
Applied Catalysis B: Environmental 96 (2010) 1–9
Partial oxidation of ethanol over cobalt oxide based cordierite monolith catalyst
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A B S T R A C T

Ethanol partial oxidation was studied on Co3O4/g–Al2O3/cordierite honeycomb structured catalyst.

Honeycomb structure consists of parallel channels that favor the gas phase reactions, which in some

temperature and flow rate conditions could be limited by mass transfer effects in gas phase. The catalytic

activity and products selectivity were evaluated at different temperatures and O2:ethanol ratios. Also, it

evaluated the effect of space velocity (h�1) and presence of H2O in the feed. Overall, the results showed

that the partial oxidation reaction occurs in a way that the ethanol is first decomposed in gas phase and

then formed in the presence of oxygen radicals that decomposed on the catalyst surface. The CO2:CO low

ratio observed in most experiments indicates that shift reaction occurs in gas phase and its equilibrium

limits the hydrogen formation. Although this catalyst has not presented any significant deactivation,

some carbon formation was observed after 30 h on reaction.

� 2010 Elsevier B.V. All rights reserved.
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1. Introduction

During the 1990s, there was an increasing interest in producing
cheaper synthetic fuels, and the catalytic partial oxidation became
widely studied in the industries and academic research groups [1–
7]. In most laboratory research, the partial oxidation studies were
done in fixed bed microreactors. These reactors present dis-
advantages such as sintering, pressure drop and preferential path
toward the bed.

A promising alternative to eliminate the disadvantages of fixed
bed reactor is the monolithic reactor [8]. The advantage in
developing processes using monolith-based reactors is the
extremely low contact time (in the order of milliseconds). Olefins
production via catalytic oxidative dehydrogenation of light
paraffin and hydrogen production via catalytic partial oxidation
of hydrocarbons are the most important processes for which
applications of monolithic catalysts have been evaluated [9].

In general, the temperature for partial oxidation is extremely
high at very low contact time that corresponds to space velocities
range from 2 to 1 � 105 h�1 where different products are involved
and different mechanistic conclusions are drawn [10–13].

Besides, the literature [11,14] shows that at higher tempera-
tures and space velocities the surface and gas film reactions are
favored, resulting in a mass transfer limited process inside the
individual monolith passages. An alternative to minimize the
effects of mass transfer is to use catalysts preparation methodolo-
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gies that reduce the cross-sectional area in contact with reagent
flow and concentrate the active sites of the catalyst on the surface
of the monolith channel. In this case, the washcoating method in
two stages showed evidences that it is the best option to minimize
the cross-sectional area of monolith channels [13]. Another
alternative is to improve the operating conditions in order to
promote the formation of H2 and inhibit the effects of mass transfer
in gas phase.

Although the catalytic partial oxidation process to produce
hydrogen has never been used commercially, it is the most
promising because it offers advantages as low operation tempera-
tures and low formation of soot or secondary products. Another
important aspect of the partial oxidation is the space velocity at
which the reactors operate, that is able to provide a negligible
pressure drop in the packed bed reactor. According to Hohn and
Schmidt [5] studies on the methane partial oxidation showed that
the use of high space velocity results in a decrease of conversion
and selectivity. Therefore, the oxidation of light hydrocarbons on
monolithic reactors with low contact time has been intensively
studied, showing satisfactory results with regard to conversion,
selectivity to synthesis gas, operating conditions, no formation of
carbon and reactor dimensions.

The literature is very scarce on information about the partial
oxidation of ethanol. However, some authors [10–14] have
reported that it is possible to produce hydrogen directly from
ethanol by the reaction shown in Eq. (1). The subscripts s and g in
the Eq. (1) mean respectively steam and gas phase. This reaction
can be seen as a promising procedure to produce hydrogen because
it offers advantages as rapid ignition and size of reactor. In this
case, the reactor used is more compact than the system required to
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perform steam reforming, because it does not require the addition
of indirect heat.

C2H5OHðsÞ þ 1/2O2!2COðgÞ þ 3H2ðgÞ (1)

The use of ethanol for the production of synthesis gas has some
advantages such as it is easy to store and to transport because
reactions occur at low temperatures. Producing hydrogen from
ethanol results in low greenhouse gases emission, since the CO2

produced in this process is consumed by the plantations of sugar
cane during photosynthesis. The experience in the production and
usage of ethanol comes from the 1980s, when alcohol was used as
fuel in automotive vehicles or as an additive in gasoline [15].

The production of hydrogen on catalysts, such as nickel, cobalt,
copper, chromium and noble metals supported on metal oxide,
using an ethanol-water mixture as reagent, and systems in powder,
pellets or foam ceramic are reported in the literature [10–18]. The
main advantage in adding water to ethanol is to favor reforming
reactions that maximize H2 production and minimize CO in an
exothermic process [14].

