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During the extraction of aluminum from bauxite, a waste of oxides containing traces of heavy metals
in a highly alkaline matrix, called Red Mud (RM), is produced. In this study RM is characterized and
the feasibility of using it as a precursor for the production of thin films by Plasma Sputtering and by
Plasma Immersion Ion Implantation and Deposition (PIIID) is demonstrated. The chemical structure
and composition, surface morphology, topography, and wettability of the films prepared using such
methodologies were investigated. The films consist mainly of the elements aluminum, silicon, iron
and carbon. Infrared spectroscopic analyses reveal the presence of C=O, C-H,, Fe(OH), Al-O and
Si-C functionalities. RF Sputtering produced films with smoother surfaces, whereas PIIID produced
granular surface structures. Surface contact angle measurements showed that despite the presence
of oxides and hydroxides, the films are hydrophobic, thus exhibiting an interesting link between the

physical and thermodynamical properties.
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1. Introduction

Bauxite is the ore from which aluminum is produced.
The majority of the world’s bauxite reserves are located in
tropical and subtropical regions'. Brazil produces a third
of the world’s bauxite, being surpassed only by Australia
and China. The production of aluminum begins with the
extraction of alumina from bauxite ore via the Bayer
process, followed by its electrolytic reduction to metallic
aluminium. The Bayer process separates aluminum oxides/
hydroxides from iron, titanium and silicon oxide/hydroxide
species present in bauxite, using a highly caustic solution of
sodium hydroxide at elevated temperatures and pressures.
During this process, the waste components of the bauxite
ore are separated, generating an insoluble residue called
Red Mud?, which is a complex slurry of mixed oxides with
traces of heavy metals in a highly alkaline matrix. This
hazardous residue cannot be directly disposed of in nature,
thus necessitating its storage, for an open-ended time, in
specially designed reservoirs to avoid the contamination
of rivers and soils. Owing to the great volume of effluent
generated (which increases annually) and to the continuing
necessity to make preventive inspections, this requirement
increases the cost of aluminum production. Indeed, the safe
disposal and reuse of RM have attracted much attention in
recent years’.

*e-mail: malu@sorocaba.unesp.br

This internationally recognized but still unsolved
problem, nevertheless, could be transformed into an
advantage if a simple and cost effective methodology to
reuse this residue was developed. One possibility is the
use of this material to produce thin films. Its component
compounds (SiO,, AL,O, and TiO,) are already employed
as film precursors**.

The first relevant literature report in this regard is due
to Sutar and coworkers’, who used the thermal plasma
spraying technique to deposit ceramic coatings from RM.
In another report, Satapathy et al.®, showed the viability of
preparing mixed oxide films on aluminum, stainless steel,
mild steel and copper substrates by plasma spraying RM
powder. Hybrid ceramic materials composed of TiO,, SiO,,
FeO, crystalline phases and possessing high wear resistance;
good adhesion strength and properties very similar to those
found in ceramics were synthesized, thus demonstrating the
feasibility of replacing the conventionally used compounds
for ceramic production by Red Mud in plasma spray
deposition. Furthermore, Prasad et al.’ investigated plasma
sprayed RM coatings, reporting some potential applications
for them as protective coatings. In all these investigations
the limitation of the plasma sprayed RM coating is related to
pores, cavities and cracks along the film-substrate interface.
These defects are generated because of the mismatch
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between the thermal expansion coefficient of the coating
and the substrate during the thermal plasma deposition,
which decreases the adhesion strength®. Therefore a low
temperature deposition technique in which energetic and
reactive species of RM were generated would be especially
attractive in this case.

Nielsen and co-worker!® have proposed an easy
and innovative way of depositing alumina films from
low temperature plasmas using a powder precursor, the
Aluminum Acetylacetonate. In this case the organometallic
compound is spread directly over the lower electrode of a
capacitively-coupled plasma reactor while substrates are
fixed on the upper one. Argon is introduced and the plasma is
generated by the application of radiofrequency power to the
lower electrode containing the precursor powder. The upper
electrode is grounded. The self-bias polarization induced in
the driven electrode promotes ion bombardment and then
sputtering of the compound, providing precursors for film
deposition in the plasma phase. It was demonstrated in this
work that is possible to control the amount of sputtered
material and, consequently, the properties of the films by
adjusting the plasma excitation parameters.

Considering such findings, the proposal of the present
work is firstly to characterize the Brazilian Red Mud, and
to investigate the feasibility of using it as a precursor
for the production of low temperature plasma sputtered
thin films employing the methodology developed by
Nielsen et al.!’. The approach is novel, and may find
application in the production of films from what is
otherwise a waste product.
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2. Experimental

2.1. Characterization of Brazilian Red Mud

Red Mud was supplied by the aluminum plant located
at Aluminio City, Sdo Paulo State, Brazil. A procedure that
employed inductively coupled plasma mass spectrometry
(ICPMS) to determine the chemical composition of RM was
reported by Antunes et al.!’.

