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Abstract

Bauxite residue (BR) is the main by-product of the alkaline production of alumina from bauxite containing significant
amounts of valuable metals such as scandium that belongs to rare-earth elements (REEs), classified by the European Com-
munity as critical raw materials (CRMs). BR is considered a hazardous waste due to its huge volume and high alkalinity
making its disposal a serious universal environmental problem. The recovery of scandium from Greek BR can be an excel-
lent approach for waste management and resource efficiency of the waste using environmentally friendly biometallurgi-
cal methods. In this work, bioleaching of scandium from bauxite residue using the fungus Aspergillus niger was studied.
Bioleaching experiments were performed using the Taguchi experimental design, in batch cultures with BR at various pulp
densities (1, 5 and 10%, w/v), sucrose concentrations (40, 90 and 140 g/L) and fungus suspension of 2, 4, and 6% v/v under
one-step bioleaching condition and subculturing. The highest Sc recovery equal to 46%, was achieved in 20 days at 1% pulp
density. Biosorption phenomena were observed during the leaching process. Lactic, acetic, oxalic and citric were the main
organic acids identified.
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Statement of Novelty

To date, studies investigating the bioleaching procedure for
scandium recovery from bauxite residue are scarce in litera-
ture and lack information about process optimization by test-
ing different variables. Bioleaching experiments are usually
long and data are not shown in detail. Results in our previous
studies indicated that bioleaching of scandium using the fun-
gus Aspergillus niger can reach up to 46% recovery. In this
study process parameters are optimized and their interac-
tions are evaluated. The importance of subculturing and the
synergistic effects of different organic acids produced from
the microorganism are highlighted. Biosorption phenomena
during the leaching process are also investigated for the first
time. Bioleaching of bauxite residue is a promising alterna-
tive for scandium recovery and an appropriate application
for establishing a circular economic strategy aiming at the
valorization of this industrial residue.

Introduction

Alumina production by Bayer method generates the bauxite
residue (BR), that is an extremely alkaline solid and fine-
grained waste (by-product), representing the main disposal
problem in the alumina refining industry [1]. In 2018, the
global storage volume of BR had exceeded 4.6 billion tons
[2]. Annually, 150 million tons of BR are produced and
only less than 4 million tons are used in a productive way
[1]. The large volume of BR produced, the high alkalinity
(pH 10-12.5) and small particle size (90% < 10 pm), the
increased concentrations of potentially harmful elements
(PHESs) and its high disposal costs, as well as its lack of
industrial applications, constitute an environmental and eco-
nomic problem that needs to be addressed [3].

BR is a very interesting material as it contains various
metals such as Cu, Pb, Mn, Ni, Cr, K, Zn, V, Ga, Nb, Zr,
Ba, Ta, Cd, Hg, As, Be, Th, U, rare earth elements (REEs)
including scandium and non-metals, such as C, S, P and F,
some of which are also potentially harmful elements (PHEs)
[1, 4]. However, on a global scale the chemical composition
of BRs from different alumina refineries varies greatly, pre-
senting a direct dependence on the type of bauxite ore and
the operating conditions of the Bayer method [3].

In Greece, in the last few years five million tons of BR
have been deposited in land-based disposal sites [1, 5]. In
2021, the company Mytilineos S.A. former Aluminium of
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Greece S.A., one of the largest European industries in the
sector, presented an annual alumina production capacity of
875,000 tons [6]. Greek BR is enriched in elements of high
techno-economic interest, such as REEs and scandium,
by twice the concentration as compared to the original
bauxite ore [4, 7] remaining almost constant during the
last 25 years. In particular, the REEs have concentrations
of ~ 1 kg/t of dry BR, while Sc,0;, which participates in its
composition by 0.02% and is expressed in~ 120 g Sc/t of
dry BR, represents more than 95% of the economic value
of REEs in BR [5, 7-9].

Regarding to the limitation of BR large volume depo-
sition, the interest is focused to alternative ways of BR
exploiting and reuse, with the primary aim of environ-
mental protection, but also the introduction of BR into the
economic cycle, taking advantage of its physico-chemical
properties features [3].

Many authors investigated Sc recovery from BR, due
to its high demand in important applications and its low
availability. Hydrometallurgy is the most common method
for the recovery of REEs including Sc from BR. Many
different mineral and organic acids have been investigated
for Sc recovery such as hydrochloric, nitric, sulfuric, phos-
phoric, acetic and citric in lab scale [4, 10—12] and pilot
scale [13]. However, Sc maximization in the leachate
requires aggressive chemical conditions with high iron co-
extraction at the expense of process selectivity [12, 14].
For a selective leaching (low Fe extraction 2—4%) milder
conditions are suggested [4, 12] while further iron removal
and of other metals and REEs, andindividual separation
of metals can be achieved by an innovative combined ion
exchange, solvent extraction and liquid chromatography
process [13, 15, 16]. Despite their wide application, hydro-
metallurgical methods include some limitations in their
use, which reduce their sustainability [17]. The value and
environmental footprint of some acids, such as hydrochlo-
ric and nitric are significantly increased, while treatments
of this type also produce waste which can be secondary
pollutants during their disposal [18-21].

