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ARTICLE INFO ABSTRACT

During acid leaching of bauxite residue (red mud], the increase in dissolution of rare-earth elements (REEs) is
associated with a substantial co-dissolution of fron; this posss problems in the downstream processing (e
solvent extraction or lon exchange). Six different slags generated by reductive smelting of the same bauxite
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R:: ot residue sample were treated by high-pressure acid leaching (HPAL) with HCl and Hp50, to selectively extract
:h rigs REEs. Thus, up to 90 wi%h of scandium was extracted from the slags using Hz50, at 150 °C, while with HCI the
Srn:Itins: extraction of scandium reached up to 30wt at 120°C. The extraction of yitrium, lanthanum and neodymiom

wias ahove 95 with when HC was ssed as-a reagent, bt It was moch lower [ < 20 wite) with H.50,, presumably
due to the formation of a double sulfate {Naln{50.),nH 0] and/or due to the adsorption on the surface of
silivon/alaminium-oxides compounds. In addition, HPAL of bauxite residue slags led to a significant co-dis-
solution of aluminium (= 90 wi%, 18 L™}, while the concentration of the remaining fron (= 60 wi) was of

dgl ' in the leachate. The co-dissolution of silicon and ritanium was lower than 5 wi%.

1. Introduction

Over 95% of the worldwide produced alumina is processed by the
Bﬂ}'er pmss {ll'u'rlr!d ."';llrnrrl:illl'n and 1||r' |':|||1'||'|1~.'m. -".I||r||||||um
Assoeiation, 2015). The process consists in contacting aluminium-
bearing ores with NaOH at temperatures between 150 and 250 °C, in
autoclaves or tubular reactors, at pressures of up to about 4 MPa (Power
et al., 2011}, As the process is carried out at high pH values (about 14),
aluminium hydroxides are selectively dissolved from bauxite minerals,
while most of the other compounds remain insoluble in the bauxite
residue. Annually, about 1,35t of bauxite residue are generated per
tonne of alumina prodisced (Deady ef al, 2016 Evans, 2016}, It is
believed that the inventories of bauxite residue have increased up o 4
billion tonnes, with an annual growth rate of approximately 160 million
tonnes (Klauber et al., 2011).

Bauxite residue is mainly composed of metallle oxides of alumi-
nium, iron and ttaniom, but also of rare-earth elements (REEs)
(Binnemans et al., 201 5). Soda and silica are also present. The chemical
composition is very wide, as it depends on the origin of the mineral ore
and also on the operational conditions used during the production of
purified aluminium hydroxide from bauxite minerals. A typical range of
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component in bouxite residue has already been reported elsswhers
(Evans, 2006), Rare-earths are contained in minor extent, but their
concentration can be as high as 1300 mg kg ™' (Ochsenkuhn-Petropulu
et al., 1994), Seandlum represents about 90% of the economic value of
the REEs present in bauxite residue, and its concentration can be as
high as 260 mg I-tg" (Borra et nl., 2006a; Wagh and Pinnock, 1987).
This concentration is higher than the average abundance in the Earth's
crust {22 mg kg~ '), and significantly enriched compared to that in the
original bauxite ore (Ochsenkithn-Petropulu et al., 1996).

Although conventional acid leaching with different mineral acids
{e.g., HCl, H50,, HNOy) can partally or fully extract REEs from
bauxite residue, the leaching process is controlled by intra-particle
diffusion as metals are transported from the solid phase to the solution
through the cracks and pores present in the particles (Liu et al.| 2009;
Reid et al, 2017} However, the co-dissolution of silicon and iron re-
presenis a drawback in the downstream processing (e.g., solvent ex-
traction or jon exchange), A high concentration of silicon in the leach
solution can lead to silica gel formation, which significantly affects the
leaching efficiency as the gel solution can no longer be filtered, It is
believed that these aggregates may act as a resistance for the acid so-
lution as they are partially adsorbed on the surface of bauxite residue
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minerals (Rivera e al., 20170). Meanwhile, the co-dissolution of iron is
detrimental as it is difficult to separate it from the rare-earths, parti-
cularly from scandium, requiring a large quantity of reagents during the
downstream processing. Scandium(Ill} ions are present in the fron(lI[}-
rich oxide lattice (Vind et al, 20180; Zhang et al., 2017, which limits
its complete dissolution (Borrm et al, 2015; Rivera et ol, 2017a).
Therefore, iron must be removed in advance in order to improve the
extraction and selectivity of REEs.

Smelting of bauxite residue leads to the reduction of iron oxides to
produce pig irom, i.e. a metallic product generated from a smelting
furmace with an iron content usually above 90 wi% (Alkan et al., 2017;
Jayasankar et al, 2012), and a REE-rich slag (Borra et al., 2016b;
Kauflen and Friedrich, 20015; Yagmurlu et al, 2017). The process
strongly depends on flux consumption and/or high operating tem-
perature due to the high concentration of alumina. The relatively large
volume of fluxes may increase not only the energy consumption during
smelting, but also the acid consumption during leaching. The removal
of alumina by alkali roasting before the smelting process was proposed
by Borra et al. to diminish the flux consumption (Borm et al., 2017;
KauBen and Friedrich, 2015). Although the method allows for the re-
covery of alumina as a valuable by-product, the roasting step must be
carried out at temperatures of about 500 °C (when NaOH is used as a
reducing agent), while the smelting stage is carried out ar 1500°C
without using fluxes for iron removal. Although the energy consump-
tion of the process is about 3.5 GJ tonne ", i.e. similar to the energy
consumption reported by direct (reductive) smelting of bauxite residue
(Borra et al., 2016c), the volume of slag gencrated by this process is
about 50% lower than the volume of slag produced by the direct
smelting process, which limits the amount of REEs that can be further
recovered, Reductive smelting allows the separation of iron from the
rare-earths which can be highly enriched, together with a significant
amount of aluminium and silicon, in the slag phase. REEs can then be
extracted by leaching the slag with mineral aclds. The extraction effi-
ciency of REEs from the slag during leaching, however, is determined
by their mineralogical association during solidification of the slag after
smelting. It has been reported that perovskite {CaTiOy) phase, formed
during solidification, has the capability of converting the lanthanides
into titanate solid solutions, Ca,Lng . TiOs, which are very difficult ro
leach. However, their formation can be avoided by applying a rapid
cooling rate {or rapid solidification) of the slag (Borra er al, 2017;
Shrivastava et al., 2004). Nonetheless, little is known about the mi-
neralogy and chemical speciation of REEs in slags arising from bauxite
residue smelting. However, it is most likely that REE do not occur in the
elemental state, nor de they eccur as individual rare earth compounds
diie to thelr strong affinity for oxygen (Vind et al., 2018a, 2018b).
Furthermaore, it is believed that REEs may occur in other mineral phases
formed during solidification of the slags (e.g., Al/Si-compounds) by
atomic substitution. During the recovery of valuable metals by acid
leaching of hauxite residue, silica gel can be formed due to the leaching
of silicate minerals, which significantly affects the fltration efficiency
of the leach liguor, i.e. reduced filterability. It is stated that under acidic
conditions, below the isoelectric point for silica in the solution {i.e.
pH,., between 1.7 and 2.3) (Wilheln and Kind, 2015), the hydrolysis of
silica oceurs very fast to produce silica monomers, H, 510y, and Hy5i0,
according to Reactions 1-3, which tend to form cyclic oligomers
(Sign+ 17D +29OH) via Ostwald rpening (Reaction 4) until a gel net-
work is formed (Hamouda and Amicd, 2014; Tobler et al., 2009; Zerda
et o)., 1986).

