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Abstract Alumina is produced from bauxite, which
contains a mixture of various oxides, such as alu-
minum (Al), iron (Fe), silicon (Si), and titanium (T1).
Bauxite can also be considered a source of several
other valuable metals, such as scandium (Sc), vana-
dium (V), and gallium (Ga). The composition and
mineralogy of alumina determine their economic
value, but their characteristics vary by locality. The
physicochemical characteristics of bauxites can also
be influenced largely by weathering processes, even
within the same locality. For this reason, the present
study was undertaken with the objective of compar-
ing the characterization data of three bauxite sam-
ples collected, which will be referred to as D, E, and
F, from the Cruz Alta do Para plateau in northern
Brazil. The samples were solubilized by multi-acid
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digestion and fusion with lithium metaborate to quan-
tify their metal compositions by inductively coupled
plasma optical emission spectrometry (ICP-OES).
The mineralogical characterization was conducted
by X-ray diffraction (XRD), and the phase changes
of minerals in bauxite were detected by thermo-
gravimetric analysis (TGA/DTG). The total organic
carbon (TOC) technique was used to quantify the C
in the samples, and the moisture content was also
measured. Alumina was 30 wt.% on average for all
samples, good for producing high-purity alumina by
hydrometallurgical processes. The results, however,
showed high (~20 at.%) silica concentrations in two
samples and~3 wt.% Fe in one sample, which can
pose a challenge in the Bayer process. The X-ray dif-
fraction (XRD) analysis showed that gibbsite (Gbs),
kaolinite (Kln), anatase (Ant), and hematite (Hem)
were the major mineral phases in these samples. The
study showed that the samples from the same mine
vary in their metal content, especially with regard to
Si, and they, thus, need to be processed selectively to
maximize their economic value.

Keywords Alumina - Characterization - Gibbsite -
Bauxite
Introduction

Bauxites are considered to be one of the primary
economic geological resources for producing
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high-purity alumina. Brazil is the third largest sup-
plier of bauxite worldwide (Zhu et al., 2020). Sev-
eral aluminum (oxyhydr)oxides are known, but
only four are found in natural environments. Gibb-
site (Gbs) is the most common phase (Dani et al.,
2001). Most bauxite deposits were formed during
the Mesozoic and Cenozoic eras and and since then
have been disturbed by anthropogenic activities.
Some deposits have benefited from the enrichment
of the aluminum present and eventual reduction of
impurities (Mondillo et al., 2022). Two representa-
tive groups of bauxites are lateritic bauxites, which
account for 90% of the world’s mineable bauxite
and are found in equatorial regions, and karstic
bauxite, which represents~10% of the world’s
mineable bauxite and is predominant in various
parts of Europe (César et al., 2020; Ruys, 2019b).
Bauxite occurs in nature with: (1) carbonate rocks;
(2) dolomitic oil shale; (3) an alternative product of
dawsonite and aluminohydrocalcite; and (4) min-
erals that have undergone and continue to undergo
weathering processes due to the action of rainfall
and rock-leaching processes (Hill, 1980). The lat-
eritic bauxites mainly contain aluminosilicate (Als)
type minerals, whereas the karstic bauxites contain
smaller quantities of alumina, titanium oxide, and
other minerals. Furthermore, rare earth elements
in these types of bauxites add economic value (Zhu
et al., 2020).

In general, bauxite comprises a heterogene-
ous mixture of aluminum hydroxides, Kln, sili-
cates, and iron (oxyhydr)oxides. Its composition
can vary, from Gbs Al(OH); to lateritic bauxite,
boehmite (Bhm) y-AlO(OH), and karstic bauxite,
(Abdulvaliyev et al., 2021; Mondillo et al., 2022).
In the diasporic (Dsp), karstic bauxite, a-AlIO(OH)
can be found in specific global locations (Alelweet
& Pavia, 2022; Zhang et al., 2018). The composi-
tion of bauxite may vary depending on its location,
even within the same mine, typically consisting of
Kln - Al,Si,05(OH),, Hem — Fe,0;, goethite (Gth)
— FeO(OR), silica (Si0,), and rutile (Rt) or anatase
(Ant) — TiO, (Khairul et al., 2019; Ruys, 2019a).

Natural weathering conditions such as pH and
temperature directly influence the composition and
quantity of aluminum (oxyhydr)oxides (Dani et al.,
2001). This is evident in lateritic deposits that are
commonly found in extensively weathered tropical
and subtropical regions. Bauxites enriched in Fe or
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Al mainly comprise secondary minerals such as Kin
and various iron oxides (Freitas et al., 2018; Muriel
et al., 2022).

Karstic bauxite reserves are mainly found in the
northern hemisphere. Those in colder climates were
formed in the Paleozoic or Mesozoic period, where
the climate changes were favorable for the formation
of these belts (Mondillo et al., 2021).

