
Citation: Cozzolino, A.; Cappai, G.;

Cara, S.; Milia, S.; Ardu, R.; Tamburini,

E.; Carucci, A. Bioleaching of Valuable

Elements from Red Mud: A Study on

the Potential of Non-Enriched Biomass.

Minerals 2023, 13, 856. https://

doi.org/10.3390/min13070856

Academic Editor: María Ángeles

Martín-Lara

Received: 3 May 2023

Revised: 13 June 2023

Accepted: 20 June 2023

Published: 24 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

minerals

Article

Bioleaching of Valuable Elements from Red Mud: A Study on
the Potential of Non-Enriched Biomass
Anna Cozzolino 1, Giovanna Cappai 1,2,* , Stefano Cara 2 , Stefano Milia 2,* , Riccardo Ardu 1,3, Elena Tamburini 3

and Alessandra Carucci 1,2

1 Department of Civil-Environmental Engineering and Architecture (DICAAR), University of Cagliari,
Via Marengo 2, 09123 Cagliari, Italy; anna.cozzolino@unica.it (A.C.); riccardo.ardu@unica.it (R.A.);
carucci@unica.it (A.C.)

2 National Research Council of Italy—Institute of Environmental Geology and Geoengineering (CNR-IGAG),
Via Marengo 2, 09123 Cagliari, Italy; stefano.cara@cnr.it

3 Department of Biomedical Sciences, University of Cagliari, 09042 Monserrato, Italy; etamburini@unica.it
* Correspondence: gcappai@unica.it (G.C.); stefano.milia@cnr.it (S.M.)

Abstract: Red mud (RM) is the main residue produced by the alkaline extraction of alumina (Al2O3)
from bauxite, and it contains valuable metals such as iron (Fe), aluminium (Al), titanium (Ti),
magnesium (Mg), manganese (Mn), rare earth elements, etc. This research aimed to investigate
the biologically induced leaching of some valuable elements from raw RM without preliminary
biomass enrichment and inoculum, simultaneously reducing RM polluting potential and extracting
metals for their subsequent recovery within a circular economy-based approach. In addition to the
missing inoculum, such an approach is challenging since high RM alkalinity and pH, as well as the
absence of any sulphides, constrain the use of the most common biohydrometallurgical techniques.
Red Muds from two European locations were tested (RM-I and RM-II, respectively). Bioleaching
tests were performed at different temperatures (T = 22 ◦C and 28 ◦C; and also 15 ◦C for RM-II) and
solid-to-liquid ratios (S/L = 2%, 5%). A sudden drop in pH from alkaline to constant neutral/acidic
values was observed in almost all tests, and such results were attributed to biological activity since
abiotic tests did not show any pH decrease. The best results in terms of extraction were achieved with
RM-II, in particular for Al, Mg and Mn (17%, 42% and 47%, respectively). At 2% S/L, the highest
temperature allowed for a better metal release, while at 5% S/L, the highest extraction of Al, Mg and
Ti was observed at 22 ◦C. As expected, iron was less available to leach at the achieved pH values, as
it was mostly present as hematite in both RMs. Finally, the first microbiological characterisation of
the autochthonous biomass selected during the bioleaching treatment of RM was provided.

Keywords: 16S rRNA gene; biohydrometallurgy; circular economy; metals; red mud; secondary
raw materials

1. Introduction

During the last decades, the demand and consumption of raw materials have grown
dramatically. Metallurgical industries produce several types of waste which still contain
large amounts of metals. Such kind of waste can be considered as a new source for the
extraction of secondary and critical raw materials, in agreement with United Nations’ and
European Union’s policies promoting the shift from a linear to a circular economy, the
sustainable development and the transition toward a “zero waste” society [1,2].

Aluminium is one of the most important light metals, commonly present in nature
as oxide (i.e., alumina, Al2O3) in a mineral known as bauxite [3]. The alkaline extraction
of alumina from bauxite is known as the Bayer process, which is based on caustic soda
(NaOH) dosage to chemically dissolve the bauxite compounds and extract the aluminium
oxide [4]. The residue produced from this process is called red mud (RM). Nowadays,
about 95% of alumina is extracted from bauxite ores, and 90% of it is extracted using
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the Bayer process [5]. The RM contains the substances originally present in the bauxite
(e.g., Al, Fe, Ti, rare earth elements, etc.) [6], the minerals formed and the elements added
during the Bayer process. Due to its composition and the presence of valuable elements,
including critical raw materials, RM is defined as a “polymetallic raw material” or an
“artificial ore” [3,7]. The production of one ton of alumina results in almost two metric tons
of RM produced [8]. Worldwide, in 2019, the volume of RM stockpiled in storage areas
was estimated at over 3.5 billion tons [3], and this number seems to increase at a rate of
160 million tons every year [9]. RM is largely studied because of its potentially dangerous
impact on the environment [5]. The failure of dams has already caused the release of metals
into the environment. In 2010, a red mud lake released one million cubic meters of RM
slurry in Ajka (Hungary), causing the death of several people [10].

