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ABSTRACT

Bulk y-Fe,O3; (maghemite) and Fe;O, (magnetite) were synthesized with Fe(Ill) hydrox-
yacetate as an intermediate during the preparation step. The fresh and used catalysts were
characterized by X-ray diffraction, N, adsorption at 77 K, Mossbauer spectroscopy at 298 K,
diffuse-reflectance spectroscopy, and thermogravimetric analysis. The solids were used as
catalysts in the ethanol hydrotreatment within the range of 673—758 K. The catalysts
showed a satisfactory selectivity for H, and an especially low CO production. These ac-
tivities and selectivities were analyzed in conjunction with the structural properties of the
oxides. Magnetite seemed to be a more appropriate catalyst than maghemite since the
latter was converted into magnetite at reaction temperatures higher than 713 K because of
the reducing atmosphere.
Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

Therefore any advance in sustainable development must
gradually incorporate renewable energy sources to avoid the
consumption of nonrenewable natural resources. The devel-

Energy surrounds us in all aspects of life and the ability to
harness and use that resource for constructive ends—and as
economically as possible—is the current challenge of society.
Fossil fuels have been the energy source up to the present, to
produce heat and electricity upon oxidative combustion. In
this reaction, one of the by-products obtained is CO,, which
contributes to the atmospheric greenhouse effect. Re-
searchers worldwide are seeking alternative energy sources to
supplant the use of nuclear and fossil-fuel-based energies.
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opment of clean, green technologies for energy production is a
major challenge today mainly with respect to their use in
mobile sources. Fortunately, many means of producing en-
ergy with much less damaging impacts on our environment
are available.

The use of hydrogen as a substitute for the fossil fuels
constitutes a relevant way of reducing greenhouse-gas emis-
sions and improving air quality, especially in highly congested
urban areas. Hydrogen is an environmentally clean fuel that
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appears to be a solution for use both in internal-combustion
engines and in feeding fuel cells for stationary and mobile
applications, with that gas already being the primary energy
source for fuel cells [1].

An environmentally clean production of hydrogen is
possible through the electrolysis of water by means of energy
sources that are renewable (e. g., solar energy). This process,
however, is not economically profitable because of the current
energy costs. The new ecology-friendly technologies for
hydrogen production point to biomass as the best energy
feedstock. For this purpose, research on the production of
hydrogen from the reforming of alcohols by catalysis has
strongly increased in recent years. Alcohols are also conve-
nient to store and transport [2]. For example, bio-
ethanol—produced industrially from sugar cane, corn, or
cereal fermentation—is an especially renewable fuel with low
toxicity and high energy density.

Several authors have studied the steam reforming of
ethanol. Freni el al [3,4]. found that Rh/Al,0; produced
hydrogen with a low ethylene content. Liguras et al. [5] re-
ported a good activity and high stability for Ni/Al,O5 catalysts
in the same process, whereas Fierro et al. [6] and Nishiguchi
et al. [7] have focussed on the catalytic behavior of Ni/Cu and
Cu/CeO,.

In addition, different oxides have been used as catalysts in
the ethanol-hydrotreatment process. Llorca et al [8] studied
this synthesis using MgO, y-Al,Os, SiO,, TiO,, V,0s, ZnO,
Lay03, CeO,, and Sm,05 as catalysts and obtained the most
promising results with ZnO. Barroso et al. [9] observed thatif a
bulk catalyst based on Ni—-Zn—Al was used, the increase of Ni
loading produced an enhancement in the selectivity for
hydrogen, but an increasing amount of CO production was
also obtained. Sdnchez-Sanchez et al. [10], however, obtained
a low selectivity for CO with an average selectivity for
hydrogen at approximately 60% using Ni supported on Al,O3
modified with Ce, Mg, Zr, and La. Finally, Muroyama et al. [11]
observed that ethanol reforming carried out on NiFe,O4 and
NiMn,0, catalysts produced a lower activity and hydrogen
selectivity as a result of carbon deposition.