Other methods that have been investigated for the recov-
ery of Sc from BR, are pyrometallurgical ones. However,
these methods require high energy consumption and there-
fore the researchers prefer the use of hydrometallurgical
processes wherever possible [22, 23]. In an alternative
approach to hydrometallurgical processes, ionic liquids are
used instead of solvents [24, 25]. However, their increased
cost and high toxicity suspend their choice [25].
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An innovative and upcoming approach for the recovery
of critical metals from wastes and wastewaters are bio-
technological methods [26, 27]. Biohydrometallurgy such
as bioleaching is considered as an environmental-friendly
and green technology due to their low cost and low—energy
requirements compared to hydrometallurgical methods
[17]. Microbial processes are advantageous because of
their specificity, energetics and minimal production of new
wastes. For BR bioleaching, heterotrophic microorganisms
are considered more suitable, because they present benefits
such as better adaptation and faster growth in a wide pH
range [28], while no inorganic substances such as sulfur
(S) can be found in BR, to favor the growth of autotrophic
microorganisms [29]. Chemoheterotrophic bacteria and
chemoheterotrophic fungi have been studied. Various
researchers have investigated the ability of bacteria genes
such as Acidiphilium spp., Acetobacter spp., Bacillus spp.,
Pseudomonas spp. and fungi genes such as Aspergillus
spp. and Penicillium spp. in the bioleaching of different
solid wastes [30, 31], but the studies on bioleaching of BR
and recovery of REEs, as well as the investigation of the
factors controlling bioleaching are limited [17, 28, 29, 32].

Despite the easier management of the bacteria, as
pointed out by Qu et al. [28], fungi are advantageous in
their application, because they can withstand a larger pH
range, and in particular in alkaline environments such as
those determined by the pH of BR [32]. Furthermore,
compared to bacteria, fungi produce a greater variety of
organic acids, more suitable to facilitate bioleaching of Sc
in batch experiments [22, 32].

For this reason, in the present work, the chemohetero-
trophic, filamentous fungus Aspergillus niger was used for
the extraction of Sc from Greek BR. This particular micro-
organism has been widely used in the past in bioleaching
experiments and is considered one of the most suitable,
mainly due to the secretion of large amounts of metabo-
lites, such as organic acids [31, 33, 34], and their easy
adaptation to various environmental conditions of 6-47 °C
and pH 1.5-9.8 [35]. A Taguchi experimental design of
three variables (BR pulp density i.e., solid to liquid (S/L),
medium (sucrose) concentration, initial fungus concen-
tration) at three levels (S/L: 1, 5, 10% w/v, sucrose: 40,
90, 140 g/L and fungus: 2, 4, 6% v/v) was performed in
order to study the different bioleaching conditions and
their synergy effect on % Sc recovery maximization with
no prior pH adjustment. Biomass production in relation to
the variation of the pH of the leachate, biosorption phe-
nomena and subculturing processes were also investigated.
The organic acids produced during BR bioleaching were
determined by HPLC-UV. Finally, a comparison of bac-
teria bioleaching and the conventional hydrometallurgical
methods was carried out.

Materials and Methods
Bauxite Residue Samples

BR was originated from the metallurgical units of the company
Mytilineos S.A. in Agios Nikolaos, Boeotia, Greece. The BR
has been processed in filter presses after Bayer process with a
pH value 11.3 and humidity 26%. The chemical composition
of the batch of BR tested is: Fe,05 (43.5%), Al,O; (19%),
Si0, (7.3%), TiO, (5.6%), Na,0 (3%), and CaO (9.4%), as
determined in previous study [4].

Microorganism and Cultivation Mineral Media

The microorganism used in the experiments of this work is
the chemoheterotrophic fungus Aspergillus niger (DSM No.
821), which was purchased as active culture from the ‘Leibniz-
Institute DSMZ-German collection of microorganisms and cell
cultures’ in Braunschweig (https:/www.dsmz.de/).

The cultivation of fungus culture was carried out in two
ways: (a) liquid culture in Erlenmeyer flasks and (b) culture
in Petri dishes.

