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Abstract

Bayer Process-derived red mud produced in China can be classified into three types according to chemical composition:
high-iron diaspore red mud, low-iron diaspore red mud, and gibbsite red mud. The specific chemical and mineral com-
positions of three such typical Bayer-derived red mud samples have been characterized by XRF, ICP-MS, XRD, and SEM.
These results, for example, indicate that GX (a high-iron diaspore red mud) contains more than 1015 pg/g lanthanides,
313 pg/g yttrium, 115 pg/g scandium, and 252 pg/g niobium and that HN (a low-iron diaspore red mud) has a high content
of lithium (224 pg/g), whereas SD (a gibbsite red mud) possesses a very low valuable trace element content, except for
gallium (59.4 pg/g). A sequential extraction procedure was carried out to assess the leachability of valuable trace elements
in these three red mud samples. Applying the extraction procedure, 60% of the yttrium in GX and 65% of the lithium in HN
could be extracted which would be of interest for trace metal recovery.
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Introduction

Red mud is an aluminum industry-generated large-scale
waste, which is primarily generated on a global scale by the
Bayer process. However, large quantities of red mud are
never used because of high costs and transportation diffi-
culties [1-3]. In general, red mud comprises 6—8 main
components and more than 50 trace elements. The contents
of main components within different red mud samples vary
in extremely broad ranges: for example, Al,O3; content
ranges from 2.12-33.1 wt%, Fe,O3; from 6.8-71.9 wt%,
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and CaO in red mud can span in the range of 0.6—47.2 wt%
[4]. Analogously, the concentration of trace elements
(usually comprising less than 0.1-1.0 wt%) also has a wide
range [2, 5], with examples of such trace elements being
arsenic, beryllium, cadmium, chromium, copper, gallium,
lead, lithium, manganese, mercury, nickel, potassium,
scandium, thorium, uranium, vanadium, zinc, and zirco-
nium as well as lanthanides. Both the main components
and the trace elements in red mud can be extracted as
resources. Hence, red mud can be regarded as a ‘poly-
metallic raw material’ or an ‘artificial ore’ source con-
taining high amounts of valuable metals [6, 7]. Recovering
the valuable metals from red mud is a potential choice to
deal with the dilemma of natural ore shortages.
Conventional methods for leaching of elements from red
mud have usually employed acid, alkali, or calcination
processes to obtain the target products, aiming to investi-
gate optimal leaching conditions. Previous literature relat-
ing to the use of Tessier’s sequential extraction procedure
[8—10] focused on the environmental impact on toxic ele-
ments (like Al, Cr, Ni, Zn, and Mn). It is necessary to know
the speciation of valuable trace elements for recovery
through leaching or extraction from red mud, since red
mud can be classified into different types by chemical
composition [11]. The present study reports the speciation
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of valuable trace elements in red mud as well as the vari-
ations of different red mud types as a function of sequential
extraction stage. The aim of the present study was to assess
the leachability of valuable trace elements in red mud, and
to compare the fractionation and speciation of valuable
trace elements in red mud from different origins in China.
For this purpose, a modification of Tessier’s sequential
extraction procedure [12] was applied to estimate the
leachability of valuable trace elements.

Materials and Methods
Samples and Characterization Methods

The Bayer process-derived red mud obtained in China can
be classified into three types by chemical composition:
high-iron diaspore red mud, low-iron diaspore red mud,
and red mud generated from imported gibbsite [11]. Three
such red mud samples drawn from three locations were
used in this study: GX (from Guangxi, China, a high-iron
diaspore red mud), HN (from Henan, China, a low-iron
diaspore red mud), and SD (from Shandong, China, a red
mud generated from imported gibbsite). For the purposes
of comparison, the elemental compositions determined for
a range of different red mud samples are presented in
Table S1 (Supplementary Material).