Bauxite production in 2021 reached ~1.35 million
tons (Zhou et al., 2023) representing an 8% increase
over 2020. The countries which exported most baux-
ite between 2017 and 2020 were Jamaica (62%), Bra-
zil (13%), Guyana (8%), and Australia (6%). Bauxite
reserves (Fig. 1) are estimated to be ~55 to 75 billion
tons, distributed in Africa, Oceania, South America,
and Asia (Yadav et al., 2022).

Bauxite is the main raw material used in the
production of alumina through the Bayer process
(Habashi, 1997). The material undergoes several
processing steps, starting with milling and sieving.
Initial pretreatment involves using calcium hydrox-
ide to remove silicon oxides and Kln. Digestion
with sodium hydroxide follows to generate sodium
aluminate. The resulting solution undergoes a clari-
fication process involving cooling and filtration to
remove any remaining impurities (Baudin, 2021;
Tabereaux & Peterson, 2014). The treated liquor is
transferred to tanks where alumina hydrate crystals
are added, leading to the precipitation of aluminum
hydroxide. This precipitate undergoes further

Other
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Fig. 1 Bauxite deposits from across the world (Yadav et al.,
2022)
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washing and calcination in rotary kilns to produce
alumina (Agrawal & Dhawan, 2021).

One of the issues encountered during the Bayer pro-
cess is the presence of silica in bauxite samples, par-
ticularly in the form of Kln (Al,05.2Si0,.2H,0) or
reactive silica. This happens because it consumes all of
the sodium hydroxide added during the digestion step
and it also forms insoluble compounds that hinder the
profitability of the Bayer process (Ruys, 2019b). These
values are generally considered to be smaller than other
bauxite deposits. It is important to note that moisture
content of 4-12% can negatively impact the transport
of this material (Manjare & Donolikar, 2022).

The presence of this contaminant causes a decrease
in performance, leading to moisture absorption and
making the alumina particles more susceptible to
breakage, resulting in issues with the application of
this product. When used in refractories, the quality
decreases as it compromises hardness properties, mak-
ing imports more difficult (Ahmad et al., 2014; Smith
& Power, 2021; Wu et al., 2010).

In addition, the formation of deposits in tanks
and filters due to the presence of silica causes
equipment shutdowns. It is necessary to work with
bauxites that have a silica content of <8% in their
composition (Tabereaux & Peterson, 2014). When
sodium hydroxide is dissolved, silica reacts with
alumina and NaOH to form an insoluble sodium
aluminum silicate which is then removed from the
process as an insoluble component, red mud (RM).
This reaction leads to the loss of NaOH. If a bauxite
with high silica content is treated using the Bayer
process, typically the mud is recovered and under-
goes an expensive process to recover the lost alu-
minum and NaOH (Ostap, 1986).

One of the most common issues in the industry
is the dissolution of silica. Silica solubility can be
found in the form of orthosilicic acid, H,SiO,, at a
pH of <7. These monomers bind together and form
polymeric silicic acid, which can be identified in the
formation of a colloid that contains trapped liquids
within, resulting in gelation (Botelho et al., 2021). At
the end of the Bayer process, red mud rejects are gen-
erated, which contain high concentrations of Al, Fe,
and Si. High concentrations of Fe, as well as silica,
cause issues regarding the purity of the alumina pro-
duced in the final stage of the Bayer process (Jiang
et al.,, 2021). Approximately 1.0-1.5 tons of RM
waste is generated during the Bayer process (Clark
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et al., 2015). The chemical composition of RM con-
sists of all the elements that were not extracted at the
end of the Bayer process. The waste is rich in Fe, Ti,
silica, and may contain smaller amounts of other com-
pounds such as V, Ga, phosphorus, manganese (Mn),
magnesium (Mg), zinc (Zi), chromium (Cr), niobium
(Ni), and others (Luo et al., 2014). The red mud is a
highly alkaline waste with a pH of 13. It is stored in
dam systems which can lead to accidents. Storing it in
dams requires manpower and financial resources and
occupies land that loses its value as a result. Pollution
incidents have occurred in China, India, and Hungary,
among others (Xue et al., 2019).

Recovering elements of interest such as Al and
rare earths through hydrometallurgical processes
becomes challenging due to the presence of Fe and Si
in their composition. When RM is recycled, the aim
is also to locate materials with added value, thereby
reducing the use of natural resources and extending
the life of the waste lagoons (Agrawal & Dhawan,
2021). About 1.0-1.5 tons of RM waste is produced
per ton of alumina produced. This range depends on
the quality of the bauxite (Castaldi et al., 2008, 2011).
Therefore, mineralogical and elemental characteriza-
tions of bauxite are essential for mining.

While these studies provided valuable information
about Kln, AI(OH), polymorphs, and nordstrandite
in bauxites from India and Brazil, the results did not
use the critical information about detailed Al mineral-
ogy and the Si content that are critical in the Bayer
process. The objective of the present study, therefore,
was to characterize in detail the bauxites of the Cruz
Alta do Pard plateau in northern Brazil, especially
with respect to their metals composition, to help the
aluminum industry there by improving the efficiency
of the extraction process.