A way to recover valuable substances in RM is to leach metals into the solution.
Chemical extraction using different acids, such as sulfuric, nitric and hydrochloric acids, has
been largely used and studied [3]. An alternative treatment could be biohydrometallurgy,
which exploits the metabolism of microorganisms to achieve the leaching of metals from
solid wastes, ores or minerals [11,12].

The biohydrometallurgical process can be defined as relatively inexpensive and envi-
ronmentally friendly since it requires a low energy supply and very low or no chemical
dosage [8,11,13]. Bioleaching is applied to low grades ores and rocks, but also to mining
and industrial wastes containing metals and to sewage sludge [11]. The most studied topic
in the bioleaching field is sulphide bioleaching mediated by autotrophic chemolithotrophic
bacteria, such as Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans [13]. However,
using these bacteria may not be the ideal solution for metals recovery from RM due to the
absence of sulphur in bauxite residues and their high alkalinity.

Microbial extraction of metals from non-sulphidic ores has been less studied. Non-
sulphidic ores can be leached using metabolites produced by heterotrophic bacteria and
fungi sustained by a suitable organic substrate [11]. Fungi were widely studied [5,6,8] to
extract metals from RM (such as Aspergillus niger and Penicillium), whilst less attention
has been paid to bacteria so far [3] due to the alkaline environment provided by RM: in
previous studies, selected biomass such as Acetobacter sp., Aspergillus niger, Penicillum,
etc., was enriched and inoculated into sterilised RM to investigate the bioleaching of
metals [3,5–8].

Based on the hypothesis that biomass can adapt and survive in such an alkaline
environment, this research was aimed at evaluating the biological activity and bioleaching
potential of autochthonous biomass present in untreated RM without the preliminary
selection and addition of an external microbial inoculum, with the perspective of a simpler
and more cost-effective process application in engineered systems. Two different RMs,
coming from two sites in Europe (RM-I and RM-II, respectively), were tested under different
temperatures and solid-to-liquid ratios (S/L). For RM-I, the fate of Fe, Al and Ti was
specifically investigated due to their well-recognised economic importance. For RM-II,
the fate of Mg and Mn was also studied. Results were promising and paved the ground
for applying bioleaching in engineered systems without preliminary biomass selection
and enrichment.

2. Materials and Methods
2.1. Red Mud Characterisation

RM-I and RM-II were characterised in terms of pH, electric conductivity (EC), acid
neutralisation capacity (ANC), metals content and mineral composition. RM samples
were previously mixed and ground to 2 mm. Both samples were collected from plants’
storage sites, where they had been exposed to the atmosphere. More specifically, the last
displacement of RM-II in the storage site is less recent than RM-I, and there’s approximately
a 35-year difference in RM exposure to weathering agents.
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2.2. Bioleaching Experiments

Batch experiments were carried out in 500 mL glass bottles. To preserve the au-
tochthonous microbial biomass possibly colonising RMs, the material was not dehydrated
nor sterilised before the tests. A synthetic leaching medium (LM, 400 mL) consisting
of 30 g/L of ethanol 96%, 10 g/L of glucose, and 10 g/L of yeast extract, according to
Qu et al. [3], was added to each bottle. The concentrations of calcium (Ca2+), sodium (Na+)
and potassium (K+) in the LM were 20 mg/L, 32 mg/L and 632 mg/L, respectively, due to
the presence of the yeast extract. The LM was sterilised with an autoclave (ASAL 760) at
121 ◦C for 15 min. Different S/L ratios were used: 2% and 5%, referred to the RM dry mass.
Each S/L was tested at 28 ◦C (i.e., the usual temperature for the incubation of mesophilic
microorganisms) and 22 ◦C (i.e., room temperature). RM-II was also tested at 15 ◦C (i.e., a
relatively low temperature corresponding to approximately 50% of the optimal one). The
temperature was controlled at 28 ◦C using a Digital Thermostatic Unit (TRM 730), and at
15 ◦C using a chiller (TECO, TK500). Tests were carried out in duplicate. Each test lasted
about 30 days, during which the slurry was stirred at 120 rpm. Oxygen diffusion from the
bottles’ headspace was provided by mechanical stirring. The oxygen concentration was
periodically checked using a portable meter, and 3 h aeration (once a week) was sufficient
to keep oxygen concentration above 1 ppm. Table 1 shows a summary of all the tests
conducted during this study. The abiotic control tests were performed under the same S/L
ratio as the batch experiments, with the addition of HgCl2 (0.3 g/L). The experimental
setup is shown in Figure S1 (Supplementary Materials).

Table 1. Tests performed during the experimentation.

