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a  b  s  t  r  a  c  t

In  this  work,  a novel  way  to indirectly  store  and  produce  H2 from  ethanol  was  investigated  using  a two-
step  process  based  on the  reduction  of iron  oxide  followed  by  oxidation  with  H2O.  The  reduction  of
different  iron  oxides,  i.e.,  Fe2O3, Fe3O4 and  FeOOH,  with  ethanol  to  produce  Feo was  investigated.  TPRe
(Temperature  Programmed  Reactions)  and  Mössbauer  and  XRD  analyses  showed  that  ethanol  reduces
Fe2O3 sequentially  to  Fe3O4 at 350–500 ◦C,  to Fe3O4/FeO  at 500–600 ◦C and  finally  to  Feo at  700 ◦C. The

o

eywords:
ydrogen production
ydrogen storage
thanol
ron oxide

formed  Fe can then  be oxidized  by H2O  to produce  H2 and  Fe3O4, as  shown  by Mössbauer  and  XRD
analyses.  Cyclic  experiments  showed  that  iron  could  be consecutively  reduced/oxidized  at least  5  times
without any  significant  decrease  in  H2 production  after  the  second  cycle.  However,  reactions  of  Fe2O3 with
ethanol  at  higher  temperatures,  i.e., 800  and  900 ◦C,  led  to the  formation  of  iron  carbide  and  significant
carbon  deposition.  XPS,  SEM,  TEM,  Raman  and  TG showed  24–28  wt%  carbon  content,  particularly  on  the
surface  as  nanofibers  and as amorphous  and  graphitic  carbon.
. Introduction

Different methods for the production of hydrogen fuel have
een investigated in recent years, e.g., electrolysis [1–3], ther-
olysis [4–6], water photolysis [7,8], biological processes [9–11]

nd reforming of methane or alcohols [12–15].  Nevertheless, the
tilization of hydrogen in fuel cell vehicles still faces several fun-
amental problems, such as the cost of production and the safety
nd efficiency of storage [16–18].

Hydrogen production from ethanol has gained much atten-
ion worldwide in the last decade. Ethanol is a renewable and
ncreasingly available feedstock. It is easy to transport, biodegrad-
ble, low in toxicity and free from catalyst poisons such as sulfur
13,15,19,20].

Hydrogen can be produced directly from ethanol using differ-
nt processes, such as steam reforming (Eq. (1)), using a catalyst,
.g., Rh, Ru, Pd, Co or Ni, on a support. Possible supports include
l2O3, CeO2, MgO, ZnO and La2O3 [19–22].  Autothermal reform-
ng has also been investigated and combines steam reforming with
he partial oxidation of ethanol (Eq. (2)) [20,23–25].  Several studies
ave reported different catalysts for the autothermal reforming of
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© 2012 Published by Elsevier B.V.

ethanol, e.g., Rh–Ce [24], Cu1−xNixZnAl-mixed metal oxides [26,27],
Pt/Al2O3 [14], Ni·Rh/CeO2 [28–30],  Ni/MxOy·Al2O3 [31–34] and Pd,
Co and Mn/ZnO [35,36].

Finally, the catalytic partial oxidation of ethanol (Eq. (3)) in the
presence of Cu [37,38], Co [39,40], Fe, Ni [40,41], or noble metals
[39,42] has also been used to produce hydrogen.

C2H5OH + 3H2O → 2CO2 + 6H2(�H◦
298 = + 174 kJ mol−1) (1)

C2H5OH + 1/2O2 + 2H2O → 2CO2 + 5H2(�H◦
298 = −50 kJ mol−1)

(2)

C2H5OH + 1/2O2 → 2CO2 + 3H2 (�H◦
298 = + 20 kJ mol−1) (3)

This work proposes the use of a new system based on a reversible
redox cycle involving iron oxide and iron metal to produce hydro-
gen from ethanol. In the first step, ethanol reduces the iron oxide
(e.g., Fe2O3) to iron metal. In the second step, H2 is produced by the
oxidation of the iron metal with water (Fig. 1). An important poten-
tial advantage of this process is the indirect storage of hydrogen.
The iron metal obtained in the first part of the cycle can be stored

and transported to produce H2 wherever it is necessary.