For liquid culture, the Aspergillus niger culture was
cultivated at 30 °C in a mineral medium (potato dextrose
agar) of the following composition: Infusion from potatoes,
1000.0 mL; Glucose, 20.0 g; Agar, 15.0 g. The potato infusion
was prepared by boiling 200 g scrubbed and sliced potatoes in
1000 mL water for 1 h. Then, the boiled potato infusion was
passed through 16 mesh fine sieve. The medium was sterilized
by autoclaving at 121 °C for 15 min. The trace mineral solution
was added from a sterile stock solution and was prepared by
dissolving the following compounds in a 1.5 g-L™! nitrilotri-
acetic acid disodium salt solution (quantities were reported
in g-.L™"): 1.00 NaCl, 0.50 MnSO,, 0.10 FeSO,-7H,0, 0.10
CoCl,-6H,0, 0.10 CaCl,-2H,0; 0.13 ZnCl, 0.01 CuSO,-5H,0,
0.01 AIK(SO,),-12H,0, 0.025 Na,Mo00O,-2H,0 and 0.01
H;BO;, as described in [36].

For the cultures in petri dishes, a mineral medium of
500 mL of potato infusion, 10 g of glucose and 7.5 g of agar
was used. The solution was autoclaved at 121 °C for 15 min,
while the petri dishes were sterilized under UV radiation in a
biological safety cabinet (Esco Micro Pte. Ltd., Changi, Singa-
pore). An amount of 10 mL of sterilized mineral medium was
added to each petri dish and 1 mL of A. niger was added. The
plates were placed in the incubator at temperature of 30 °C.
In some cultures, grains of crushed BR were added, for the
microscopic study of the growth of the fungus on them.

Bioleaching Experiments and Sampling

Bioleaching experiments were conducted using 250 mL
Erlenmeyer flasks containing 120 mL of sucrose medium in
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an orbital shaking incubator at 30 °C and 100 rpm. Sucrose
medium was prepared with the composition (g/L): KNO;
0.5; KH,PO, 0.5; yeast extract 2.0; peptone 2.0 and sucrose
of 40, 90 or 140, as described in [37]. Erlenmeyer flasks
were covered with hydrophobic cotton and aluminum foil,
and autoclaved at 121 °C for 15 min.

The bioleaching process was one-step process: incubating
the fungi together with the red mud and medium. Bioleach-
ing was performed using a 2, 4, or 6% v/v of fungus sus-
pension with different S/L ratios (1, 5 or 10% w/v S/L) of
sterilized BR (Table 1). The flasks were covered with hydro-
phobic cotton and placed in an Orbital Shaker—Incubator
ES-20 from Biosan Llc. (Riga, Latvia).

No adjustment of pH was carried out. The total bioleach-
ing period was 20 d. Experiments were terminated when
there were no significant changes in the Sc recoveries.
Sampling was performed by taking 2 mL samples at regular
intervals to analyze the pH value, biomass concentration,
organic acids and scandium concentration. All the culture
media involved in this study were sterilized by autoclaving
at 121 °C for 15 min before use. The Sc extraction degree
was calculated as described in Kiskira et al. [17].

Taguchi Experimental Design

In order to study as many and different bioleaching condi-
tions as possible, maximize the efficiency, distinguish the
important parameter and study the interaction among them,
a Taguchi experimental design was carried out, involving
three factors at three levels each. The factors tested were
sucrose concentration in the medium at 40, 90, 140 g-L_l,
BR pulp density at 1, 5, 10% w/v and initial fungal con-
centration at 2, 4, 6% v/v. Temperature and agitation were
chosen to be kept constant, according to standard condi-
tions suggested by the microorganism culture laboratory.
The above design resulted in a system of 9 experiments,

Table 1 Taguchi experimental design L9 (33)

No experiment Taguchi variables

Sucrose con-  BR pulp density, Fungal con-

centration S/L centration

g/L % g % mL
EXP1 40 1 1.2 2 24
EXP2 40 5 6.0 4 4.8
EXP3 40 10 12.0 6 7.2
EXP4 90 1 1.2 4 4.8
EXP5 90 5 6.0 6 7.2
EXP6 90 10 12.0 2 24
EXP7 140 1 1.2 6 7.2
EXP38 140 5 6.0 2 2.4
EXP9 140 10 12.0 4 4.8
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with 3 variables and 3 levels, as shown in Table 1, instead of
a series of 27 experiments corresponding to the conventional
full factorial experimental design.