Test Code Red Mud Temperature [◦C] S/L [%] Duration [Days] Metals Extracted

RM-I_2%_22 ◦C RM-I 22 2 31 Al, Ti, Fe
RM-I_2%_28 ◦C RM-I 28 2 31 Al, Ti, Fe
RM-I_5%_22 ◦C RM-I 22 5 31 Al, Ti, Fe
RM-I_5%_28 ◦C RM-I 28 5 31 Al, Ti, Fe
RM-II_2%_15 ◦C RM-II 15 2 36 Al, Ti, Fe, Mn, Mg
RM-II_2%_22 ◦C RM-II 22 2 36 Al, Ti, Fe, Mn, Mg
RM-II_2%_28 ◦C RM-II 28 2 36 Al, Ti, Fe, Mn, Mg
RM-II_5%_15 ◦C RM-II 15 5 37 Al, Ti, Fe, Mn, Mg
RM-II_5%_22 ◦C RM-II 22 5 37 Al, Ti, Fe, Mn, Mg
RM-II_5%_28 ◦C RM-II 28 5 37 Al, Ti, Fe, Mn, Mg

2.3. Analytical Methods

The pH and EC of untreated RMs were determined after mixing and stirring the RM
suspension in distilled water (v/w = 5 L/kg) for 16 h [10], using a benchtop meter (HI5522,
Hanna Instruments, Woonsocket, RI, USA). RM chemical composition was analysed by
ICP-OES (Optima 7000, PerkinElmer, Waltham, MA, USA) after total digestion according
to EPA method 3052. The mineralogical composition of raw and treated RM was carried
out by X-ray powder diffraction (XRD) technique, on samples dried at 40 ◦C. The samples
were analysed using a Rigaku Geiger Flex diffractometer equipped with Cu X-ray tube,
operating at 30 kV and 30 mA. All XRD analyses were performed in the range from 4 to
70◦ of 2θ.

The water content of the two RMs was determined after having dried the sample at
105 ◦C.

The ANC was assessed by mixing several subsamples of dry RM with distilled water
(10:1 v/w) containing pre-selected amounts of acid (HNO3 65%) and stirring the suspension
for 48 h (UNI CEN/TS 15364). The ANC values were determined considering a target pH
of 4.5 (ANC4.5). The ANC data were integrated with the total limestone determination.
Hydrochloric acid was used to treat the samples, and the CO2 produced was proportional
to the limestone contained in the samples. The volumetric gas determination was carried
out with a Dietrich-Frühling calcimeter.
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During bioleaching tests, 15 mL samples were taken twice per week from the bottles
and centrifuged at 5000 rpm for 15 min to remove the solid part. The supernatants were
used to evaluate pH, EC, metals and organic acids concentration.

For metals analysis, part of the supernatant was filtered at 0.45 µm, acidified (1% v:v
of nitric acid 65%), diluted with grade-I water and then analysed with ICP-OES (Varian
710-ES) for the quantification of Al (detection limit 0.03 mg/L), Fe (d.l. 0.005 mg/L), Ti
(d.l. 0.01 mg/L), Mn (d.l. 0.002 mg/L) and Mg (0.0005 mg/L). The remaining part of the
samples was filtered at 0.45 µm, diluted with grade-I water and used to evaluate organic
acid concentrations through HPLC (LC 4000, Jasco, Oklahoma City, OK, USA).

Scanning Electron Microscope (SEM) images of RM after biological treatment were
captured using an FEI Quanta 200 SEM microscope. The analyses were performed in
low vacuum mode (i.e., residual pressure in the experimental chamber in the range of
0.3–0.9 Torr) to minimise electrostatic charge effects, or high vacuum mode (pressure below
10−4 Torr). Images were collected in either secondary electrons or backscattered electrons.

2.4. Calculations

Metals extraction efficiency was calculated according to Equation (1) [14]:

Extraction [%] =
Metal in leachate [mg]

Metal in untreated RM [mg]
·100 (1)

The kinetics of the bioleaching process were calculated as the slope of the steepest part
of pH profile over time and R2 describes the linear correlation of this slope.

2.5. Microbial Characterisation

Samples of slurry from RM-II_2%_22 ◦C were periodically collected during the batch
tests and used for the enumeration of cultivable aerobic microorganisms and characterisa-
tion of the bacterial communities.

The viable titres of heterotrophic neutrophilic and alkaliphilic microorganisms were
determined as colony forming units (CFU) by plating serial 10-fold dilutions onto NHM
medium (yeast extract 1 g/L, K2HPO4 0.2 g/L, MgSO4·7H2O 0.2 g/L, glucose 10 g/L,
agar 17 g/L, pH 7.0) and Alkaliphilic Horikoshi Medium (yeast extract 1 g/L, K2HPO4
0.2 g/L, MgSO4·7H2O 0.2 g/L, Na2CO3 10 g/L, glucose 10 g/L, agar 17 g/L, pH 10.0),
respectively [15]. Cultures were incubated at 22 ◦C for 5 days.