M;8i0y, + 4HCly + HyOgy — 2ZMClyjey + HyOyy + HaSI0y (11
MaSi0y) + 2H S0 + HaQyy — 2MS0y + HaOpy + HaSi045,,

(2]
H.8i0,, + HyOyy — HiSI0; + H,Or (3)
SiqOWOH + H 810400 = Sijyy (j0menOH + 2H,0 (4]
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It has been reported that during conventional acd leaching of
bauxite residue at room temperature, a substantial decomposition of
silicate compounds is achleved, which promotes the silicon dissolution
and, consequently, the leach solution can no longer be filtered due to
the polymerization of silica monomers (Rivern et al., 2007k, 2018). Due
to the high concentration of silica in the slag, room-temperature acid
leaching can no longer be considered because of silica polymerization,
Hence, high-pressure acid leaching (or HPAL), i.e. acid leaching per-
formed at high temperature in an autoclave, cannot only avoid pro-
blems associated to silica gel formation, but also to the depletion of
other major metal such as titanium due to its hydrolysis at high tem-
perature (Huang et al., 2015). Therefore, the acid consumption can be
reduced and the extraction of REEs can be done selectively. This process
has demonstrated promising results in the recovery of scandium from
refractory lateritic nickel ore (Kayva and Topkayva, 2001, 2015}, but also
in the recovery of other valuable metals from nickel converter and
smelter slags (Huang et al, 2015; Li et al., 2008).

In this work, the bauxite residue sample was mixed with different
proportions of lignite coke, silica and lime, and smelted in an electric
arc furnace for iron separation, so that different slags with low iron
content were generated. The slags were cooled down at two different
cooling rates. Subsequently, the leaching behaviour of selected rare
earth elements (Sc, ¥, La, Nd) by high-pressure acid leaching of the slag
was analvsed. Firstly, the REEs recovery by acid leaching of a slag with
the highest content of aluminium, silicon and iron was studied. The acid
concentration of two different mineral acids (HCl and H.50,) and the
leaching temperature were investigated. Secondly, the optimal condi-
tlons for REEs recovery from bauxite residue slags were established in
terms of maximizing the extraction vield of REEs with the lowest dis-
solution of major elements (aluminium, iron, silicon, Gtanium). Thirdly,
the untreated bauxite residue and the remaining slags (also generated
by reductive smelting) were studied under optimal conditions to eval-
wate the effect of different chemical compaosition, mineralogy and
morphology on the recovery of REEs. The treatment of bauxite residus
and bauxite residue slags by HPAL was compared in terms of selected
REEs, iron, sluminium and titanium concentration.

2. Material and methods

The bauxite residue used in this work was provided by Mytilineos
S.A. - Aluminium of Greece (Agios Nikolaos, Greece). 1t was generited
predominantly from Greek (karst) bauxite ore, Chemical analysis of the
major elements (Al, Ti, Fe, Ca, 5i, Na) was performed using wavelength-
dispersive X-ray fluorescence spectroscopy (WDXRF, Panalytical
PW2400). The concentration of selected rare earth elements (Se, ¥, La
and Nd) were obtained by lithium metaborate (LIBOS) fusion with nitric
acid (3 vol% HNOy) digestion followed by Inductively Coupled Plasma
Mass Spectromerry (ICP-MS, Thermo Electron X Serles) analysis.

The reductive smelting of bauxite residue was performed with three
different mixtures of fluxes sccording to the distribution presented in
Tahble 1. The corresponding amount of fluxes, ie. Ca0 and SiCk;, were
determined by FactSage 7.0 software (Bale et al, 2016) based on three
different slag melting points. The major slag forming oxides (Al,05, CaD,
5i0; and TiOy) were considered in the calculations. Na0 was not con-
sidered in the calculations because of its low amount in the sample and its
volatlle behaviour during smelting. FeO, was not used in the calculations
as il s reduced o metallic iron dirng smelting. Each flus was prepared on
the base of 1000 g of bauxite residue. The smelting reduction experiments
were carried out in an electrical are fumace (100 kKVA direct current] at a
temperature of 1500 £ 50°C durng 1h. With each mixture of bauxite
residue + flux + coke, three different slags were generated: slag I, 1l and
IIl, respectively. After heating, the malten material was cooled down at
two different cooling rates: (1) quenching with cold water (pouring the
slag in water at room temperature, cooling rate about 1400 °'Cmin ', fast
cooling) and {2) room temperature cooling by keeping the siag in the
erucible {cooling rate about 30 ‘Cmin ™", slow cooling). Hence, the siag I
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Table 1
Flux cistribution, melting temperature and cosling rates for reductive smelting of bauxite residue.
Mixture Bauxite residue, g Flux, g Melting temperature, "C Cooling rate of shag” Slag name’
Cad S0y Lignite coke”
1 (] 2] - 1) 1350 Fast Slag LFC
1 1006 T - 100 1350 Slow Slag 1.5C
n {17 1061 150 10 1300 Fast Slag 1LFC
] VO 106 150 100 1390 Slaw Slag 11.5C
il 1000 B 106 100 1485 Fast Slng HILFC
m ] Bl 100 100 1485 Slow Slng NLSC
" Lignite coke was composed by 87 wite of carbon, 10 wit¥ ash content.
" Fast cooling (FC) = 1400 °Cmin~'; Slow cooling (5C) = 30 "Cmin ",
Baucta Pl
residiua ] I (e, SO cxk)
Electrical arc fumace s
(VA5 & 50 % 15 WA 1 Bl
Fasl Slow cooling
Wl Coed et "D oL
1400 G i ') BT
| I |
Crushing and gnnaing
Matallic Magnebc separation
Fa {NdFeB magnet)
Déuted rinessi acid
I I 1= 3 M M5 e MCT)
High pressura
Ieaching
B0 - 180 T L 10, 1 )
Fltration 2™ . Rasoue
| voe
Pregnant leach
soiubon
{REEs)