The main chemical compositions of the three samples
were determined using X-Ray Fluorescence Spectroscopy
(XRF, Philips PW2404); inductively coupled plasma-
atomic emission spectrometry (ICP-AES, Agilent VISTA)
or inductively coupled plasma-mass spectrometry (ICP-
MS, Perkin Elmer Elan 9000) were used to analyze trace
chemical compositions of the various samples. Prepared
samples were fused with a lithium metaborate—lithium
tetraborate flux which also included an oxidizing agent
(lithium nitrate), and were then poured into a platinum
mold. The resultant disk was in turn analyzed by XRF
spectrometry. The XRF analysis was determined in con-
junction with a loss-on-ignition at 1000 °C. The lithium
and scandium concentrations in the solid red mud and final
residue samples were obtained by ICP-AES. Specifically, a
prepared sample was digested with perchloric, nitric, and
hydrofluoric acids. The residue was then leached with
dilute hydrochloric acid and diluted to produce a known
volume which was then analyzed by ICP-AES. Results
were corrected for complications arising from spectral
inter-element interference. Trace elements, with the
exceptions of lithium and scandium, in the solid red mud
and final residue samples were determined as follows: each
sample was added to a lithium metaborate/lithium tetrab-
orate flux, mixed well, and fused in a furnace at 1025 °C.
The resulting melt was then cooled and dissolved in an acid
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mixture containing nitric, hydrochloric, and hydrofluoric
acids. Finally, the solution was analyzed by ICP-MS.

All three red mud samples were characterized by pow-
der X-ray diffraction (XRD) with measurements being
performed using a Siemens D5000 diffractometer with Cu
Ko radiation. A 20 range between 5° and 85° was scanned
using a counting rate of 1 s per step with a step size of
0.02°. Samples were prepared by compaction into a silicon
sample holder. For SEM observation, samples were imaged
in an FEI Scios scanning electron microscope.

Sequential Extraction Procedure

Leachability amounts of valuable trace elements in all the
three red mud samples were evaluated by a modified
sequential extraction procedure. To Tessier’s original par-
titioning scheme, extraction with water was added as an
initial step. After mechanical shaking, centrifugation, and
filtration, the concentrations of elements in each particular
fraction were determined by ICP-MS. The solid residues
remaining after each extraction step were washed with
15 mL of water, shaken for 15 min, centrifuged at
3500 rpm for 3 min, decanted, and the washing solution
discarded prior to the addition of the next extractant
(Fig. 1). After each extraction step, the leachate was sep-
arated from the residue by filtering through a 0.45-pum
Millipore filter paper using a glass Millipore vacuum filter
assembly. The leachate was stored for trace element anal-
ysis (ICP-MS and ICP-AES), and the residue on the filter
paper was carried over to the next step of sequential
extraction. Each analysis performed in this study was
conducted once.

Red mud sample

Water

MgClL(pH 7.0)

Water-soluble

Exchangeable

| Bound to carbonates ‘

CH,COONa (pH 5.0)

NH,OH-HCI + acetic acid (96 °C)

. HNOs+H,0,(pH 2, 85°C), H,0,
lBound to Fe-Mn oxides‘ (PH 2, 85 °C), NH,0Ac + HNO,

v '

‘Bound to organic matter ‘ ‘ Residue ‘

Fig. 1 Flow sheet of the sequential extraction procedure for the red
mud samples
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Water-Soluble Fraction

In this section, 3.00 g of each red mud sample was trans-
ferred into a 50-mL polypropylene centrifuge tube, and the
sample was shaken for 24 h with 30 mL of water, cen-
trifuged, decanted, and filtered.

Exchangeable Fraction

The extraction solution applied was 30 mL of 1 M mag-
nesium chloride (MgCl,) at pH 7.0, with the residue being
shaken for 24 h at room temperature, centrifuged, decanted
and filtered.

Fraction Bound to Carbonates

The extraction solution applied was 30 mL of 1 M sodium
acetate (CH3COONa) adjusted to pH 5.0 with acetic acid,
and the residue was shaken for 24 h at room temperature,
centrifuged, decanted, and filtered.

Fraction Bound to Fe—Mn Oxides

The extraction solution applied was 30 mL of 0.03 M
hydroxylamine hydrochloride (NH,OH-HCI) in 25% (v/v)
acetic acid. Extraction was carried out at 96 = 1 °C for 6 h
with occasional agitation on a magnetic stirrer provided
with a heater. After cooling to room temperature, the
sample was centrifuged, decanted, and filtered.