Statistical processing of Sc concentrations was performed
using Minitab Llc software. (State College, PA, USA). Sc
concentration and % recovery on the 15th day were the
response factors, since maximum performance was obtained
on the 15th day for most experiments and was used for opti-
mization. Regression analysis led to the estimation of main
effects and the regression equation allowing the estimation
of Sc concentrations and % recovery even for values outside
the design range. Interval plots, interaction plots and con-
tour plots were generated for all variables at 95% confidence
level.

Biosorption Experiments

In addition, fungus was studied for its ability of biosorption.
Experiments were carried out in order to investigate other
possible bioprocesses or alternative mechanisms of bioleach-
ing of BR. As in the bioleaching experiments, Erlenmeyer
flasks were supplemented with nutrient medium with 0.5
KNO;, 0.5 KH,PO,, 2.0 yeast extract, 2.0 peptone (all units
arein g LY, 40, 90 or 140 g'L_1 sucrose and 2, 4 or 6% v/v
fungus. In this experimental procedure however, instead of
BR, standard scandium solutions of 1 mg/L and 1.5 mg/L
Sc were added from Tracecert 92,279 standard solution of
1000 mg/L Sc concentration from FlukaChemie GmbH
(Buchs, Switzerland). Sc concentration was monitored.

Analytical Methods

The identification of organic acids was performed
with an Agilent Technologies (Santa Clara, USA)1260
Infinity IT HPLC, with a column Agilent Hi-plex H of
300 mm x 7.7 mm. The operating condition of HPLC: Elu-
ent: Sulfuric Acid 5 mM (Aquatic), Flow Rate: 0.4 mL/
min, Time: 75 min, Column Temperature: 50 °C, Injection
Volume: 20 pL, and Detector: DAD (UV at 210 nm). The
operating conditions were based on previous experiments
of the research team and the chromatographic peaks were
evaluated by the use of standard solutions of the expected
organic acids. A chemical analysis for Sc (361.383 nm) of
the leachate solutions after filtration at 0.45 pm under vac-
uum was conducted in triplicate after the appropriate dilu-
tion using ICP-OES Optima 7000 DV supplied by Perki-
nElmer (Waltham, MA, USA). The quantitative analysis of
Sc was carried out by calibration curves using the standard
scandium solution (Tracecert 92,279 of 1000 mg Sc/L from
FlukaChemie GmbH), spiked in the culture medium. The
measurements of TSS (Total Suspended Solids) and VSS
(Volatile Suspended Solids) for biomass determination were
carried out according to Standard Methods (WEF, 1995).
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The determination of the fungus growth of Aspergillus niger
was performed by measuring the optical density at 600 nm
with an DR6000 UV VIS spectrophotometer (Hach Co.,
Loveland, CO, USA). The micro-morphology of the samples
after sputter coating with gold before and after bioleaching
was also examined by a scanning electron microscope (JSM-
6380 LV SEM, JEOL Ltd., Tokyo, Japan). A DMLM opti-
cal microscope from Leica Microsystems GmbH (Wetzlar,
Germany) is used to study the morphology of A. niger and
its growth mode in the presence of BR in petri dish culture.
The pH was measured using an MP125 (Mettler Toledo Llc.,
Columbus, OH, USA) digital pH-meter.

Results and Discussion
Microorganism Selection

Table 2 presents the maximum recoveries of Sc and other
metals from BR, by bioleaching processes reported so far.
In biometallurgical processes, the main parameters that
control the performance of the method is the microorgan-
ism, its concentration in the bioleaching solution, the pulp
density of BR (or solid/liquid ratio—S/L), the composition
of the medium, temperature, agitation, pH and duration
of bioleaching [17, 29]. Authors investigated the genus of
Acetobacter for bioleaching of BR [17, 28]. Qu et al. [28]
reported a higher recovery, most probably due to the isola-
tion of Acetobacter sp. from the same BR samples used in
the bioleaching experiments. Aspergillus niger and Penicil-
lium tricolor were used in bioleaching experiments, how-
ever, the bioleaching time period was long and some data
were not shown in detail. Also, a mixed culture collected
from a pilot-scale anaerobic digester [38], resulted in 30%
recovery of Sc in 10 days [17].

In the present study, fungus Aspergillus niger was
selected, as it has been extensively investigated in bioleach-
ing experiments in different ores and wastes. It is considered
one of the most appropriate for such applications, due to the
production of large quantities of organic acids and its growth
in extreme environmental conditions [29, 31, 33, 35]. The
morphology of Aspergillus niger shows transparent, filamen-
tous hyphae with smooth walls and septa, which intertwine

to form the mycelium and spherical vesicles (conidiophores)
at the end of the hyphae, with black, produced conidiospores
(spores) [35, 39]. Its length is usually 900—-1600 pm, while
the diameter of the vesicles is 40-60 um. The vesicles are
not visible, because they are completely covered by one or
two rows of phials at the end of which grow the conidi-
ospores, spherical in shape and 3—5 pm in diameter. Macro-
scopically, it grows in colonies that retain a white to yellow
color at their base and a covering of spores with the charac-
teristic black (niger) color [35, 39].