Fig. 1. Flow sheet for reductive smelting of bauxite residue, followed by high-pressure acid leaching of the slag arising during the smelting process.

subjected to fast and slow cooling are described as “slag LFC” and “slag
L5C", respectively. The same denomination was considered for slags 11 and
L The iron metal fraction produced in the smelting experiment was se-
parated from the slag and kept for further analysis, The slag was crushed
kit small pheces (< 2 em) with a hammer and wis subsequently erushed
in a laboratory jaw crusher (Retsch BB 51) to produce material 100% finer
than 1 mm. Later on, all the material was ground in a planetary bail mill
{ungsten carbide grinding balls of 2 em, 4 min at 510 rpm) to reduce the
particle  size o 100% < 400um (P = 135 £ 30pm, P =
77 4 2Zpm). Small iron particles in the slag sample were removed by a
MNdFeR magnet after grinding. The magnet was covered with a plastic
layer, and it was passed over the surface of the milled slag before sieving.
These metallic pieces were subsequently removed and weighed. This
procedure was repeated several times until no more magnetic particles
were found attached to the magnet. The chemical analvsis procedure for
the slag is the same as the one described for the bauxite residue. Fig. 1
depicts the flow sheet for reductive smelting of bauxite residue, followed
by high-pressure acid leaching of the slag arising during the smelting
Process,

High-pressure acid leaching experiments were carried out in a titanium
autoclave (Parr Company, series 4560, 400 mL capacity) varying the tem-
perature between 60 and 180 °C, in separate cxperiments, that led o an
increase of the pressure by increasing the temperature. Consequently, the
presaire increased from 0.3 bar at 60°C untll 15 bar at 180 °C when H,50,
was used, while with HCI the pressure increased from 0.3 bar at 60 °C untl
10bar at 180 "C. The experiments were performed with a liquid-to-solid
ratio, LS, of 10:1 1o ensure a substantial leaching concentration of REEs in
the leach liguor with a ressomible consumption of bausxite pesidue, It must
be noted that the utilization of low L/S-ratios does not enhance the recovery
of REEs, with a concentration of less than 1 wi% in bawuxite residue, due to
the limited mass transfer as consequence of the high pulp density {FBorm
et al,, 2005; Hoang et al., 2015). Moreover, a ratio of 10:1 has been pro-
posed as an optimal L/S-ratio for baudte residue leaching (Allon et &l
201 8a) Analytical reagent grade H,S0, (95-97 vol%s, Sigma-Aldrich) and
HCl (37 vol34, Fisher Scientific) were used in the present study as leaching
reagents, The slurries after leaching were filtered using filter paper (pone
size 0.45pm) and diluted with 2 vol% HNO, (65 vol%, Chem-lab) for In-
ductively Coupled Plasma Optical Emission Spectroscopy  (ICP-OES,
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Fig. 2. Cumulative particle size distribution of the bauxite residue and the slags
generated after melting (FC: fast cooling; 5C: slow cooling; Slag 1, 11 and L
produced with mixture 1, Il and 11, respectively),
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Table 2
Major chemical components (in wia) in the baugite residue and in slag samples
generated after smelting experiments.

Element Bauxite Slag LFC  Slag L 5C  Slag LFC  Slag IL8C Slag  Slag

regidise [ILFC  lLSC
Al w6 0.2 an.o 16.9 17.8 193 191
Ca 61 27.2 s | 17.7 15.9 169 163
Si 34 4.6 47 1.8 123 LV [N |
Ti 35 5.2 5.5 6.1 5.4 55 5.2
Ma 21 L8 o9 22 20 21 2.3
Fe a7 1.5 25 0 4 25 a7

FC: Fast cooling; SC: Slow cooling; Slag [, [l and I produced with mixture I, 11
and 1, respectively.

PerkinElmer Optima 8300} analysis of major {Al, Pe, Ti, Si) and minor
elements (Sc, ¥, La, Nd). The corresponding extraction vield of metal was
caleulated according to Eq. 5:

% = Awmourt of metal in the leachare
" Total amount of metal in the sample =3

The samples before and afier leaching were embedded in epoxy
resin and polished with 8iC abrasive paper down to 1200 grit size fol-
lowed by polishing with diamond paste (6, 3, and 1 pm) on a cloth disk.
Then the samples were coated with platinum and analysed with a
Scanning Electron Microscope (SEM-EDX, Philips XL30). The miner-
alogy of the samples before and after leaching was studied by X-ray
powder diffraction (XRD, Bruker D2 Phaszer}. The obtained data were
evaluated with EVA V.21 (Bruker AXS),

3. Results and discussion
3.1. Chaoracterisation of the bauxite residue and slags

The cumulative particle size distributions of the bauxite residue and the
slags samples produced after reductive smelting are shown in Fig. 2, [n the
bauxite residie, 90 vol%h of the particles are smaller than 21 pm and 50 vol
% of the particles are smaller than 0,06 pm. All the slags generated after
smedting were crushed and milled at the same condition. Coarser particles
were obtained with the slag subjected to fast cooling in comparison to the
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Fig. 3. XRD pattern of fast-cooled (FCh slags {G: gehlenite (AlyCag5i0-); P

perovskite [CaTiO,); Fe: metallic iron; Y: yoshiokaite (Als ,Cag 04 a5iz sl N
nepheline (AlNag 0a0451) T: tricalcium aluminste [CaAlOn)).

slag subjected to slow cooling. Thus, the slags subjected o fast cooling re-
sulted in 90vol% of the particles < 230pm and 50vol of the parti-
cles = 75 pm. The slags subjected to slow cooling, on the other hand, re-
sulted in 90 vol% of the particles = 180 pm and 50vol% = 45pm.