The product distribution is influenced by reaction temperature
and the nature of the metal-based catalyst. At low temperatures,
Ru and Pd catalysts produced mainly acetaldehyde and water. In
other hand, at temperatures above 500 8C the conversion of
ethanol is complete, with formation of decomposition products.
Moreover, in most cases they were evaluated at temperatures
above 700 8C, with the formation of H2, CO and traces of CH4

favored by reforming reactions.
Cobalt is presented in the literature [19–22] as a promising

metal for hydrogen production from ethanol, owing to its ability to
break ethanol C–C bonds and inhibit CH4 formation from CO. When
supported on Al2O3, cobalt (about 8 wt.%) can inhibit acidic
properties of the support, which are responsible for promoting
ethanol dehydration reaction.

Therefore, the main objective of this work is to study the
ethanol partial oxidation reaction in a monolithic reactor taking as
the main parameter the residence time that may avoid parallel and
secondary reactions. The contact time selected is usually of the
order of 0.2 s, which corresponds to a space velocity about
1,2 � 104 h�1 at temperatures between 260 and 770 8C. A cobalt-
alumina washcoating on a honeycomb monolith was prepared for
the partial oxidation of ethanol.

2. Experimental

2.1. Catalyst preparation

The honeycomb cordierite monolithic presents a cell density of
400 cells in�2 (D = 12 mm, L = 8 mm) and the catalyst was
prepared by washcoating g-alumina and cobalt as active phase.
The g-alumina support was prepared using a transition alumina
solution using the urea method described elsewhere [23].

Several pieces of cordierite monoliths were dipcoated simulta-
neously in an acidic slurry of transition alumina with 1 wt.% EKA-
SOL (EKA Chemicals Brazil S./A.) as a binder and allowed to soak for
4 days under continuous stirring. After dipcoating, the excess
solution was drained with air blowing. The pieces were then
subsequently dried at 200 8C for 120 min and calcined in air for
300 min at 500 8C. The dipcoating cycles finished when the fixed
amount of washcoated reached 10 wt.% of g-Al2O3.

The active phase was added with an aqueous solution of cobalt
nitrate (Co (NO3)2�6H2O, VETEC), with a cobalt concentration of
291 g L�1. The catalyst was then dried at 200 8C for 120 min and
calcined in air for 120 min at 500 8C. The monoliths were
repeatedly dipped, dried and calcined until cobalt loading reached
6 wt.% of the washcoating.

 
 

 

2.2. Catalyst characterization

The coating adherence was qualitatively measured by ultra-
sonic vibration test according to the method described elsewhere
[24,25]. After each 30 min, the sample was dried and the weight
loss measured.

Ethanol temperature-programmed desorption measurements
were carried out using a flow system coupled to a quadrupole mass
spectrometer (Balzers Prisma-QMS200). The sample was reduced
at 500 8C in a mixture of 2% H2 in helium flow. Ethanol was
introduced using a saturator with helium carrier gas at room
temperature. TPD of ethanol was performed at 20 8C min�1 from
RT up to 500 8C under helium flow (30 mL min�1).

At the end of evaluation tests, Co3O4/g–Al2O3/cordierite
catalyst was studied by Raman spectroscopy at RT using a Horiba
Jobin Yvon Labra HR800 spectrometer equipped with a CCD
detector and He-Ne laser (633 nm) as a lighting source and laser
power was limited to 1.7 nW to minimize warming effects. This
technique was used to identify the presence of carbon deposits on
the catalyst, which shows characteristics bands in the range 1150–
1750 cm�1. Scanning electron microscopy analysis in emission
field (FEG-SEM) was performed in Quanta 200 microscope (FEI)
with maximum operating voltage of 20 kV. The images were
acquired using EDT detector. Details of operating conditions for
images acquisition, such as spot size and working distance (WD),
and sample region extension observed are available in the
micrographic bar presented here.

To evaluate catalyst thermal behavior and its resistance for
carbon formation it was performed simultaneous thermogravi-
metric analysis of catalyst after had been removed from the
reactor. To perform these tests we used a Rigaku Thermoplus TG
8120 thermal analyzer with 70 mL min�1 ultra pure gas flow of
nitrogen and 8 mL min�1 ultra pure gas flow of oxygen. Tempera-
ture range analyzed was from RT up to 1000 8C at a heating rate of
10 8C min�1. X-ray diffraction analysis was performed to verify
possible changes in the crystalline structure of the catalyst after
reaction. The analysis was done using a Rigaku X-ray diffractome-
ter equipped with UTLIMA+ goniometer, by ka copper radiation,
using powder methodology evaluating 5 � 2u � 1008 range, speed
of analysis of 0.02 with steps every 5 s.

2.3. Catalytic tests

The tests were performed to evaluate the Co3O4/g–Al2O3/
cordierite monolithic catalyst for the ethanol partial oxidation and
the influence of the experimental conditions, such as temperature,
O2:ethanol molar ratio, H2 addition in the reactant feed, space
velocity and H2O addition in the reactant feed. Furthermore,
cordierite monolithic catalyst stability was evaluated through long
time test.

