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Abstract: Red mud is a hazardous waste of the alumina industry that contains high amounts of
iron, aluminum, titanium and rare-earth elements (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 to 20% HCl
of two samples of non-magnetic tailings obtained by 60 min carbothermic roasting of red mud at
1300 °C and the mixture of 84.6 wt.% of red mud and 15.4 wt.% NaySO; at 1150 °C, respectively, with
subsequent magnetic separation of metallic iron. The influence of temperature, leaching duration,
solid-to-liquid-ratio and acid concentration on the dissolution behavior of Al, Ti, Mg, Ca, Si, Fe, Na,
La, Ce, Pr, Nd, Sc, Zr was studied. Based on the investigation of the obtained residues, a mechanism
for passing 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 the 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
have even led to technogenic catastrophe [3]. It has found that red mud is proved to be a
promising material for obtaining coagulants and can be used as an adsorbent for heavy
metals in wastewater [5]; it can also be utilized in a wide range of catalytic applications [6],
as well as for a production of various building materials [7].
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The typical contents of valuable components in red mud such as Tj, Si, Fe, Na and Al
are 2 to 12%, 1 to 9%, 14 to 45%, 1 to 6% and 5 to 14%, respectively [8]. Moreover, red mud
also contains a small proportion of REEs in the range of 0.05 to 0.17% [9]. It is important to
note that the Sc content in red mud is in the range of 0.013 to 0.039% [10], which is quite
significant. The actual composition of red mud depends on the bauxite mineralogy and
different technological parameters of the Bayer process [11]. The iron content in red mud
is comparable with poor iron ore [12], which is an important driver for research on the
processing of red mud.

Many processes have been proposed for the recovery of valuable components from
red mud [9,13,14]. In the last years, there has been a high interest for the selective recovery
of scandium [10,15,16]. Direct leaching processes using different lixiviants such as alkaline
solutions [17,18], hydrochloric and sulfuric acids [19-25], organic acids [26,27] and ionic
liquids [28,29] have been thoroughly investigated. However, direct leaching methods are
either non-selective or ineffective for the extraction of titanium and REEs.

The 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 [29,30]. For this reason,
the most promising way to comprehensively recycle red mud is by using combined pyro-
and hydrometallurgical methods with the recovery of iron by pyrometallurgical methods
followed by the leaching of valuable components from the iron-depleted red mud [31].
The main pyrometallurgical ways for iron recovery from red mud are reduction smelting
and carbothermic roasting with the subsequent magnetic separation of reduced iron. The
reduction smelting either requires a high temperature and uses different fluxes such as
CaO [32], CaO-SiO, mixtures [30,33,34], Al,O3 [35], or needs the preliminary extraction of
alumina [36] for the obtaining of slags with a low viscosity and melting temperature. The
more favorable way is carbothermic roasting followed by magnetic separation, which is
favorable due to its lower energy consumption compared with reduction smelting. Many
studies [37-42] have shown that direct carbothermic roasting of red mud with different
additions followed by magnetic separation results in the obtaining of iron concentrates
with about 95% of iron content at temperatures below 1200 °C.

There are several studies describing the leaching of valuable elements from tailings
obtained by the carbothermic roasting of red mud with alkaline salts followed by magnetic
separation. Such a two-step process followed by alumina extraction using alkaline leaching
was proposed for red mud treatment [43,44], but alkaline leaching of the tailings led to the
recovery of only alumina and sodium without the extraction of other valuable elements. It
has shown [45] that the addition of sodium salts such as Na,COj3; and NaSOy significantly
improves the recovery of Al, Fe, Ti and Si from the tailings by sulfuric acid leaching at
30°C.

The dissolution of silicon from red mud during an acid leaching can lead to the
formation of silica gel, which causes significant difficulties for the filtration of the leached
solution [46], 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 [47] has indicated that only phosphoric acid allows the selective removal of
SiO, with substantial enrichment of Sc;O3 and TiO; in the residue. A suggested two-step
process includes SiO, extraction by phosphoric acid leaching followed by Al,O3 extraction
from the residue by the leaching using sodium hydroxide. The other approaches, which
allows silica gel formation to be avoided, are high-pressure acid leaching (HPAL) or using
a high liquid-to-solid ratio [48]. The comparative study of the dissolution efficiency of the
slags after red mud reduction smelting at atmosphere leaching and high-pressure leaching
using HCl and H,SO4 have shown that high-pressure hydrochloric acid leaching allows
for the extraction of 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% [30]. The use of hydrochloric acid
for HPAL for the aluminum extraction in different high-silica materials, e.g., coal ash [49],
and boehmite-kaolinite bauxites [50,51], resulted in higher aluminum extraction compared
with other mineral acids [52].