An iron redox system has been previously investigated to pro-
duce high-purity hydrogen for a polymer electrolyte fuel cell (PEFC)
based on the Steam-Iron Process (SIP), which was originally used to

dx.doi.org/10.1016/j.apcatb.2011.11.038
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
mailto:rochel@ufmg.br
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Fig. 1. Iron-based redox system to produce hydrogen from ethanol.

urify hydrogen produced by gasified coal [43–50].  In such a sys-
em, impure hydrogen containing CO is used to reduce iron oxide
o Feo (Eqs. (4) and (5)), which then reacts with steam to produce
ure H2 (Eq. (6)). Several recent studies have investigated the use
f iron oxides modified by the addition of different metals, e.g., Al,
i, Cr, Ga or Mo,  to mitigate the sintering of iron oxides and/or iron
etal during the repeated redox cycles. The addition of metals such

s Cu, Ni, Pt and Rh promoted the reactivity of the iron oxides in
he redox reaction at lower temperatures [45,46,51–53].

e3O4 + 4H2 → 3Feo + 4H2O (4)

e3O4 + 4CO → 3Feo + 4CO2 (5)

eo + 4H2O → Fe3O4 + 4H2 (6)

One advantage of the process described in the present work
ompared to SIP is that it does not need the reforming step to
roduce syngas, i.e., ethanol directly reduces the iron oxides.

Herein, we describe the results obtained for the reaction of
thanol with different iron oxides, i.e., �-Fe2O3, Fe3O4 and �-
eOOH. A detailed investigation of the formation of carbon and
reliminary studies on the oxidation of Feo by steam to produce
2 are also presented.

. Experimental

Iron oxides synthesis: goethite (�-FeOOH), hematite (�-Fe2O3),
nd magnetite (Fe3O4).

Hematite was produced by the thermal treatment of
e(NO3)3·9H2O at 450 ◦C for 3 h under atmospheric air. Magnetite
as prepared by the thermal decomposition of the precursor, iron
ydroxyl-acetate [Fe(CH3COO−)x(OH)3−x], at 400 ◦C for 2 h under
2 (at a flow rate of 30 mL  min−1). Goethite was synthesized by the
recipitation of iron hydroxide from a FeCl3 solution (1 mol  L−1)
sing potassium hydroxide (5 mol  L−1) at 70 ◦C, followed by aging
or 60 h.

.1. Temperature programmed reactions – TPRe

The reduction reaction with ethanol and the oxidation reaction
ith water (hydrogen production) were performed as described

elow.
In the reactions with ethanol, nitrogen was used as a carrier

as (30 mL  min−1) and was saturated with ethanol at 0 ◦C. Under
hese conditions, ethanol has a vapor pressure of 11.8 mmHg, cor-
esponding to an ethanol concentration in the gas stream of 1.6%
r 0.7 �mol  mL−1.

In the reaction with water, N2 (30 mL  min−1) was  also used as a
arrier gas and was saturated with water at 28 ◦C. Under these con-
itions, water has a vapor pressure of 23.8 mmHg, corresponding
o a water concentration in the gas stream of 3.2% or 1.4 mol  mL−1.
Approximately 30 mg  of the iron oxide were placed in a quartz
ube that was heated in a tubular furnace (Lindberg BLUE M)  to
ifferent temperatures (300–900 ◦C) at 5 or 10 ◦C min−1 and held
t the final temperature for 0–4 h.
 Environmental 115– 116 (2012) 45– 52

The reaction products were analyzed online using a GC Shi-
madzu 17A equipped with a flame ionization detector (FID) or
using a TPR instrument (ChemBET3000, Quantachrome Instru-
ments) with a thermal conductivity detector (TCD).

After the reaction with ethanol, all of the samples were cooled
to room temperature under a N2 flow and immediately drenched
in mineral oil to avoid any oxidation of the iron phases by oxygen
from the air.

2.2. Characterization

Mössbauer spectroscopic analyses were performed in a CMTE
spectrometer (model MA250) using a cobalt-57 source in a rhodium
matrix (57Co/Rh) and �-Fe as reference. The spectra were analyzed
using the Normos-90 software.

X-ray diffraction (XRD) analyses were performed in a Philips
XPW-1830 using either Cu (0.154 nm)  or Co (0.179 nm)  radiation.