Fraction Bound to Organic Matter

To the residue from the previous step was added 9 mL of
0.02 M HNOj and 15 mL of 30% H,O, adjusted to pH 2
with HNO3, and the mixture was heated to 85 £ 1 °C for
2 h with occasional agitation. A second 9 mL aliquot of
30% H,0, (adjusted to pH 2 with HNO3) was then added,
and the sample was heated again to 85 £ 1 °C for 3 h with
intermittent agitation. After cooling, 15 mL of 32 M
NH4OAc in 20% (v/v) HNO; was added, and the sample
was diluted to 60 mL and agitated continuously for 30 min.
Then, the sample was centrifuged, decanted, and filtered.

Residue

After drying the residue from prior step, the solid material
obtained was determined by ICP-AES or ICP-MS.

Results and Discussion
Main Chemical Composition

The main chemical compositions of the three typical Bayer
red mud samples used in this study are shown in Table 1. It
can be seen that GX (the high-iron diaspore red mud) and
SD (the red mud generated from gibbsite) possess higher
iron contents than HN (the low-iron diaspore red mud)
does. High iron content red muds, like GX and SD, can be
considered an iron resource in situations where the recov-
ery process is both economically and environmentally
acceptable [13, 14]. HN and most red muds generated in
China, similar to Guizhou red mud [15], have low iron
contents. Hence, in general, in the context within China,
iron recovery is not an economic choice for complete uti-
lization. Another difference in the content of the samples
examined within the present study relates to CaO. In the
table, it can be seen that the CaO content of SD is 1.5 wt%,
which is far lower than those for GX and HN. Calcium
(lime) is commonly added during the Bayer Process so as
to aid in processing [16]. Lower amounts of calcium added
in the Bayer process may have the result that less sodium
could be recycled resulting in a higher sodium content in
red mud, e.g., in SD.

Trace Chemical Composition

Red mud contains many metals in trace amounts, and these
can be classified into three types: (i) valuable trace metals,
such as rare earth elements and gallium; (ii) toxic or
radioactive trace metals, such as chromium, uranium and
thorium; and (iii) other trace metals, such as strontium and
barium. However, of course, toxic or radioactive trace
metals can also be valuable if their concentration is high
enough for recovery, as would be the case, for instance, for

Table 1 The main chemical compositions of three typical Bayer-derived red mud samples sourced from China (wt%)

ALO; Si0, Fe,0; CaO  TiO, Na,O K,O MgO BaO Cr,0; MnO P,05 SO; StO LOI
GX 1757 1277 2976 1430 608 507 022 066 001 025 0.4 014 059 0.02 11.58
HN 2254 1970 9.69  17.65 412 682 2.0 144 001 006 003 020 130 0.08 13.31
SD 2198 17.16 3325 150 476 933 017 012 <00l 005 006 013 030 <001 10.39
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Table 2 Concentrations of lanthanides and other trace elements in the three red mud samples (pg/g)

Element La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La—Lu
Accuracy 0.5 0.5 0.03 0.1 0.03 0.03  0.05 0.01 0.05 0.01 0.03 0.01 0.03 0.01
GX 214 483 314 995 21.6 487 26.1 6.05 442 10.10 30.5 5.02 337 5.16 1015.20
HN 165.5 356 353 1145 19.10 3.86 1530 259 1570 3.27 942 149 10.05 1.56 753.64
SD 31.6 1270 779 275 6.07 1.65 6.88 146 1005 234 712 119 1797 1.30  239.92
Element Cr Cs Ga Hf Nb Rb Sn Ta Th U v Y Zr Li Sc
Accuracy 10 0.01 0.1 0.2 0.2 0.2 1 0.1 0.05 0.05 5 0.5 2 0.2 0.1
GX 1920 3.22 49.9 77.1 313 17.8 35 23.1 117.5 34.4 491 252 2720 50.0 115.5
HN 510 1.86 47.8 323 108.0 55.9 20 8.5 111.0 333 394 83.9 1090 224 66.2
SD 430 1.01 59.4 35.6 56.4 10.0 23 4.5 56.9 9.11 602 64.1 1280 6.0 54.4

H: Hematite

q K: Katoite

D: Dellaite
o
<\° GX
é’ DK
= D K K D
2 K
= HN
S

CuKo 20/°

Fig. 2 Powder X-ray diffraction patterns of red mud samples

uranium and thorium. In the context of extraction of value
from waste red mud, it is particularly notable that rare earth
elements (REEs, including the lanthanides, scandium, and
yttrium) are viewed as ‘critical metals’ due to the currently
prevailing complex array of production and political issues
in relation to them. Red mud has been considered to be a
REE resource [17].