Metals 2021, 11, 469

30f20

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 tailings
enriched in aluminum, titanium and REEs followed by the treatment of the tailings by
high-pressure hydrochloric acid leaching.

In this paper, we study hydrochloric acid leaching of two different kinds of the tailings
after the 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 conditions were
determined. The obtained solutions and the solid residues were characterized by different
methods, so a leaching mechanism to extract 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—a magnetic
separation process of red mud (RM) from the Bogoslovsky Aluminium Plant (Russian
Federation, Krasnoturyinsk, 59.84° N, 60.19° E) at optimal conditions according to our
previous work [53]. The first sample codenamed as without addition tailings (WAT) was
obtained by the reduction roasting of RM at 1300 °C for 1 h. The second sample codenamed
as sodium sulfate addition tailings (SSAT) was obtained by reduction roasting of the
mixture of 84.6 wt.% RM and 15.4 wt.% NaySOy4 at 1150 °C for 3 h. Both the roasted
samples were ground, screened through a 300-mesh sieve, and magnetically 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 including iron content of the RM, WAT, and
SSAT samples.

Table 1. Chemical composition of the samples (wt.% or mg/kg).

Element Unit RM WAT SSAT
Fe wt. % 34.8 2.60 4.50
Si wt.% 4.07 10.1 8.37
Al wt. % 6.76 16.7 13.10
Ti wt. % 2.80 6.16 5.50
Ca wt.% 6.62 18.2 10.56

Mg wt.% 0.390 1.59 1.08
Mn wt. % 0.200 0.294 0.225
Na wt.% 2.45 1.24 6.62
P wt. % 0.370 0.0742 0.0570
S wt.% 0.480 0.440 4.77
Zr mg/kg 252 626 486
Sc mg/kg 140 340 260
Y mg/kg 460 1100 950
Nd mg/kg 270 760 590
Pr mg/kg 60.0 147 127
Ce mg/kg 390 655 992
La mg/kg 290 670 690

As can be seen, the contents of Al,O3, TiO;,, and REEs are significantly increased,
but the Fe 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
different in sulfur and sodium contents due to the addition of Na;SO; 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 phase composition of the RM sample is in our previous paper [53]. 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-K« radiation (a) and the SSAT sam-
ple obtained using Co-K radiation (b), where A—Ca;,Al,SiO7; P—CaTiO3; F—Fe; G—Ca3Al,Si3O1y;
E—Mgg,Aleig,Ou,’ I—MgAle4,‘ H—NaAlSiO4; O—CaS.

The major phases of the WAT sample are Cap Al;SiO7 (gehlenite), CaTiO3 (perovskite),
Ca3Al,SizOq; (grossular). Furthermore, it contains small amounts of MgsAlySizO1; (py-
rope), MgAl,O4 (magnesium aluminum oxide), and Fe (iron). The major phases of the SSAT
sample are NaAlSiOy4 (nepheline) and CaS (oldhamite), which were formed by chemical
reactions between NaySOy4 and calcium-aluminums-silicon oxides during the carbothermic
roasting of red mud [53]. It should be noted that there is 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.
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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., Mulgrave,
Australia). The samples for the analysis of 5i were fused at 950 °C in the presence of soda
and boric acid, then leached using 1 N HCl. The samples for ICP AES analysis of other
elements were digested by a mixture of concentrated hydrofluoric, sulfuric and nitric acids;
if it was necessary, the filtered residue was also fused at 950 °C in the presence of soda
and boric acid and leached using 1 N HCl. Two duplicate samples were digested; three
analyses by the ICP AES device were carried out for all the digested samples.

Additionally, the tailings and the solid residues were analyzed by X-ray fluorescence
spectrometer (XRF) ARL QUANT’X (Thermo Fisher Scientific, Ekublens, 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-K« radiation or
ARL X'tra diffractometer (Thermo Fisher Scientific, Ekublens, Switzerland) using Cu-K
radiation with their subsequent processing by the Match! software (Crystal Impact, Bonn,
Germany) [54] using Crystallography Open Database.