Surface areas were determined by nitrogen adsorption by the
BET method using an Autosorb-1 from Quantachrome Instruments.

Scanning electronic microscopy (SEM) images were obtained
using a Joel JSM 840A instrument using a current of 6 × 10−11 A, an
acceleration voltage of 15 kV and a pressure of 5 × 10−7 torr. Trans-
mission electron microscopy (TEM) images were obtained using a
Tecnai – G2-20-FEI 2006 microscope operating with 200 kV.

Thermal analyses were performed in a Shimadzu TGA60 simul-
taneous TG/DTA instrument using an alumina pan, an air flow rate
of 100 mL  min−1 and temperatures of 25–900 ◦C with a heating rate
of 10 ◦C min−1.

X-ray photoelectron spectra (XPS) were acquired with a VG
Escalab 200R spectrometer equipped with a hemispherical electron
analyzer and a Mg  K� (h� = 1253.6 eV) X-ray source. The sample
was first placed in a small stainless-steel holder that was mounted
on a sample rod in the pretreatment chamber of the spectrome-
ter and then degassed at room temperature and 10−5 mbar for 5 h
prior to being transferred to the analysis chamber. The residual
pressure was  maintained below 3 × 10−8 mbar. The binding ener-
gies (BE) were referenced to the C 1s peak (284.9 eV) to account for
the charging effects.

The saturation magnetization measurements were performed in
a portable magnetometer with a permanent Nd–Fe–B magnet with
a fixed magnetic field of 0.3 Tesla. The Raman analyses were per-
formed in an IN Via Renishaw micro-Raman system with a 514.5 nm
laser.

3. Results and discussion

3.1. Characterization of pure iron oxides

Different iron oxides, i.e., �-Fe2O3 (hematite), Fe3O4 (mag-
netite) and �-FeOOH (goethite), were investigated for the reaction
with ethanol. These Fe oxides were characterized by XRD and Möss-
bauer spectroscopy. The XRD analysis (Supplementary Material)
showed the presence of pure crystalline phases with an average
crystallite size of 23, 29 and 12 nm for hematite, magnetite and
goethite, respectively.

Mössbauer spectra (Supplementary Material) showed simple
sextets, suggesting the presence of pure phases for hematite and
goethite and confirming the XRD results. For magnetite, two signals
were observed that are associated with the octahedric and tetra-
hedric sites with an approximate 2:1 ratio, indicating the presence

of nearly stoichiometric Fe3O4. The Mössbauer hyperfine parame-
ters and the crystallite size (determined by XRD) of the different
iron oxides are shown in the Supplementary Material.
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ity of Fe3O4, which requires higher temperatures for its reduction
compared to Fe2O3 [55,56]. It was interesting to observe that all
ig. 2. TPRe curves showing the conversion of ethanol in presence of �-Fe2O3 and
n  the absence of iron oxide (blank).

.2. TPRe with ethanol and hematite

The reactions of hematite with ethanol were investigated using
 TPRe (Temperature Programmed Reaction) up to 900 ◦C. Fig. 2
hows the TPRe curves obtained in the presence of �-Fe2O3 and in
he absence of iron oxide (a blank experiment).

It can be observed in the blank experiment that ethanol is
onverted only at temperatures higher than 600 ◦C and is mainly
onverted to ethene, which is likely produced by intramolecular
ehydration.

In the presence of �-Fe2O3, ethanol is completely converted at
emperatures as low as 250–300 ◦C. At low temperatures, ethene,
cetaldehyde and small amounts of other products (methanol and
ormaldehyde) were detected; this is likely due to the oxidation
f ethanol by oxygen from the oxide structure. At higher tempera-
ures, only very small amounts of these oxidized organic molecules
ere observed (Supplementary Material).

To investigate the different reactions of hematite during the
PRe, the reactor was quenched at different temperatures and the
olid was subsequently analyzed by Mössbauer spectroscopy, XRD
nd XPS.