The trace chemical compositions of the red mud samples
analyzed in this study are presented in Table 2. As seen in
Table 2, GX contains 1015.2 pg/g lanthanides, 115.5 pg/g
scandium, 252 pg/g yttrium, and 313 pg/g niobium. In
general, high-iron diaspore red mud tends to comprise
more rare earth metals, thorium, uranium, niobium, and
tantalum. Notably, HN has an anomalous lithium content
of 224 ng/g. Although lithium has seldom been reported as
a potential resource in red mud, it can be present in bauxite
[18]. Compared with GX and HN, the gibbsite red mud SD
has very low contents of trace metals, their concentrations
usually being lower than those in diaspore red mud with the
exception of gallium and vanadium, among others.

@ Springer
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Like most of the main chemical compositional elements,
the trace elements are derived from bauxite ore, and their
concentrations differ significantly depending on the parent
ore source and hence on their composition. For extraction
or recovery of valuable elements, it is crucial to have an
awareness of the form in which they occur, the distribution
of elements, and also the type of red mud.

Mineral Composition

Red mud samples were characterized by powder X-ray
diffraction (shown in Fig. 2).The XRD patterns of GX and
SD have been previously reported in the context of iron-
containing phase identification [19]. The identity and

Extraction step

quantity of mineralogical components in red mud are
diverse and not easy to determine [4]. The main reflections
in the patterns of GX and SD match well with hematite,
while HN consists of compounds containing calcium, alu-
minum, and silicon, such as katoite (CazAl,(OH);,, PDF:
24-0217) and dellaite (CagSi0,Si04(OH),, PDF:
74-1995). The mineral-phase composition of low iron
content red mud is much more complex than that of high
iron content red mud. The differences are reflected in the
particles’ morphologies of red mud samples (Fig. 3). Par-
ticles of GX are granular, well crystallized with different
sizes, while minerals in SD do not have clear crystal edge
with similar sizes. In addition, minerals in HN have shapes
of large block, small granularity, and schistose structure.
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Fig. 5 SEM images of final residues after leaching. GXR, GX
residue; HNR, HN residue; SDR, GX residue

Leachability of Valuable Elements

The leachability of the different valuable metals present in
GX, HN, and SD was evaluated by the sequential extrac-
tion procedure detailed in the experimental section, and the
leachability of the lanthanides, scandium, yttrium, lithium,
gallium, and niobium from the three red mud samples is
presented in Fig. 4.

The lanthanides (La-Lu, not including Pm) can be
extracted in the final three steps of sequential extraction
procedure, with the greatest amount being removed in the
fourth step (i.e., that bound to Fe-Mn oxides). Although
HN does not contain the highest lanthanide content of the
three red mud samples, 35% of these metals could be
leached, with 22% being in the fraction bound to Fe—-Mn
oxides. The general trend in extractions of scandium and
yttrium from the different red mud samples is similar to
that of the lanthanides. Conversely, the total proportion of
scandium in GX extracted was 37%, exceeding only very
slightly that for the HN sample (35%). It is noteworthy that
the leachability values of yttrium in GX and HN are
remarkably high, being 60 and 75%, respectively. As dis-
cussed above, the yttrium content in GX is as high as
252 ng/g. Hence, the recovery of valuable yttrium is sig-
nificant in that 60% of yttrium can be recovered in total,
with 45% being removed in the fraction bound to Fe-Mn
oxides using hydroxylamine hydrochloride solution. The
present study is focused on the speciation of valuable trace
elements in red mud and their individual variations
between different types of red mud. It demonstrates that the
sequential extraction procedure undertaken might be an
avenue worthy of further exploration. To develop viable
extraction processes, further research is required, e.g.,
improvement of the leaching yields by changing the
amounts of reagents, and separating from other elements
present.