The tailings were preliminary dried at 110 °C for 2 h and then leached using a labora-
tory 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 to 210 °C at a stirring speed
of 350 rpm and duration time of 30 to 90 min. Hydrochloric acid with a concentration in
the range of 10 to 20% was used for the leaching; the solid-to-liquid ratios (S:L) used were
1:5.5, 1:11, 1:16.5. As a result of the leaching, a mother liquor was obtained by vacuum
filtration. The solid residue obtained by the filtration was washed with distilled water and
dried at 110 °C in an air furnace for 2 h.

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

%e =100 — (m, x %MjE,)/(mg x %MjEq) x 100, 1)

%e = (a X Vijq + B X Vwater)/ (mg X %MnEg) x 100, )

where e—element recovery degree, %; m,—mass of the solid residue, g; my—mass of the
tailings, g; %MjEq and %M]jE,—content of a major element in tailings and in the solid
residue, respectively, %; %MnEy—content of a minor element in the tailings,%; a—content
of an element in mother liquor, g/L; th—volume of mother liquor, 1; fB—content of an
element in washing distilled water, g/L; Vyater—volume of washing distilled water, 1.

The samples before and after leaching were placed onto the carbon tape and analyzed
using scanning electron microscope (SEM) VEGA 35SB (Tescan, Brno, Czech Republic)
equipped by energy-dispersive X-ray analyzer (EDX) INCA SDD X-MAX (Oxford Instru-
ments, 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 the leaching temperature on the recovery
degree of major elements for the WAT sample. A significant simultaneous dissolution of
aluminum, 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 rise
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from 50 to 210 °C with the application of 20% HCl resulted in an increase of the aluminum
recovery degree from 81 to 98%.
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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.

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
concentration also led to a 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 silica gel formation to be avoided. The
process can be described by the following equation [30,55]:

MZSiO4(S) + 4HC1(1) + (471 — Z)HQO(D = 2MC12 TleO(l) + SiOZ(ﬁlterable)/ (3)

The leaching behavior of titanium is quite different for 10% and 20% acid concentration.
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 titanium 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 reported data [56,57], where
perovskite is proved to be highly soluble in concentrated hydrochloric acid and poorly
soluble in diluted acid. Hence, the use of high-pressure diluted 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.

As can be seen, for both 10 and 20% HCl the dissolution degrees of La, Ce, Pr, Nd are
very similar, but the dissolution behavior of Sc and Y is rather different; it is in agreement
with the results of other researchers [58]. The recovery degrees of all REEs were near 40%
for both the acid concentrations at 50 °C; they increase significantly with 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 [58], where a
significant influence of the temperature on the leaching of REEs from iron-removed red
mud was noted. There are a few differences between REE leaching using the diluted and
concentrated acids. The REE extraction degree for 10% HCI starts to increase dramatically
at temperatures over 110 °C, and for 20% HCI such an abrupt jump occurs above 90 °C.
The dissolution degree of Sc is near 80 to 90% at the low temperatures for the concentrated
acid unlike 50 to 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 to 91%,
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while using of the concentrated acid enabled to achieve the best extraction degrees of 96 to
97% in the range of 170 to 210 °C.
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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.

A zirconium behavior is considerably different compared with the other minor ele-
ments. The application of 10% HCI at the temperature range of 110 to 210 °C resulted in
the recovery degrees of Zr below 5%, while the application of 20% HCl at the same range
led to 78 to 95% Zr extraction. Therefore, either dissolution or retention in the residue 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; this is probably

because of the similarity of their properties due to their 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
substantial silicon dissolution at temperatures below. Figure 4 depicts the effect of the

temperature and the acid concentration on the extraction degree of the major elements for
the SSAT sample.

10% HCl 20% HCI
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E\’;:SO-
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L
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5 40
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Figure 4. The effect of the temperature on the recovery degree of the major elements for the leaching of the SSAT sample
using 10% and 20% HCl at S:L ratio = 1:11 for 60 min.
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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 is more than 91% (Figure 2). The
dissolution degree of calcium grows up with a temperature increase and becomes above
91% only at 150 °C for both 10 and 20% acid concentration. The magnesium recovery
degree rises from 46 to 74% for the diluted acid and from 36 to 94% for the concentrated
acid at the range of 90 to 170 °C. The maximum recovery degree of magnesium 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 elements

for the SSAT sample.
10% HCI 20% HCI
100 1004 .
] (5] T -
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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 the REE dissolution is
the temperature for both the WAT and SSAT sample. An increase of acid concentration 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 also have a rather lower dissolution
degree for the SSAT sample. A discrepancy in dissolution behavior of elements for the
WAT and SSAT samples is likely due to a difference in chemical 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 SiO; and
minerals containing aluminum, calcium and titanium.