Microorganism Growth
Macroscopic and Microscopic Observations

During the microorganism’s growth, and before the
bioleaching experiments, the liquid cultures of the fungus
show gradual growth in the form of a layer on the surface
of the solution, which completely covers it within the first
5 days. Then and up to the 12th day, the fungal layer grows
in thickness, begins to divide and finally settles, possibly due
to its weight increase. After the 12th day, the cultures show
no appreciable changes. During the subculturing, a faster
growth of the fungal layer is observed by at least 2 days.
The fungal layer has a characteristic relief and milky to pale
yellow color, in agreement with literature [35, 39].

Accordingly, in petri dish cultures, the growth of the
microorganism is in the form of a colony and it was observed
within the first 8 days, which then stops. Drying of the col-
ony and nutrient material is observed under the temperature
of 30 °C, maintained in the incubator. The lower part of the
colony in which the hyphae develop shows a whitish color,
which turns yellow to brown as drying progresses, while the
upper part of the colony develops the conidia of the fungus
with their characteristic black (niger) color.

The most important observation of optical microscopy is
the morphology presented by A. niger during its growth in
a petri dish culture with BR (Fig. 1a), and in different focal
depths of the microscope (Fig. 1b, c). Also, the vitreous
form of its hyphae, the spherical conidia and some rows of
larger conidiospores are shown in Fig. 1d.

A more detailed morphological study of the microor-
ganism is carried out in the scanning electron microscope,

Table 2 Recovery of Sc from

. X . Microbial Culture Recovery (%) Bioleaching Conditions References
BR under different microbial
culture and bioleaching Acetobacter sp. isolated from BR 52% Sc 2% S/L, 30 °C, 120 rpm, 20 d [28]
conditions Acetobacter tropicalis 42% Sc 1% S/L, 30 °C, 120 rpm, 20 d [17]
Aspergillus niger 39% Sc 2% S/L, 30 °C, 120 rpm, 40 d [37]
Penicillium tricolor 69-75% Sc 2% S/L, 30 °C, 120 rpm, 50 d [29]
Mixed culture collected from a pilot- 30% Sc 10% S/L, 35 °C, 120 rpm, 10 d [17]

scale anaerobic digester
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Fig. 1 Images of optical micros-
copy of A. niger in petri dishes
cultures in 8 days, 500 X mag-
nification with variable focal
depth showing, a BR grain, b
hyphae, ¢ hyphae and conidia,
d) two hyphae at the ends of
which conidia develop with
their seeds

where its structural parts are observed (Fig. 2). More spe-
cifically, the A. niger being studied consists of smooth,
flattened ribbon-shaped hyphae, in only a few cases
branched, which present a high density and are entangled
with each other forming the mycelium. At the end of the

Fig.2 SEM image showing
morphological characteristics of
A. niger, a plexus of hyphae and
conidium (center), b spherical
conidium at texture termination,
and ¢ conidium with flagella
and conidiospores

hyphae are placed the conidia, which bear arrays of phials
mainly spherical, or in some cases of slightly distorted
hemispherical, at the end of which they produce the con-
idiospores (seeds), which have an ellipsoidal or spherical
shape.

@ Springer
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Biomass and pH Measurements

The biomass measurements have been carried out with the
UV-Vis spectrophotometer to investigate the growth of the
fungus. The absorbance readings that were plotted against
time as shown in Fig. 3. The cell mass of A. niger with-
out the addition of BR of initial experiments, subculturing
experiments and biosorption experiments are presented.
In initial experiments, a log phase emerges, with intense
growth action, until the 15th day, which is followed by a
period of stationary phase, during which the growth of the
microorganism has stopped. The fungus growth in subcul-
turing experiment is higher during all period. In biosorption
experiments, the growth period of the fungus is shorter, and
biomass production is reduced. The standard Sc solution
added to this series of cultures is estimated to be suppressive
to the microorganism.

The pH value was monitored during the growth period.
The metabolic activities of the A. niger resulted in reducing
the pH value from 11 to 7. Results showed time periods of
relatively small and smooth changes in the range of 7-5,
which are however interrupted by sudden, diurnal transitions
to higher or lower values, in the range from 7 to 10. Changes
in pH are likely due to both bacterial growth and the effect
of their metabolic activity.