The composition of major elements in the hauxite residue used in
this study and in the slag generated after reductive smelting experi-
ments is shown in Table 2. Iron is the main constituent in the bauxite
residue sample (about 33 wtth), Iron was significantly removed during
the smelting experiment, by which its concentration in the slag was low
{= 4 wt%). The highest silicon concentration was obtained in slags I
and 111 due to the addition of an excess of 510, during smelting. The slag
I resulted in the highest content of ealeium due to the largest addition of
Ca0, In average, aluminium and titanium were enriched by a factor of 2
in the slag with respect to the original bauxite residue,

In Table 3, the concentrations of selected REEs (Sc, ¥, La and Nd)
are shown, The concentrations of all the REEs in the bauxite residue and
the slags is shown in Table 51, in the Supplementary Material section.
The concentration of these selected REEs were ameng the highest in the
hauxite residue and in the slags. The concentration of REEs in the slags
was increased by a factor of ahout 1.4 compared to the concentration of
REEs in the bauxite residue sample.

Figs. 3 and 4 exhibit the XRD pattern of the slags generated after re-
ductive smelting. It is stated that large cooling rates lead to high glas
transition temperature (T,), ie. temperature mnge at which the molten
material freezes into an amorphous solid without a discontinuity in the
volume and the heat capacity and, consequently, allows the system a short
period of tme to relax. With low cooling rates, however, the molten ma-
tertal freexes at the melting temperatune into o ervstalline solid, with an
abrupt discontinuity in both the volume and the heat capacity (Grest and

Table 3

Selected rare earth elements (in mg kg ") in the bauxite residue and in the slag samples generated after smelting experiments.
Element Bauxite residoe Slag LFC Slag | SO Slag 110C Slag 050 Siag NLFC Sing NLEC
S 978 = 1.7 1255 £ 2.0 1325 = 49 174 = 14 1283 = 1.7 1281 = 15 124.0 £ 1.4
¥ 5T + 1.6 117.4 = 1.1 1182 + 52 94 = 07 1052 = 0.4 1071 + 1.4 1056 + 1.3
La 1439 £ 3.0 2119 = 52 206.9 = 8.0 1592 & 1.3 167.9 £ 27 1748 = 1.1 168.7 £ 1.5
KNd 648 = 26 1361 = L1 12649 + 52 1087 + 1.0 111.2 = 3.9 1163 + 22 1118 = 0.7

FC! Fast conling; SC: Slow cooling; Stag 1, 1l and 111 produced with mixture [, 11 and I, respectively.
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Fig. 4. XRD} pattern of slow-cooled {5C) slags (G: gehlenite (Al;CagSi0); C:
calcium magnesium silicate (Ca;MgO-Si, ) P; perovekite (CaTi0,); Ti: calcium-
silico-titanate  (CaOLSiTi); ¥: yoshiokaite (Ca; 4AliaSi04.0; N nepheline
(AN w051 T tricalcium aluminate (CayAlOu 1)

Cohen, 1980). The Agures show that fast-cooled slags (Fig. 3) resulied in less
crystalline mineral phases compared to the slags that were cooled down
slowly at room temperature (Fig. 4). However, the particles of the slag
subjected to fast cooling easily tend o agglomerate when the slags were
ground in a planetary ball mill (Fig. 2) (Balie, 2000; Van Loy et al, 2017,
The same grinding conditions were applied to the other slags, but due to the
crystallinity of the slags formed after slow cooling (Fig, 4), agglomeration
did nat oceur, but only a particle size reduction was obtained (Fig. 2). Thus,
from the slags that were cocled down slowly, slag I, which was produced
with addition of 20wt CaD as flux, was mainly charscterised by the
presence of gehlenite and perovskite, althoogh caldum magnesium silicate
was also identified. Meanwhile, in slags Il and I, similar mineralogical
phases were recognized die 1o the use of Cal and Si0y as flux in slightly
different proportions. Consequently, vashiokaite, nepheline and tricaleium
aluminate were the main mineral phases formed after cooling. The slag 11
subjected to fast cooling, however, resulted in an almost completely
amorphous structure. The mineral phases identified in the slags differ sig-
nificantly from the minerals and compounds identified in the original
sample of bauxite residue: hematite and goethite (iron minerals); gibbsite
and diaspore (aluminium minerals); calcite (calcium mineral); and cancri-
nite. SEM analysis on the smelted slag [1LSC indicated that small particles of
iron were locked in the slag phase, particulady in the Ca-Al-Si-Ti matrix
phase (Fiz. 5). These iron particles were not liberated from the slag matrix
by grinding due o the very small size (< S0um)

In view of these results, slag 11 subjected to slow cooling, i.e. slag
ILSC, represents the most unfavourable material to recover rare-earths
by acid leaching, due to the high content of silicon, aluminium and
irom. It must be noted that during conventional acid leaching, at room
temperature, an over-saturation of silica in acid solution can lead to
silica polymerzation due to the hydrolysis of the silica monomers, Le.
H.5i0, and H.8i0,", formed during the decomposition of silicate
compounds (Homouds and Amiri, 2014; Kokhanenko et al., 2016;
Tobler et al,, 2009), Silica gel formation represents a serious drawhack
in hydrometallurgy because the gel solutions can no longer be filtered
(Abkhoshk et al., 2014: Alkan et al., 2018a; Quenean and Berthold,
1986; Shi et al., 2017; Thang et al., 2016). Meanwhile, a high co-dis-
solution of aluminium and iron can significantly decrease the efficiency
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Fig. 5. SEM image of slag 1L.SE {10 KV, 200 =, 10 WD),

of the further separation process, e.g., solvenl extraction and/or ion
exchange, to recover selectively the REEs due to their co-adsorption to
the ion-exchange resins (Wang et al., 2011). Therefore, slag IILSC will
be considered from now on as the main subject of this research, The
remaining slags as well as bauxite residue were then studied afterwards
under the experimental conditions thar urned out to be the best for slag
NLSC,

3.2. HPAL of a slag rich in silicon, aluminium and iron

The slag I11.5C contained the highest content of silicon, aluminium
and iron. This slag was leached with two different mineral acids (HCI
and Hz504) to evaluate the selectivity of the different elements.
Leaching experiments were performed in the temperature range be-
tween 60 and 180 °C, and with acid concentrations of 1 and 2N, The
experiments were performed with a L/S ratio of 10 during 1 h.