In recent years, fuel-cell development has led up to the
point of investigating CO-free hydrogen production. The
hydrogen for fuel cells is obtained through three catalytic
steps: 1) ethanol steam reforming, 2) the water—gas-shift re-
action, and 3) the selective oxidation of CO (i. e., via the so-
called CO-PROX process) [12]. The development of a catalyst
with a high hydrogen production and the simultaneous
capability of consuming in a single step the CO produced as
the by-product is therefore of extreme interest. To avoid
multi-step processes, Remiro et al. [13] used a Ni/a-Al,03
catalyst at 923 K and achieved total ethanol conversion and no
carbon deposition. Horminella and coworkers [14] propose a
two stages iron based catalyst methodology that implied
higher temperature too to reach low CO in the final mixture
products.

To that end the aim of the present work was to study the
catalytic behavior of maghemite (y-Fe,Os) and magnetite
(Fe304) with respect to ethanol hydrotreatment at 673—758 K,
atmospheric pressure, and a constant molar ratio H,O/ethanol
of 9/1 in order to produce H, with a low content of CO. A high
H,0O/ethanol ratio was used to simulate the mixture arising

from biomass treatment. However, in order to use this
hydrogen for a fuel cell it would be necessary to decrease the
water content previously.

Hematite (x-Fe,O3) was discarded as a catalyst because of
its very low activity [15].

Material and methods
Catalyst preparation

Maghemite (y-Fe,O3) and magnetite (Fe;0,) were obtained
through a sol—gel method [16]. An aqueous solution of NH,OH
(30%, w/w) was added to a solution of Fe(NO3)3.9H,0 in water
(40%, w/v) up to pH = 9.8. The solid thus obtained was washed
and centrifuged (at 2000 rpm for 5 min) in NH,CH5;COO solu-
tion (5%, w/v) a total of five times then dried to constant
weight in an oven at 333 K. The resulting solid was denoted
IHA (i. e, iron-hydroxy-acetate).

The IHA was calcined at 690 K for 2 h in a stream of N,
(100 cm®/min) at a heating rate of 10 K/min. The iron oxide
thus obtained was denoted m(f). The samples of this solid
used in the reactions were indicated as m(673), m(713), or
m(758); where the numbers refer to the catalytic test
temperatures.

A fraction of m(f) was calcined for 2 h, at 573 K in a stream
of air (150 cm®/min) at a heating rate of 2.3 K/min. The iron
oxide obtained was termed g(f). The samples of this solid used
in the reactions were accordingly denoted g(673), g(713), or
g(758); where the numbers indicate the catalytic test
temperatures.

Catalyst characterization

The solids were characterized by N, adsorption at 77 K, X-ray
diffraction (XRD), MoOssbauer spectroscopy at 298 K (MS),
diffuse-reflectance spectroscopy (DRS), and
thermogravimetric-analysis (TGA).

The textural properties of specific surface area (S;) and pore
diameter (Dp), were measured in the Micromeritics equip-
ment ASAP 2020 V1.02 E.

All XRD patterns were measured using a Phillips PW170
diffractometer with Cu Ko radiation, between a 26 = 20—70° at
steps of 0.02° and a counting time of 2 s/step.

The Mossbauer spectra at room temperature (RT) were
obtained in transmission geometry with a 512-channel
constant-acceleration spectrometer. A source of *’Co in Rh
matrix of a nominal 50 mCi was used. The velocity calibration
was performed against a 12 pm-thick a-Fe foil. All isomer
shifts (0) cited here refer to this standard. The Mossbauer
spectra were evaluated through the use of a fitting program
named Recoil Spectral Analysis [17] under the assumption of
Lorentzian lines. The spectra were folded to minimize geo-
metric effects.

DRS uv—visible spectra within the 200—800 nm range were
recorded in a CINTRA 20 spectrophotometer with an inte-
grated sphere. The spectra were referenced against BaSO,
powder.

TGA on a Shimadzu TGA-50 instrument was carried out in
order to determine the surface-carbon deposition onto the
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catalysts used. The samples were heated at 10 K/min from RT
to 1173 K in an air stream of 20 cm?®/min. Before each assay,
the solids were purged with a stream of He.

Activity and selectivity measurements

Measurements of activity and selectivity were carried outin a
fixed-bed reactor containing 260 mg of fresh catalyst in each
run at atmospheric pressure and with H,O/CH;CH,OH at a
molar ratio of 9/1, a total flow of 0.020 cm®/min, and a space
velocity (LHSV) of 2 h™™. The reaction mixture was preheated
and evaporated before its reactor inlet; which was operated at
673, 713, and 758 K, for 120 min. Before the start and after the
completion of the reaction a N, stream (10 cm®/min, over-
night) was flushed through the reactor to prevent changes in
the catalyst species.