It can be observed in the Mössbauer spectra (Supplementary
aterial) that hematite is gradually reduced by ethanol. At

00–500 ◦C, the hematite was almost completely reduced to mag-
etite. At 600 ◦C, some wüstite can be detected, but at 700 ◦C the
ain phase present is metallic iron. At higher temperatures, i.e.,

00 and 900 ◦C, iron carbide (Fe3C) is formed. A general idea of the
e phase compositions after the reaction with ethanol at different
emperatures is given in Fig. 3. Measurements of the saturation

agnetization showed values of 18, 49, 60, 51 and 49 J T−1 kg−1 for
-Fe2O3 after the TPRe at 350, 600, 700, 800 and 900 ◦C, respectively

before the TPRe, the hematite had a saturation magnetization
f 0 J T−1 kg−1). These results completely agree with the Fe com-
osition; at 350 ◦C, magnetite is formed and some magnetism is
onferred to the sample, whereas at 700 ◦C, Fe metal is primar-
ly produced and a high saturation magnetization results. For the
amples obtained at 800 and 900 ◦C, some Fe metal is converted
o the non-magnetic phase Fe3C, which leads to a decrease in the

agnetization.
XRD (not shown) confirmed the Mössbauer results and sug-

ested an average particle size of Feo of 46 and 45 nm after

eduction at 700 and 800 ◦C, respectively.

Based on these results, a simple assignment of the hematite
eactions with ethanol on the TPRe curve can be proposed (Fig. 4).
Fig. 3. Phase composition obtained by Mössbuer spectra of hematite after the TPRe
with ethanol at different temperatures.

The GC analyses show a small amount of ethanol consumption
below 300 ◦C, which is likely related to the beginning of the reaction
with hematite where a non-stoichiometric partially reduced oxide,
e.g., Fe2O3−x, is produced. From 300 to 400 ◦C, the ethanol in the gas
stream is completely consumed due to the reduction of hematite
to magnetite. From 400 to 550 ◦C, there are varying amounts of
ethanol at low concentrations, suggesting a complex reaction. Most
likely, the production of magnetite is still the main reaction that is
taking place because Fig. 3 shows that, at this temperature, Fe3O4 is
the main phase present. However, above 500 ◦C, Fe3O4 is primarily
reduced to Feo, with some FeO (wüstite) also formed. Above 700 ◦C,
carbon deposition takes place, and the reaction of carbon with Feo

results in the formation of iron carbide (Fe3C).
The TPRe was  also used to investigate the reaction of ethanol

with Fe3O4 and �-FeOOH. The ethanol consumption is shown in
Fig. 5.

Hematite and goethite begin the conversion of ethanol at a sim-
ilar temperature, ca. 300 ◦C. This similar behavior is likely related
to the dehydration of goethite below 300 ◦C to form hematite [54].
The conversion of ethanol in the presence of magnetite occurs only
at higher temperatures, ca. 350 ◦C. This is likely related to the stabil-
Fig. 4. Reduction of the Fe phases with ethanol as a function of the temperature in
a  TPRe curve.
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Fig. 7. X-ray diffratograms obtained after the TPRe of �-Fe2O3 and Fe3O4 reached
900 ◦C with ethanol.
ig. 5. Ethanol conversion during the TPRe experiment in the presence of �-Fe2O3,
e3O4 and �-FeOOH.

he Fe oxides will react by a common route starting from �-Fe2O3
r �-FeOOH to form Fe3O4 and then FeO and Feo.

The iron products obtained after the TPRe reached 900 ◦C for
-Fe2O3, Fe3O4 and �-FeOOH were analyzed by Mössbauer spec-

rometry and XRD. The Mössbauer spectra and XRD diffratograms
Figs. 6 and 7) showed that after the TPRe reached 900 ◦C, only two
ron phases remained: metallic iron (�-Feo) and iron carbide (Fe3C).
he hematite and magnetite precursors showed similar amounts of
etallic Fe (80–85%), whereas goethite produced significantly less

eo (ca. 56%). Although the reason for this behavior is not clear, it
s likely related to the smaller particle size observed for goethite.
hese smaller particles are more reactive and could react more

asily with ethanol or any deposited carbon to produce iron carbide.

The powder X-ray diffractograms for �-Fe2O3 and Fe3O4 after
he TPRe with ethanol reached 900 ◦C are shown in Fig. 7.

ig. 6. Mössbauer spectra obtained and iron phases observed after the TPRe of the
ifferent iron oxides reached 900 ◦C with ethanol.
Fig. 8. Weight loss (by TG) and surface C/Fe atomic ratios (by XPS) for hematite after
reaction with ethanol at different temperatures. A typical XPS spectrum is shown in
the  detail.