Figure 7 presents the XRD patterns of the WAT residues obtained at various leaching
temperatures using different HCI concentrations. The WAT sample contains four aluminum
phases, namely, Ca;Al;SiOy, CazAlySizO1n, Mgz Al SizO1,, and MgAl,Oy (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 [59], where gehlenite passed into the solution in 1 M HCI after
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three-stage leaching during 2 h at room temperature. Aluminum in the solid residues is in
the CazAl,Si301,, Mgz Al Si301,, and MgAl,Oy4 phases that were incompletely dissolved
at the experimental conditions. It has been shown [60] that grossular has a low solubility
in the diluted hydrochloric acid; to decompose it fully, a high acid concentration and
temperature over 130 °C are required (Figure 7). The magnesium aluminum oxide is also
undissolved even at 190 °C and 20% acid concentration. MgAl;Oy is a hardly soluble
phase that remains in the residue after sequential long-time treatment by 36 to 38% HCl
and 40% HF [61]. Even high-pressure leaching by a strong HCl solution at 210 °C led to
substantial but still incomplete dissolution of MgAl,Oy [62]. Therefore, full aluminum
extraction requires a high temperature, a strong acid concentration and the use of HPAL.

50 pm '

SO0 pm

Si Kol Ti Kal

i ! s b

0 pm 0 pm

Figure 6. SEM images with the distribution of elements in the solid residue obtained by the leaching of the WAT sample
using 10% HCl at 150 °C and S:L = 1:11 for 60 min.
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Figure 7. The XRD patterns of the solid residues after leaching of WAT sample using 10% (a) and 20% HCl (b), where P—
CaTiO3; A—Ti02 (anatase); R—TiOZ (rutile); G—Ca3AIZSi3012; K—Ca3A12813 (OH)lz; E—Mg3A125i3012; D—5A1203-H20,’
I—MgAl204

The 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 treatment
of the WAT sample by HPAL with 10% HCI 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 the 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 [30,62] that is likely owing to the titanium hydrolysis process [62]. The processes of
dissolution and precipitation of titanium can be described as follows:

2CaOT102(S) + SHCI(D = ZCaClz(l) + T1C14(1) + TlOz(S)J, + 4H20(1), (4)
CaOT1Oz(S) + 4HC1(1) = TlOClz(l) + CaClz(l) + ZHzo(l), (5)
TiOClz(l) + (X + 1) H20(1) = ZHCI(D + TiOz~xH20(s)¢. (6)

Although the main part of aluminum passed into solution during HPAL, small peaks
of aluminum-containing phase, 5A1,03-H,O, were still detected in the residues obtained
at 70 to 190 °C using 10% HCI and at 70 to 130 °C using 20% HCI. Figure 8 and Table 2
also confirm the presence of this phase using SEM-EDX analyses. As reported by [63],
5A1,03-H;O may be formed only under hydrothermal conditions. It is an open ques-
tion how this phase has been generated during the experiments, but its formation is an
unambiguously adverse factor due to the decrease of the aluminum dissolution degree.

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

Sign Al Si Ti Ca Mg Cl (0]
1 21.6 5.20 2.30 1.60 1.40 0.200 67.6

Table 3 shows that the residues obtained by HPAL using the diluted and the con-
centrated acids contain different amounts of SiO, and TiO,, as well as a similar amount
of Al,O3. The residue obtained by HPAL using 20% HCl at 210 °C has a lower Al,O3
and MgO amount compared with the residues obtained at lower temperatures and acid
concentration. These data substantiate the above-mentioned leaching mechanism for the
WAT leaching.
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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. The composition of the point 1 is given in Table 2.

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 Al Ca Mg Si Ti S
10% HCl, 190 °C 495 0.928 0.826 27.6 13.5 0.155
20% HCI, 150 °C 4.48 1.02 1.05 33.5 5.78 0.244
20% HCI, 210 °C 0.68 0.23 0.61 36.0 8.73 0.253

Figure 3 demonstrates that REE dissolution is sharply increased at temperatures
for both acid concentrations above 110 and 90 °C, respectively; this is likely due to the
dissolution of CaTiO;3 (Figure 7). REEs can be associated with perovskite in the form of
solid solution [64]. It was reported that Sc in the slag obtained after red mud reduction
smelting is associated with CaTiO3 [30] and with Ti in the initial red mud [65]. It should be
mentioned that Sc also can be partially associated with grossular [58].

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 passing
into solution of 91% Sc and above 80% of other REEs and maintaining TiO; and SiO; in the
residue. It should be noted that small aluminum losses with the residue are inevitable.