The partial oxidation reaction of ethanol P. A. (Vetec) was
performed in an experimental unit consisting of a set of mass
flowmeters (MKS) and a reactor coupled to a resistive furnace. The
liquid was pumped to a vaporizer heated at 180 8C and then mixed
with the gas stream. The reactor consists of a U shape quartz
microreactor with 12 mm ID and 250 mm long. The catalyst was
supported by quartz wool.

After 60 min under reactions conditions the samples were
analyzed by gas chromatography (Varian CP3800) equipped with a
thermal conductivity detector (TCD) and a flame ionization
detector (FID) with a methanizer. The effluent gas was analyzed
on two packed columns (Poraplot Q and Carbosieve 5A) using N2 as
the carrier gas. Reaction gases are supplied from high-pressure gas
cylinders (AGA) with high purity.

Contact time of gas flow and catalytic bed was defined as the
inverse of gas hourly space velocity (GHSV). Gas hourly space



Fig. 1. SEM Images of Co3O4/g–Al2O3/cordierite: 100 k and 200 k.
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velocity was defined as the ratio of the volumetric flow of reactants
at reaction conditions (420 8C and 1 atm) to the total catalyst
volume as described elsewhere [11].

The products from partial oxidation reaction of ethanol
detected by gas chromatography were hydrogen, methane, carbon
dioxide, carbon monoxide, ethylene, ethane and acetaldehyde.
Conversion of ethanol was calculated from carbon products molar
balance, according to the definition described elsewhere [26]. The
equation obtained to calculate the conversion of ethanol (on dry
basis) is shown in Eq. (2), where gCi is the ratio of carbon content in
product i to carbon content in ethanol molecule and yCi is the molar
fraction of carbon content products in effluent flow. Total product
molar selectivity for ethanol partial oxidation reaction was defined
as the ratio of moles of one product to total moles of products,
based on experimental values.

XEthanolð%Þ ¼
P

gCiyCi

yEthanol þ
P

gCiyCi

� 100 (2)

3. Results and discussions

3.1. Catalyst preparation and characterization

g-Al2O3-coated cordierite monoliths prepared via an adapted
version of urea method presented good washcoating adherence
and dispersion of oxide phases, showing good reproducibility and
similar experimental fluctuations assigned to cordierite losses
during immersion step. The transition alumina precipitated on
cordierite surface was evaluated by X-ray diffraction (XRD) and the
result showed characteristic peaks of g-phase alumina, commonly
employed as catalytic support. Statistical analysis [27] for sample
weight showed that the preparation methodology used presents
high reproducibility with 98% ensuring. In addition, SEM images
were taken to ensure that the catalyst was deposited over
cordierite surface overall.

Co3O4/g–Al2O3-coated cordierite monolith catalysts were
6.7 wt.% of metal oxide based on the total mass of the monolith
support, after four cycles of immersion and heat treatment. SEM
observations are presented in Fig. 1, which shows details of the
particles deposited on the fissures of the support. The Co3O4/g–
Al2O3/cordierite mapping is presented in Fig. 2. From these results
it is possible to say that the surface is principally composed by
particles of alumina and cobalt. Energy dispersive X-ray spectros-
copy signals showed in Fig. 2(g) confirm the presence of cobalt in
the particles deposited at the surface of g-Al2O3-coated cordierite.
Besides that, the washcoating method in steps results in a good
dispersion of g-Al2O3 and Co3O4 over the cordierite surface.
The coating adherence was qualitatively measured by an
ultrasonic vibration test. This test evaluated the weight loss by
exposure to ultrasonic. The weight loss for g-Al2O3 was 1.3% and
for Co3O4 was 0.6% after exposure to ultrasonic vibration for
30 min, which are extremely good when compared to reported
values in the literature, about 4.0% [19]. These results confirm that
the urea method is efficient for washcoating g-Al2O3 phase and
cobalt-oxide over a cordierite monolith.

Fig. 3 shows the TPD profile after adsorption of ethanol on
Co3O4/g–Al2O3/cordierite. Ethanol desorbed at two temperatures
centered at 140 and 280 8C. At lower temperature, there is CO,
methane, acetaldehyde, ethylene and CO2 desorption. Simulta-
neous peaks of CO, methane and CO2 could be attributed to
acetaldehyde and ethanol desorbed decompositions. At this
temperature also starts H2O desorption, suggesting that this
catalyst favors dehydration reactions.

At 140 8C, a small desorption of acetic acid and acetone was
observed by reason of dissociative adsorption with steam reforming
(Eq. (3)) and ethanol decomposition (Eq. (4)). However, no ethane
neither ethyl ether was detected. The subscripts s, l and g in the Eqs.
(3) and (4) mean respectively steam, liquid and gas phase.