The liquid products of the reaction were condensed in a
cold trap during 120 min. The total liquid quantity was
analyzed by gas chromatography with a FID detector on a DB-
WAX capillary column in a Varian STAR 3400 CX chromato-
graph. The permanent gas phase was stored in a water filled
burette inverted inside a container with water. The total gas
volume collected during 120 min was measured with the
burette. The gaseous mixture was analyzed by gas chroma-
tography with a TCD detector on a Chromosorb 102 packed
column, and with a FID detector on a GS-GASPRO capillary
column, in a Konik HRGC 3000C chromatograph.

In all experiments, the gas flows were controlled using
mass flow meters with an error of 1% full scale and the tem-
peratures were measured with a precision of +2K. Besides, in
the activity tests, the error of the flow (ethanol + water) was of
1% and the chromatographic errors were of about 5%.

Results and discussion
Characterization of fresh catalysts

Fig. 1 shows the XRD patterns of the fresh catalysts. The dif-
fractograms indicate the presence of maghemite (y-Fe,Os)
and/or magnetite (FesO4) according to the respective PDF
numbers of 39-1346 and 19-0629. Both patterns are quite
similar, containing the same peaks. The only difference
detected was the presence of two peaks of extremely low in-
tensity at 20 = 23.7 and 26.1°. Consequently, this technique
was found not to be able to distinguish between the two
species with certainty.

The crystallite sizes for m(f) and g(f) were obtained from XRD
line-profile analysis through the use of a Gaussian function in
order to fit the integral breadth, after subtracting the maximum
strain [18]. Table 1 shows the resulting values. The crystallite
diameter in the m(f) sample proved to be of the same order
(91 nm) as in the g(f)—i.e., 81 nm—within experimental error.

Table 1 includes the S, of the solids, where the g(f) sample
is seen to have a lower S, than the m(f). This difference could
be attributed to the sintering process involving the thermal
oxidation of m(f) to produce g(f).

Fig. 2 shows the pore-size distribution obtained from N,-
adsorption measurements. The oxide m(f) has a narrow pore-
size distribution with an average radius of 18 nm, whereas g(f)
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Fig. 1 — XRD patterns of the fresh and used catalysts.

contains a broad distribution with a mean radius of 6.5 nm.
These differences could likewise be attributed to the sintering
process mentioned above.

Fig. 3 shows the DRS spectra of m(f) and g(f) within the
range 200—800 nm. Though both spectra were complex since
the samples absorbed the radiation throughout the entire
range of wavelengths, the curves were fitted through the use
of six and seven Gaussian functions for the m(f) and g(f) cat-
alysts, respectively. The parameters (position, full line-width

Table 1 — Specific surface area and crystallite diameter of
the fresh and used catalysts.

Catalyst Sy (m?/g) Derystallite (NM)
m(f) 29+3 91+9
m(673) 20+ 2 73+7
m(713) 12+1 87 +9
m(758) 21 +2 89 +9

g 19+2 81+8
g(673) 13+1 108 + 11
g(713) 9+1 147 + 15
g(758) 6+1 133 + 13

Sy: specific surface area (BET).
Derystallite: Crystallite diameter.
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Fig. 2 — Pore size distribution of the fresh catalysts obtained from N,-adsorption measurements.
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Fig. 3 — DRS spectra of fresh catalysts. UPPER PANEL:
catalyst m(f); LOWER PANEL: catalyst g(f). The dashed lines
are the computer-fitted curves.

at half-height, and area) were kept free for the fitting. The
analysis was carried out on the basis of four specific absorp-
tion regions in both spectra according to He et al. [19]:

Region 1: 200—400 nm
Region 2: 400—600 nm
Region 3: 600—750 nm
Region 4: >750 nm

The ligand-metal charge-transfer transitions and the con-
tributions of two d—d Fe®* ligand field transitions make up
Region 1. Region 2 is considered to be the result of a possible
overlapping of the pair excitation processes with ligand-field
transitions and charge-transfer band tails. Regions 3 and 4
are assigned to other Fe** d—d transitions. These uv—visible
spectra, although characteristic of iron oxides, did not permit
a precise identification of the species in each sample. There-
fore, we needed to look for another spectroscopic technique in
order to identify the present phases. For that purpose we
resorted to MOssbauer spectroscopy at RT. Fig. 4a and b shows
the Mossbauer spectra of the two solids. One sextet is present
in the g(f) spectrum, whereas the spectrum for m(f) contains
two sextets partially overlapped. From the hyperfine param-
eters obtained as a result of the fitting process (Tables 2 and 3),
Fe;0, was identified in m(f) with a stoichiometry of Fe; 4,04
and y-Fe,0s3 likewise in g(f) [20]. In the m(f) spectrum, signals
corresponding to Fe®' and Fe?*''—located in magnetite
tetrahedral and octahedral sites, respectively—were identified
[20]. The average signal assignable to the Fe?" and the Fe*"
located in adjacent octahedral sites is presented as Fe>*"".
Since at temperatures higher than 260 K a fast electron ex-
change (hopping) between both ions occurs, the Moéssbauer
spectroscopy records only one average oxidation state. The
stoichiometry of m(f) was determined from the following
expression [21]:

2—-11xR

X=%+2945 xR
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Fig. 4 — a: Mossbauer spectra of catalysts m(f), m(673), m(713) and m(758) at room temperature. b: Mossbauer spectra of

catalysts g(f), g(673), g(713) and g(758) at room temperature.

where:

_ Relative population of Fe!*** in octahedral sites
 Relative population of Fe** in tetrahedral sites

X = oxidation parameter according with Fe;_,O4 formula

The species identified in g(f) indicated that the oxidation of
m(f) had led to a complete oxidation of the magnetite.

Activity and selectivity measurements

The average activity and selectivity results were evaluated
after two hours of reaction time at the three temperatures

with both catalysts. Fig. 5 shows the average conversion levels
reached for both catalysts, with the conversion being defined
as:

__inlet ethanol moles — outlet ethanol moles o

inlet ethanol moles 100

X(%)

It is remarkable that at the lowest temperature (673 K),
g(673) showed a significantly higher conversion value (=30%)
than m(673). This point will be discussed below. When, how-
ever, the reaction temperature was increased from 673 to
713 K, this difference became reversed: m(713) reached a total
conversion of ethanol, whereas the value for g(713) was about
90%. Finally, both catalysts attained a total conversion at
758 K.
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Table 2 — Mossbauer hyperfine parameters of the catalysts m(f), m(673), m(713) and m(758) at 298 K.

Species Parameter m(f) m(673) m(713) m(758)

Fe>" ions in A sites of Fe;0, H(T) 48.7 +0.1 49.6 +0.1 48.99 + 0.01 489+ 0.1
6 (mm/s) 0.29 + 0.01 0.33 + 0.02 0.25 +0.01 0.29 + 0.01
2¢ (mm/s) —0.02 + 0.01 0.01 +0.01 —0.07 £ 0.01 —0.03 £ 0.01
% 51+1 58 +1 51+1 48 +1

Fe?°*" jons in B sites of Fe;04 H(T) 457 + 0.1 45.8 + 0.1 46.51 + 0.02 46.0 + 0.1
6 (mm/s) 0.66 + 0.01 0.64 + 0.02 0.72 £ 0.01 0.68 + 0.01
2¢ (mm/s) 0.01 +0.01 0.00 + 0.01 0.10 + 0.01 0.02 + 0.01
% 49 +1 42 +1 49 +1 52+1

H: hyperfine magnetic field in Tesla; &: isomer shift (all the isomer shifts are referred to a-Fe at 298 K); 2e: quadrupole shift.
A sites: tetrahedral sites.
B sites: octahedral sites.