Average Feo crystallite sizes of 7 and 13 nm were obtained
for hematite and magnetite, respectively, after the TPRe reached
900 ◦C, whereas the Fe3C crystallite sizes were ca. 10 nm.  The peak
at 2� ca. 27◦ indicates the presence of graphitic structures with crys-
tallite sizes of ca. 9 nm.  In fact, the TG/DTA analyses (Supplementary

Material) performed in air showed that exothermic weight losses
at temperatures above 600 ◦C were likely related to the oxidation
of carbon. According to these weight losses, a carbon content of
approximately 24 and 28 wt% was  calculated for �-Fe2O3 after the

Fig. 9. Raman spectra for hematite after the TPRe at 700, 800 and 900 ◦C.
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Fig. 10. SEM images of Fe2O3 (a) before and (b–d) after the TPRe at (b) 600 ◦C, (c) 700 ◦C and (d) 900 ◦C.
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Fig. 11. TEM analysis of hematite (�-Fe2O3) after the TPRe with ethanol up to 800 ◦C.

Fig. 12. Hydrogen production curves in the water-oxidation steps after ethanol
reduction of �-Fe2O3 (at 700 ◦C) during the five redox cycles (detail: H2 production
0 M.G. Rosmaninho et al. / Applied Catal

PRe reached 800 and 900 ◦C, respectively. On the other hand, a TG
nalysis of the same sample after the TPRe was performed at 700 ◦C
id not show any significant amount of carbon.

The carbon deposition on the iron surface was also investigated
y XPS analyses. Fig. 8 shows a typical spectrum (detail) and the
/Fe surface ratio.

XPS spectra showed signals at binding energies (BEs) of 724 and
11 eV that were related to Fe 2p1/2 and Fe 2p3/2, respectively. These
eaks were probably related to oxidized species (i.e., Fe3O4) and

ron carbide. The analysis of the different species of iron from the
e 2p peaks is difficult due to the very similar binding energies.
n the other hand, the intensities of these peaks decrease with the

eaction temperature, which is probably due to the consumption of
he oxidized phases to form Feo at higher temperatures (Fe 2p3/2 at
E 707 eV). In all of the samples, a broad peak of C 1 s occurs at BE
83–286 eV and could be associated with the presence of different
arbon species (i.e., amorphous carbon, graphite and iron carbide)
57–61].

From the surface atomic C/Fe ratio obtained by the integration
f the XPS signals of C 1s and Fe 2p after the TPRe at different tem-
eratures, it can be observed that the C/Fe ratio is close to 0 up
o 600 ◦C (when the background carbon signal is taken into con-
ideration). At 700 ◦C, a small increase in the C/Fe surface ratio is
bserved. At 800–900 ◦C, a remarkable increase is observed in the
/Fe ratio as it reaches ca. 25. For a surface atomic ratio of 25, a com-
osition of 85 wt% carbon and only 15 wt% Fe would be obtained.
his result clearly indicates that the carbon deposition is essentially
uperficial.

Raman spectroscopy was used to investigate the carbon depo-
ition (Fig. 9). The obtained spectrum for hematite after the TPRe
ith ethanol reached 700 ◦C does not show any significant bands.
n the other hand, after the TPRe at 800 and 900 ◦C, two  bands at
a. 1587 and 1386 cm−1 are observed. The first band suggests the
ormation of graphitic structures and is known as the G band, which
s related to tangential vibration modes. The band at ca. 1386 cm−1

ould be related to defective carbon structures, such as amorphous
arbon, which is known as D band [62].