C2H5OHðsÞ þH2OðsÞ ! CH3COOHðlÞ þ2H2ðgÞ (3)

2C2H5OHðsÞ ! CH3COCH3ðlÞ þCOðgÞ þ3H2ðgÞ (4)

At 280 8C, the conditions for ethanol dehydrogenation reaction
become favorable as a result of acetaldehyde presence and the
beginning of H2 desorption. H2 appeared at 350 8C. At this
temperature, there is also a simultaneous CO desorption, which
suggests that the partial oxidation reaction of ethanol becomes
favorable.

Similar results were found in the literature [28] on 7% Co–Al2O3

catalyst. These results showed that at low temperatures, between
122 and 187 8C, and ethanol–water mixture, the desorbed products
were acetaldehyde, CO and methane. At 252 8C, peaks appeared
from CO and methane, which are attributed to the decomposition
of acetaldehyde and ethanol desorption.

At higher temperature, centered at 440 8C, CO2 desorption and
H2 in lower intensity was observed, which could be attributed to
ethanol steam reforming (Eq. (5)), since the intensity of H2O peak
showed a decrease that started at 350 8C. Furthermore, the CO2

formation at this temperature could be attributed to the
decomposition of acetyl group as suggested by Haga et al. [28].

C2H5OHðsÞ þ3H2OðsÞ ! 2CO2ðgÞ þ6H2ðgÞ (5)

The literature [15] reports that CO, methane and H2

desorption occurred at temperature around 400 8C on Co–



Fig. 3. TPD profiles of ethanol adsorbed on Co3O4/g–Al2O3/cordierite.

Fig. 2. Element mapping of alumina and cobalt and EDS measurements on Co3O4/g–Al2O3/cordierite.
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CeO2 catalyst surface. According to them, the formation of these
species could be attributed to the decomposition of adsorbed
ethoxy species, which occurred at higher temperatures on Co–
CeO2 catalyst. Furthermore, the formation of CO and CO2, at
400 8C were observed, which could be attributed to a facile
decomposition followed by an oxidation of acetate species
resulting in a formation of carbonate species that underwent to
decomposition.

In general, the Co3O4/g–Al2O3/cordierite catalyst presents
active sites for ethanol, ethylene and acetaldehyde decomposition
to produce CO, methane and CO2. These results confirm the
capacity of cobalt breaking C–C bonds.



Fig. 4. Conversion of ethanol on partial oxidation as a function of reaction

temperature at constant values of GHSV (1.8 � 104 h�1) and O2:ethanol (0.3).

Table 1
Response of CO2:CO molar ratio and products distribution during partial oxidation

of ethanol at low temperatures (GHSV = 1,8�104 h�1; O2:ethanol = 0.3).

T (8C) XEthanol (%) CO2:CO

(molar ratio)

Selectivity (mol.%)

Ethylene + ethyl

ether + CO + CO2

Acetaldehyde

320 28.1 4.4 26.7 82.6

370 35.2 3.3 23.6 74.7

420 52.5 0.4 44.1 50.3
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3.2. Catalytic evaluations

3.2.1. Effect of reaction temperature

The effect of reaction temperature was studied in the range from
260 to 770 8C, with a total inlet flow of 200 mL min�1 and O2:ethanol
molar ratio of 0.3. The results are displayed in Fig. 4. Co3O4/g–Al2O3/
cordierite was evaluated in two ways: first a ramp from 370 up
570 8C, and second, after decreasing temperature to 320 8C, rising
progressively to 770 8C. In Fig. 4, it is possible to observe a small
difference among ethanol conversions in ascending and descending
temperatures indicating that the catalyst undergoes to activation at
the reaction conditions. The catalyst does not deactivate under
reaction conditions and as reaction temperature increases. In
addition, the ethanol conversion increases also. Total consumption
of oxygen was observed above 420 8C.

The ethanol conversion started above 320 8C and total
conversion was reached at 770 8C. According to the literature
[29], a slightly lower conversion was obtained on the basis of H
contents of ethanol introduced and products formed. The
conversion of ethanol almost doubled between 320 and
420 8C as a result of the catalyst activation. The products
detected were hydrogen, methane, carbon dioxide, carbon
Table 2
Response of CO2:CO molar ratio and products distribution during partial oxidation of e

T (8C) XEthanol (%) CO2/CO (molar ratio) Selectivity (mo

H2

520 51.5 0.4 10.3

570 58.8 0.3 14.1

620 55.7 0.2 18.8

670 62.8 0.1 18.6

720 78.8 0.1 20.6

770 97.6 0.1 27.6
monoxide, ethylene, ethane and acetaldehyde, and these
selectivities on a water-free basis are presented in Table 1.
This table clearly shows that at lower temperatures, when the
conversion of ethanol is about 30%, the products selectivities are
high for dehydrogenation reaction products as acetaldehyde,
ethylene and diethyl ether.

At 420 8C there was a considerable increase in the ethanol
conversion, causing a modification in the products distribution and
the activation of the catalyst. The CO2:CO molar ratio decreased
significantly suggesting that the reverse water–gas shift reaction
(Eq. (6)) prevails, favoring the CO formation.