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% HCl at 170 °C. One can see from the images that the SSAT
residue, like the WAT sample, mainly consists of SiO, and titanium oxide. Moreover, sulfur
can be observed in the form of particular grains. It is noteworthy that the distribution of
aluminum and magnesium correlates clearly point to the presence of MgAl,Oy.

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:

CaS(S) + ZHCI(D = CaClz(l) + HzS(g)_ (7)

Then hydrogen sulfide can react with atmospheric oxygen in gaseous phase with
precipitation of sulfur [66]:

Zst(g) + Oz( ZS(S)\L + 2H20(g), (8)

g~
Zst(g) + Oz(g) = ZSOZ(g) + 2H20(g), (9)
Zst(g) + 502(g) =35 + 2H20(g). (10)
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Figure 9. SEM images with the distribution of elements 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.

Moreover, sulfur forms quite likely by the interaction of hydrogen sulfide and ferric
chloride [67]:
H2S(g) + 2FeCl3(1) = ZFGCIZ(D + S\L + ZHCI(g), (11)



Metals 2021, 11, 469

13 of 20

A R

1{{ I AR . R I A
A S $8S 1 3 SSRINS RR RR
| s fsSs 1 gR]A - A dMRg T A RR | $$5s NS R,A RS IN A SSSRINS

A

1
1 R 1

R
S fsSg IN gRIA g IN

Figure 10 shows the XRD patterns of the SSAT residues obtained at different leaching
temperatures using both the HCI 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—CaTiO3; A—TiO; (anatase); R—TiO, (rutile); S—sulfur («-Sg); D—5Al,03-H,O; N—NaCl; [—MgAl,Oy.

The SSAT sample contains only one aluminum-containing phase, namely, NaAlSiOy,
which is more soluble in acid solutions compared with CazAl,;Si3O;, and CayAlySiO7
phases, which is clearly seen from the XRD spectra. Nonetheless, aluminum passed into
the solution incompletely even at high temperatures and acid concentrations due to the
formation of 5A1,03-H,O and MgAl,O, 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 SiO, 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 Al Ca Mg Si Ti S
10% HCI, 90 °C 4.86 7.65 131 18.1 8.66 7.22
10% HCI, 210 °C 3.75 1.20 0.785 23.6 12.0 4.02
20% HCI, 130 °C 5.98 2.30 1.51 21.7 3.41 8.50
20% HCl, 210 °C 1.56 0.880 0.229 24.7 9.92 8.70

As can be seen from Figures 3 and 5, the extraction degrees of Sc for the SSAT sample
were lower compared to the WAT sample, probably owing to an increase of pH solution
due to the dissolution of sodium, whose content in the SSAT sample is very high (Table 1).
It is well-known that an increase of pH value of the solution led to a decrease of Sc
extraction [47,48]. It has been previously reported [58] that a significant part of Y and Sc
can be associated with NaAlSiOy in the tailings obtained after carbothermic roasting of red
mud with the addition of sodium salts, but the present investigation has shown that there
was no positive correlation between their dissolution. On the contrary, SEM-EDX analysis
of the residue obtained by HPAL of the SSAT sample (Figure 11 and Table 5) 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 the assumption that a
minor part of scandium is probably associated with zirconium minerals; this is consistent
with the results of the authors [68], who noted that 10% of the total Sc is associated with
ZrSi0y 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. The composition of the point 2 is given in Table 5.

Table 5. Elemental composition (at.%) of the sample point signed in Figure 11.

Sign Al Si Ti Ca Mg Zr Sc S Cl (0]
2 2.60 5.20 20.7 5.40 0.80 3.20 140  0.600 0.300 59.7

The optimal leaching conditions for the SSAT sample, which allows the extraction
of 91% Al, 75% Sc, 63% Y, and more than 78% of other REEs, are 150 °C and 20% HCl1

concentration. However, it should be appreciated that about 26% Ti also passed into the
solution 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 the use of HPAL with hydrochloric
acid for the WAT sample is more preferable compared to the SSAT sample due to the
enabling of the selective separation of titanium and silicon from the other elements. To
elucidate the 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
parameters was carried out. Figure 12 illustrates the influence of leaching duration on
recovery 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
concentrations. Moreover, the decrease of leaching time led to an increase of Ti extraction
degree, which negatively affects 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) HCL
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Figure 13 demonstrates the influence of the 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 increase of
S:L ratio led to a drop not only aluminum extraction degree, but also scandium extraction
degree that is in accordance with previous studies [69,70].
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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).