Determination of Organic Acids

The organic acids determined over the 30-day period include
acetic, oxalic, citric, gluconic, succinic, propionic, butyric
acid, and smaller quantities of malic, formic and lactic acid.
Oxalic acid shows the highest production in the specific time
period, while the others showed lower values. Fluctuations
in the concentrations of an acid over time are estimated to be
probably due to its consumption by other microorganisms,
such as bacteria. This is in agreement with other authors that

—8—2a)lnitial —®—b)Subculturing —#&—c)BiosorptionExp
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Fig.3 Absorbance (cell mass) vs. incubation time at a initial experi-
ments, b subculturing experiments, and ¢ biosorption experiments

reported the A. niger secreted mainly citric, gluconic, oxalic
and acetic acids [37, 40, 41].

Bioleaching Experiments
Effect of pH

The pH of all bioleaching experiments was monitored
throughout a 20 day time period. An overall drop of 1.5-2.5
units was observed in all cases, starting from a pH range of
6.0 to 6.6 and ending in a range of 3.8 up to 5.0, depending
on the different amounts of BR, fungus, medium and sucrose
content. A slight increase, observed within the first two days,
was attributed to the growth of acid-consuming bacteria.
Final pH value was stabilized after the 13th day.

Biomass Measurements

Biomass growth measurements performed in the bioleaching
experiments. The growth of the fungus was recorded for a
time period of 20 days. Biomass growth shows a maximum
value at 15 days in all experiments, resulting to 42-48 g/L
of biomass production. After 15 days the curve is almost
constant at around 39-45 g/L. biomass, until the end of the
bioleaching experiments on 20th day.

Determination of Organic Acids

Figure 4 shows the chromatograph of the organic acids pro-
duced in the EXP7 bioleaching experiment (140 g/L sucrose,
1% pulp density, 6% fungus biomass) that resulted in the
maximum recovery of Sc, in the 20th day. The metabolites
of A. niger in the leaching liquid, such as acetic oxalic, lac-
tic, malic, succinic, formic, propionic and citric acid were
determined with the HPLC-DAD system. Higher amount
of lactic acid was observed in bioleaching experiment com-
pared to those without BR, due to the addition of sucrose
that promotes the lactic acid production via fermentation
by A. niger that use sucrose [42]. Other peaks correspond
to other metabolites of A. niger such as sugars that were not
determined in this study. All experiments showed similar
organic acid production.

Determination of Concentrations and Recoveries of Sc

The maximum concentration of 3.12 mg Sc/L was obtained
in 15 days with the conditions of EXP9 (140 g/L sucrose,
10% S/L pulp density and 4% fungus concentration). Fig-
ure 5a shows the Sc concentrations for all experiments. It
is observed that the Sc extraction starts substantially after
the 7th day and reaches the maximum yield at 1215 days,
which is in agreement with the increase of the fungal bio-
mass in the same time period, as shown in Fig. 3. After
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Fig.4 Chromatogram of organic acids of bioleaching experiment EXP7, on the 20th day. Peaks with retention times in min: 1 =oxalic acid,
2 =citric acid, 3 =malic acid, 4 =succinic acid, 5 =lactic acid, 6 =acetic acid, 7=formic acid, 8 = propionic acid

reaching the maximum concentration, for most experiments
a decrease in Sc concentration was observed. This phenom-
enon was not observed when bioleaching experiments have
been performed with the use of bacteria, in similar condi-
tions as in Kiskira et al. [17].

Therefore, it is assumed that the fungus A. niger has the
ability to uptake Sc as a result of physicochemical interac-
tions of metal ions with the cellular compounds, known as
biosorption process [43]. This is in agreement with other
studies that investigated the removal of metals from aqueous
solution by biosorption with the use of A. niger [43, 44].

The three experiments that showed the highest Sc concen-
trations correspond to S/L 10%, regardless the A. niger con-
tent, demonstrating that the pulp density is the most impor-
tant parameter for maximum Sc concentration in bioleaching
experiments, (EXP9, EXP6, EXP3), in agreement with a
previous study [17]. The increase of sucrose concentration,
results in the increase of the growth of the microorganism
and thus the enhancement of the bioleaching efficiency.

Figure 5b shows the Sc recovery for all 9 experiments. In
contrast to the Sc concentrations the maximum Sc recovery
values were obtained from experiments with pulp density
equal to 1% (EXP7, EXP4 and EXP1). This is in agreement
with other studies that recorded higher recoveries at low S/L
ratios [17, 28, 29]. The maximum Sc recovery of 46.3% was
obtained in EXP7 on the 20" day. The increase of sucrose
concentration demonstrates a positive effect on Sc recovery.