The pH of RM was determined using a YSI meter
calibrated with standard solutions. Infrared reflectance-
absorbance spectroscopy was employed to investigate
the chemical structure of RM using a JASCO FTIR-410
spectrometer. A Phillips CM200 Transmission Electron
Microscope (TEM), equipped with an energy dispersive
X-ray spectrometer (EDS), was used to examine the
morphology of RM.

2.2. Deposition procedure

Figure 1 show the experimental apparatus employed in
this work'?. The plasma reactor consists of a stainless-steel
vacuum chamber fitted with two horizontal, circular stainless
steel parallel-plate electrodes. In this system, the axial
inter-electrode distance is of 5 cm. Prior each deposition,
the reactor is evacuated continuously using a rotary vane
pump (Edwards 25m°h™).

Polished stainless steel plates were used as substrates.
These were chemically cleaned in a sequence of ultrasonic
baths', first using a detergent (DETLIMP S32) solution
for 20 minutes. The plates were then rinsed individually
in flowing tap water and submitted to two other ultrasonic
baths for 20 minutes: first in distilled water and second in
isopropyl alcohol. The substrates were finally dried in a
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Figure 1. Schematic representation of the film deposition system.
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hot air flow. The cleaned substrates were attached to the
upper electrode of the plasma reactor using double-sided
tape and 0.8 g of RM powder was spread directly on the
lower electrode. The RM was dried at 100°C to produce
a powder.

Argon was fed to the chamber from a cylinder passing
through a needle valve to produce a pressure of 1.4 Pa, and
the plasma was ignited by the application of radiofrequency
power (13.56 MHz, 150 W) to the lowermost electrode.
Two deposition methods were employed. In the first, the
sputtering of the red mud components by ionic bombardment
provides precursor species for film growth. This method was
named RF sputtering.

Deposition was also accomplished in the same reactor
configuration but using in addition a pulsed bias voltage
applied to the upper electrode. Square-wave high voltage
negative pulses (1.5 kV, 300 Hz) were supplied to the sample
holder (upper electrode) to promote ion bombardment of
the growing layer (PIIID). In both cases deposition time
was 5400 s.

2.3. Film characterization

Surface wettability was determined from contact angle
(0) data taken using a Ramé-Hart 100 goniometer. These
measurements were conducted after ageing the samples
in atmospheric conditions for two months. Three drops
of deionized water (0.2 pL) were deposited on different
regions of the sample surface and the contact angle was
measured 10 times on each side of the drop, resulting in
sixty 0 values per sample.

Film thickness was measured using a profile meter on
samples deposited onto smooth glass plates containing a film
step-height delineated during the deposition process with
the aid of a mask. Thickness was also estimated using the
transversal view of the samples in micrographs acquired in
aJeol JSM-6010LA scanning electron microscope equipped
with a secondary electrons detector.

Polarization-modulation Infrared Reflection Absorption
Spectroscopy (PM-IRRAS) was used to characterize the
chemical structure of the films. PM-IRRAS is a powerful
technique for analyzing thin films supported on solid
substrates'*'%. The PM-IRRAS measurements were taken
using a KSV PMI 550 Instrument.

Surface topography was evaluated using atomic force
microscopy, AFM, in air using a XE-100 instrument from
Park Systems. Images (5 mm x 5 mm and 2 mm X 2 mm)
of each sample were acquired in non-contact mode using
512 x 512 pixels. For this, silicon tips of 5 nm nominal radius
were assembled on cantilevers with a resonance frequency >
200 kHz. From the images the root mean square roughness,

Wous» Was determined as defined by Equation 1.

WrMS =

(h -k (1)

=[=
M=

i=1

where N is the total number of pixels, h, is the height of
each pixel in the image and 4 is the average height over
the scanned area.
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3. Results and Discussion

3.1. Characterization of Brazilian Red Mud

The composition of RM, as determined using ICPMS,
is presented in Table 1. Iron, aluminum and silicon oxides
are the main components, making up half of the chemical
composition. All of these major compounds are relevant
precursors of film formation.

The high alkalinity of RM is confirmed by the pH
measurements, 10.0 + 0.5, and is attributed to the presence
of NaOH in the Bayer Process.

An infrared spectrum of RM is depicted in Figure 2.
Absorptions related to different carbonates groups and
species which have a dawsonite-like structure are observed
between 1600 and 1400 cm™ 7). The presence of silicon,
iron and aluminum oxides is revealed by the wide band
lying between 890 and 1100 cm™ U821 These results are
consistent with the composition of RM presented in Table 1.