COðgÞ þH2OðsÞ $ CO2ðgÞ þH2ðgÞ (6)

Contrary to the literature, one observed large amounts of
acetaldehyde in this study. Sahoo et al. [20] showed some traces of
acetaldehyde formation on Co–Al2O3 catalyst, about 0.05 to 0.1%
(mole) at ethanol conversions of 10% and 40%. Moreover, these
authors observed that over 40% no acetaldehyde was formed. This
fact confirms that the dehydrogenation of ethanol to form
acetaldehyde may occur in the gas phase, under the experimental
conditions employed in the present study.

At high temperatures (520 8C to 770 8C) ethanol conversion
remained approximately constant until 670 8C. At 770 8C ethanol
conversion was complete, as shown in Fig. 4. In the temperature
range from 520 to 620 8C, in which the ethanol conversion was
almost constant, the products distribution changes (Table 2)
evidencing that at these conditions occurred mass transfer
limitations in gas phase.

The carbon-based products selectivities are mainly methane
and CO, possibly due to acetaldehyde decomposition reaction that
is favored on cobalt-based catalysts. The literature [20] reports that
for temperatures higher than 500 8C, CO and methane selectivity
gradually increase with temperature, as can be seen in Table 2. On
the other hand, there is a clearly decrease in the amount of CO2

formation, indicating that the reverse water–gas shift reaction
favored CO formation (Eq. (6)). Moreover, according to the
stoichiometry of the ethanol decomposition reaction, the H2:CH4

molar ratio must be equal to one. However, the methane selectivity
was lower than H2, suggesting that the steam reforming reaction of
methane occurred simultaneously (Eq. (7)), contributing to a
significant increase in the H2 selectivity.

CH4ðgÞ þH2OðsÞ ! 3H2ðgÞ þCOðgÞ (7)

Ethyl ether formation was only observed at low temperatures,
in which ethanol dehydration reaction is favored. At temperatures
higher than 520 8C, the ethyl ether formation was not observed.
Ethylene formation decreased as temperature increased, remain-
ing at a constant value that disagrees with the literature [20].
Sahoo et al. [20] did not observe ethylene formation at
temperatures higher than 400 8C.

3.2.2. Effect of O2:ethanol molar ratio

The stoichiometry of the partial oxidation reaction implies that
0.5 mole of oxygen per mole of ethanol is required to produce CO
thanol at high temperatures (GHSV = 1,8�104 h�1; O2:ethanol = 0.3).

l.%)

CH4 CO CO2 Ethylene Acetaldehyde

7.9 14.2 5.7 8.4 52.6

13.1 20.5 5.6 4.4 41.7

17.9 28.9 6.2 7.1 18.4

19.3 33.0 4.4 6.8 15.4

21.9 34.8 3.2 7.1 9.9

21.9 37.5 2.9 6.3 1.8



Table 3
Conversion of ethanol and products distribution on partial oxidation of ethanol at different O2:ethanol molar ratios and constant T (4208C).

O2:ethanol (molar ratio) XEthanol (%) CO2:CO (molar ratio) Selectivity (mol.%)

H2 CH4 CO CO2 Ethylene Acetaldehyde Ethyl ether

0.0 42.3 2.0 3.8 0.03 0.05 0.1 23.1 8.8 63.9

0.3 52.4 0.4 2.7 2.5 13.8 4.9 13.0 50.3 12.5

0.5 71.8 0.5 4.5 2.8 14.9 7.2 19.6 41.8 8.9

0.8 83.5 1.3 14.2 1.6 11.0 13.7 26.0 29.1 4.3
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and H2. The effect of this ratio was examined by varying the
relative concentrations of O2 and N2 in the feed while maintaining
the ethanol and total flows constant at 420 8C. Because O2 is the
stoichiometrically limiting reactant, ethanol conversion in-
creased as the O2:ethanol ratio increased from 0.3 to 0.8, as
shown in Table 3.

According to the literature [22], cobalt catalysts are active in the
dehydrogenation of ethanol to acetaldehyde and then in the steam
reforming of acetaldehyde. The results presented by Pereira et al.
[22] showed that the cobalt oxide, which is responsible for
catalytic activation in the dehydrogenation of ethanol, is reduced
to metallic cobalt under reaction conditions, which then carries out
steam reforming of ethanol and acetaldehyde. However, in oxygen
atmosphere the cobalt particles at the surface would oxidize
favoring acetaldehyde production, avoiding its reformation under
conditions of oxidative steam reforming.

In a deficient oxygen atmosphere, Co3O4/g–Al2O3/cordierite
catalyst promotes the dehydration of ethanol producing ethylene
and ethyl ether, as expected. The literature [21] provides evidence
that alumina support contains acidic sites that favor ethylene and
ethyl ether formation, therefore could result in coke deposition.