Bioleaching was also stimulated by subculturing the
A. niger culture in a fresh medium, as suggested by other
studies [17, 45]. The experiment with the most significant
increase is presented in Fig. 5c. An increase in recovery
from 35 to 45% was observed on day 15with the subcul-
turing experiment. In addition, the bioleaching with the
subculturing experiment was by about 1-2 days shorter, in
agreement with the biomass growth (Fig. 3).

Statistical Analysis of Taguchi Experimental Design

Statistical analysis of all results was performed with Minitab
software using as response factors the Sc concentration and
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recovery achieved on the 15th day of the experiments, rep-
resenting the highest values in most cases.

The most important factors were the pulp density and the
sucrose content (Fig. 6). Sucrose content shows a positive
effect in all cases whereas A.niger load does not appear to
be of great importance. The effect of pulp density is more
significant in case of Sc concentration. Recovery is highly
raised at low pulp density while the exact opposite effect
applies for Sc concentration. As it is clearly shown by the
contour plots (Fig. 7), maximum concentration requires
elevated amounts of sucrose at high pulp densities although
maximization of recovery occurs at low pulp densities.

Regression analysis and method optimization resulted to
an A. niger content of 6%, a sucrose level of 140 g/L and
S/L at 1% for optimum recovery and at S/L. 10% for opti-
mum concentration. No confirmation experiment was neces-
sary since the optimum values were already included within
the design experiments. It must be mentioned though, that
as far as the optimum conditions are concerned, the maxi-
mum recovery was achieved on the 20" day of the process.
Regression equations, for Sc concentration (Eq. 1) and Sc
recovery (Eq. 2) allow the estimation of performance for
factors values beyond the design range.

Cs. = 0.4938 — 0.006392 ¢ S — 0.1821 « R+ 0.09107 « A
+0.000019 « S? + 0.01850 « R + 0.000609 « A?

+0.002096 « S« R — 0.000316 ¢ S« A
ey

Ry, =47.77-0.01398 « S — 10.91 e R —2.376 + A
+0.000208 ¢ S? + 0.6796 ¢ R> + 0.4956 « A>
+0.02019+ S« R

()]

where: C g.: Sc Concentration (mg/L) Rg_: Sc Recovery (%)
S: sucrose (g/L), R: S/L (%) and A: AspNig (%)

Biosorption Experiments

The ability of A. niger to bind a significant amount of
Sc, during its metabolic activity was observed during the
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Fig.5 a Sc concentrations, b Sc
recovery, for the 9 Sc bioleach-
ing experiments, ¢) % Sc
recoveries from EXP4 and the
subculturing of EXP4 (Table 1).
Experiment number: (Sucrose
[g/L], S/L [%], A. niger [%]),
EXP1: (40, 1, 2), EXP2: (40, 5,
4), EXP3: (40, 10, 6), EXP4:
90, 1, 4), EXP5: (90, 5, 6),
EXP6: (90, 10, 2), EXP7: (140,
1, 6), EXPS: (140, 5, 2), EXP9:
(140, 10, 4), EXP4Sub: (90,
1,4)
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Fig. 7 Contour plot of a Sc concentration (mg/L) vs S/L (%), sucrose (g/L), b Sc Recovery (%) vs S/L (%), sucrose (g/L)

biosorption experiments carried out. More specifically, from
1.5 mg/L Sc added to an Erlenmeyer flask together with
the fungus, on the 4™ day ~ 1.2 mg/L Sc was bound. Then,
as shown in Fig. 8, from the 4th to the 12" day a gradual
release of Sc in the solution was observed, while again a
binding of ~ 1.2 mg/L Sc follows within two days, which
was maintained until 20 days. Changes in pH value during
the experiment, showed similar trend with the changes in
Sc concentrations in the solution. During the period of Sc
binding by A. niger the pH decreased to 6, while during the
release period it increased up to 10.5. Reduction of A. niger
biomass in the presence of Sc (Fig. 3) and different mor-
phology of the fungal layer in the growth flasks were also
observed. A more detailed study of the effect of Sc biosorp-
tion and/or other bioprocesses parallel to the bioleaching
process, is required.

The findings of this work are in agreement with those
reported in the literature. Other studies demonstrated the
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Fig.8 Scandium sorption and desorption by the fungus A. niger

ability of Aspergillus genes for biosorption of metals. The
usage of Aspergillus terreus allowed the scandium sorption
and also desorption when solubilization of sorbed associ-
ated elements was inhibited by high pH values [46], as also
observed in the current study. Barros Junior et al. [44] per-
formed successful sorption experiments using A. niger for
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cadmium removal. Kapoor and Viraraghavan [43] investi-
gated the ability of A. niger for the biosorpion of several
metals, and suggested that carboxylate and amine groups
are important in metal ion biosorption of A. niger biomass.
Also, Mukhopadhyay et al. [47], reviewed the literature for
the feasibility of A. niger for efficient removal of toxic trace
metals from industrial wastewater.

