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a b s t r a c t

In this work, a catalytic CVD process using ethanol as carbon source was used to convert an iron rich waste,
i.e. red mud (RM), in a magnetic composite. TPCVD (temperature programmed CVD), XRD, Mössbauer,
EDS, magnetic measurements, TG/DTA, CHN, BET, Raman, SEM and TEM showed that ethanol gradually
reduces the iron phases in the RM to Fe3O4 at 500 ◦C and to Fe1−xO at 600 ◦C. At higher temperatures Fe0

and Fe carbide are the main phases produced with the formation of large amounts of carbon (30–50 wt%)
especially as nanotubes and nanofibers. These magnetic materials can be separated into two fractions by
simple dispersion in water, i.e. a settled material composed of large magnetic particles and the suspended
VD
agnetic nanoparticles

thanol

material composed of nanoparticles with average size of 10–100 nm. The carbon in the composites can
be activated with CO2 increasing the surface area from 79 to 185 m2 g−1. The magnetic composites were
used as adsorbent of model dyes methylene blue and indigo carmine showing excellent results. The
composites were also used as support to produce a recyclable Pd catalyst. Tests for the 1,5-cyclooctadiene
hydrogenation showed that the catalyst can be easily magnetically separated from the reaction medium
and reused for five consecutive times with no deactivation or change in selectivity.
. Introduction

Red mud (RM) is the main waste of the Bayer process. The pro-
uction of 1 t of aluminum generates ca. 1.0–1.5 t of RM which
epresents worldwide over 66 million ton. Red mud waste has
een investigated for different applications such as production of
eramics [1], recovery of iron [2], production of composites with
olymers [3], production of hydrogen [4], as catalyst [5], for the
O2 sequestration [6] and to produce coagulants [7,8]. Krimpalis
t al. described the reduction of iron from RM to produce the
agnetic phase maghemite �-Fe2O3 [9]. Red mud has also been

nvestigated in several environmental remediation processes such
s adsorbent for organic contaminants (e.g. phenol [10] and dyes
11]) and inorganic compounds (e.g. phosphates and arsenic from
cid drainage [12,13] and heavy metal from contaminated soils
14]). The controlled reduction of red mud with hydrogen was also
sed to produce active heterogeneous Fenton system for the oxida-
ion of organic contaminants [15]. Recent papers have shown that

he iron in RM is active to produce carbon nanotubes from methane
nd ethylene [16,17].

∗ Corresponding author. Tel.: +55 31 34095719.
E-mail address: rochel@ufmg.br (R.M. Lago).

926-3373/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcatb.2011.04.007
© 2011 Elsevier B.V. All rights reserved.

In this work, RM was used as precursor for the production
of magnetic composites based on iron nuclei coated with carbon
nanofibers and nanotubes by CVD using ethanol as carbon source.
Iron present in the RM waste works as catalyst for the CVD produc-
tion of the carbon nanostructures from ethanol as carbon source.
The Si, Ti and Al oxides of the RM are thermally stable and work as
support for Fe improving the CVD process.

Large particles of iron oxy-hydroxides will be reduced to form
large Fe0 particles encapsulated with carbon responsible for the
magnetic properties of the composite. More dispersed iron will be
formed on the Si, Ti and Al oxides by solubilization and reprecip-
itation during the Bayer process. These small iron oxy-hydroxides
will be reduced to Fe0 catalyst for the formation of high surface
area carbon nanotubes and nanofibers from ethanol during the CVD
reaction.

Carbon coating is known to prevent the oxidation and agglomer-
ation of the Fe0 particles. Moreover, the hydrophobic carbon surface
can be chemically functionalized to develop potential new appli-
cations [18–27]. Some of these technological and environmental
applications are in the area of catalysis [28], biomedicine [29] and
environmental remediation [30].
In this work, preliminary studies have been carried out to
demonstrate that the obtained composites can be activated with
CO2 to increase surface area and porosity. The magnetic compos-
ites were used as adsorbent for dyes in aqueous medium and as

dx.doi.org/10.1016/j.apcatb.2011.04.007
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
mailto:rochel@ufmg.br
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upport to produce greener recyclable magnetic Pd catalyst using
he model reaction of 1,5-cyclooctadiene hydrogenation. Palladium
upported on different forms of modified carbon is a very important
lass of catalyst with application in many different reactions.