Materials and Methods

Three bauxite samples from the Cruz Alta do Para
plateau were supplied by the mining company MRN
(Mineracdo Rio do Norte), located in Para, Brazil.
The mineralogical analysis was carried out at the
LAREX (Recycling, Waste Treatment, and Extrac-
tion Laboratory) at the University of Sdo Paulo, Bra-
zil. Samples D, E, and F were obtained from exca-
vated sites (Fig. 2) and exhibited distinctly different
characteristics.
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Fig. 2 Bauxite samples D, E, and F from the Cruz Alta do Para plateau in northern Brazil

Each sample underwent homogenization, quartering,
and subsequent storage. Particle-size analysis was con-
ducted, and all samples were ground in an agate mill
until they reached a particle size of <0.212 mm. X-ray
diffraction (XRD), moisture content, loss on ignition,
total organic carbon (TOC), and thermogravimetric
analysis (TGA/DTA) were performed to character-
ize the samples. To quantify the metals contained in
the samples, two systems were employed: multi-acid
microwave digestion and lithium metaborate fusion
digestion.

Particle-size Analysis

Particle-size analysis involved the use of ten Tyler
series sieves from the brands Bronzinox and Gra-
nutest with mesh sizes of 9.50 mm (3/8° mesh),
4.699 mm (4 mesh), 2.362 mm (8 mesh), 1.44 mm
(14 mesh). 1.00 mm (18 mesh), 0.500 mm (35 mesh),
and 0.150 mm (100 mesh). The sieves were placed in
an AB Bronzinox — model AG5G 17 automatic shaker
(Bronzinox Co., Sao Paulo, Brazil) for 15 min. After
completing the granulometric analysis stage, the sam-
ples were divided into quarters and ground in an agate
mill, model Marconi MS950 (Sio Paulo, Brazil), until
reaching a particle size of <0.212 mm.
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Moisture Content, Loss on Ignition, and Total
Organic Carbon Analyzer

Moisture content was analyzed using a GEHAKA
model IV2000 infrared moisture analyzer (Goina,
Brazil). About 3 g of each bauxite sample was uti-
lized in the experiments, with all tests conducted on
previously ground samples with a granulometry of
0.212 mm. Furthermore, the tests were conducted
twice for accuracy and validity.The samples were
placed in porcelain crucibles and subjected to a muf-
fle furnace (Jung, model LF00812, Blumenal, Santa
Catarina, Brazil) with a heating rate of 10°C min~" up
to 1200°C, where they remained for 2 h. The percent
loss on ignition (Lol) was determined by Eq. 1, where
M1 represents the initial mass and M2 represents the
remaining mass at the end of the Lol test (Liu et al.,
2023; Nguyen et al., 2023).

M1 - M2
T) %100 )

Lol(%) = (

To determine the total organic carbon in the solid
samples, a Shimadzu total organic carbon analyzer
model SSM-5000A (Shimadzu Brazil, Sdo Paulo,
Brazil) was utilized. Approximately 30 mg of each
sample was used, with the first analysis conducted at
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900°C to determine the total carbon through combus-
tion. 30 mg of the sample and 1 mL of sulfuric acid
were added to the equipment to evaluate the inorganic
carbon at 200°C. After completion of the test, the
total organic carbon was calculated as the difference
between the total and inorganic carbon.

X-ray Diffraction (XRD)

The mineralogical compositions of the three bauxite
samples was measured using a Rigaku model MiniFlex
300 X-ray diffractometer (Rigaku Corporation, Tokyo,
Japan) with CuKa radiation (A=1.5418 A). Rietveld
refinement was employed, ranging from 5 to 80°20
with a 0.02°20 step size, in ‘continuous’ mode at a
speed of 4°20 min~!. The XRD pattern was evaluated,
and the phases present were quantified using the PDXL
Studio database (Rigaku Corporation, Tokyo, Japan).

Thermogravimetric Analysis (TGA/DTA)

The thermogravimetric analysis (TGA) was per-
formed by means of a thermobalance coupled with
differential thermal analysis using a Jupiter STA449
F1 instrument (Netzsch, Sdo Paulo, Brazil). Initially,
50 mg of the bauxite sample was placed in an Al,O;
crucible and heated from 25 to 1450°C, with a heat-
ing rate of 10°C min™!. The analysis was conducted in
an argon atmosphere with a flow rate of 25 mL min™!,
and the samples remained at the maximum tempera-