The addition of oxygen to ethanol reactant feed affects
significantly the pathway of reaction. The amount of ethylene
and ethyl ether decreased as acetaldehyde became the main
carbon content product. CO and CO2 selectivity increased with
oxygen addition, while CH4 selectivity did not reach significant
values. These results suggest that the oxygen addition favors
water–gas shift reaction (Eq. (6)) and methane steam reforming
(Eq. (7)), increasing CO2 and hydrogen selectivity.

The results presented in Table 3 suggest that the monolithic
catalyst structure facilitates the reactions of decomposition in the
gas phase to form radicals that could be easily decomposed at low
temperatures on the surface of the Co3O4/g–Al2O3/cordierite
catalyst.

3.2.3. Effect of hydrogen addition

To verify whether H2 produced during the partial oxidation
reaction was consumed for the formation of ethane and methane
or the catalyst was reduced during the reaction, H2 was added to
the feed mixture at different H2:ethanol molar ratio. The
O2:ethanol molar ratio was constant at 0.3 while the total flow
rate was remained constant at 0.093 g s cm�3. The results are
presented in Table 4.

The amount of H2 in the reactor output was determined and
remained constant during the reaction process and equal to the
feed gas composition. It shows that the hydrogen produced via
Table 4
Conversion of ethanol and products distribution on partial oxidation of ethanol at diff

H2:ethanol (molar ratio) XEthanol (%) CO2:CO (molar ratio) Selec

CH4

0.0 52.4 0.4 2.6

1.0 33.1 2.9 1.9

2.0 28.4 3.4 2.4
ethanol partial oxidation reaction was not consumed to reduce the
catalytic system. Furthermore, it also suggests that the cobalt
active phase is present in its metallic form throughout all
experiments.

As shown in Table 4, by increasing the H2:ethanol molar ratio in
the feed from 0 to 2 decreased ethanol conversion leading to a
systematic increasing in the CO2:CO molar ratio. Ethylene
hydrogenation was not observed since ethane selectivity remained
constant around 1.0%. The water–gas shift reverse reaction was not
favored because a progressive increasing in the H2 formation was
not observed.

The fact that with decreasing of ethanol conversion we
observed significant decreasing of ethylene and CO selectivity
and increasing of CO2 selectivity, it is possible to suggest that H2

addition in the feed promotes indirectly the carbon deposition on
the Co3O4/g–Al2O3/cordierite surface catalyst through Boudouard
reaction (Eq. (8)).

2COðgÞ@CO2ðgÞ þ CðsÞ (8)

Besides, ethylene decomposition could occur simultaneously.
Taking into account that Co3O4 is not a reductive oxide, the carbon
deposition could cause the deactivation of the catalyst.

3.2.4. Effect of water addition

The stoichiometry of the steam reforming reaction of ethanol
implies that 3 moles of water per mole of ethanol is required to
produce CO2 and H2, and less than 2 moles of water is required for
the oxidative reforming [11]. To evaluate the water presence in the
feed, ethanol (P. A.) was replaced by 95 vol.% hydrated ethanol. The
H2O:ethanol molar ratio remained constant at 0.2. The O2:ethanol
molar ratio increased from 0.3 to 0.8 while the total flow rate
remained at 0.093 g s cm�3. The results at 420 8C are presented in
Table 5.

In a deficient oxygen atmosphere, the hydrated ethanol
presented low conversion and the mainly products were H2 and
acetaldehyde. These results are expected since the Co3O4/g–Al2O3

is active for dehydrogenation of ethanol. The presence of H2O in the
feed increased H2 selectivity as the H atoms in the ethanol and
water molecules can be converted into hydrogen [14]. Moreover,
the high CO2:CO molar ratio suggests that the water–gas shift
reverse reaction was favored (Eq. (6)).

The addition of O2 to hydrated ethanol reactant feed promoted
the oxidative dehydrogenation reaction (Eq. (9)), increasing
ethanol conversion while the acetaldehyde selectivity remained
constant. The CO2:CO molar ratio was close to 1.0, suggesting that
erent O2:ethanol molar ratios and constant T (4208C).

tivity (mol.%)

CO CO2 Ethylene Acetaldehyde Ethyl ether

14.2 5.0 13.4 51.7 12.8

8.9 25.6 9.2 31.6 20.6

6.6 22.4 3.7 55.2 8.8



Table 5
Conversion of ethanol and products distribution on partial oxidation of hydrated ethanol at different O2:ethanol molar ratios and constant T (4208C).

O2:ethanol (molar ratio) XEthanol (%) CO2:CO (molar ratio) Selectivity (mol. %)

H2 CH4 CO CO2 Ethylene Acetaldehyde Ethyl ether

0.0 2.6 2.8 23.2 0.6 1.1 3.1 8.5 50.5 12.5

0.3 45.2 1.0 5.6 4.2 12.7 12.1 8.3 50.6 6.1

0.5 61.8 0.8 9.8 5.1 15.6 11.7 8.5 47.3 1.4

0.8 78.5 0.5 19.9 8.7 18.9 9.8 4.2 38.1 0.0
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the water–gas shift reaction equilibrium was achieved (Eq. (6))
limiting the amount of H2 production.