3.21. HPAL with H:50,

The effect of the temperature on the extraction of the major ele-
ments (Al, Fe, Ti and SI) with H,80, is shown in Fig. 6. As it has been
reported in the literature, the dissolution of silicon in the leach solution
increases with increasing acid concentration (Alkan ot al., 201 7; Rivera
et nl,, 2018). Thus, the highest dissolution of silicon was about 80 wt%

100 1NHS0,
'“é 80
g 60
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Fig. 6. Effect of the temperature and H;S0, concentration on the dissolution of
Al Fe, 5i, Ti, Ca and Ma from slag HLSC (L/5: 10, t: 1h).
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it 60 °C with 3 N Hz504. Further increase in temperature led to a sig-
nificant drop in silicon dissolution, particularly at temperatures above
130°C (= 0.5wt3), with the same acid concentration. This is because
at high temperatures, water |s released as vapour and, therefore, hy-
dration af silica is substantially reduced, Hence, the partially hydrated
metal jon reacts further with silicic acid, diminishing the condensation
of monomeric silicic acid according to Reaction 6, The dehydrated silica
precipitates and is readily filterable (Falayi et al., 2015; Huang et al.,
2015; Whittington et al., 2003).

MaSiOg + 2H:5304 + (d4n — 21HLOy — 2MS0=nH Oy

+ SI00y niemble) (&)

As a result, the concentration of silicon in solution was < 0.5gL ™"
and o traces of silica gel formation was observed. The leaching process
with low acid concentration resulted in a similar behaviour. It must be
noted that < 1wt of silicon dissolution was obtained at 100°C with
1 N Hs80, (pH = 2.5), However, with 3N Hs50, (pH — 0.7), the same
level of dissolution was observed just at 150 °C, This Is because, with
low acid concentration, the monomer's solubility is reduced as con-
sequence of a fast reactivity of the acid with compounds of the solid
particles. Maoreover, high acid concentration and temperature enhance
the decomposition of silicate compounds that lead to an increase of
silicon dissolution (Colby et al., 1986; Wilhelm and Kind, 2015), High
acid concentrations also led to high co-dissolution of aluminium and
iron, which decrease the selectivity of the leaching process in terms of
REEs recovery. Between 60 and 100 °C, about 80-95 wit% of aluminium
was leached (ca. 18g L Yy, while between 65 and B0 wi®% of iron was
transferred into the solution {ca. 3gL™"). A further increase in the
leaching temperature, however, reduces the dissolution of aluminium,
most probably caused by the lack of acid available for leaching due o
the chemical precipitation of Ca®* fons as CaS0, and the partial de-
composition of silicate compounds, These phenomena have been re-
ported earlier to oceur in the presence of HaS50,, but not with HCI
(Kivern et al., 2017a; Seidel and Zimmels, 1998). In additon, alumi-
nium suifate can also precipitate at high temperatures due to the eva-
poration of water (Sangita et al, 2017). The slight reduction of iron
dissolution, in the range of temperature between 150 and 180 °C, can be
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explained by the formation of sodium-jarosite that was detected with
low intensity only in the solid residue obtained after leaching at 180 °C.
Sodium was totally dissolved when the leaching temperature was
100°C, with a maximum concentration of 3 g1~ " in solution. A further
inerease in the leaching temperature caused sodium to precipitate, as its
concentration at 180 "C was reduced till 0.9 gL.7" (about 40 wi%). The
average iron concentration was 2.8 = 0.3 gL\ The pH of the solution
during leaching with 3 N Ha50, was about 0.7 + 0.1. Therefore, the
precipitation of sodium and the acid conditions could explain the for-
mation of jarosite at high temperatures (Duyvesteyn, 2012).

The extraction of titanium was < 5 wi%, particularly at high tem-
peratures. This low dissolution of titanium has been attributed by dif-
ferent authors to the formation of TiQS0,, which tends to have a low
solubility {(Alkan et al., 2018b; Borra et al., 2016d), but this phase was
nob detected during this investigation. However, the XRD analysis of the
solid residue obtained after HPAL with H 50, (Fig. 7) confirmed that
high add concentration led 1o a large decomposition of silleate com-
pounds, but also to the formation of CaS0,. The formation of CaS0, can
hinder the dissolution of ritanium-containing mineral phases, such as
perovskite (CaTi0.) and/or calcium-silico-titanate (CaOzSiTi), but also
of Ca/Al/Si-compounds such as yoshiokaite [CaysAlsSi04.) and tri-
calcium aluminate (CazAlaOg) (Fig. 4), as it was confirmed by SEM
analysis. Fig. & describes the elemental distribution of the residue ab-
tained after HPAL with Hy50,, while the quantitative analysis of ele-
ments is described in Table 4. The presence of & Ca-5-0 phase (pre-
sumably CaS0,) tends (o enclose partially or totally the
titanium-oxygen phase (TiQ; presumably as anatase or rutile). The
elemental mapping also confirmed the simultaneous eccurrence of the
Ca-5-0 phase with silicon and aluminium, which could also explain the
reduction of aluminium extraction at temperature above 100°C, Al-
though calcium-containing phases transform to their sulfate form ea-
sily, calcium dissolution is low due to the fact that calcium sulfates have
very low solubility in water, Le. 2g L™ at 20°C (Myerson, 2002),

In Fig. 9, the effect of the temperature and acid concentration on the
extraction of selected REEs (Sc, Y, La, Nd) after leaching with Ha50, is
shown. With low acid concentration, i.e. 1 N H;80,, the extraction of
scandium and yrtrium was similar between 60 and 100 °C, i.e. 32 wt%
{ca. 4mgl "), but it was reduced when the temperature was increased
up to 180°C, presumably due to the co-precipitation with jarosite
(MFey(504):(0H),, where M can be Na®, NH,*, Ha0%, Li*, K*), as
seandium can replace dron in its erystalline lattice stnicture
(Duyvestevn, 2012).

The extraction of lanthanum and necdymium was lower than 15wt
4% owver the whole temperature range. It must be noted that with 1 N
HzS0, the exteaction of REEs is very low die to the high pH of the
solution (— 2.5) (Rivera et al,, 2017a), Moreover, in acidic media, most
of the REEs statt dissolving only at pH values below 2, while the dis-
solution of major elements starts occurring at pH values below 5 (Borea
et ., 2015). The highest extraction yield of REEs was obtained with
3 N Hz50,4 berween 60 and 100 "C. At temperatures higher than 100°C,
a gradual reduction of REEs recovery, with the exception of scandium,
was observed. Several researches have reported a reduction of the
lanthanides dissolution due to the formation ef a sodium-lanthanide-
double sulfate compound, i.e. Naln{S0,).-nH-0, which has been ob-
served in solid residues obtained after acid leaching of REEs-containing
compounds (e.g., phosphogypsum, monazite and eudialyte minerals,
pre-concentrated bastnasite mineral) with H S804 (Abrew and Morals,
2010 Davris ot al., 2017; Kul et al., 2008; Meshram et al., 2016). Al-
though sodium dissolution undergoes a substantial reduction at tem-
peratures above 120°C (Fig. 6), the sodium-lanthanide-double sulfate
compound could not be detected by SEM-EDX none by XRD in our
sample, probably due 1o the low concentration of the lanthanides and
sodium (about 0.5 wi%), Therefore, it is believed that lanthanum and
neodymium remain associated to the perovskite (CaTi0,) phase, which
was not totally dissolved after leaching, and is known to host REE (with
Sc in very low concentration) in its matrix (Shrivastava et al., 2004;
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Fig. 8. Back-seattered electron (BSE) bnage of the leached slag NLSC with H.50, at 150°C, and elemental distribution of Al, Ti, Na, Ca, 8, § and O

Table 4
SEM-EDX (average) semi-quantitative analysis results
of elements in Fig. 8.

