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Abstract: An approach was developed to upgrade the balixite ore by molecular hydrogen and hydrogen plasma. A gibbsite-type bauxite
sample was obtained from National Aluminium Company (NALCO), Odisha, India. The obtained sample was crushed and sieved (to 100
um) prior to the chemical analysis and grain-size distribution study. The bauxite sample was calcined in the temperature range from 500 to
700°C for different time intervals to optimize the conditions for maximum moisture removal. This process was followed by the reduction of
the calcined ore by molecular hydrogen and hydrogen plasma. Extraction of aumina from the reduced ore was carried out via acid leaching
in chloride mediafor 2 h at 60°C. X-ray diffraction, scanning electron microscopy, thermogravimetry in conjunction with differential scan-
ning calorimetry, and Fourier transform infrared spectroscopy were used to determine the physicochemical characteristics of the material be-
fore and after extraction. Alumina extracted from the reduced ore at the optimum calcination temperature of 700°C and the optimum calcina-

tion time of 4 hisfound to be 90% pure.

Keywords: upgrading; bauxite; calcination; leaching; alumina; extraction

1. Introduction

Bauxite is a rich source of aluminafor producing aumi-
num. Because it is a naturally occurring mineral, it contains
numerous impurities such as silica, iron, titania, phospho-
rous, calcium, sulfur, magnesium, and various carbonate and
silicate minerals. These impurities in the bauxite not only
create the qudlity problems but aso cause the environmental
pollution and increase the production costs. Hence, the re-
moval of these impurities from bauxite is necessary during
the beneficiation process [1].

The extraction of aumina from bauxite is basicaly an
upgradation process that involves the separation of aumina
from the undesirable bauxite constituents such as the oxides
of iron, titanium, silicon, calcium, vanadium, and manga-
nese. [2]. Bayer's process is the major industrial technique
used to refine bauxite to produce alumina. In this process,
bauxite ore is digested in a solution of sodium hydroxide
(NaOH). During caustic digestion, the amphoteric alumi-
num oxide passes into the solution as soluble sodium alu-
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minate [3]. The akaline solution is subsequently treated
with carbon dioxide to precipitate aluminum hydroxide.
Aluminum hydroxide decomposes into aluminum oxide
when heated to 980°C, giving off water vapor in the process.
However, the production of alumina from bauxite ores via
this process consumes a large amount of caustic soda and
generates a huge amount of durry waste called red mud.
Red mud discharged by the alumina industry poses the en-
vironmental and ecologica threats [4-8] because of its high
akalinity (10 < pH < 12.5). Hence, the proper utilization and
value-added metal recovery from red mud have become ob-
jectives of several researchers [9-19]. The production of
auminum involves the commercia technology of bauxite
purification to produce alumina by removing unwanted im-
purities followed by the smelting of alumina to produce
aluminum. These technologies involve various disadvan-
tages, including high energy consumption, emissions of
large amounts of greenhouse gases, emissions of harmful
fluorides, and the generation of a huge amount of Surry
waste [20-22].
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Hence, an appropriate bauxite beneficiation process
wherein the impurities such as oxides of iron, silicon, and
titanium can be transformed into suitable value-added prod-
ucts is needed. Some researchers have recently attempted to
develop the alternative methods for bauxite reduction.
Among the developed methods, natural gas and plasma
technologies have been adopted for the reduction of metal
oxides [23]. The thermal plasma method has been in exten-
sive industrial-scale applications because of its unique fea-
tures, including the high temperatures, the generation of ex-
cited and ionized atoms, the steep temperature gradient, and
the generation of high-thermal-conductivity plasma; this
method opens a favorable pathway for metallurgical reac-
tions, especially the reduction of metal oxides [23]. How-
ever, very limited work has been reported on the reduction
of metal oxides by plasma technology using hydrogen as a
reducing agent.