CH3CH2OHðsÞ ! CH3CHOðlÞ þH2ðgÞ (9)

At O2:ethanol molar ratio of 0.8, a significant modification in the
products distribution was observed. The presence of larger amount
of O2 increased the selectivity of H2 and CO, but decreased the
selectivity of acetaldehyde. In this case, the amount of radicals was
increasing, which are reformed by steam at the cobalt surface.

The literature [21] reports that low ratios of water and ethanol
may increase the hydrogen selectivity on cobalt catalyst, since
water–gas shift reaction (Eq. (6)) and steam reforming of methane
equilibrium are favored with increasing water concentration in the
feed.

3.2.5. Catalyst stability

Before the stability test, the Co3O4/g–Al2O3/cordierite catalyst
was run on stream during 30 days at different reaction
temperatures varying from 260 to 620 8C and oxygen–to–ethanol
ratio varying from 0.3 to 0.8. Then, it was submitted to a stability
test for 30 h at a constant temperature reaction of 420 8C, a
volumetric flow rate at 0.093 g s cm�3 and O2:ethanol molar ratio
of 0.3.

Fig. 5 shows the ethanol conversion with time-on-stream. No
signs of catalyst deactivation were observed. A small activation
occurred in the first 600 min, however, it was very stable for 30 h
on stream. It is significant to note the fact that the distribution of
products (not shown here) was not altered with time-on-stream
and also constant.

The ethanol conversion may occur in two parallel reaction
routes. First, ethanol is dehydrogenated to produce acetaldehyde,
which is decomposed following the steam reforming of methane.
Secondly, dehydration of ethanol to produce ethylene, which is
decomposed by breaking the C–C bond, that is responsible for coke
deposition. In this context, the cobalt-based catalysts, such as Co/
Fig. 5. Conversion of ethanol on partial oxidation of ethanol as function of time on

stream (hour).
Al2O3, Co/SiO2, Co/MgO and Co/SrTiO3, are active and selective for
steam reforming of ethanol. However, these catalysts have the
disadvantage of deactivating with coke deposition through the
ability of cobalt to break the C–C bonds [30].

Catalysts deactivation may be attributed to the surface coating
with carbon. This carbon layer hinders the contact between the gas
phase and the active sites [31]. Although there was no apparent
catalyst deactivation, a large amount of carbon formation was
observed at the end of the experiments. The specific weights of
coke or carbon deposition on catalyst surface can be obtained from
TG results, which represented a weight increase of 89% on the
catalyst weight. Fig. 6 shows the DTA and TG results of used Co3O4/
g–Al2O3/cordierite. The exothermic peaks in DTA curve should be
attributed to the combustion of coke deposited and the peaks at
different temperatures related with different properties of coke.
Amorphous structures composed of large particles or aggregate
materials are characterized as stable and could decompose at high
temperatures [32].

Between 400 and 600 8C, it is possible to see a weight loss of
79%, corresponding to exothermic peaks around 500 8C and with
lower intensity at 650 8C. These results suggest that a large amount
of carbon deposited at the surface is reactive, characteristic of a
carbon structure less stable, such as filamentous structure.

The exothermic peak at 650 8C could be attributed to the
presence of carbon graphite. Since there was no sign of catalyst
deactivation, it is possible to say that the small amount of carbon
graphite, approximately 10%, was not able to decrease catalyst
performance. Furthermore, these results suggest that most of the
cobalt particles are encapsulated by structures of filamentous
carbon. In this case, the carbon deposited is transformed to fiber-
like carbons, which stretch away from catalyst particles, and thus
the deactivation was not sensitive [30].

After the long-term stability experiments this catalyst was
submitted for textural analysis. The catalyst deteriorates and
crumbles, turning to a black powder at the end of all experiments.
This material was analyzed by Raman spectroscopy. Fig. 7 shows
Fig. 6. DTA-TG results of used Co3O4/g–Al2O3/cordierite catalyst.



Fig. 7. Raman spectrum of used Co3O4/g–Al2O3/cordierite catalyst.

Fig. 8. Diffraction pattern of used Co3O4/g–Al2O3/cordierite catalyst. Open circles:

experimental; solid line: calculated; bottom line: difference between observed and

calculated diagrams.
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the Raman spectra of Co3O4/g–Al2O3/cordierite after the experi-
ments, which exhibited two bands in the 1300–1600 cm�1 region,
corresponding to carbon deposits. The two bands that can be
assigned to the D and G lines are centered at 1300 and 1600 cm�1,
respectively.

According to the literature [22,33], D band (1300 cm�1) is
assigned to the defects and impurities present in carbon nanofibers
while G (1600 cm�1) band is assigned to the stretching mode of the
C–C bound in the graphite plane. The relative intensity of D and G
bands (ID/IG) indicates the degree of graphitization of the carbon
deposited on the catalyst surface. The relative intensity between
the G and D bands was found to be 1.2 for Co3O4/g–Al2O3/
cordierite, suggesting that the carbon formed on this surface has a
defective structure.