4. Discussion

The HPAL of the tailings using the diluted hydrochloric acid allows the selective
separation of REEs and Al from Ti and SiO, with high effectivity. The obtained residue
can contain more than 20% TiO, and over 50% SiO, (Table 3) which indicates that itis a
valuable raw material for Ti extraction. To extract Ti, various leaching treatments have
been suggested, such as using the mixture of hydrogen peroxide and sulfuric acid with
a suppression of Si dissolution [71], as well as using alkaline solutions [72], phosphoric
acid [47], etc. However, the most promising way for Ti extraction from the residue is the
leaching by concentrated hydrochloric acid with its dissolution and subsequent precipita-
tion of TiO; [73]. The obtained amorphous SiO; can be used for the production of white
carbon black [74].

REESs can be relatively simply recovered from the leached solutions by well-known
methods, e.g., solvent extraction, ion-exchange sorption, selective precipitation, etc. [75].
The remaining aluminum chloride solution can be used as a coagulant for water treat-
ment [62,76] or as a raw material for the production of metallurgical alumina [77]. 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 the consideration of
the 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 [78,79]. However,
it should be noted that the use of an excess of acid and liquid-to-solid ratio during HPAL
deteriorates the cost efficiency of the process, so a feasibility study is necessary.

The application of the HPAL method using HCl led to a similar Al recovery for the
WAT and SSAT samples, but the treatment of the SSAT resulted in a rather lower Sc recovery
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. The process of elemental
sulfur precipitation is given in Section 3.2.2; sodium chloride was likely precipitated during
the filtration of the mother liquors. To remove NaCl, washing by water can be applied,
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Red mud

Addition

and to extract elemental sulfur, distillation [80] or flotation [81] can be used. Despite the
mentioned disadvantages of the SSAT leaching, the total cost of red mud processing using
sodium sulfate may be lower owing to the reduced roasting temperature and improved
grindability of the roasted sample. Moreover, the cost of both flowsheets can be additionally
reduced by the replacement of a carbonaceous reductant with blast furnace sludge [82].
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.

Red mud Addition
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Figure 14. The flowsheets of red mud processing using two (a) and one (b) leaching stages.

The suggested flowsheets aimed at a comprehensive utilization of red mud with
the extraction of all valuable components. The recovery of iron by reduction roasting at
the first stage at 1150 to 1300 °C allows the reduction of energy costs compared with a
reduction smelting with the application of a low-grade coal or carbon-containing waste as
a reducing agent.

As mentioned above, hydrochloric acid leaching is an effective method for the alumina
recovery, and it was used on a pilot scale to extract Al,O3 from coal fly ash in China [83].
To obtain polyaluminum chloride, 30 to 32% HCI is commonly used to dissolve aluminum
hydroxide. The process occurs using high-pressure leaching in reactors at 150 to 180 °C
depending on the charge material. The use of 3-6 M HCl is due to the possibility of acid
regeneration during the thermal hydrolysis of aluminum chloride hexahydrate to obtain
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alumina. The hydrochloric acid flowsheet involves obtaining alumina by the precipitation
of salt from an acidic aluminum chloride solution followed by calcination of the salt to
form aluminum oxide. Hydrochloric acid regenerates simply—HC]I vapor bubbles through
the water, so up to 6 M HCI can be obtained. Hence, the proposed flowsheets can be
characterized by a low environmental impact.

It also should be noted that there is a high flexibility of the suggested flowsheets. The
process can be organized to obtain high-demand products at the moment. For example, at
high prices for alumina, it can be extracted from the solution; otherwise, the coagulants
can be obtained. In the same way, based on market conditions, titanium can be passed
into solution to obtain complex coagulants, or it can be extracted into a particular product.
An engineering and economic evaluation of the flowsheets is possible after obtaining and
characterizing the final products, namely, the REE and titanium concentrates, white carbon
black, the coagulants, and alumina. However, the above-mentioned advantages and a
possibility of obtaining various high-demand products indicate the economic feasibility of
the proposed methods.

5. Conclusions

The application of HPAL using hydrochloric acid for the extraction of Al and REEs
from non-magnetic tailings 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
maintaining TiO, 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 to allow the extraction of 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 a leaching temperature of 150 °C, acid
concentration of 20%, solid-to-liquid ratio of 1:11, and duration of 60 min.

Based on HPAL using hydrochloric acid, two flowsheets were proposed for the treat-
ment of both kinds of non-magnetic tailings.
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