Bhoi et al. [24] have investigated the direct reduction of
iron through hydrogen plasma treatment. They developed a
green process for the preparation of direct-reduced iron
(DRI) by reducing iron ore using microwave-assisted
low-temperature hydrogen plasma. Lyubochko et al. [25]
proposed a method for reducing aluminum oxide in non-
equilibrium hydrogen plasmain a combined glow discharge
(CGD) at a pressure ranging from 1315.8 to 13158 Pa at a
discharge current ranging from 5 x 102 to 3 A and a hydro-
gen flow rate ranging from 107 to 10™* nm%s. A high con-
version degree of auminum oxide to auminum was
achieved (60%), with an energy consumption of 20 kWh/kg
of Al,Os. Gold et al. [26] studied the reduction of iron oxide
powders to molten iron by hydrogen and natural gas. Sabat et
al. [27] reported the reduction of cobalt oxide (Cos0,) to
cobalt metd via low-temperature hydrogen plasma. Naka-
mura et al. [28] carried out smelting reduction of iron ore
using Ar—H, plasma and concluded that the utilization effi-
ciency of hydrogen was higher than the value estimated by
thermodynamic equilibrium for H,-H,O—+Fe-FeO by the
effect of atomic hydrogen on the reduction. Huczko et al.
[29] investigated the processing of silica in radio-frequency
(rf) plasma using a new experimental system in which the
process was carried out entirely in the vapor phase. They
obtained SiO or Si by either therma decomposition of SO,
or reduction by H,.

Apart from the aforementioned studies, hydrogen as a
reducing agent has several potential advantages [30-31].
Firgt, the reaction of meta oxides with hydrogen is far more
environmentally friendly than reduction with car-
bon-containing compounds, because the byproduct is water
rather than carbon dioxide. Hydrogen in the form of plasma
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(condisting of H,, H, and H*) is a very powerful reductant
that can reduce most metal oxides at temperatures below the
melting points of metals. Because the hydrogen in atomic
and ionic form lies lower than the positions of most other
aoms and ions in the Ellingham diagram, it can reduce most
metal oxides. Hence, we have attempted to reduce bauxite
ore with molecular hydrogen and hydrogen plasma.

In the present study, the bauxite was upgraded by ex-
tracting alumina from the reduced bauxite followed by
leaching with 3 mol/L HCI. Bauxite was reduced with mo-
lecular hydrogen followed by hydrogen plasma

2. Materials and methods
2.1. Materials

Mineral samples obtained from National Aluminium
Company (NALCO), Odisha, India were crushed and pow-
dered using a planetary ball mill. Milling was carried out for
2 h. The powdered bauxite was then completely dried at
150°C and sieved using different sieves to determine the
grain size distribution.

2.2. Chemical analysis

Common analyticadl methods were employed for the
chemicd analysis of the bauxite sample. For chemical anal-
ysis, 2 g bauxite sample was mixed with fusion mixture (1:1
N&CO; and K,CO; by mass) by heating a 1000°C in a
platinum crucible. The mixture was subsequently dissolved
in hydrochloric acid solution for quantitative determination
of the bauxite sample’'s components. In addition, a small
amount of bauxite sample was heated in a platinum crucible
to 700°C for 1 h. During this process, the total hest loss due
to dehydration or decomposition was determined.

2.3. Calcination studies

The powdered samples and the pellets were subsequently
calcined at 700°C for 4 h to remove the moisture and vola
tile matter present in the samples. Pellets were prepared
from the bauxite powder by using uniaxia cold compaction
with aload of 6.5 t. Notably, a series of calcination experi-
ments were conducted at different temperatures and for dif-
ferent time periods to remove all of the moisture and volatile
matter present in the samples. It was observed that calcina
tion a 700°C for 4 h was sufficient to remove amost al of
the moisture and volatile matter present in agiven sample.

2.4. Reduction studies

The bauxite samples were subjected to ball milling in a
planetary ball mill for 2 h to obtain bauxite powder for the
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treatment with molecular hydrogen. The bauxite sample was
heated in a muffle furnace at 650°C for 2 h under the hy-
drogen gas flowing a 2 m¥h, as shown in Fig. 1. Pellets
with a diameter and thickness of 20 mm and 4 mm, respec-
tively, were prepared from the bauxite powders by uniaxial
cold compaction for hydrogen plasma processing.