ture for 30 min.
Multi-acid Microwave Digestion

Two methodologies were utilized to quantify the
chemical composition of the samples. First, acid
digestion was performed using a CEM model MARS6
microwave sample digester (CEM Corporation, Mat-
thews, North Carolina, USA). Approximately 0.25 g
of each of the three bauxite samples was used. The
decomposition of the original matrix required three
steps. In the first step, 6.5 mL of H;PO, (Synth,
Sdo Paulo, Brazil—P.A. 85%) and 3.5 mL of H,SO,
(Synth, Sdo Paulo, Brazil—P.A. 98%) were added,
and the samples were heated at 240°C for 15 min.
In the second step, 1 mL of HCI (Synth, Sao Paulo,
Brazil—P.A. 38%), 1 mL of HNO; (Synth, Sdo Paulo,
Brazil—P.A. 65%), and 1 mL of HF (Neon, Sio
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Paulo, Brazil—P.A. 48%) were added, and the sam-
ples were maintained at 200°C for 15 min. In the last
step, 0.4 g of boric acid (Synth, Sdo Paulo, Brazil)
and 8 mL of water were added, and the samples were
left in the device for 15 min to neutralize the presence
of hydrofluoric acid.

Lithium Metaborate Fusion

Lithium metaborate fusion was used to quantify the
chemical composition associated with rocks and
refractory minerals, such as aluminum in Gbs in the
three samples. Samples were prepared according
to published methods (Abedini et al., 2022a; Pang
et al., 2023). Approximately 3 g of each sample was
combined with 6 g of lithium metaborate salt LiBO,
(Synth, S@o Paulo, Brazil) in super-pure graphite
crucibles. The crucibles were then heated in a Jung
muffle furnace model LF 00812 (Jung, Blumental,
Santa Catarina, Brazil) with a temperature ramp at
the rate of 10°C min', starting from 100°C to 1050°C
for 2 h. Afterward, the crucibles, still hot at~900°C,
were removed from the muffle furnace and their con-
tents were poured into a beaker containing a 10%
HCI solution. The samples were then stirred on plates
for 30 min, filtered through a 2 pm Whatman filter
(Quimica moderna, Sdo Paulo, Brazil), and stored for
further analysis.

Optical Emission Spectrometry with
Plasma-ICP-OES

Two calibration curves were prepared to analyze
the digestion liquors using a coupled plasma optical
emission spectrometer (ICP-OES) model 710 series
(Agilent, Santa Clara, California, USA). The first
curve utilized the multi-elemental standard GV2 with
a concentration of 100 mg/L (SpecSol, Sao Paulo,
Brazil) in 65% HNO;. The elements to be analyzed
were Al, Ca, Mg, K, Na, and Fe, with 1 to 10 mg/L
concentrations. The second curve employed a mono-
elemental silicon standard with a concentration of
1000 mg/L (SpecSol, Sao Paulo, Brazil) and con-
centrations of 1, 2, 4, 6, 8, and 10 mg/L. 3% HNO;
(P.A. 65%) acid was used to prepare standards diluted
5-,10-,100-, and 1000-fold. Wavelengths that were
least affected by neighboring peaks were selected for
the respective elements: Al (396 nm), Ca (396 nm),
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Fig. 3 Bauxite sample during grain-size distribution tests
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Fig. 4 Particle-size distribution of the bauxite samples D, E, and F

Fe (238 nm), K (766 nm), Mg (279 nm), Ti (336 nm),
Na (589 nm), and Si (251 nm).

Results and Discussion

Particle-size Analysis

Examples of fractionated samples in each sieve are
shown in Fig. 3. The particle-size distribution for
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sample D (Fig. 4) revealed a D10 (effective diam-
eter) value of 0.2 mm, indicating that 10% of the
particles were of a diameter of 0.2 mm, considered
to be a medium size. The values D50 and D90 were
6 mm and 37 mm, respectively. Once again, fine par-
ticles predominate in this sample. When the data for
sample E were examined (Fig. 4), D10 was 0.4 mm,
D50 was 18 mm, and D90 was 40 mm. This indi-
cates that only 10% of the sample consists of particles
with sizes >40 mm, highlighting a predominance of
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smaller-sized particles. In contrast, sample F (Fig. 4)
exhibited the following values: 0.3 mm, 7.5 mm, and
35 mm for D10, D50, and D90, respectively. In this
case, undersized particles make up the majority (50%)
of the sample with only 10% at quantitative values
(10% cumulative passing of samples). One concludes,
therefore, that sample D contains particles with larger
sizes than samples E and F, but all samples are pre-
dominantly composed of fine particles.

The Rosin-Rammler-Bennet studies (RRB) indi-
cated that the grinding time affects particle charac-
teristics, necessitating adjustments to the processing
parameters (Zhang et al., 2014). On the other hand,
Wrebec’s mathematical model evaluates particles
of <50 pm, resulting directly from crushing (Mohan
et al., 2014). When the grinding time is increased
for particles ranging from 0-3 to 3—-10 pm, no vari-
ation in the mechanical fraction and particle-size
values was observed. Increasing the grinding time
for particles within this range therefore, only leads
to unnecessary energy consumption, as it does not
affect the mechanical fraction (Liu et al., 2016;
Mohan et al., 2014).