The diversity and composition of the bacterial community during the treatment
were determined by Next Generation Sequencing (NGS) of the 16S rRNA gene. At each
kinetic time, an aliquot of slurry (1 mL) was centrifuged at 11,000 rpm, washed with
SET buffer (Sucrose 20%, EDTA 50 mM, Tris-HCl pH 8.0 50 mM), and stored at −20 ◦C
until further processing. Total DNA was extracted by the DNeasy PowerSoil Pro Kit
(QIAGEN) following manufacturer’s instructions. DNA was subsequently purified using
the DNeasy PowerClean Cleanup Kit (QIAGEN). The DNA quality and concentration
were determined on agarose gel using a DNA quantitation standard. DNA samples were
submitted to Bio-Fab Research Srl (Rome, Italy) for sequencing of the V3–V4 region of the
bacterial 16S rRNA gene on an Illumina Miseq platform (Illumina, San Diego, CA, USA)
using 2 × 300 bp paired-end reads. The primer pair was used S-D-Bact-0341-b-S-17/S-
D-Bact-0785-a-A-21 [16]. For data processing, raw sequences were demultiplexed by the
sequencing facility. Reads were trimmed to remove primer sequences using the CutAdapt
version 3.5. Sequences were imported into Quantitative Insights into Microbial Ecology
(QIIME 2) version 2020–11 [17]. Using the DADA2 pipeline [18], reads with ambiguous
and poor-quality bases were discarded, good-quality reads dereplicated and denoised, and
the paired reads merged. Chimeras and singletons were identified and removed from the
dataset. DADA2 was used to produce amplicon sequence variants (ASVs), thus obtaining a
filtered ASV-abundance table. For each ASV, taxonomy assignment to the lowest taxonomic
level (i.e., from genus to phylum) was performed against the Silva database release 132 [19].
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The indices of diversity (richness as number of observed ASV, Shannon index with an e log
base) and evenness (Pielou’s index) were calculated by using the vegan R package [20].

3. Results
3.1. Red Mud Characterisation

The pH, EC and ANC4.5 values assessed for RM-I and RM-II were 10.5 and 11.6, 2.08
and 2.46 mS/cm and 3.4 and 5.2 mmolH+/g, respectively. The pH was in the alkaline
range for both RMs, as expected due to the chemicals involved in the Bayer process, and
within the range of 9.7–12.9 reported in the literature for this kind of residues [21]. The
ANC4.5 values of both RMs were between the reported range (1.4–28.4 mS/cm) [21]. The
ANC curves determined with RM-I and RM-II were very similar, except for the behaviour
around pH 6.5, where a higher buffering capacity was shown by RM-II (Figure 1). Since
this is the typical buffering pH range of carbonates, a higher content of these compounds
in RM-II was likely the cause of such behaviour. The total limestone analysis resulted in
48 g CaCO3/kg for RM-I versus 75 g CaCO3/kg for RM-II, thus confirming the hypothesis.
Such difference between the samples can be attributed to the different exposure of RMs to
weathering agents with RM-I being more recent than RM-II.
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Figure 1. ANC trends observed in RM-I and RM-II samples.

The water content of RM-I and -II was about 30% and 15%, respectively. Table 2 shows
the concentrations of the most relevant chemical elements in the two RMs, expressed as
a weight percentage relative to dry mass. The data represent the average values ± the
standard deviation (three replicates were performed). In addition to the elements originally
present in bauxite, RM composition was influenced by the reagents used to extract alumina,
such as NaOH.

Table 2. Main elements contained in red muds (weight percentage).

RM-I RM-II

Fe2O3 [%] 27.7 ± 1.16 43.55 ± 7.26
Al2O3 [%] 6.04 ± 0.38 20.7 ± 3.78
SiO2 [%] 5.99 ± 2.18 9.7 ± 2.35
MgO [%] 0.05 ± 0.02 0.31 ± 0.02
MnO [%] 0.02 ± 0.02 0.103 ± 0.03
TiO2 [%] 5.76 ± 0.11 6.98 ± 1.70
CaO [%] 2.91 ± 0.06 4.08 ± 0.1

Na2O [%] 6.29 ± 0.013 6.68 ± 0.02
K2O [%] 0.05 ± 0.01 0.1 ± 0.01
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3.2. Bioleaching Experimentations
3.2.1. RM-I Bioleaching Results

Process kinetics and extraction efficiencies. Two different temperatures (i.e., 22 ◦C and
28 ◦C) and S/L (i.e., 2% and 5%) were tested for RM-I. In all the experiments, pH decreased
very quickly (days 0–7), then fluctuated until the end of the tests (Figure 2a,b). The
lowest pH was achieved with the highest temperature (28 ◦C) and the highest RM content
(5% S/L). The decrease in pH can be reasonably attributed to microbial activity since the
abiotic controls did not show significant variations in pH, which remained high during
the tests.
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Table 3 shows the initial and the lowest pH values reached and the process kinetics for
each batch test.

Table 3. Initial and lowest pH values measured in batch tests, process kinetics with the corresponding
R2 for RM-I (mean values ± standard deviations).