Figure 3 shows the morphology of RM particles
observed in TEM images. It is possible to observe particles
with different sizes and forms. The smaller particles (50 nm
of diameter) were identified by EDS as iron particles, while
the larger particles were identified as consisting of silicon
compounds.

3.2. Film characterization

A clear difference in color was visible to the naked
eye, between the clean substrates and the plasma-exposed
substrates. The color changed from that of the usual aspect
of stainless steel to a light brown. Thickness of the films
deposited by RF sputtering was, accordingly to profilometry
data, equal to (34 = 10) nm while that prepared by PIIID
was substantially thicker, (520 = 150) nm. Figure 4 shows
a representative transversal view of the sample prepared
by PIIID. Owing to the lower thickness of the RF sputtered
film, it was not possible to visualize it in the transversal
micrograph of the substrate surface. The deposition rate can
be obtained from the ratio between thickness and deposition
time, t, which was 5400 s. For the PIIID samples, the
deposition rate was 5.8 nm/min, and that of the RF sputtered
was 0.4 nm/min These values are substantially lower than
the obtained by plasma spray depositions (300-500 nm/min)?

Table 1. Chemical Composition of Brazilian Red Mud.

Oxide (m/m %)
SiO, 19.2
ALO, 22.8
Fe,O, 27.4
TiO, 3.0
MnO 0.2
MgO 0.4
CaO 22
Na,0 7.9
K,0 0.8
PO, 0.4
LOI* 15.5
Total 99.8

*Loss on ignition.
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Figure 2. FTIR spectrum of red mud. (*) Band attributed to v Si-O,
8FeOOH and ALO,.

Figure 3. TEM of red mud.

but considerably lower power densities are also involved in
the low temperature plasma deposition procedures.

To understand the discrepancies between the results
obtained by RF sputtering and PIIID, recall that film
formation depends on the availability of film precursors in
the plasma, which in turn depends on the sputtering yield.
Once material from RM is mobilized to the plasma, further
activation may produce excited species, free radicals, and
ions. Deposition occurs when these or similar species arrive
at the surface of the substrate.
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As the applied power employed was maintained constant
for the two methods (RF sputtering and PIIID), the amount
of sputtering is postulated to be roughly the same. Despite
this similarity, the rate at which positively charged ions
arrive at the substrate is greatly increased in PIIID, in which
negative pulses are applied to the samples, thereby directing
positive ions towards them. Consequently, in PIIID greater
numbers of film-forming species impinge on the substrate
and on the growing film, thus increasing the deposition rate.

The surface contact angle of the films is depicted in
Figure 5. The contact angle for the bare stainless steel
substrate, also presented in the figure, increases from 62° to
88° as the steel surface is submitted to RF sputtering. Still
greater, hydrophobic, contact angles (> 100°) are obtained
from the surfaces exposed to PIIID.

Two parameters should be considered to interpret these
results: chemical composition and surface topography. To
evaluate the chemical composition and molecular structure
of the films, their polarization-modulation infrared spectra
are presented in Figure 6 in the 2700 to 3200 cm™' range.

Contributions related to C-H stretching vibrations in
CH, species are detected at 2920 and 2850 cm ' 2'l. These
groups can originate from the organic content of RM as
demonstrated by both the infrared spectra (Figure 2) and
ICPMS data (Table 1). According to the latter the red mud
contains a relatively high amount of organic materials
(15.5% m/m).

Figure 7 shows the PM-infrared spectra of the films
in the 800 to 1200 cm™ interval. The wide band lying at
1000 cm™! is tentatively attributed to the Si-O asymmetric
stretching vibration in Si-O-Si groups (1030 cm™),'®° to the
O-H deformation vibration in FeOOH (1010 cm™)%, and to
the stretching of AI=0 (1027 cm™")*.

The other, a large and intense band lying below
1000 cm™!, was also observed in the work of Yamada-
Takamura et al.”® and Nguyen et al.** and is characteristic
of amorphous alumina.

As deposition is performed under ion bombardment, the
band in the low wavenumber region can be resolved into
peaks centered at 820, 850 and 870 cm™. The first derives
from the stretching vibration of Si-C?, the second originates
from the stretching vibration of Al-O in alumina®, while
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the last is ascribed to an O-H vibration in FeOH'. The
confirmation of the presence of silicon, together with the
presence of C-H groups, detected in the IR bands of Figure 2,
suggests that silicon may be bonded to carbon.
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Figure 5. Contact angle for films deposited from red mud.
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Figure 6. PM-IRRAS spectra for RF Sputtered and PIIID film
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Figure 7. PM-IRRAS spectra for RF Sputtered and PIIID film
(800-1200cm™).
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The molecular structure and chemical composition
of the films is consistent with the composition of RM.
Interestingly, the most abundant elements in RM, that is
Fe 0, (27.4%), AL O, (22.8%), SiO, (19.2%) and organic
material (15.5%), are also detected in the film structure.
Manganese and Magnesium were not detected in the
structure as a consequence of their low proportions in
RM and low sputtering rates. In summary, the film is a
hybrid material composed of different oxides/hydroxides,
with organic inclusions, as observed in the work of
Satapathy et al.®. Coatings similar to these were also obtained
by electrolytic plasma oxidation of carbon steel substrates
in an aluminate-sodium hydroxide (NaAlO,+ NaOH)
electrolyte'’, the Fe,O, species provided, in this case, by
the substrate. Thus, when the molecular structure of the
coatings obtained in both studies is compared, RM also
appears as a promising compound to replace the aluminate
and sodium hydroxide used in the electrolytic plasma
oxidation approach.