. Experimental

Raw red mud was obtained from ALCAN and extensively washed
ith water to remove NaOH present in the waste and dried at 80 ◦C

efore use. The obtained purified red mud (RM) was analyzed by
tomic Absorption Spectroscopy using a Hitachi-Z8200 equipment

o determine the content of the main components.
The TPCVD (temperature programmed chemical vapor depo-

ition) studies were carried out with ethanol at ca. 6% in N2
30 mL min−1) and 50 mg of red mud (ALCAN, Brazil) in a quartz
ube of 7 mm diameter placed in the central part and heated at
◦C min−1 up to 950 ◦C. The reaction was interrupted at differ-
nt temperatures, i.e. 500, 600, 700, 800, 900, 950, 700 ◦C for 1 h
nd 3 h. The reaction products were analyzed on-line by Shimadzu
C17A GC equipped with FID detector and a Carbowax capillary
olumn. The samples were characterized by EDS microanalysis,
-ray diffraction (XRD), Mössbauer spectroscopy, magnetization
easurements, thermal analysis (TG), Raman spectroscopy, BET

urface area, scanning electron microscopy (SEM) and transmission
lectron microscopy (TEM).

The powder XRD data were obtained in a Rigaku model Geiger-
ex equipment using Co K� radiation scanning from 10◦ to 80◦

2�) at a scan rate of 4◦ min−1. Silicon was used as an external stan-
ard. The crystallite sizes were determined by Scherrer’s equation
hrough the width of the Bragg reflection at half maximum. The
ransmission Mössbauer spectroscopy experiments were carried
ut in a spectrometer CMTE model MA250 with a 57Co/Rh source
t room temperature using �-Fe as a reference. The magnetization
easurements were carried out in a portable magnetometer with
fixed magnetic field of 0.3 T. TG analyses were carried out in a Shi-
adzu TGA-60, with a constant heating rate of 10 ◦C min−1 under

ir flow (100 mL min−1). Raman spectroscopy by was carried out
sing a Horiba/Jobin-YvonLABRAM-HR spectrometer. Experimen-
al data were obtained with the 632.8 nm line of a helium–neon
aser (effective power of 6 mW at the sample’s surface) as exci-
ation source, diffraction gratings of 600 and 1800 grooves/mm,
eltier-cooled CCD detector, confocal Olympus microscope (100
objective), and experimental resolution of typically 1 cm−1for 10
ccumulations of 30 s. The surface area was determined by nitrogen
dsorption using the BET method with a 22 cycles N2 adsorp-
ion/desorption in an Autosorb 1 Quantachrome instrument. SEM
nalysis was done using a Jeol JSM 840A and a Quanta 200 ESEM
EG from FEI. TEM analysis was done using a Tecnai G2-20 from
EI.

The magnetic materials produced by reaction of Red Mud and
thanol were dispersed in water by sonication for 5 min. The
ecantation rate of the particles was followed by simple measure-
ent of light transmittance at three different wavelengths (450,

00 and 750 cm−1).
The adsorption tests were carried out with 100 mg of the mate-

ial produced and 50 mL of 50 mg L−1 solutions of methylene blue
nd indigo carmine dyes at 25 ± 2 ◦C for 24 h. The concentration
f the dyes was measured by UV–vis spectrophotometry using an
Vmini-1240.

The catalyst Pd(5%)/RmEt700 was prepared by impregnation
f palladium acetate in the sample RmEt700 followed by reduc-

ion with H2 at 300 ◦C. The catalytic tests were carried out with
4 mg of Pd(5%)/R,Et700 in 60 mL of toluene solution with 0.866 g
f 1,5-COD and 0.34 g of dodecane as internal standard (molar ratio
OD/Pd = 500). The reactions were carried out in an autoclave under
Temperature/ºC

Fig. 1. TPCVD profile for reaction of red mud with ethanol.

H2 atmosphere (20 bar) at 80 ◦C. Samples taken from reaction in dif-
ferent times, i.e. 0, 5, 15, 30 and 60 min were analyzed in a Shimadzu
GC17A with FID detection. For the reuse reactions, the catalyst was
fixed with a magnet and the substrate solution was discharged and
the system was loaded with a new solution of 1,5-COD.

3. Results and discussion

Chemical analyses of the RM by atomic absorption spectroscopy
showed the presence of 20 wt% of Fe (as Fe2O3) and Al2O3 (22%),
CaO (5%), Na2O (6%), MnO (0.4%), SiO2 (11%), TiO2 (3%) as the main
components.

The reaction of ethanol with RM was studied by temperature
programmed CVD (TPCVD) experiments. Blank tests (without RM)
showed that ethanol thermal reactions take place only at 650 ◦C
(Fig. 1). These thermal reactions produced mainly ethylene and
water according to GC analyses. On the other hand, in the pres-
ence of RM gas phase ethanol is gradually consumed from 380 ◦C,
reaching 90% conversion at approximately 470 ◦C (Fig. 1).