Lithium has been recognized as a potentially critical raw
material because of its wide-ranging and growing uses, and
the increasing demand for lithium may lead to a greater
emphasis upon lithium recovery from smaller mineral
deposits and also byproducts [20]. Lithium can be observed
in solution from all of the five steps based on the sequential
extraction procedure, and in general, predominant extrac-
tion is associated with the fourth step. The total amount of
lithium removed from HN was as high as 65%, with 45%
originating in the fourth step. Given that the lithium con-
tent in HN is 224 ng/g, the leachability of lithium observed

Table 3 Major chemical

compositions of the final A1203 Fe203 CaO T102 Na20 Kzo MgO P205 SO3
residues following the GXR  9.10 34.00 224 778 0.38 0.1 0.37 0337 005
extraction procedure (wt%)
HNR 17.8 10.74 1.61 5.30 0.35 1.9 1.17 0.417 0.08
SDR 14.5 36.86 0.07 5.08 0.12 0.2 0.10 0.302 0.05
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Table 4 Trace element compositions of the final residues following the extraction procedure (pg/g)

Element La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La-Lu
Accuracy 0.5 0.5 0.03 0.1 0.03 0.05 0.01 0.05 001 003 001 003 001 05

GXR 237 624 308 1015 224 217 477 343 712 205 318 208 3.06 237 1131.1
HNR 1475 399 292 918 1490 878 1.56 9.46 1.86 493 075 479 070 1475 715.23
SDR 26.4 1355 578  20.7 5.22 690 153 1191 278 855 145 9.65 151 264 237.88
Element Cr Cs Ga Hf Nb Rb Sn Ta Th U v Y Zr Li Sc
Accuracy 10 0.01 0.1 0.2 0.2 0.2 1 0.1 0.05 0.05 5 0.5 2 0.2 0.1
GXR 1670 174 67.6 91.6 442 9.2 45 26.9 148.5 14.64 389 136 3780 475 81.1
HNR 410 152 612 384 137.5 51.1 24 10.0 136.0  9.57 2717 34.4 1510 110 56.2
SDR 450 1.10 758 39.7 70.7 9.9 35 5.1 65.2 7.42 591 74.4 1640 43 70.8

is potentially attractive for lithium recovery. Gallium and
niobium presented different leaching trends; for instance,
7.7% of gallium present in the SD sample was leached in
the water-soluble step, and 2.65% of the niobium present in
the HN sample was leached in the fifth step (i.e., the
fraction bound to organic matter).

Final Residues

The morphologies of the final residues from the three
samples were investigated, and the resultant SEM images
are presented in Fig. 5. To more fully understand the
extraction process, some major elements were determined
using ICP-AES or ICP-MS, and Table 3 presents compo-
sitions expressed in the form of oxides. The contents of
trace elements in the final residues were determined to
confirm the changes occurring during the leaching process,
and the results are shown in Table 4. In comparison to
Table 2, it can be observed that some trace elements, such
as gallium and niobium, were enriched in the final residue
since only a minor fraction of them was extracted during
the leaching process. Conversely, net depletion is observed
in the case of other elements such as yttrium and lithium
for which major fractions are leached. For the lanthanide
content, there was little overall change in the final residues
with respect to that in the red mud samples from which
they were derived. In the case of some elements, the
remaining amounts in the residues were dependent on the
identity of the red mud parent samples. Such a situation
arises in the case of scandium, for instance, where its
concentration is decreased in the residues of GX and HN,
but enhanced in the SD residue.

Conclusions

Red mud contains numerous valuable trace metals with
high-iron diaspore red muds in particular possessing a
higher concentration of valuable trace metals compared to

other forms of red muds. The high-iron diaspore red mud
GX in the present study comprises 1015.2 pg/g lan-
thanides, 115.5 pg/g scandium, 252 pg/g yttrium, and
313 pg/g niobium, while the low-iron diaspore red mud
(HN) investigated has a high lithium content (224 pg/g).
Hematite is the main mineral phase of the gibbsite red mud
investigated (SD), and this kind of red mud possesses lower
valuable trace element content for potential utilization. It
has been demonstrated that 60% of the yttrium in GX and
65% of the lithium in HN can be recovered, and such an
extent of recovery proves to be of potential interest.
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