Several mathematical models can be used to
determine the particle-size phases D10, D50, and
D90 from grinding, such as the RRB (Eq. 2) and
Gates-Gaudin-Schuhman (GGS) (Eq. 3) models. k,
m, n, and D’ are the parameters to be adjusted to fit
the experimental data (Wu et al., 2004). Of these
two models, the RRB function performs better, par-
ticularly when a ball mill is used for grinding the
samples. Combining multiple functions, however,
is generally more effective than relying solely on a
single mathematical model (Chu et al., 2019). So,
consider: X=mass fraction of material finer than
the sieve opening (kg/kg total); D’ = parameter rep-
resenting the average particle size (um); n = param-
eter representing dispersion (dimensionless); D =the
opening of the sieve of order n (m); k=param-
eter representing the average particle size (pm);
m=parameter representing dispersion (dimension-
less), also called Schuhmann’s derivative.

X=1 _exp[-(g)"] @

v=(2)
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Table 1 Equations for the mathematical models
Samples

Mathematical Parameters D E F
models

m 0.4627 0.5445 0.5946
GGS k 0.7997 0.0968 0.1055

R’ 0.9217 0.9340 0.9538

n 0.5499 0.5996 0.6933
RRB D’ 0.0008 0.0003 0.0008

R? 0.9539 0.9499 0.9774

Mathematical models are essential to obtain the
statistical parameters used in industrial processes.
The plots using the mathematical models of granu-
lometric distribution RRB and GGS for bauxites D,
E, and F are available in the supplementary material
(Figs S1, S2, and S3). The coefficient of determi-
nation (R?) indicated that the RRB model (Table 1)
provided a better fit. The value of m was< 1 in all
samples (Table 1), thus showing that the material
does not have a uniform particle size.

The Fanrenwald model proposes a correlation
between the reduction rate of residue on the sieve
and the particle size, highlighting the relationship
between grinding speed and the accumulated per-
centage on the sieve after a certain grinding period
X (Chen et al., 2020). These two factors are directly
proportional during grinding (Liu et al., 2016).
Grinding efficiency is correlated with particle size,
meaning that as particle size decreases, grinding
efficiency also decreases (Liu et al., 2016; Wang
et al., 2021). When analyzing the D10, D50, and
D90 percentages, the accumulated volumetric dis-
tribution and width were evaluated, facilitating the
manipulation of the samples. The grinding time and
the kinetic energy provided during this process are

Table 2 Moisture content and loss on ignition values for the
three samples

Bauxite samples Moisture (%) Loss on
ignition
(%)
D 0.5 24.4
E 0.9 20.4
F 0.8 19.6
ringer
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associated with the particle-size distribution values
(Fabre et al., 2020).

Moisture Content, Loss on Ignition, and Total
Organic Carbon Analyzer

The samples exhibited relatively low moisture content
levels (Table 2), with values <1.0%. Comparing the
samples revealed that sample D had a smaller mois-
ture content (0.5%) than samples E and F (0.9 and
0.8, respectively). These values are generally consid-
ered to be smaller than other bauxite deposits. It is
important to note that moisture content of 4-12% can
negatively impact the transport of this material (Man-
jare & Donolikar, 2022).

The mass loss on ignition in this test is related to
the loss of structural water (Table 2). In the stud-
ies by Liu and Poon (2016), the Lol in rejected
red mud (generated after the clarification stage
in the Bayer Process) originating from China was
8.14%. In the research of Griife et al. (2011), after
several analyses of red mud samples, the values of
Lol varied from 4.4 to 14%. In rejected red mud

originating from Brazil, the Lol varied with tem-
perature; at 900 and 1100°C the Lol was 14.5 and
14.8%, respectively (Botelho et al., 2021). In the
studies by Botelho et al. (2020), the values for
inorganic carbon and total carbon were 0.32% and
0.6%, respectively, so organic carbon remained
at~0.28%. Power and Loh (2010) evaluated the
organic carbon values in bauxite from Guinea,
Brazil, and Suriname, where the percentages were
0.25%, 0.18%, and 0.47%, respectively.

The total organic carbon was measured in the
organic and inorganic matter in the sample and none
was found (Banerjee et al., 2023). The presence of
organic matter would lead to an increase in the pro-
duction costs of the alumina because the organic mat-
ter is considered a contaminant in the process. All
lateritic bauxites contain a certain amount of organic
carbon compounds, some of which are solubilized
during the digestion process. As a result, organic
compounds accumulate in the process liquor (Cast-
aldi et al., 2008; Power & Loh, 2010; Santini, 2015).
An assessment of the impact of these compounds on
production costs revealed that the annual expenses
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,, 2000001 | A% .3 .
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i J Bauxite E
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Fig. 5 XRD patterns of the bauxite samples
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for the Australian alumina industry alone exceeded
AUDS 500 million where organic products were con-
cerned (Power et al., 2012). The Brazilian bauxites
do not consume more reagent during the digestion
stage.