Fig. 1. Muffle furnace for molecular hydrogen processing of
bauxite samples.

The bauxite pellets were reduced with hydrogen plasma
in a microwave hydrogen plasma reactor. The reactor in-
cluded two parts: the reactor chamber, where the plasma
was formed and the reduction occurred, and the operation
rack, which regulated the working parameters of the ex-
periment. A quartz ring surrounding the copper plate aided
in focusing the plasma on the sample. In al experiments, the
sample was placed on a molybdenum sample holder posi-
tioned within the plasma region and the chamber was closed
after the sample was placed on the holder. The chamber was
then evacuated, and a base pressure of 0.1 Pa was main-
tained inside the chamber by a rotary pump. The operation
rack incorporated a microwave generator with a 6000 W
power supply. A magnetron was used to generate micro-
waves of standard frequency of 2.54 x 10° s™; the micro-
waves were guided by a waveguide to the sample chamber.
In the chamber, the high-frequency microwaves were inter-
acted with the incoming hydrogen gas (99.999% pure) sup-
plied to the reactor to produce the hydrogen plasma. The
plasma plume covered the total surface of pellet, where the
reduction occurred.

2.5. Alumina extraction studies

Calcined bauxite powder was reduced with molecular
hydrogen and hydrogen plasma. The reduced bauxite pow-
der was treated at 60°C with 3 mol/L hydrochloric acid for 2
h under magnetic stirring. Solidiquid separation was then

carried out to separate the mixture via filtration. Alumina,
along with silica, was separated as residue, leaving behind
iron and titanium in the filtrate as their chlorides.

2.6. Physicochemical characterization

Particle size analysis of the residue sample was per-
formed on a Netzsch Nano-zetasizer. X-ray diffraction
(XRD) peatterns of the bauxite samples before and after re-
duction were recorded usng a Panalytica X'pert PW
3040/00 system equipped with a Cu K, radiation source.
The scans were recorded in the 20 range from 10° to 100°.
The surface morphology of the bauxite samples was deter-
mined by scanning electron microscopy (SEM, JEOL
JSM-6480 LV). Differentia scanning calorimetry (DSC)
and thermogravimetry (TG) (Perkin Elmer Diamond) anal-
yses were carried out under the inert atmosphere over the
temperature range from 30 to 1450°C at a heating rate of
10°C-min*. Fourier transform infrared (FTIR) spectra of the
alumina samples were collected using a Thermo Fisher Ni-
colet IS 10 spectrophotometer.

3. Resultsand discussion
3.1. Physicochemical analysis of bauxite sample

Fig. 2 shows the XRD pattern and SEM image, respec-
tively, of the raw bauxite sample. The XRD datain Fig. 2(a)
show that the material is predominantly composed of gibbs-
ite (AI(OH)3) aong with iron in the form of hematite
(Fe,05). Peaks attributable to TiO, and SIO, are not detected
by XRD because of their low mass fractions, as shown in
Table 1. However, the mass fractions of TiO, and SiO, were
confirmed from the wet chemica analysis of the bauxite
sample; the anaysis results are presented in Table 1. The
surface morphology of sample was andlyzed by SEM. As
observed in Fig. 2(b), the particles exhibit the irregular
shapes with different sizes. After grinding the sample to
smadler than 100 um, the grain size distribution of sample
was determined by sieving it viasieves of different sizes.

3.2. Calcination studies

Bauxite samples with different particle sizes were cal-
cined at 500, 600, and 700°C; in each case, the samples
were analyzed at different time intervals of 2, 3, and 4 h to
determine the optimal calcination conditions. The results,
which are shown in Fig. 3, reveal that the samples sieved to
less than 100 um eesily lost water because of their smaller
particle sizes. Nonetheless, the water removal continues to
700°C. Hence, the optimum calcination conditions were
chosen as 700°C and 4 h.
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Fig.2. (a) XRD pattern and (b) SEM micrograph of the bauxite sample.