Table 4 summarizes the selectivity values, where selec- To explain, however, the values of selectivity obtained with
tivity is defined as: the different catalysts, the inclusion of the contribution of the
following reactions was necessary, all of which conversions

moles of product i

P = 100 were stated in the Gauss-Jordan (G-J) methodology [22]:
total moles of products

The selectivity values for H, proved to be nearly the same
for both catalysts (within experimental error) over the entire 2) CHs;CH,OH — CH3CHO + H, (Ethanol dehydrogenation)
temperature range studied. Since the conversion values are
different under these conditions (Fig. 5), within the conversion
range obtained, H, selectivity apparently did not depend on 3) 2CH;CHO — CH3COCH; + CO + Hp
the degree of ethanol conversion, it remained consistently (Addition and decarbonylation)
between 63.6 and 68.1% (Table 4). Moreover, at the highest
reaction temperature (758 K) the selectivity values for all
products with g(758) as catalyst are seen to be quite similar to
the values obtained for m(758). Furthermore, the two other
main products detected in all assays were acetone and CO,,
though CO, methane, ethane, ethylene, and the hydrocarbons
C3—C5 were detected in all experiments in minor quantities as
well. In all instances, carbon deposition was not observed, as
confirmed by TGA measurements (not shown), on the used
catalysts at the three temperatures.

Ethanol steam reforming can be schematized by the
following overall reaction:

4) CO + H,0 — CO, + H, (WGS)

In addition, the reaction mass balance was completed with
the following reactions:
5) CO, + 4H, — CH4 + 2H,0

6) 2CO, + 7H, — C,Hg + 4H,0

1) CH3CH,OH + 3H,0 — 2 CO, + 6H, 7) 2CO, + 6H, — C,H4 + 4H,0
Ethanol steam reforming

Table 3 — Mossbauer hyperfine parameters of the catalysts g(f), g(673), g(713) and g(758) at 298 K.

Species Parameter g(f) g(673) g(713) g(758)
y-Fe,03 H(T) 49.7 + 0.1 50.0 + 0.1 - -
6 (mm/s) 0.32 + 0.01 0.38 + 0.01 = =
2¢ (mm/s) 0.01 + 0.01 0.01 + 0.01 - =
% 100 + 1 93+3 - -
Fe®' ions in A sites of Fe;0, H(T) - - 49.02 + 0.01 497 +0.1
6 (mm/s) = = 0.25 + 0.01 0.38 + 0.01
2¢ (mm/s) = = —0.068 + 0.002 —0.03 + 0.01
% = = 49 +1 68 +3
Fe?°*" ions in B sites of Fe;0,4 H(T) - 454 +0.1 46.46 + 0.01 458 + 0.1
6 (mm/s) = 0.70 + 0.02 0.72 + 0.01 0.72 +0.01
2¢ (mm/s) - 0.00" 0.091 + 0.003 0.02 + 0.01
% = 7+2 51+1 32+2

H: hyperfine magnetic field in Tesla; &: isomer shift (all the isomer shifts are referred to o-Fe at 298 K); 2e: quadrupole shift; *Parameter held fixed
in fitting.

A sites: tetrahedral sites.

B sites: octahedral sites
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Fig. 5 — Average conversion levels of ethanol into products
reached for the two catalysts after two hours of reaction at
the three indicated temperatures. The percent conversion
(X) is plotted vs. the temperature in K. Open circles, the m
catalyst; closed circles, the g catalyst.

8) 3COZ + 10H2 - C3H8 + 6H20

9) 3C02 + 9H2 g C3H6 + GHZO

10) 4C02 + 12H2 d C4Hg + 8H20

11) 4CO, + 13H, — C4H;y0 + 8H,0

12) 5CO, + 16H, — CsH;, + 10H,0

Table 4 — Selectivity results of the catalysts at the
different reaction temperatures.

Si T (K)
m catalyst g catalyst

673 713 758 673 713 758
SH, 65.8 67.2 64.5 68.1 63.9 63.6
SCO 3.9 1.5 1.4 2.2 1.0 1.4
SCO, 9.2 12.2 13.7 11.7 11.0 13.4
SCH, 0.1 0.3 0.8 0.1 0.2 0.6
SC,Hs 1.8 1.2 1.6 1.7 1.5 1.6
SC,H, 1.0 1.1 1.2 1.1 1.2 1.2
SCsHg 0 0.1 0.1 0 0 0.1
SCsHeg 0 0.2 0.3 0.2 0.3 0.3
SC4H1o 0 0 0 0 0 0.1
SC,Hg 0 0 0.4 0 0.1 0.2
SCsHy, 0 0.1 0 0 0 0
SCH3;CHO 3.9 0.2 0.2 3.6 0.7 0.2

SCH3;COCH3 14.3 15.9 15.8 11.3 20.1 17.3

T (K): reaction temperature.