The gas phase products formed during reaction are mainly COx

and H2O. Traces of ethylene and acetaldehyde were also observed.
To investigate the iron phases formed the reaction of RM with
ethanol was quenched immediately at 500, 600, 700, 800, 900
and 950 ◦C to room temperature under the ethanol/N2 flow. The
obtained materials were named as follows RmEt500 (red mud
reduced with ethanol at 500 ◦C) and characterized by Mössbauer,
XRD, TG, BET surface area, Raman, SEM and TEM.

Mössbauer spectra of the RM before reaction with ethanol
showed the presence of two different forms of iron, i.e. well crystal-
lized hematite (Fe2O3) with 52% relative area and a highly dispersed
Fe3+ superparamagnetic species (48% relative area). No reaction of
RM with ethanol took place at 350 ◦C. After reaction with ethanol
at 500 ◦C several reduced iron phases are observed, i.e. magnetite
Fe3O4 (55%), wüstite Fe1−xO (7%) and even metallic iron (8%). Both
Fe2O3 and Fe3+ dispersed can be reduced in a stepwise process by
ethanol according to the simplified equation:

Fe3+ + orFe2O3 → Fe3O4 → Fe1−xO → Fe0 (1)

If the reaction with ethanol was carried at 600 ◦C, besides all the
reduced iron phases it was also observed the formation of Fe car-
bide (Fe3C) (Figs. 2 and 3 and Supplementary Material). At 700 ◦C,

the phases FeOOH and Fe3O4 are completely consumed to produce
Fe0 and Fe3C. At 700 ◦C for prolonged times, i.e. 1 h, the amount
of iron carbide increased to 57 and metallic iron Fe0 reaches 30%.
At 700 ◦C/3 h, the amount of Fe3C significantly increases with the
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Fig. 2. Mössbauer spectra (obtained at 298 K) for pure red mud and products of TPRe
(RmEt) at 500, 600, 700, 800, 900 and 950 ◦C.
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Fig. 4. DRX results for RM and the materials prepared at different temperatures.

Fig. 5. TGA curves and carbon content calculated for the obtained materials based
ig. 3. Iron phases content for pure RM and products of TPCVD with ethanol (RmEt)
t different conditions.

onsumption of Fe0. At 800, 900 and 950 ◦C, similar results were
btained with the formation of ca. 60% Fe3C, 20% only Fe0 and 20%
e3+ phases. The Fe3+ superparamagnetic phase in these materials
s likely formed by the oxidation of Fe0 particles when the sample
s exposed to air at room temperature.

XRD analyses shown in Fig. 4 showed the presence of �-Fe2O3,

l2O3, CaO, SiO2 and Ti2O3 in the pure red mud.

The XRD confirmed the conversion of hematite to magnetite
fter reaction with ethanol at 500 and 600 ◦C. After TPCVD with
on TG and CHN results.

ethanol at 700, 800, 900 and 950 ◦C, metallic iron (Fe0) and
iron carbide (Fe3C) are formed. From 600 ◦C, it is also possi-
ble to observe a peak at 26◦, corresponding to graphitic carbon
deposits, which are intensified with the increase of temperature up
to 950 ◦C.

All prepared materials became strongly magnetic after
TPCVD with ethanol with spontaneous magnetization values of
27–30 J T−1 kg−1, while the pure red mud presents magnetization
of 0.7 J T−1 kg−1.

Thermal analyses were also carried out to characterize carbon
deposits formed after TPCVD with ethanol. Fig. 5 shows TGA curves
obtained for pure RM and for the samples RmEt500, 600, 700, 800,
900 and 950.

The starting RM showed a weight loss around 200–300 ◦C
mainly related to the dehydration of small amounts of amor-
phous FeOOH and AlOOH. The TGA curves showed mass increase

around 300 ◦C. This increase is likely related to the oxidation of
reduced iron phases which appears in the DTA (Supplementary
Material) as an exothermic event. It is also observed a strong weight
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Fig. 7. Surface area values (BET) and pores diameter for pure red mud and products
Fig. 6. Raman spectra of pure red mud and sam

oss from ca. 400 up to 500 ◦C related to the oxidation of carbon
eposits. From these weight losses it was estimated the carbon
ontent for the composites. The carbon contents obtained from TG
nd by elemental analyses are shown in Fig. 5 in the detail. The
btained %C increased from 15, 27 to 30% as the samples are pre-
ared at 600, 700 and 800 ◦C. As the reaction temperature is raised
o 900 and 950 ◦C, similar amounts of carbon, e.g. 30–32%, were
bserved.