Considering that the films prepared in the present
work are composed by oxides and hydroxides, it would be
expected that surface was hydrophilic. However, evidence
was found that apolar methyl groups are present, probably
connected to the silicon oxide functionality since Si-C
groups are detected by infrared spectroscopy. Furthermore,
they may establish connections with aluminum network
too, as observed in the work of Benjamin et al.’. The apolar
methyl groups promote a shielding effect on the polar
molecules as they surround it'*?” providing low receptivity
towards water and polar liquids in general.

Another aspect relevant to the water wettability is
the surface topography and morphology. Figure 8 shows
atomic force microscopy images of films prepared in this
work as well as of the bare substrate. The stainless steel
presents defects (Figure 8a) characteristic of the material
structure and finishing. As RF sputtering proceeds, the
surface became smoothed (Figure 8b) but still present some
defects, which may be ascribed to substrate irregularities
not hidden by the thin deposited layer. However, as the
holes have greater diameters than those found in the bare
steel and are distributed over all of the sample surface it
seems more probable that they originate from the films,
very similar to those found in ceramic materials?*. When the
deposition is conducted under ion bombardment (Figure 8c)
a drastic evolution from a more uniform surface to a granular
one is observed. Owing to the reduced film thickness the
imperfections of the substrate are still detected.

In addition to its effect on the deposition rate, ion
bombardment also affects the morphology of the material.
The impingement of fast ions on the substrate surface
increases the concentration of surface defects that act as
nucleation centers of film growth. This has already been
reported in the literature for vapor phase deposition®
and is here suggested to be responsible for the observed
morphological changes.

The root mean square roughness of the films, W, .,
generated from AFM images, is presented in Figure 9.
Consistently with the morphological evolution observed
in the structure, the W, increases when the deposition is
performed under ion bombardment.
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Figure 8. Atomic force microscopy images of (a) the bare substrate, (b) RF sputtered film and (c) PIIID film.
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Figure 9. Root mean square surface roughness for the different
sample types.

Therefore, in addition to changes in the chemical
composition, the evolution of the surface roughness can
also contribute to the enhancement in the hydrophobic
character of the samples. It is recognized that an elevation
in the surface roughness of naturally hydrophobic surfaces
tends to further increase their contact angle®.

4. Conclusions

The results presented here demonstrated that it is
possible to prepare films from RM powder using low
temperature plasmas. In addition to being innovative and
feasible in any plasma system this methodology enables
the reuse of an important residue. Under the conditions
employed here, an argon plasma was able to sputter RM
species into the plasma phase, enabling the deposition of
thin layers constituted by a complex of organics, oxides
and hydroxides.
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Although deposition rate was low, the material obtained
from these methodologies can find application in high
aggregated value devices where thin films or even few
monolayers produce the desired effect as in biomaterials,
microelectronic, sensors and optical devices. The possibility
of controlling the surface wettability altogether with the pore
diameters may make such films interesting to chemical and
physical control the permeability of species in polymeric
filtration membranes or to protect metals against corrosion.
Owing to the low temperature involved in the processes,
oxide-containing films can be deposited onto the surface
of high temperature sensitive materials, such as polymers,
acting as protective coatings for them.

Furthermore, by adjusting the system geometry (inter
electrode distance) and the plasma excitation parameters,
greater deposition rates can be attained. It is a special
interest of the authors to evaluate the effect of hydrogen
incorporation on the deposition kinetics. Hydrogen should
reduce the stable oxides of RM thus increasing their ejection
into the plasma phase. Aside from the plasma composition,
gas pressure and excitation power certainly affect the
sputtering yield and then the deposition kinetics. New
studies will be performed to systematically to address these
questions, aiming to optimize the sputtering rate as well as
it selectivity, so as to control the composition of the films.

Despite its slight effect on molecular structure, low
energy ion bombardment affected the deposition kinetics,
resulting in thicker, rougher and hydrophobic films.
Further efforts will be devoted to investigate the effect of
higher energy and fluence ion bombardment on the film
properties, especially on the carbon content, crystalline
phase precipitation, mechanical and tribological properties.
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