In the application of the above-mentioned methodology in
order to determine the total composition of the system, twelve
components had to be measured. Except for the water, all the
other components were measured. Thus, the carbon balance
was confirmed experimentally. As an example, Table 5 shows
the molar balances obtained with m(758) as catalyst. The
outlet moles calculated were similar to those measured. The
higher dispersion was seen with CO, and H,. As mentioned
above, the gas phase was isolated after being passed through
an inverted burette filled with water. Therefore, some CO,
remains solved in water. However, its solubility does not
justify by itself the difference between the CO, moles calcu-
lated and experimental ones. Taking into account that the
water quantity was not experimentally evaluated, and CO,
and H, are involved in several reactions producing water, er-
rors in water estimation could lead to differences between the
moles of CO, and H, calculated and experimental ones. By
contrast, the calculated and experimental molar outlets for
acetone and all the hydrocarbons shown in the table are in
complete agreement since each of these compounds partici-
pates in only one reaction. From stoichiometric analysis by
means of the G-J] methodology, hydrogen is produced mainly
via ethanol dehydrogenation with both catalysts and at the
three temperatures. This would imply a large acetaldehyde
production. The presence of only small amounts of acetalde-
hyde (Table 4) would indicate that the rate of reaction 3) would
be higher than that of reaction 2). Acetaldehyde was not
detected at 758 K. In addition, in all instances, the reactions
5—12) show the lower reaction advance.

The CO concentrations achieved with both catalysts do not
exceed 3400 ppm over the entire temperature range and
become as low as 1000 ppm for g(713). As mentioned in the
Introduction, in the H,-production process for use in fuel cells,
the catalytic ethanol reforming is followed by the water-gas-
shift (WGS) reaction, carried out in two stages. In the first,
the high-temperature WGS (HT-WGS) reaction occurs in a
reactor that operates at approximately 673 K. The CO

Table 5 — Calculated and experimental molar balances
obtained with catalyst m(758).

m(758)
Compound Experimental Experimental Calculated
Moles;, Molesgur Molesgyt

CH,;CH,0H 11.26 0.18 0.23
H,0 101.34 = 96.73
H, = 18.44 20.62
Co = 0.39 0.39
CO, = 3.92 5.33
CH, = 0.24 0.24
C,Hs = 0.46 0.46
CyHy = 0.33 0.33
CsHg = 0.04 0.04
CsHe = 0.08 0.08
C4Hg - 0.11 0.11
CH3;CHO = 0.05 0.05
CH,COCH; - 454 4.54

Experimental Moles;,: fed moles quantified by GC.
Experimental Moles,,:: outlet moles quantified by GC.
Calculated Moles,,: moles calculated from the G-J methodology.
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concentration obtained in that step is about 10,000 ppm. The
gases emerging from this reactor are fed to a second reactor
operating at around 473 K. This second step, referred to as the
low-temperature WGS (LT-WGS) reaction, provides a stream
of products containing about 1000 ppm of CO [12]. On the basis
of these details, we can conclude that both catalysts used in
the present study provide promising results in terms of the
relatively low content of CO achieved with only a single
reactor in a so-called one-pot synthesis.

Used-catalyst characterization

In order to find a correlation between the catalysts' solid
properties and catalytic performances we carried out a char-
acterization of the solids after the reactions.

Table 1 shows the textural properties of the used catalysts.
After reacting, the g catalysts had progressively decreased S,
values with increased reaction temperatures. This pattern
could be related to a sintering process that produced the
observed increase in the crystallite diameter up to 713 K, after
which temperature the crystallite size remained approxi-
mately constant. In contrast, the used m catalysts showed no
clear pattern in the S; values, while the crystallite size
remained nearly constant.

From the XRD patterns of the catalysts m(673), m(713), and
m(758) depicted in Fig. 1 we found that all of three exhibited
the same peaks as were seen with m(f). These results allowed
us to conclude that during the catalytic reaction the solid
structure remained unaltered despite the changes in the
composition of the reaction atmosphere at the three temper-
atures studied.