The TG derivative curves (DrTG shown in Supplementary
aterial) showed the presence of enlarged peaks with shoulders in

50 ◦C, indicating the formation of different forms of carbon, such
s amorphous and more organized carbon, e.g. graphitic structures.
lank experiments with pure SiO2 and Al2O3 produced only small
mounts (ca. 2%) of amorphous carbon.

Raman spectra (Fig. 6) after reaction with ethanol showed D
nd G bands at 1380 and 1600 cm−1, respectively. The presence of
n intense D band suggests the formation of more defective car-
onaceous structures, such as amorphous carbon. On the other
and, a fairly intense G band shows the formation of more orga-
ized carbon, such as graphite and carbon nanotubes (CNT) [31].
he materials show an asymmetric G peak at ca. 1600 cm−1, which
uggests the presence of single walled CNT (SWCNT) [32]. The G
eak of MWCNTs appears at 1580 cm−1, same as graphite G band.
or the materials prepared at higher temperatures the G band
learly presents two components. These components labeled G+,
re related to atomic displacements along the tube axis, and to
−, for modes with atomic displacement along the circumferential
irection [33]. It can also be observed in the Raman spectra range
00–1800 cm−1 a series of bands related to the different oxides, e.g.
e, Si, Al, Ti present in the RM. Upon reaction with ethanol at 600 ◦C,
o significant change in these bands was observed. On the other
and, upon reaction at 700 ◦C new bands at 146, 170 and 200 cm−1

re observed. These bands are likely RBM modes [34] related to
he formation of single wall carbon nanotubes. The SWCNT formed
resent diameters from 1.0 to 1.6 nm. The diameters were calcu-

ated based on the equation ωRBM = 227.0/dt [35].
The surface areas of the composites obtained by N2 adsorption

re shown in Fig. 7.
The surface area of the RM (10 m2 g−1) showed only a small

ncrease to 36 m2 g−1 after TPCVD at 500 ◦C. On the other hand,
strong increase was observed after TPCVD at 600 ◦C (48 m2 g−1)
nd 700 ◦C (79 m2 g−1). This significant increase is likely due to
he exposed area of carbon deposits formed on the RM surface.
lthough the amount of carbon increases at higher temperatures
slight decrease on the surface area was observed. This decrease
of TPCVD with ethanol at different temperatures.

is likely related to the formation of more organized and compact
forms of carbon. Preliminary experiment showed that the mate-
rial obtained at 700 ◦C can be activated with CO2 for 5 h at 750 ◦C
producing a surface area of ca. 185 m2 g−1.

The pores size distribution was also analyzed by the BET method
(Fig. 7). The RM presents macropores with diameters over 50 nm,
which explains its low value for superficial area. On the other
hand, the sample RmEt700 suggests an increase of the micro meso-
pores smaller than 10 nm, providing an increase on the surface
area.

The obtained magnetic composites were dispersed in water by
sonication for 5 min and the decantation of the particles was fol-
lowed by a simple measurement of light transmittance at three
different wavelengths (450, 600 and 750 cm−1). The obtained
results are displayed in Fig. 8.

It can be observed for pure Red Mud that the solid particles
remained stable in suspension. On the other hand, for the sam-
ple RmEt700, a rapid sedimentation was observed reaching 38%
of light retention within ca. 10 min. As the TPCVD temperature

increased to 800 and 900 ◦C, the sedimentation rate increased.
After ca. 15 min all suspension seemed stable. All the remaining
material in suspension was magnetic, and as a simple approxima-
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Fig. 9. SEM images of RM and the obtained compo

Fig. 10. SEM images of suspended
nvironmental 105 (2011) 163–170 167

tion of a magnet removed all the particles from the suspension
(Supplementary Material). The amount of suspended particles was
obtained by simple separation of the settled material from sus-
pension at 35 min, followed by drying overnight and weighting.
The composites RmEt700, 700/3 h, 800 and 900 showed fractions
of particles remaining in suspension of ca. 6, 4, 3 and 5 wt%,
respectively.

The settled materials were analyzed by SEM and the images are
shown in Fig. 9.

Fig. 9 suggests that the settled material is composed of larger
aggregates with many larger and denser Fe0 nuclei. It can also
be observed large amount of filamentous carbon in all samples
obtained above 700 ◦C.