TEST CODE Initial pH Lowest pH Kinetics
[pH Units/Day] R2

RM-I_2%_22 ◦C 9.52 ± 0.02 7.25 ± 0.21 0.28 0.81
RM-I_2%_28 ◦C 9.50 ± 0.057 6.51 ± 0.68 0.21 0.97

AB-I_2% 9.2 8.7 - -
RM-I_5%_22 ◦C 9.70 ± 0.073 7.08 ± 0.8 0.24 0.8
RM-I_5%_28 ◦C 9.70 ± 0.12 6.25 ± 0.42 0.21 0.9

AB-I_5% 9.1 8.8 - -

For both the S/L tested, the lowest pH was achieved at the highest temperature (28 ◦C),
thus confirming the temperatures indicated by Qu et al. [3] as optimal for mesophilic growth
(28–30 ◦C).

The extraction of aluminium, iron and titanium obtained during tests on RM-I is
reported in Figure 3. As expected, the highest extraction of target metals was observed in
test RM-I_5%_28 ◦C, where the lowest pH was achieved.

Coherently, although the observed extraction rates were significantly lower than in
previous studies with selected and enriched biomass [3,5] (see Paragraph 4), the results
suggested that raw RM can sustain bioleaching despite the extremely alkaline environ-
ment. In this sense, abiotic tests used as control showed negligible pH decrease and
metals extraction.

Mineralogical assessment of RM-I samples. The results of XRD analyses on RM-I before
and after bioleaching (RM-I_5%_28 ◦C, as the best result) are shown in Figure 4. The main
mineralogical components of RM-I before bioleaching were boehmite (AlO(OH)), hematite
(Fe2O3), calcite (CaCO3), sodalite (KNa3Al3Cl(SiO4)3), rutile (TiO2), compatible with its
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chemical composition for major elements (Table 2). After treatment, the main mineralogical
components were the same, except for the formation of weddellite (Ca(C2O4)-2(H2O)).
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Figure 3. Aluminium (a), iron (b) and titanium (c) extraction efficiencies observed for RM-I at
different S/L ratios and temperatures.

3.2.2. RM-II Bioleaching Results

Process kinetics and extraction efficiencies. Three different temperatures were tested at
S/L 2% and 5% with RM-II: 15 ◦C (RM-II_2%_15 ◦C and RM-II_5%_15 ◦C), 22 ◦C (RM-
II_2%_22 ◦C and RM-II_5%_22 ◦C) and 28 ◦C (RM-II_2%_28 ◦C and RM-II_5%_28 ◦C).

Figure 5 shows the pH trends of the tests, the errors bars indicate the standard de-
viation evaluated from the two duplicates. Figure 5a shows the pH trends of the three
experiments at S/L 2%. In all the tests, pH values decreased very quickly and then re-
mained stable until the end. This decrease was attributed to the biological activity since
negligible pH variation was assessed in the abiotic controls, as observed also for the tests
with RM-I. As shown in Figure 5a, test RM-II_2%_28 ◦C showed the fastest pH decrease
and the lowest pH achieved (i.e., 5.4 within the first 7 days), compared with the other trials.
In test RM-II_2%_22 ◦C the pH dropped to 6, while in test RM-II_2%_15 ◦C the lowest pH
achieved was 6.5 (day 5) and then it remained stable around a neutral value.

Tests at 5% S/L ratio showed less differences among pH plateau values with decreasing
temperatures compared to tests at 2% S/L (Figure 5b).
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In particular, the pH trends observed in RM-II_5%_22 ◦C and RM-II_5%_28 ◦C tests
were very similar, while RM-II_5%_15 ◦C was similar to RM-I_2%_15 ◦C. The pH trends
from RM-II batch tests have been fitted with a pseudo-first order (PFO) model. The model
fitted well (R2 > 0.95) for RM-II_2%_22 ◦C and RM-II_2%_28 ◦C, while it was not that
accurate for the other data sets (R2 < 0.93). Figure S2 shows the plots of the model-fitting.
The Equations (S1) and (S2) are the model equation and the error, respectively. Table 4
shows the initial and the lowest pH values reached and the process kinetics for each
batch test.

Table 4. Initial and lowest pH values measured in batch tests, process kinetics with the corresponding
R2 for RM-II (mean values ± standard deviations).

TEST CODE Initial pH Lowest pH Kinetics
[pH Units/Day] R2

RM-II_2%_15 ◦C 8.9 ± 0.009 6.5 ± 0.12 0.48 0.8
RM-II_2%_22 ◦C 9.13 ± 0.04 5.9 ± 0.04 0.61 0.98
RM-II_2%_28 ◦C 9.2 ± 0.06 5.4 ± 0.86 0.46 0.82

AB-II_2% 9.1 8.7 - -
RM-II_5%_15 ◦C 9.2 ± 0.06 6.2 ± 0.99 0.37 0.78
RM-II_5%_22 ◦C 9.4 ± 0.07 5.6 ± 0.147 0.34 0.7
RM-II_5%_28 ◦C 8.2 ± 0.122 5.5 ± 0.65 0.3 0.7