Element Concentration, wit

Al 625

ni 5= 32

Na 0.5 + 0l
a L -

] T2 5

] 7Tx5

o M6

Vind er al., 20080 Zheng et al., 2016), The yuirium (and other heavy

rare-earths) double sulfate is very soluble and, therefare, the decrease
of yitrium extraction could be caused by the adsorption on silicon- and/
or aluminium-oxide minerals, such as mayenite (CagaAl;a0z4), vosh
iokaite (Al 4Cas 044515 7), tricalcium aluminate (CasAl.0g) and/or
gehlenite [Al;Caz8i0+), which were identified in the sample after
leaching (1 "). This phenomenon has been described earlier in the
literature, and is supported by the observed similarity in extraction
behaviour with incressing temperature between yttrium and alumi-
nium, but also with silicon (Kosmulski, 1997}, It is believed that due to
the similar behaviour with yitrium, lanthanum and neodymium can
also be adsorbed on the surface of the same mineral phases (Piasc
20008}, The reducton of scandium leaching at tem-
peratures above 120 "C could be caused by the lack of acid produced by
the chemieal transformation of CaCOy inte CaS0,. The formation of
jarosite could also explain the low recovery of scandium at high tem-
peratures {Duyvesteyn, 2012),
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Fig. 9. Effect of the temperature and H;50, concentration on the extraction of
selected REEs (5c, ¥, La, Nd) from the slag HLSC (L/5: 10, & 1 h)

322 HPAL with HCl

Flg. 10 depicts the effect of the temperature and HC] concentration
on the extraction of the major elements (Al, Fe, Ti and Si). High HCl
concentration led to a significant dissolution of aluminium and iron,
which is further enhanced by increasing the temperature, Silicon dis-

solution remained < 1 wi% due o the release of water as vapour at
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high temperature, which inhibits the generation of silica gel (Reactio
7}, similar to the case of HPAL with H,50,.

MSiCh,, + 4HCL + (dn — 2)Ha0y — MOl snHaO + SH00 5uebie]

(71

IT‘I

Fig. 11. Back-scattered electron (BSE] image of the leached slag [L5C with HCl at 120°C, and elemental distribution of Al, Ti, Ca, S and O
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Table 5
SEM-EDYX (average) semi-guantititive
of elements in Fig. 11.

Analysis r|“.-|:|| [&

EBement Concenimation, wi't

Al 3t4
Ti 4 + 6
Cn z 7
Ma 1 £ 0.2
Si BE+3
L&) 2 =8

Fig describes the elemental distribution of the residue obtained
after HPAL with HCI, while the gquantitative analysis based on the
elemental mapping by SEM-EDX is shown in Table 5. As it was observed
before in the residue obtained after leaching with HaS0y (Flg. &), tita-
nium was also found simultaneously with silicon and aluminium in the
residue obtained after leaching with HCL The low exteaction of tira-
nium could be caused by its chemical association to the perovskite
phase, which in this case was not totally decomposed after HPAL with
HCl (see Fig, 12).

The effect of the temperature and the HCl eoncentration on the
extraction of scandium, yitrium, lanthanum and neodymium is shown
13, With 1 N HCI, the extraction yvield of yttrium, lanthanum and
neodymium significantly increased when the temperature was in-
creased. Neodymium and lanthanum showed a comparable leaching
behaviour, as they occur only in the + III valence state and tend to have
a similar mineralogical distribution in bauxite residue (Lel et al., 1986;

in Fig
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Fig. 13. Effect of the femperature and HCl concentration on the extraction of
selected REEs (5c, Y, La, Nd) from the slag 111.5C (L/5: 10, & 1h).

Fiverns et al,, 2018). However, scandium was scarcely leached out from
the solid matrix with low HCl concentration, due to its association to
the tricaleium aluminate (Ca;Al:05) mineral phase. According to the
XRD analysis shown in Fig. 12, CazAl;0p was detected in similar
scanned angles as that of the perovskite (Ca0,Ti) phase, not only in the
unprocessed slag sample, but also in the solid residue obtained after
leaching with 1 N HCl. However, among the REEs, the scandium con-
centeation in the perovskite phase can be almost negligible (Vind et al.,
2018a). Previous reports have shown that it remains associated to
aluminium compounds (Borra et al, 2016b, 2017). CazAl0, was not
detected in the solid residue obtained after leaching with 3N HCI,
presumably due to its total decomposition, which may explain the high
REEs recovery at femperatures > 100°C. The decrease of scandium
recovery above 120°C could be caused by its adsorption on silica,
which started to precipitate at temperatures above 100°C (Fig. 10).
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Fig. 14. Extraction of selected REEs (5c, Y, La and Nd) after HPAL with HCI of
fast and slow cooled slag from bauxite residue by reductive smelting (acid
concentration: 3N, 120°C, L/8: 10, & L h).

This phenomenon has been reported in the literature and could be
confirmed by these results (Ma et al., 2014).

3.3. REE:s recovery hy HPAL from other slags of bauxite residue smelting

Other slags than IILSC, presented in Tables 2 and 3, were processed
by HPAL under the conditions that were optimized for slag I1L.5C (see
section 3.2}, To recapitulate, the highest extiaction vield of REEs was
obtained with an acid concentration of 3 N, with both acids: HCI and
Hy50y. The optimal temperature was defined in terms of the lowest
concentration of aluminium, {ron, danium and silicon in the solution,
in order to enhance the selectivity for REEs recovery. This, in the case
of HPAL with HCI, the lowest aluminium/iron (Al/Fe) and scandium/
iron (Sc¢/Fe) leaching ratios (l.e. 1.1 and 0.9, respectively) were ob-
tained ar 120 °C with a high REEs extraction (Sc: 79 widh; ¥, Nd and
La = 97 wi) and very low concentration of titanium and silicon in
the solution { = 0.5gL™"). In the case of HPAL with H.80,, the lowest
Al/Fe and Sc/Fe (i.e. 0.9 and 1.1} ratios were obtained at 150°C, at
which the Sc/ZREEs ratio was the highest one (i.e. 3] and, therefore, at
high selectivity for scandium recovery (EREEs was considered as the
sum of yitrium, lanthanum and neodymium extraction).