Scanning electron microscopy images of hematite before and
fter the TPRe at 600, 700 and 900 ◦C are shown in Fig. 10.  It can
e observed that the hematite particles (Fig. 10a) exhibit almost
o change after treatment at 600 ◦C (Fig. 10b), except for a slight
intering that produces agglomerated particles. After reaction at
00–900 ◦C, significant sintering is observed (Fig. 10c). On the other
and, at 900 ◦C, a high amount of nanometric filaments is observed
Fig. 10d). TEM analyses of this sample (Fig. 11)  clearly showed
he presence of dense nanometric nuclei. The interplanar distances
btained from the TEM images of 0.200 nm suggested the pres-
nce of Feo. These particles are covered by a multilayer structure
ith an interplanar distance of 0.335 nm,  suggesting the presence

f graphitic structures.
As the metallic iron produced by the reduction with ethanol is

o be used to produce H2 via the oxidation by H2O, the presence of
arbon deposits and Fe3C are undesirable because they will produce
O, which is a significant poison for fuel cells. For this reason, the
eduction of Fe2O3 at 700 ◦C should approximate the best condition
o be used for the production of H2.

Therefore, after the reduction of �-Fe2O3 with ethanol at 700 ◦C,
 TPO (temperature programmed oxidation) with H2O was per-
ormed. This oxidation was performed in a classical TPRe system,
ut instead of monitoring the H2 consumption by a TCD, the H2
ormation was monitored. The obtained result is shown in the 1st
xidation curve in Fig. 12.
The Feo oxidation by H2O starts at ca. 300 ◦C, as shown by
he two broad peaks centered at 580 ◦C and 800 ◦C. According
o the Mössbauer and XRD analyses (not shown), when the TPO
xperiment was interrupted at 700 ◦C and 900 ◦C, only Feo and
in  each cycle).

Fe3O4 were observed. After the complete TPO experiment, only
Fe3O4 and traces of Fe2O3 could be detected by Mössbauer
spectroscopy. These results indicate that the two distinct peaks
observed in the 1st oxidation of Fig. 12 are not related to the for-
mation of different phases, but instead are stages in the conversion
of Feo to Fe3O4. Previous work reported that Feo is oxidized by
H2O to Fe3O4, but not to Fe2O3, due to thermodynamic limitations
[46,63]. The amount of Fe2O3 observed after the complete TPO is
likely related to the oxidation of Fe3O4 by air at room temperature.

The same oxidized sample was then reduced with ethanol and
reoxidized with H2O (2nd oxidation). A significant difference in the
TPO profile can be observed between the 1st and 2nd oxidations,

with the first peak almost disappearing and the second peak shifted
to higher temperatures. However, in the 3rd, 4th and 5th oxida-
tions, the TPO profile seems to remain similar to the 2nd oxidation.
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Fig. 13. X-ray diffractograms obtained after multiples ste

The relative areas of the H2 signal produced in the five cycles are
hown in the detailed image of Fig. 12.  It can be observed that in the
econd and third cycles, the H2 decreases to ca. 90 and 70%, respec-
ively, of the amount in the first cycle. Although the reasons for this
ecrease in H2 production are not clear, it is likely related to sin-
ering and some iron carbide formation in the reduction step. From
he 3rd cycle, the system seems to reach some stability, and the H2
roduction becomes constant at ca. 70% of the amount produced in
he first cycle.

Fig. 13 shows that after the first cycle, the reduction step was
ot complete, as the iron oxide was reduced to a mixture of metallic

ron and wüstite (Fe1−xO) (2nd and 3rd cycles). In the 5th reduction,
agnetite and iron carbides were also observed. In all the cycles,

he oxidation steps mainly promoted the formation of magnetite
nd small amounts of wüstite and hematite.

. Conclusion

Different iron oxides, e.g., Fe2O3, Fe3O4 and �-FeOOH, can be
educed by ethanol. The iron phases that are subsequently formed
re strongly dependent on the reaction temperature. For exam-
le, hematite is reduced mainly to magnetite up to 500 ◦C. At
00 ◦C, some wustite, Fe1−xO, is formed and at 700 ◦C, mainly Feo is
ormed. At higher temperatures, iron carbide and carbon deposition
s observed. Cyclic experiments with consecutive ethanol reduction
at 700 ◦C) followed by H2O oxidation showed that some deacti-
ation occurs in the first two cycles, but after the third cycle, the
ystem seems to be stable for consecutive hydrogen production
ycles. These results are an important contribution to the devel-
pment of H2 production processes based on the use of ethanol
nd Fe in a redox system. An important advantage of this system
s the possibility to store Feo and produce H2 where and when it is
ecessary.
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