X-ray Diffraction (XRD)

The mineralogical composition of the three bauxite
samples was determined using XRD (Fig. 5), and the
phases were calculated using the Rietveld method
(Castaldi et al., 2008; Santini, 2015). The Rietveld
method identified Gbs as the predominant phase in
all samples (Table 3), comprising~50-80% of the
composition. Smaller amounts of Kln (~20-30%),
Ant (3-6%), and Hem (5%) were also present. This is
in accordance with the literature (César et al., 2020;
Santini, 2015).

Sample E contained most Gbs (75%), which is
desirable due to its greater potential to yield alu-
minum (Table 3). However, a large (20%) Kln con-
tent in this sample poses a challenge during the Bayer
Process. The reactive silica found in Kln consumes a
significant amount of calcium hydroxide and subse-
quently affects the extraction of aluminum hydroxide.
Reactive silica values (SiO,) in the the lithium metab-
orate digestion data were 4.35, 3.16, and 3.23 wt.% in
samples D, E, and F, respectively. Bauxite composi-
tions containing<8% reactive silica are noteworthy
and recommended in order to minimize excessive rea-
gent consumption (Tabereaux & Peterson, 2014).

The Kln content of sample F is large at 26.29 wt.%,
indicating the need to explore alternative methods to
the Bayer process for recovering usable Al and remov-
ing impurities from this sample. In addition, sample
D exhibited the greatest iron oxide content,~5%. In
comparison, sample E showed the removal of 3.9%
titanium oxide during the Bayer process, resulting

Table 3 Rietveld profile analysis

Phases Samples

D E F
Gbs 74.3 75 67.5
Hem 5 1.1 0.23
Kin 18.1 20 26.2
Ant 2.5 39 6.1

https://doi.org/10.1007/s42860-023-00264-2 Published online by Cambridge University Press

in the generated tailings known as red mud (Ahmad
et al., 2014). Another factor to consider is the pres-
ence of amorphous content, which may not be quan-
tified accurately by the analytical techniques used in
the present study. As a result, the calculated amount
of crystalline content may be overestimated (Alelweet
& Pavia, 2022).

Rietveld quantitative analysis of bauxite from a
mine in Russia revealed Gbs 55.2%, Kln 10%, tita-
nium oxide 4.9%, and iron oxide 4.9% (Abdulvaliyev
et al., 2021). The XRD patterns of bauxite provided
by Paragominas Mining (Para, Brazil) revealed pre-
dominantly Gbs, with lesser amounts of Kln, Hem,
Gt, and Ant (Dodoo et al., 2022). A mine in Ghana
produced samples with 10 wt.% SiO,, 50 wt.% Gbs,
and 3.15 wt.% iron oxide, as well as~2 wt.% oxides
of Mg, Na, Ca, and K combined (Melo et al., 2020).

XRD patterns of samples from mines in central
and northern Saudi Arabia revealed high crystallinity,
with intense peaks from Gbs, Kln, and Bhm. Interest-
ingly, those bauxites consisted of >50 wt.% boehmite
and Gbs, with only 15 wt.% Kin along with other
minor components of Ant, rutile (Rt), calcite (Cal),
and Qz making up~7 wt.% each (Alelweet & Pavia,
2022). Bauxite from various provinces of China have
a mineralogical composition of silicon oxide plus
diaspore of ~58 wt.%, while iron oxide and titanium
comprise 24.23 and 3.12 wt.%, respectively (Wu
et al., 2022b).

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA/DTGA) (Fig. 6)
revealed in the first stage, spanning 100 to 360°C,
significant mass losses from samples D, E, and F,
measuring 16.88, 11.27, and 8.50 wt.%, respectively.
An intense endothermic peak at 300°C indicated the
transformation of the Gbs into the first metastable
alumina phase (x-Al203). At 300°C, Gbs under-
goes dehydroxylation and converts into boehmite, as
described by the decomposition Eq. 4 (Zhang et al.,
2019).

AI(OH); — AIOOH + H,0 4)

In the second stage, from 360 to 600°C, the mass
losses were 6.79 wt.% for sample D, 6.74 wt.% for
sample E, and 9.81 wt.% for sample F. Another endo-
thermic event at~515°C signified the formation of a
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Fig. 6 Thermogravimetric profiles of the bauxite: a TG and b
DTG

second metastable phase of alumina (x-Al,O;) (Alel-
weet & Pavia, 2022; Li et al., 2020a). With the loss of
the hydroxyl groups from the samples containing Kln,
the formation of amorphous metakaolinite occurred
from 400 to 650°C (Lagauche et al., 2017). In the third

stage, ranging from 600 to 1200°C, the mass losses for
D, E, and F were 1.17, 0.88, and 0.91 wt.%, respectively.
During this stage, as the temperature increased from 900
to 1200°C, the amorphous alumina phases (Y-Al,O5)
underwent regrouping to form the corundum phase
a-Al,O; (Arogundade et al., 2021; Kyriakogona et al.,
2017). This mass loss aligns with the Lol observed in
the chemical analysis, attributed primarily to the release
of hydroxyl groups present in the minerals. Relating the
TGA test to the Lol test is possible.