Comparison of Bioleaching Methods

Comparison of several leaching methods of Sc from BR,
conducted by the Laboratory of Inorganic and Analytical
Chemistry of the School of Chemical Engineering (NTUA)
was performed (Table 3). The methods compared with the
current study, include conventional hydrometallurgical
processes with inorganic acids (HNO;, H,SO,, HCI, and
H,PO,) and bioleaching experiments with digestate (anaero-
bic digestion effluent) and chemoheterotrophic bacterium.
The maximum recovery of almost 80% is achieved using
inorganic acids within a period of 24 h. It is obvious that
biometallurgical treatments do not have the possibility to
achieve Sc recoveries in short periods of time, compared
to strong inorganic acids. However, this is not a limitation
when treatment is designed as a continuous leaching pro-
cess in a reactor. On other hand, nitric, hydrochloric acids
which exhibit the best recoveries have a severe environmen-
tal impact restricting their usage. Also, phosphoric acid has
moderate acute and chronic toxicity to aquatic life in waters.
In the case of H,SO, that is more environmentally friendly
than the other inorganic acids, when the maximum possible
Sc recovery is presented (Table 3), regardless of the condi-
tions, it is observed that the bioprocesses are comparable.
In case of bioprocesses comparison, the maximum recov-
eries for the microorganisms, fungus A. niger and bacte-
rium A. tropicalis were comparable with values at around
40-45%. The bacterium achieved a faster recovery of about
40% within 5 days and then the recovery increased at a
slower rate up to 42% in 20 days [17]. In contrast, the fun-
gus performed a slower bioleaching process, achieving 40%

recovery on the 15th day. However, bioleaching with the
bacterium, required the usage of HCI for pH adjusting prior
to the addition of bacterium, since it does not tolerate alka-
line environments. When fungus was used, no adjustment of
pH prior to the experiment was necessary.

Further research study should be carried out with the fun-
gus A. niger, as it shows remarkable potential for the extrac-
tion of Sc at different BR pulp densities. Recovery of other
metals from BR, such as CRMs could also be considered. In
addition, it is essential to further investigate the phenomenon
of biosorption and to recover metals bound by the microor-
ganism. Bioleaching experiments performed with a series of
two or more subculturing as well as continuous flow experi-
ments are expected to significantly improve metal recov-
ery, as suggested by other studies [17, 48]. The bioleaching
process is amenable to optimization for all parameters to
increase its efficiency. Finally, techno-economical assess-
ment is fundamental in order to determine the method’s
sustainability.

Conclusions

An environmentally friendly biometallurgical method was
investigated to recover Sc from BR with the fungus Aspergil-
lus niger. The maximum recovery of 46% Sc is achieved in
20 days, with 140 g/L sucrose content, 1% BR pulp density
and 6% initial fungal concentration. The main organic acids
identified in the solutions contributing synergistically, are
acetic, oxalic, lactic and citric. As demonstrated by the sta-
tistical analysis performed, the most important factor con-
trolling the bioleaching process, is the pulp density. Higher
BR pulp density results to higher Sc concentration, despite
that maximum recovery is achieved with the lower pulp den-
sity. Sucrose content in the medium is also crucial, favoring
the growth and activity of A. niger and consequently the
recovery of Sc. A sustainable and economically efficient
but surely user-friendly recovery of Sc can be performed
when bioleaching is performed continuously in a bioreactor,
reducing the significant delays of Sc recovery till growth of

Table 3 Recovery of scandium

; . Leaching agent/Microbial Culture Sc Recovery  Leaching Conditions References
fr.om bauxite rsemdue by (%)
different leaching methods
HNO;, 80 0.5M, 25 °C, 24 h, 5% S/L [10]
HC1 68 0.5M, 25 °C, 24 h, 5% S/L [10]
H,SO, 52 1M, 25 °C, 60 min, 5% S/L [4]
H,;PO, 48 5M, 25 °C, 60 min, 2% S/L [12]
Aspergillus niger 46 30°C,204d, 1% S/L Current study
Acetobacter tropicalis 42 30°C,20d, 1% S/L [17]
Mixed culture collected from a pilot- 30 35°C, 10d, 10% S/L. [17]

scale anaerobic digester
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the fungus reaches the adequate mass. Sustainable recovery
is also produced with the continuous addition of sucrose,
while removal of biomass is regulated. The reduction of the
bioleaching period time is important for a possible future
application in full-scale plants.
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