sample, the optimal leaching conditions, which are leaching
temperature of 150 °C, acid concentration of 10%, solid-to-liquid ratio of 1:11, and
duration of 60 min, led to passing into solution of 90% Al, 91% Sc and above 80% of other
REEs, as well as remaining of TiOz and SiO: in the residue. To dissolve titanium along
with Al and REEs, the temperature of 150 °C, acid concentration of 20%, solid-to-liquid
ratio of 1:16.5, and duration of 60 min can be applied that allowed to extract 93% Al, 82%
Ti, 98% Sc.

For the SSAT sample, 91% Al, 75% Sc, above 60% of other REEs, and 26% Ti were
dissolved under the optimal conditions, which were leaching temperature of 150 °C, acid
concentration of 20%, solid-to-liquid ratio of 1:11, and duration of 60 min.
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Based on HPAL using hydrochloric acid, two flowsheets were proposed for the
treatment of both kinds of non-magnetic tailings.
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