Tablel. Chemical compostion of bauxite used in the present
study wt%
Al,O3 Fe,05 TiO, SO, LOI

43 23 3 4 225

Note: LOI islosson ignition.

The XRD pattern in Fig. 4 shows that the calcined mate-
rial is predominantly comprised of aluminum and iron in
their oxide forms. As shown the TG-DSC results in Figs.

5(a) and (b), two phase changes associated with the mass
loss/decomposition of the samples are observed in the tem-
perature ranges from 300 to 400°C and from 500 to 600°C,
respectively. These phase changes are clearly confirmed by
the appearance of an endothermic peak at 380°C (DSC) as
sociated with the dissociation or decomposition of gibbsite,
whose dissociation temperature is very similar to that of
goethite, followed by another endothermic pesk at 580°C
due to the dissociation of boehmite. The DTG curve of

Fig. 3. Mass loss vs. particle size for
bauxite calcined at 500°C (a), 600°C (b),
and 700°C (c).
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Fig. 4. XRD pattern of a bauxite sample calcined at 700°C.
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bauxite in Fig. 5(b) exhibits a sharp endothermic peak at
380°C due to the dehydration of hydrated alumina, followed
by a smdll endotherm at 520°C due to the dehydroxylation
of boehmite phase. The corresponding differential thermal
analysis (DTA) trace exhibits two sharp endothermic peaks
that characterize the thermal nature of the bauxite sample.
Dehydration in this case involves the loss of actualy ad-
sorbed as well as the interlayer water and the removal of
hydroxyl water. The first endothermic peak at 380°C is due
to the discharge of adsorbed water molecules. The second
endothermic peak at 520°C is related to the removal of hy-
droxyl groups.

2

(b)
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73 1 1 1 1 1 1 1
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Fig.5. TG (a) and DSC (b) curves of bauxite calcined at 700°C.

3.3. Reduction of bauxite using molecular hydrogen and
hydrogen plasma

Fig. 6 shows the XRD pattern of reduced bauxite after
reduction processing by molecular hydrogen. The XRD pat-
terns of samples after reduction processing are dominated by
iron (Fe) and Al,O; pesks. XRD patterns of reduced bauxite
pellets at the different temperatures are presented in Fig. 7,
non-reduction of Al,O; is present in the bauxite sample.
Both Fe and Al,O; peaks are observed in the XRD patterns
of samples. The ability of Fe,0; to be reduced can be ex-
plained by the consideration of Ellingham diagram, which
shows that the standard free energy change (AG °) for the
formation of Fe,O; is —397.48 kJmol; this value is substan-
tially less negative than those of other oxides presence in
bauxite, which are —849.35 kJmol for SiO, and —1054.37
kIJmol for Al,Os, respectively. Hence, the reducibility of
Fe,O; through hydrogen plasma is greater than the reduci-
bilities of SO,, TiO,, and Al,Oa.

3.4. Alumina extraction studies

Alumina was extracted from the reduced bauxite through

acid leaching with 3 mol/L HCI at 60°C for 2 h. After the
acid leaching of reduced bauxite, the filtrate contained chlo-
rides of iron; Al,O; was present in the residue, along with
other minor oxides. The filtrate was subsequently treated
with NaOH to precipitate iron hydroxide (Fe(OH)3), which
was subsequently converted into Fe;O5 upon further heating.
The particle size of the residue calcined at 900°C was

Fig. 6. XRD pattern of the reduced bauxite after reduction

processing at 650°C for 2 h under the hydrogen flowing at 2
3

m-/h.
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Fig. 7. XRD patternsof the reduced bauxite pellets after reduction processing by hydrogen plasma at a pressure of 5332.88 Pa with
a hydrogen flow rate of 250 cm¥min for 1 h at the temperatures of 700°C (a), 900°C (b), 1000°C (c), and  1200°C (d).

measured using a zeta-sizer; the results are shown in Fig. 8.
As evident in the figure, a small peak is observed a ap-
proximately 100-800 nm and a large peak is observed at
approximately 3000-7000 nm. The average particle size of
the alumina extracted from the reduced bauxite was meas-
ured as 5.3 um.