The extraction of selected REEs (Sc, Y, La, Nd} from the remaining
slags by HPAL, with HCl and H,80,, are summarized in Figs. 14 and 16,
respectively, Similar to the behaviour of slag [11.8C, HPAL with HCI
showed a high recovery of REEs. Meanwhile, with H,50,, scandium
was preferentially dissolved over the other REEs, presumably due to the
formation of a CaS0y4 product layer on the surface of the solid particles
(zee section 3.2.1, Fig. B). The solid residue obtained after leaching with
H280, was highly crvstalline due to the formation of CaS0, (Fig. 17).
The solid residue after leaching with HCL, on the contrary, resulted in a
quite amorphous structure, and unveiled the presence of titanium-rich
phazes, which were formed even with a fast eooling rate. It must be
noted that Borra et al. were able to suppress the CaTiO, formation by
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quenching the slag produced during smelting of 4 solid residue with
very low aluminium content { < 1 wi%), which was generated by alkali
roasting followed by water leaching. In this investigation, the use of a
pre-lreatiment process prior o reductivesmelting was not consldered.
According to Fig. 15, titanium-rich phases (i.e. perovskite, anatase,
rutile) are less solubfe in HCl-media, as their peaks were the most
evident in the corresponding diffractograms of XRD analysis. The
highest recovery of scandium (ca. 85 wit¥) was obtained from slag 11
subjected to a fast cooling (slag ILFS in Tables 2 and 3), which was the
most amorphous one among all the other slags (Fiz. 3) and, therefore,
the easiest one to leach. Therefore, the treatment of this slag by HPAL
can be further optimized by reducing the leaching temperature and/or
the acid concentration. The figures also show that, from slag I (formed
by the mere use of Ca0 as flux during smelting of bauxite residue) up to
60 wi%e of scandium was recovered, presumably due the formation of
CaS0y during leaching, but also due to the presence of grossite (alu-
minium rich) and laihuinite (iron rich) compounds (Fig. 17), as scan-
dium can be part of their corresponding lattice matrix. On the other
hand, scandium was mostly extracted from slags Il and [1I, particularly
the ones subjected to slow cooling rates, which were characterised by
the presence of yoshiokaite and nepheline (both aluminium-silicate
compounds), and leached with Ha504 This can be explained by the
preferential decomposition of such compounds in Hy50, rather than
with HCI (Rivern et al., 2018). In slag I, however, aluminium was found
together with caleium in the mineral phase gehlenite, but not associated
with silicon, which can also explain the low scandium recovery from
this slag. Therefore, it is believed that aluminium-calcium compounds
may have a lower solubility in acidic media compared to aluminium-
silicate compounds, which may limit the recovery of scandium and
other REEs from the slags.

3.4, Direct treatrmerit of bawxite residue by HPAL versus HPAL of bauwite
residue slags and other acid leaching processes

The direct treatment of Greek bauxite residue by HPAL was per-
formed with HCI and H280, in order, according to the diagram pre-
sented in Fig. 15, to evaluate the recovery of REEs in the presence of a
high content of iron (33 wi%, Table 2). HPAL with Ha804 (Fig. 19)
allows a relatively high recovery of REEs up to 100 "C, without bringing

too much iron into the solution (< 10 wit%:), but with a substantial co-
dissolution of silicon (ca. 60 wt%). A further increase of the tempera-
ture led o ca. 70 wi% of scandium recovery, presumably due to the
decomposition of the iron-rich mineral phases, e.g., hematite, goethite,
which are the main host minerals for scandium in this particular
bauxite residue (Vind et nl., 2018a), Nevertheless, the recovery of other
REEs was relatively low { = 45 wi%) due to the high dissolution of so-
dium (> 40wi%) that may lead to the formation of double sulfates
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Fig. 16. Exiractton of major Al, Fe and selecied REEs (5¢,Y, La and Nd} after
HPAL with H;80, of fast and slow cooled slags from bauxite residue by re-
ductive smelting (acid concentration: 3N, 150°C, L/5: 10, & 1 h)



RM. Rivera el al

Subjected to fast cooling

f“” e > T siagl
=l

5000

|i'°“m Y siagh

2500

| S i 11 U

so00, B A Ao
] Stag il
G
Em'itu J.' -
I LN TR B
% 2 %0 40 = &0

]

:

Position 26 (Copper)

Hydromeiallurgy 184 {2019) 162.174

Subjected to slow cooling
106000 .
7500 Slag |
5000 T Ban
2500 .J'H MMM B A
gl Lou RO S VY
10000 ay
n
4 7500 L G,."“ Slag
B
8 sl il
2500 M B
o : e e
W 20 3 40 S0 60 TO
10000
A
550 G Slag Il
5000 ¥ w
2500/ An I B T B
W 20 M 4 5 80 TO

Pasition 20 (Coppar)

Fig. 17. XRD pattern of different slags treated by HPAL with 3N Hy80, at 150°C (L/8: 10, & 1h; An: anhydrite (CaS0y); Gro grossite (Al,Cal:)k L ladhuinite
{Fe® " Fe * 2(8i0,).); Gi: gismondine [CasAlSi, 00 9(H00; O quartz ($i0,); B: bassanite (CaS0, -0.5H,0k A: anatase (Ti0, ) T: tricaleium aluminate (Ca;AlO.); G:
gehlenite (AlLCa,5i0.) M: mayenite (Ciy2Al O] Gyv: gypsum (CaS0y2H,0); Y: voshiokaite (Cas Al 5104211,

Bauwila

Csiddna ! Dauted mmeral acid

17.-- 3 W H, 50, andHOI

High pressure

lmaching
VB0 - VB0 LS 8 T R

!

—— Resue

Fig. 18. Flow sheet for high-pressure acid leaching of the bauxite residue
sumple.

1 oAl *Fe «5 #T ®Ca +MNa

S i e
% o -—
E /7__1-_
(9
B AT
A -
w 20 - g
o B — S
$1m| eS: wmY #la 4Nd
80| A
e 2 -
= u
34 a2\ W
3 #_/ ~
s Ny e
40 B0 B0 100 120 140 160 180 200
Temperatura °C

Fig. 19. High-pressure acid leaching of bauxite residue with 3N Hi50, at
different temperatures (L/S: 10, tr 1 h).