Multi-acid Microwave Digestion and Lithium
Metaborate Fusion

The significant elements analyzed, including Fe, Al,
Si, and Ti, were subjected to microwave and fusion
digestion methods (Table 4). Oxides were calculated
based on the amounts of the individual elements
obtained in the analyses.

The results revealed that aluminum oxide was the
most abundant compound in the samples, followed
by silicon oxide, with smaller concentrations of tita-
nium and iron oxide. A comparison between the two
digestion methodologies showed variations in the
element contents, indicating differences between the
analytical techniques used to determine the elements
present. Microwave digestion was the more sensitive
method in terms of iron and titanium oxides, suggest-
ing that metaborate fusion is not a consistent tech-
nique for elements present in smaller quantities (Giels
et al., 2022).

Based on the assays, atomic absorption spectrom-
etry using a microwave-based opening methodology
was deemed the most suitable technique for chemi-
cal analysis, specifically for samples D, E, and F. The

Table 4 Data obtained from the chemical analyses in the lithium metaborate and multi-acid digestions in ICP-OES

Elements analyzed by ICP-OES lithium borate fusion digestion (%)

Samples Al Al,O4 Si Sio, Fe Fe,04 Ti TiO, Ca K Mg Na

D 17.7 34.0 2.1 45 2.7 39 0.1 0.1 0.0 0.7 0.1 0.7 -
E 14.2 30.0 9.2 19.6 0.9 1.4 0.0 0.1 0.0 0.7 0.1 0.1 -
F 18.7 36.0 8.5 18.1 1.0 1.4 0.1 0.1 0.0 0.8 0.1 0.7 -
Elements analyzed in ICP-OES multi-acid digestion

Samples Al Al,O4 Si Sio, Fe Fe,05 Ti TiO, Ca K Mg Na \
D 22.5 44.0 10.1 22.0 3.8 5.4 1.2 2.0 3.1 - 0.0 3.8 -
E 18.4 36.0 15.9 35.0 1.6 22 0.9 1.5 3.0 - 0.0 35 -
F 19.8 38.0 12.3 28.0 1.3 1.9 1.1 1.8 3.1 - 0.0 3.7 -
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multi-acid digestion in HNO,, HCI, H,SO,, and HF g )
solutions was an effective procedure for evaluating E’ R
many elements in various mineral species. The addi- Bluo@BaomeRw % & §
tion of phosphoric and sulfuric acid facilitated the S|Z2FazzS5 308 o
extraction of aluminum, while nitric acid reacted with .
other metals present, such as titanium, magnesium, §
calcium, sodium, and potassium. Hydrofluoric acid 8
reacted primarily with the silica content in the sam- < - Tj
ples (Dillinger et al., 2020). é == i | g o g 5
Silica, when in the form of Kln, poses a problem
in the Bayer process as it reacts with NaOH during o~
bauxite digestion, forming insoluble compounds that % ° 38 ® ., g 13 = §
reduce the profitability of the process. In contrast, Zl . a3 ., , 33z
when silica is in the form of quartz, it exhibits inert © o a — - &
behavior and does not significantly impact the con- S$I8.8%322¢8
sumption of NaOH, referred to as non-reactive silica. ST ee-enmar =
It is crucial to work with bauxites containing <8% fo
reactive silica in their composition to mitigate these glw 2t =8 e 8
issues (Tabereaux & Peterson, 2014). 51328322983 ¢= @
Approximately 80-90% of calcium hydroxide is lost =
during the process, posing a significant issue. Conse- g
quently, utilizing bauxites with <8 wt.% reactive silica o
content is essential to mitigate this problem (Ahmad 3 :ij
et al., 2014; Smith & Power, 2021; Wu et al., 2010). ‘§ © § ag ® = E 2
Iron oxides in bauxite are also problematic in alu- <] S S aEac
mina production. Although the samples used in the g )
experiments had values of <5 wt.% Fe,0;, worldwide 3 g §
samples, especially from China and Iran, tend to have § :_g 3
larger iron oxide contents. The iron oxide impurities J:g & = o — 8 < < < §
are removed during the clarification process, resulting Zl 88 2% wal
in the red mud. a
Titanium oxides are generally non-reactive but can - §
hinder precipitation and reduce reaction yields when = =
present as boehmite. Although the samples showed i ; g
titanium oxide values of<1 wt.%, global bauxites E = _ =
often have values of >5 wt.%. § § 228 oS gn@ s
Comparing the composition of bauxites from vari- g Slvadssvasde
ous locations worldwide (Table 5), Australia, China, £ _
and Saudi Arabia typically have aluminum oxide val- 8 é Y
ues of ~50 wt.%. In comparison, the bauxites from % 5|9 VS:. % 2 § 2 ‘ﬁ E §§
Porto de Trombetas exhibit 40 wt.% Al,O;. Regard- = ol Bl N S Sl
ing the iron oxide content, bauxites from mines in ?D q
Iran, China, and Greece have values ranging from 20 = K
to 30 wt.% of Fe,O5, while Russia and Saudi Arabia g =
show values of 5 wt.%. The samples obtained in the = E 39 3 ‘é -2 8 2 @ 8
experiments align with these findings, with iron oxide Zl0|saddsss=ale
amounts of 4 wt.%. Titanium oxide values in global : g §
bauxites are usually>5 wt.%, whereas the samples 2 § o 339 %08 S = §
analyzed in this study had<1 wt.%. Silicon oxide Elsldf=zss35E38
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measurements in bauxites worldwide range from
20 to 26 wt.%, similar to the values obtained in the
chemical analyses of the three samples. Dealing with
the silicon oxide content is crucial as it represents one
of the main challenges in the Bayer process.