In contrast, analyzing the diffractograms of the three g
catalysts, we observed that when the reaction temperature
increased, all the peaks except the ones at 20 = 23.7 and 26.1°
remained at the same angle. These latter peaks were also not
present in g(713) and g(758). Therefore, the diffractograms of
the solids used at the two higher temperatures were seen to be
in total agreement with those of m(f). From these observations
we concluded that when the reaction temperature exceeded
673 K, the contact of maghemite with the reaction products,
reduced it, leading to magnetite. This was subsequently veri-
fied by Mossbauer spectroscopy since, as stated earlier, XRD
was unable to distinguish conclusively between magnetite
and maghemite.

The Mossbauer spectra of m(673), m(713), and m(758) in
Fig. 4a contained two sextets partially overlapped on the
negative-velocity side that were completely overlapped
within the positive-velocity range. The Mossbauer parameters
(Table 2) indicated the presence of magnetite in all instances
[20]. The different reaction temperatures, however, produced
a slight change in the stoichiometry of the resultant magne-
tite. Whereas in m(f) the composition is Fe; 9104; in the solids
m(673), m(713), and m(758) the stoichiometry was Fe;g;04,
Fe, 104, and Fe, 9304, respectively. This redistribution would
indicate that at 673 K the fresh solid underwent an oxidation.
This process was then reversed when the reaction tempera-
ture was increased, so that at 758 K the solid composition
became closer to that of stoichiometric magnetite than in the
fresh catalyst. These transformations could be explained on
the basis of the catalyst's contact with both reducing (H,, CO)

and oxidizing (H,O, CO,) gases, with the presence of a redox
atmosphere being dependent on the relative concentration of
those two types of gases within the thermal process.

In the Méssbauer spectrum of g(673) in Fig. 4b, a shoulder is
present on the right side of the first peak of the sextet at the
negative velocities that becomes more clearly defined with the
increased reaction temperatures of g(713) and g(758). All the
spectra were fitted with two sextets. In these latter two cata-
lysts the hyperfine parameters (Table 3) were typical of
magnetite [20]. In contrast, in catalyst g(673) the hyperfine
parameters corresponded to y-Fe,O3 (the more intense signal)
and Fe'?°*", where the latter could indicate the presence of
these ions isolated on the surface of the catalyst particles.
These Fe>>*" ions, associated with the Fe*" of the maghemite
would lead to a more open structure than a pure magnetite. As
a consequence, in this conditions the activity of g(673) result
higher than m(673). It is important to remark that there is no
pure maghemite in any catalytic test.

When the reaction temperature was higher than 673 K, all
the maghemite became converted to magnetite. This con-
version could explain the similar catalytic behavior obtained
with m(758) and g(758).

The magnetite present in g(713) had a stoichiometry of
Fe, 5,04, identical to that of m(713). In g(758), however, a slight
oxidation could have occurred since the stoichiometry found
was Fe, g,04. Since the catalyst was exposed to a high tem-
perature in a greatly reductive atmosphere, the occurrence of
an oxidation reaction was highly improbable. Moreover, since
the degree of conversion and product distribution are very
similar with m(758) and g(758) as catalysts, an incorrect
handling during the cooling and passivation steps might have
caused the oxidation.

Conclusions

We have demonstrated that both the catalysts magnetite
(Fe2.9104) and maghemite (y-Fe,03) exhibit satisfactory activ-
ity for use in ethanol hydrotreatment. Nevertheless, magne-
tite would appear to be better than maghemite since the latter
is converted into magnetite at temperatures higher than 713K
because of the reducing atmosphere. Moreover, maghemite
undergoes a sintering process with a decrease in the specific
surface area available for catalysis.

The catalysts are active in both hydrogen production—-
with selectivity values for H, of 63—68%—and CO removal
through the WGS reaction, achieving CO-concentration values
at the reactor outlet ranging from 1000 to 3400 ppm. The CO
content of the product stream is lower than those reported in
the literature for other catalytic systems, thus being quite low
for an ethanol-reforming process without the inclusion of
further purification reactors loaded with specific catalysts for
the oxidation of CO to CO, through the WGS reaction.

Since magnetite promoted with Cr is the industrial catalyst
for the WGS, in which CO is consumed, we speculate that an
improved catalyst design such as the one described here will
enable the replacement of a process that currently covers
three stages—one of ethanol reforming and two of WGS—by
one that involves a one-pot reaction. Finally, this report con-
tributes to the better use of biomass, usually burned very
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inefficiently, producing the generation of hazardous sub-
stances for the environment.
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