The carbon filaments are in average 20 �m long with diameters
varying from 10 up to 100 nm. Different EDS spectra of the sample
RmEt900 after CVD showed the presence of different metals with
a high concentration of carbon (Supplementary Material).
After dispersion in water, the material remaining in suspen-
sion was analyzed by SEM showing aggregates of particles of
100–300 nm diameter and carbon filaments (Fig. 10).

sites after dispersion and settling in water.

material of sample RmEt700.
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Fig. 11. TEM images for samples RmEt 700, 800 and 900.

Fig. 12. Methylene blue (MB) and indigo carmine (IC) adsorptions by pure red mud
a

r

n
s
m
t
w
(
u
F

nd by the obtained materials of TPCVD.

Fig. 11 shows TEM analyses of the fine fraction of the composites
emaining in suspension in water.

The TEM images suggest the presence of irregular carbon
anofilaments which are likely responsible for the increase on the
urface area of the composites. The TEM and SEM images showed
etallic particles encapsulated by carbon. Small nanometric Fe par-

icles were observed inside the carbon filaments (Fig. 11a, f and g)

hile large metallic aggregates appear covered with a carbon layer

Fig. 11b–e and h). Preliminary adsorption studies were carried out
sing methylene blue and indigo carmine dyes as model molecules.
ig. 12 shows the obtained results.
Pure RM showed low adsorption of the dyes. The point of zero
charge (PZC) of red mud is around pH 6, which means that Red
Mud is negatively charged at neutral pH and therefore, interacts
better with MB, a positively charged molecule. Indigo carmine, an
anionic dye does not adsorb significantly on red mud. Materials
prepared after reaction of red mud with ethanol showed a great
increase on the adsorption of MB and IC. The higher adsorption
capacity is directly related to the increase of carbon content in the
composites which consequently increases the surface area and the
hydrophobicity.

The composite RmEt700 was used to support 5 wt% Pd cata-
lyst for the hydrogenation of 1,5- cyclooctadiene (1,5-COD). Fig. 13
shows TEM images of RmEt700 with and without Pd. This reac-
tion produces different compounds such cyclooctene (COE) and
cyclooctane (COA) (as hydrogenation products) and 1,4-COD and
1,3-COD (as isomerization products). The reaction at 80 ◦C and
20 atm H2 showed complete conversion of 1,5-COD at ca. 30 min
with COE as the main product. As the reaction proceeds COE and
the isomers 1,4-COD and 1,3-COD are further hydrogenated to COA.
At 60 min, reaction the selectivities for COA and COE are ca. 40
and 60%, respectively. After reaction, the catalyst was recovered
by a simple magnetic separation and immediately used for a new
test with a fresh 1,5-COD solution. The reuse of the catalyst was
repeated four times. The TON obtained in each reaction is shown
in Fig. 14.

It can be observed that the TON obtained for each reaction is
exactly the same suggesting no significant leaching or deactivation
during the five reactions with the same catalyst. The reaction con-
version and selectivities during the five reactions were very similar.
The conversion and selectivities plots for the first and fifth reactions
are shown in Supplementary Material. These activities, selectivities

and stability were similar to the commercial benchmark Degussa
Hüls E 1092 XR/D Pd5% catalyst supported high surface area carbon
(Supplementary Material).



A.A.S. Oliveira et al. / Applied Catalysis B: Environmental 105 (2011) 163–170 169

Fig. 13. TEM images of sample RmEt70
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The authors would like to acknowledge CAPES, CNPq,
ig. 14. Turnover number (TON) in each reuse of the catalyst Pd(5%)/RmEt700.

. Conclusion
The reaction of RM waste with ethanol at temperatures rang-
ng from 500 to 950 ◦C produces magnetic composites based on
e nuclei coated with carbon deposits, nanofibers and nanotubes.
0 pure and metallic with Pd(5%).

The magnetic materials are composed of ca. 5% of nanoparticles
which can be obtained by a simple dispersion and decantation in
water.

The obtained materials are very versatile offering a relatively
high carbon surface area with possibility of activation, for instance
with CO2, to produce micro-mesopore.

These magnetic nanostructured composites present great
potential to be used in different technological applications, such
as magnetic adsorbents and catalyst support. Preliminary studies
on the use of the composites as adsorbent of model dyes (methy-
lene blue and indigo carmine) and as support of Pd catalyst on the
1,5-cyclooctadiene hydrogenation showed very promising results.
Another advantage of this process is that strong alkalinity impuri-
ties present in RM does not affect the reaction with ethanol and very
similar CVD results are obtained with and without washing. This
can potentially eliminate the need of RM washing which usually
takes 10 times water volume.
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