Discussion of alumina production in bauxites
from northern Brazil

Many published studies discuss various types of
bauxite. However, a comprehensive characterization
of bauxite has never been carried out, which high-
lights the need to design a process to overcome the
challenges in understanding this material. In addi-
tion, exploring new approaches for the recovery of
elements of interest is important. A comprehensive
description of bauxite is required to develop hydro-
metallurgical processes for the recovery of elements
of interest, such as rare earths, or to develop new
routes for aluminum production. Sample D contains
10 wt.% silica, which is considered to be less than
in samples from China, Russia, and Iran, where silica
values reach ~20 wt.%.

A proposed solution to eliminate silica and prevent
interference in the Bayer process and the development
of other hydrometallurgical routes is calcination, as
kaolinite transforms into metakaolinite at~600°C,
leading to the removal of the silicon (Alelweet &
Pavia, 2022).

The acid leaching of bauxites involves using
oxalic, sulfuric, and hydrochloric acids. Oxalic acid,
due to its acidity and ability to form complexes
with iron, can extract iron at levels ranging from
34 to 85%, producing iron oxalate (Arogundade et al.,
2021). Sulfuric acid can also effectively remove sig-
nificant amounts of iron, typically from 47 to 98%,
from bauxite and red mud samples (Kyriakogona
et al., 2017). Hydrochloric acid leaching can achieve
a 90% iron removal from the leach liquor by form-
ing FeCl;. In bauxites primarily composed of boe-
hmite, the aluminum removal rate is~10% (Alelweet
& Pavia, 2022). Leaching is commonly employed for
alumina recovery and proves more efficient than alka-
line methods. Certain acids can reduce silica solubi-
lization and remove other elements such as iron (Zhu
et al., 2020). The high concentration of acid during
leaching generates the dissolution of the silica pre-
sent in the sample, thus generating the polymerization

@ Springer

https://doi.org/10.1007/s42860-023-00264-2 Published online by Cambridge University Press

of the silica gel, with which the extraction efficiency
is reduced. When silica undergoes the leaching pro-
cess with sulfuric acid, the monomers unite to form
polysilicic acid and, later, a colloid. This formation
is related to the ionic forces present in the solution,
where molecular interactions are altered when the
acidity of the leaching is high (Zhou et al., 2021). It is
proposed that silica gel formation be avoided by using
sulfuric acid with hydrogen peroxide for oxidative
leaching to oxidize the silicon ions dissolved in the
solution, thus avoiding the polymerization reaction
(Botelho et al., 2021). For samples E and F, which
have silica concentrations of >20 wt.%, additional
processes need to be applied in order to use them. For
other impurities, all samples have iron concentrations
of <3 wt.%, while other bauxites mentioned in the lit-
erature have concentrations >20 wt.%. Improving the
quality of purification processes often presents chal-
lenges when it comes to iron.

Conclusions

The aim of the present study was to analyze bauxite
samples and compare them with other samples from
around the world. A comprehensive characterization
was conducted on bauxite samples from northern
Brazil. The Brazilian bauxite exhibits lower concen-
trations of silicon and iron in comparison to bauxite
samples from other regions of the world, such as Rus-
sia and China. In this study, multiple characterizations
were employed to enhance the technical understand-
ing of Brazilian bauxites. Indeed, enhancing the tech-
nical understanding of any sample, particularly baux-
ites, aids in identifying their potential applications
and determining the need for pre-treatment or other
processes prior to alumina production, for instance.
The results showed that the samples could be used in
hydrometallurgical processes, such as acid leaching,
to obtain the recovery and production of alumina. The
silicon concentration is one of the main challenges
encountered due to silica gel formation. Thus, explor-
ing leaching routes that do not excessively consume
the acids used in the process is important.
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