AB-II_5% 9.1 8.8 - -

Target metals were magnesium, iron, aluminium, titanium and manganese. The
maximum metal extraction efficiencies observed after two weeks of batch operation are
shown in Figure 6. Aluminium showed the worst results at 15 ◦C for both the S/L ratios.
At 2% S/L, the Al extraction increased with the temperature (maximum value of 17.3%
obtained in RM-II_2%_28 ◦C), while at 5% S/L the highest value was obtained at room
temperature (i.e., 10.5%). As for iron, although the best results were obtained for RM-
II_2%_28 ◦C, the extraction efficiencies were always very low (<1%) due to the mineralogical
phase in which iron was present in RM (i.e., hematite). Hence, the process would need
a lower pH (i.e., below 3) to maximise Fe extraction. As for Titanium, a low extraction
was achieved as well. A slight increase with temperature was observed at 2% S/L, even if
the best results were obtained for RM-II_5%_22 ◦C (0.32%). The extraction of magnesium
and manganese was higher than the other metals. At 2% S/L, the highest magnesium
extraction was achieved at 28 ◦C (i.e., 30.8%); at 5% S/L, the highest Mg extraction was
observed at 22 ◦C (i.e., 42.4%). At 5% S/L, Mn had a peculiar behaviour, since the best
extraction efficiency was achieved at 15 ◦C (i.e., 47.4%). It should be also noticed that the
concentrations of metals assessed in the liquid phase at the end of the tests were lower
than those reported in Figure 6 and, consequently, the extraction of metals at the end of the
batch trials was lower, showing a decrease of around 25%–30%.

Mineralogical assessment of RM-II samples. XRD analysis showed a mineralogical com-
position of the raw (untreated) RM-II sample mainly consisting of hematite (Fe2O3), calcite
(CaCO3), sodalite (KNa3Al3Cl(SiO4)3), boehmite (AlO(OH), gibbsite (Al(OH)3 and rutile
(TiO2) (Figure 7).

Figure 8 shows the XRD analysis results after treatment at both S/L, at 28 ◦C, as best
results obtained. The XRD analysis after the bioleaching process showed lower peaks,
indicating the possible dissolution of minerals. Figure S3 shows the XRD results after the
treatment at both S/L ratios and 22 ◦C.

A variation in the structure of RM has been highlighted by SEM analyses before and
after the treatment, with a more amorphous structure characterising the raw RM (Figure S4
in Supplementary Materials). The treated RM was characterised by smaller size particles,
probably due to the acidic metabolite corrosion, as reported by Qu et al. [3]. The RM erosion
and structure modification can be attributed not only to the compounds produced by the
biomass but also to the microorganisms’ physical action [3,7].
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Organic acids production. The leaching medium used in our study enhances the growth
of heterotrophic biomass. When heterotrophic biomass is involved in a leaching process,
the organic acids produced are responsible for acidolysis, the most important mechanism
in metals release [8]. The acids break down the metal bonds on the mineral surface and
promote the solubility of the metals through complexation [6,7,21]. Figure 9 shows the
production of acetic, oxalic, lactic and citric acids at the end of the tests with RM-II. These
are probably not the only acids produced during the experimentation, considering the mass
balance between the carbon initially present in the LM and in the organic acids, even taking
into account that part of the carbon was probably not completely used and that another
part was converted to CO2 and into new biomass’ cells.

At both S/L ratios, the organic acid production increased with temperature, confirming
that increasing the temperature resulted in increased biological activity. At 5% S/L, citric
acid was less present then at 2% S/L.

Observing all the tests results, it can be said that 5% S/L tests led to a higher total
concentration of acids: this might be due to a higher amount of biomass in the system.

Characterisation of autochthonous microbial biomass. The viable titres of heterotrophic al-
kaliphilic and neutrophilic microorganisms were monitored during the initial growing
phase of the biomass in the test with RM-II with 2% S/L at 22 ◦C (Figure 10). At the
start-up of the test, the two groups had a comparable titre of 102 CFU/mL. During the
treatment, the pH decrease was paralleled by a sudden increase in the titre of neutrophilic
microorganisms, while a slow decrease in alkaliphilic microorganisms was found.
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erotrophic alkaliphilic (green) and neutrophilic (blue) microorganisms as well as the pH (red) during
the bioleaching test RM-II_2%_22 ◦C.

The total bacterial community in the biomass underwent a rapid reduction in diversity,
decreasing the richness from 281 ASVs (amplicon sequence variants) at the beginning of the
treatment to less than 12 detected ASVs at the end of the process (Figure 11). Moreover, a
reduction in the evenness was also observed, as highlighted by the decrease in the Pielou’s
index. At phylum level, Proteobacteria (31%), Firmicutes (20%), Bacteroidota (15%) and
Actinobacteriota (9%) were the more abundant taxa in the community at the beginning
of the treatment (3rd day). Then, Proteobacteria increased up to 70% at day 27 after the
start-up. During the process, Firmicutes were almost constant with an average relative
abundance (RA) of 25% ± 4%, while Bacteroidota and Actinobacteriota decreased to less
than 10% and 6%, respectively.