Fig. 8. Particle Sze measurement of alumina generated by
leaching of reduced bauxite.

The residue after acid leaching was analyzed by XRD;
the results are shown in Fig. 9. Al,O; peaks dominate the

pattern. TiO, and SO, peaks are not observed in the XRD
pattern because of their low mass fractions, which are below
the detection limit of the diffractometer. Wet chemical
analysis of the residue in Table 2 confirms the presence of
TiO, (2wt%) and SO, (3.59wWt%) in lower mass fractions,
and the purity of aluminais determined to be 90%.

Fig. 10 shows the thermal analysis (TG and DSC) results
for the dlumina sample. All alumina phases are involved in

Fig. 9. XRD pattern of alumina generated by leaching of re-
duced bauxite.
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Table 2. Chemical composition of alumina obtained after

leaching wit%
Al,O3 Fe,05 TiO, SO, LOI
80.88 15 2 3.59 2.26

the transformation sequences, which are ended in a-phase
dumina at high temperatures [32]. An exothermic peak is
observed at 380°C, which indicates the amorphous nature of
alumina. Again, the exothermic and endothermic peaks are

observed a 510°C and 590°C, which indicates the conver-
sion of aumina to y-alumina. The endothermic peak at
840°C indicates the conversion of alumina to both &- and
0-alumina, and another endothermic peak at 1330°C indi-
cates the existence of a-alumina, as shownin Figs. 10(a) and
(b). Fig. 11 shows an SEM micrograph and the EDX spec-
trum of the extracted alumina, respectively. The SEM image
shows a granular-type structure of the alumina, and the EDS
spectrum confirms this result.

Fig. 10. TG (a) and DSC (b) curves of alumina generated by leaching of reduced bauxite.

Fig. 11. SEM micrograph (a) and EDX spectrum (b) of alumina generated by leaching of reduced bauxite.

3.5. FTIR study of extracted alumina

Fig. 12 shows the Fourier transform infrared spectrum
(FTIR) of aumina produced by leaching of reduced bauxite.
The Al,Oz spectrum shows a broad band in the range from
533.17 to 806.44 cm ™, which confirms the existence of an
amorphous structure or disordered defects. The FTIR peaks
at 533.17, 560.62, 576.18, and 598.84 cm™* are assigned to
the stretching mode of Al-O in an octahedra arrangement,
and the bands at approximately 806.44 and 1081.25 cm ™ are
related to Al-O stretching modes of tetrahedra. The previ-
oudly reported range for stretching modes associated with

Al-O-Al linkages is 633.68 to 864.44 cm™ [33]. The pesk
a 560.62 cm* observed in this work is attributed to AI-O
stretching. The peaks at 1637.52 and 3407.64 cmi™* are at-
tributed to the impurities. These FTIR results confirm the
presence of aluminain the specimen.

4. Conclusions

The particle size of the bauxite sample used in this study
is 100 um, which is smaller than that of the bauxite sample
used in Bayer's process (149 um). The alumina content of
the minerd is found to be 43wt% by chemical andysis;
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however, after the leaching process of the same sample, the
extracted alumina is found to be 89.88wt% pure. XRD
studies reveal that this alumina is associated with gibbsite.
Similarly, it is found that the bauxite specimen contains
23wt% hematite (F&;03), 4wt% silica (SO,), and 3wt% ti-
tanium oxide (TiO,). A mass loss of 22.5% is observed dur-
ing calcination studies; this mass loss is attributed to the
dehydration and vaporization of volatile impurities. An
FTIR study confirms the presence of alumina. The results of
this study demonstrate the feasibility of obtaining high alu-
mina extraction yields from low-grade bauxite minerals with
high iron contents, which are not readily used for alumina
production.

Fig. 12. FTIR of alumina produced by leaching of reduced
bauxite.
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