172

(Abreu and Morais, 20107 Davris et al,, 2017; Kul et al., 2008; Meshram
et al., 2016), HPAL with HCI (Fig. 20) allowed the precipitation of si-
licon and tdtanium at temperatures above 100 "C, beside high recoveries
for seandium (> 7Owt%) and other REEs (La: 67-80wi%, Nd and
Y = BEwi%). The substantial co-dissolution of iron and aluminium,
however, was unavoidable at high temperatures and acidic conditions.
MNevertheless, HPAL of (untreated) bauxite residue should still be in-
vestigated in detail. The optimization of the leaching parameters (e.g.,
leaching time, L/S-ratio and leaching temperature) affecting the ex-
traction of REEs from different slags, produced during the smelting
process of bauxite residue, can be further investigated by, for example,
using the Taguchi method (Bayea and Kisik, 2018).

It must be noted that the extraction yields obtained at
temperatures < 100°C are comparable to the ones reported by other
researchers, who have also investigated the direct wreatment of bauxite
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Fig. 20. High-pressure acid leaching of bauxite residue with 3N HCl at dif-
ferent temperatures (L/5: 10, © 1 h).
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residue by acld leaching, Thus, Borra et al, have reported REE re-
coveries in the range of 70-80 wi%, by treating the bauxite residue via
direct acid leaching with L/5-ratio of 50:1, In order to enhance the
extractability of REEs, Up to 50 wi% of scandium can be recovered
with < 5wi% of iron in the solution, while aluminium, silicon and t-
tanium are significantly dissolved (Borra et al., 2005). In another study,
the use of strong oxidative conditions (e-g., addition of Hz04) to avoid
silica polymerization has also been reported (Alkan et al., 2018a). Ac-
cording to the authors, by treating the bauxite residue at 90 °C, with an
equal concentration of 2.5 M of Hz04 and Ha50, directly, an extraction
of approximately 70wt% of scandium can be achieved with a sub-
stantial depletion of silica dissolution, but about 35 wi% of iron is also
extracted in the process. The method, however, allows the recovery of
about 90 wi%h of titanium as [TiI0-0]50, complex. The mixture of
bauxite residue with concentrated mineral acids, at very high solid-li-
quid ratio, followed by water leaching, has also been studied as a
process to avold silica polymerization (Rivera et al., 2018). The appli-
cation of this method has demonstrated a recovery up (o 40 wtt of
scandium (and up to 50 wit% of other REEs) with a significant co-dis-
selution of iron (about 25 wi%], but the conceniration of REEs in the
leachate can be enhanced by considering & multi-stage leaching with
the recirculation of the leach liquor (Rivers et al., 2018).

Az described in the previous section, during the treatment of slags
from bauxite residue smelting by HPAL, silicon remains undissolved in
the solid residue and, consequently, silica polymerization is avoided.
Titanium also remains in the solid residue, but its recovery after
leaching would be beneficial. Furthermore, HPAL of the slags allows to
recover = 90 wi% of scandium without bringing too much iron into the
solution (= 3gL ™"} The recovery of other REEs is high when using
HCL. However, the large volume of efluents enriched with HCl may
represent the major concern in the process due to its high corrosiveness.
The use of glass-lined reactors and valves and plpes made with high-
performance chemically-resistance polviners can slgnificantly increase
the capital cost. From this point of view, the recovery of scandium from
the slags can alternatively be done by using HaS04, which is widely
used in the industry and allows a high extraction yield, although the
recovery of other REEs ia low. The residues generated after HPAL are
rich in silica and low in sodium content. They can also be rich in CaS0,
when H;50, is considered in the process. The residue can be further
studied for their applicability in building materials or cementitious
binder.

4, Conclusions

lron was suceesshully separated from Greek baiixite residiie by using
different mixtures of coke, CaQ and Si0y at a temperature of 1500 °C.
After heating, the slag solidified slowly at room temperature resulted in
a more crystalline phases than the slag subjected 1o quenching (fast
coaling). The slag 111, subjected to slow cooling, was used as a reference
to selectively recover rare-earths by HPAL due to its high content of
silicon, aluminium and iron. HPAL of slags produced during the
smelting of bauxite residue effectively suppressed the co-dissolution of
silicon and titanium, particular at temperatures above 100-120'C.
HPAL with HC] allows an extraction up to 90 wt% of scandium, and
about 95 wih of yttrium, lanthanum and neodymium at temperatures
above 100 °C. However, by performing HPAL with H.50,, the extrac-
tion of scandium reacheéd up o 95 wi%t at 150°C, while the extraction
vield of yttrium, lanthanum and neodymium was about 40 wi%. The
formation of CaS0, during HPAL with H,50, hinders the dissolution of
Tis, but also the dissolution of other REEs, with less effect on scan-
dium extraction. Meanwhile, the extraction of lanthanum and neody-
miuwm is presumably limited by their chemical association to the per-
ovskite phase and/or by their adsorption on the surface of silicon/
aluminium-oxide minerals, which could be confirmed with microscopy
analytical techniques such as transmission electron microscopy and
electron probe micro analysis. Nevertheless, the formation of sulfates
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result in an increase in the selectivity of scandium over the other REEs.
The optimal conditions determined from the reference slag were suc-
cessfully applied to other slags from bauxite residue smelting. HPAL
with HCl at 120 °C allowed to obtain high extraction yields for yttrium,
lanthanum and neodymium [ > 90 wt%), but the slag Il subjected to fast
cooling (amorphous slag) resulted in the highest extraction yield of
scandium (about B5wt3), The treatment of slag 1 and I, both sub-
jected to slow cooling, with Hz50y at 150°C, resulted also in a sub-
stantial scandium dissolution (about 90 wt%), but with very low dis-
solution of other REEs. About 70 wit% of scandium can be recovered
from the (untreated) bauxite residue by HPAL together with a high co-
dissolution of other major elements (aluminium, iron, Htanium and
silicon). Although the treatment of slag from bauxite residue by HPAL
has demonstrated better performance in terms of REEs recovery than
other reported technologies, the process stll requires further in-
vestigatlon to optimize the acld consumpition, leaching time, L/S-ratio
and leaching temperature. An economic analysis should be developed
in order o assess the economic feasibility for bauxite residue and
bauxite residue slag processing via HPAL-
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