At genus level, the bacterial community was dominated by Bacillus and Acinetobacter.
More specifically, the RAs of the two genera were 3% three days after the start-up. The
RAs of these two dominant taxa increased up to 19.1% and 24.3%, respectively, at 5 days
after the beginning of the treatment and then remained almost constant until the end of the



Minerals 2023, 13, 856 13 of 17

process. The third genus in the community was Bacteroides, which increased from a RA of
2.7% 3 days after the beginning of the process up to an almost constant RA of 4.9% ± 0.6%.
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4. Discussion

Red mud characterisation. RM is a very heterogeneous material, whose composition is
strictly connected to the origin site of the bauxite. Consequently, the elements’ content can
vary within a wide range, which includes RM-I and RM-II compositions. Table 5 shows the
minimum and maximum content of some RMs’ major elements as reported in the literature,
expressed as oxides [21,22].

Table 5. Average reported composition (min and max) [%] of RMs, and average composition of RM-I
and RM-II.

Constituent Reported Range RM-I RM-II

Fe2O3 6.8–71.9 27.7 43.6
Al2O3 2.1–33.1 6.1 20.7
TiO2 2.5–22.6 5.8 8.2
Na2O 0.1–12.4 6.3 6.7
SiO2 0.6–23.8 6.0 9.7
CaO 0.6–47.2 2.9 4.08

Biological activity. The same recipe adopted by Qu et al. [3] was used to prepare the
leaching medium. In that study, Acetobacter was selected as inoculum for RM bioleaching.
For this type of microorganisms, ethanol is used to produce acetic acid (acetic fermentation).
In fact, acetic acid is the result of glucose oxidation and ethanol acetic fermentation, both
occurring under aerobic conditions. In our study, since the initial culture was mixed and
no preliminary selection and enrichment were carried out, glucose and yeast extract were
used as general carbon and nutrients source, respectively. A more specific ingredient is
ethanol, evaluated as a potential carbon source for microorganisms autochthonous of the
RMs. In fact, from experiments conducted without it, after a fast decrease until 6.3 during
the first 3 days of treatment, pH started to increase, reaching 8.5 at day 20 (data not shown).
This may indicate that this element has a specific role during the bioleaching treatment.

pH trends and metals extraction. The pH plateau values observed in the present study
during all the treatments are higher in comparison to others reported in the literature [5,8,10],
in which a strictly acid environment was achieved using selected cultures. For example, in
the Acetobacter study [3], during the one-step process (microorganisms and waste/ores are
put together in contact with the LM), a pH of 4 was achieved after 10 days of treatment
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at the same S/L ratios used in our research, showing an extraction of 55%, 35% and 45%
for Al, Fe and Ti, respectively. Vakilchap et al. [5] obtained pH 4 and an Al extraction of
around 70% using Aspergillus niger.

However, a direct comparison between the results achieved in our study and those
previously reported in the literature may be misleading since the latter were achieved using
sterilised RM inoculated with pre-selected and enriched biomass, which could operate
at its maximum capacity under ideal conditions. In our study, no pre-selected/enriched
inoculum was added to the untreated RM; therefore, one reason for such a difference in pH
drop can be reasonably ascribed to the lower concentration of specialised biomass, as well
as to the higher ANC of RM-I and -II, compared to other studies [3,10].

A pseudo-first-order model was applied to the experimental data to see if bioleaching
behaviour could be predicted. As shown in Figure S2, the model did not fit the entire
dataset obtained during the experimentation. Expanding the database and/or testing
different and more complex models may be the key to better-predicting process behaviour.
In previous studies, lower extraction efficiencies were obtained when using higher amounts
of RM because of the too-harsh environment: for instance, Kiskira et al. [23] tested an
S/L ratio from 1% to 20% for the extraction of scandium (Sc), and Qu et al. [3] tested 2%,
5% and 10% S/L, achieving the best results with the lower ratio. In our study, at a given
temperature, the S/L ratio of 5% showed better results, likely due to the higher initial
content of biomass in the system, compared to 2% S/L.

In general, our results showed that at 2% S/L metals extraction increased with the
temperature, while this trend was not confirmed at 5% S/L. As for the effect of S/L ratio,
a clear trend for the different metals cannot be observed: in a few cases, we obtained
worst results in tests at 5% than at 2% even with a lower pH. These results may be the
consequence of the two opposite effects of using increased RM quantities in the process:
higher S/L could result in an increased quantity of biomass at the beginning of the tests,
but at the same time, a higher quantity of RM could have led to potentially higher toxicity
for the biomass [24].

Qu et al. [8] have reported the chemical pathways from the oxalic and citric acids to
their metals’ complexes. In the literature, the presence of other acids has been reported,
for instance, gluconic acid [5], malic acid [10], and succinic, fumaric and tartaric acids [3].
During the heterotrophic bioleaching, the second most important part of the process, after
acidolysis, is the complexolysis, i.e., the formation of complexes from microorganisms’
metabolites (ligands) and the metals cations. These complexes can affect the metals’ sol-
ubilisation, in general, increasing their solubility. The acids production obtained in the
present study was compared with results obtained by Qu et al. [3] since the same LM was
used, even if they performed the process under axenic conditions with an inoculum of
Acetobacter. The trends of the acids production are comparable, increasing with the S/L
ratios. Moreover, the acetic acid production is similar to the one observed in our study
(slightly higher for RM-II_5%_22◦ and RM-II_5%_28◦), whilst lower quantities of lactic and
oxalic acids were produced [3].

Metal extraction efficiencies reported in our study are the maximum ones obtained
after 10–14 days of batch operation. Indeed, it was reported that oxalic acid might lead to
the formation of metals (rare earth elements) oxalates and reduce metals’ solubility with
their consequent precipitation [25,26]. This can explain the decreased metals solubilisation
observed in our study, as previously highlighted.

Mineralogical analysis. From XRD analysis on RM-I, weddellite peak intensity signifi-
cantly increased after the bioleaching process, probably as the result of Ca2+ precipitation
due to the reaction with oxalic acid, as previously reported [3]. The presence of an oxalate
(C2CaO4) in treated RM-II samples, reasonably formed at the expense of calcite which disap-
peared after bioleaching, is another example. The RM-I showed a similar composition after
bioleaching, but with a clear decrease in almost all peak intensities, consistently with the
release of metals in the liquid phase. Moreover, the mineralogical composition is compatible
with its chemical composition for major elements (Table 2). Despite the higher content of
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iron than aluminium in RM, a greater Al extraction efficiency was achieved, likely due to
RMs mineralogical composition, e.g., to the more insoluble iron components contained
in RM-I such as hematite, which requires a more acidic environment to be successfully
leached. Comparison of XRD analysis of untreated and treated RM-II at 22 ◦C and 28 ◦C
showed a similar composition (Figure 8), but again with a clear decrease in almost all peak
intensities, consistent with the decrease in concentrations following bioleaching treatment.

Microbial communities. The microbial community underwent a rapid change during
the process, with a sudden increase in the abundance of heterotrophic neutrophilic microor-
ganisms and a marked reduction in bacterial diversity. The autochthonous community was
dominated by Bacillus and Acinetobacter, bacteria previously characterised for their alka-
liphilic properties but also for their ability to produce acids by a heterotrophic metabolism.
Moreover, the two genera have been recently identified in the community of alkaline
drainage water at a brown mud disposal site [27].

5. Conclusions

In this study, the possibility of exploiting the bioleaching of valuable metals from
RM without preliminary biomass selection and enrichment was successfully assessed.
Despite the alkaline environment and the absence of any external inoculum, pH dropped
from alkaline to neutral values in all the conditions tested, and all the elements of interest
were released in the liquid phase. Indeed, the chances of achieving high metal extraction
efficiencies in batch mode using autochthonous biomass not previously enriched were
negligible. The highest extraction efficiency was achieved in RM-II tests for Al, Mg and
Mn (17%, 42% and 47%, respectively). As for RM-I, high S/L ratio and temperature were
proved to enhance pH drop and consequent metals release in the liquid phase. As for
RM-II, contradictory results were observed depending on the target metal. Moreover, the
first characterisation of the autochthonous microbial community during the bioleaching
process of RM was performed. Results are promising, and further investigation is needed
to foster pH decrease and strengthen acidic conditions; thus, maximising metals release.
In this sense, the switch from batch to semi-continuous operation may help in naturally
enriching the biomass and increase process performance consequently. The slurry obtained
after batch bioleaching treatment contains dissolved metal ions and residual RM. The
subsequent steps are: scaling up the treatment and improving metal extraction. To recover
metals, a solid/liquid separation is necessary. Various methods can be employed to recover
metals from the liquid phase, depending on the target metal and its concentration, namely
chemical precipitation, flotation, ion exchange, adsorption, solvent extraction, etc. The
residual RM can be reused after undergoing a physico-chemical characterisation to ensure
compliance with national guidelines and assess its suitability for other applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min13070856/s1, Figure S1: Experimental setup for bioleaching tests
carried out at low (a), room (b), and high temperature (c).; Figure S2: Pseudo-first order model fitting
for RM-II_2%_15 ◦C (a) (R2 = 0.72), RM-II_2%_22 ◦C (b) (R2 = 0.96), RM-II_2%_28 ◦C (c) (R2 = 0.98),
RM-II_5%_15 ◦C (d) (R2 = 0.93), RM-II_5%_22 ◦C (e) (R2 = 0.85), RM-II_5%_28 ◦C (a) (R2 = 0.87);
Figure S3: XRD patterns of treated RM-II samples at different S/L ratios and 22 ◦C; Figure S4: SEM
images of raw RM-II (a) and RM after trials RMII_5%_28 ◦C (b), RMII_2%_28 ◦C (c,d), RMII_2%_22 ◦C
(e,f), RMII_5%_22 ◦C (g,h).
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