X-ray diffraction was done to verify possible changes in
crystalline structure of Co3O4/g–Al2O3/cordierite after the partial
oxidation of ethanol. In Fig. 8 is presented the diffratogram for a
used sample and the pattern obtained by refinement calculation.
The calculated pattern was obtained using the whole pattern
refinement program FULLPROF 4.4 [34], using the Rietveld method
[35] assuming the presence of cordierite, Co3O4 and carbon, based
on literature reports for the three phases respectively [36–38].

The diffraction pattern in Fig. 8 is dominated by the diffraction
peaks assigned to cordierite crystalline phase. The diffraction
peaks at approximately 19, 31, 38 and 44 in the 2u scale are
assigned to cobalt oxide, which accounts for 6.0 wt.% of the total
catalyst weight. No loss of active phase was observed after a long
period of exposure to the experimental conditions.
Fig. 9. SEM Images of Co3O4/g–Al2O3/cordierite after partial oxida
The comparison of experimental and the calculated diffraction
patterns showed a great difference in the diffraction peak of
carbon, as a result of the approximation done, taking into account
the parameters from graphite that only enables to quantify the
carbon deposited, but it is impossible to identify the nature of
carbon. In this sample, a high amount of carbon was observed,
which accounts for 33 wt.%.

It is expected that cobalt-based catalyst after exposure to high
temperatures should react with Al2O3 and SiO2 present in the
cordierite structure. The MgO active sites are also susceptible to
cobalt attack. However, according to Fig. 8, there is no evidence
that cobalt had reacted with the support causing its degradation.
Based on the X-ray diffraction results, it is possible to say that the
Co3O4/g–Al2O3/cordierite was crumbled owing to mechanical
stress caused by carbon filaments growth.

Similar results were found in the literature [31] and these
results showed, comparing the diffraction pattern of new and the
used catalyst, that after the experiments, the main change that
may occur on account of disproportionation of CO reaction with a
CO–CO2–H2 or CO–CO2 mixture was the appearance of new peaks
assigned to carbon. It is relevant to mention here that the cobalt
phase did not change, although the experiments were performed
until complete deactivation of the catalyst.

The experiments with hydrated ethanol on Co3O4/g–Al2O3/
cordierite catalyst were performed at 420 8C, O2:ethanol ratio of
0.3 to 0.8 and 0.093 g s cm�3 total volumetric flows. After reaction,
tion of hydrated ethanol reaction: details of catalyst surface.



Fig. 10. SEM Images of Co3O4/g–Al2O3/cordierite after partial oxidation of hydrated ethanol reaction: formation of carbon filaments inside the crack.
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the catalyst showed signs of degradation and a fragile and brittle
structure. Images of scanning electron microscopy in field
emission (FEG-SEM) of the catalyst surface confirmed the presence
of structured carbon, suggesting that carbon filament growth is
responsible for the monolithic structure degradation.

The literature [30] reports that at temperatures higher than
500 8C coke could be transformed to carbon filament during steam
reforming reaction of ethanol on Co–CeO2 catalyst. This filament
stretches away from the catalyst particle, thus the encapsulation of
catalyst particle is much lighter and no layered coke is observed.
So, at temperatures between 500 and 550 8C, the catalyst
deactivation becomes insignificant, even forming a large amount
of non-carbon graphite.

FEG-SEM images of Co3O4/g–Al2O3/cordierite catalyst in Fig. 9
show the surface of catalyst with few cracks after reaction
experiment. It is seen from the magnified picture of 40 k that a
layer of fiber-like carbons was formed overall catalyst surface.
Measurements of EDS (not shown here) confirm this observation.

Fig. 10 shows details of the fiber-like carbons layer inside the
crack of catalyst surface. It is seen from the magnified picture of
60 k that carbon particles clumped together into nanofiber ropes,
which seem to be thicker and long. Detail of a nanofiber rope
formed is seen in Fig. 10, which presents typical morphologic
characteristic of carbon nanofibers, such as very sinuous and
defective structures with tube diameters about 200 nm.

4. Conclusions

The partial oxidation of ethanol was studied using a Co3O4/g–
Al2O3/cordierite structured catalyst. This structure of parallel
channels favors the reactions that occur in gas phase, presenting in
some conditions of temperature and flow rate effects of mass
transfer in gaseous film. On this catalyst, acetaldehyde was the
main product constituted of carbon in the reaction of ethanol
partial oxidation. However, at high temperatures and O2–to–
ethanol ratios this catalyst favored the decomposition reaction in
gas phase, obtaining low values for methane selectivity. These
results confirm the cobalt ability to promote steam reforming
reaction to improve H2 selectivity. Applying hydrated ethanol in
the partial oxidation reaction on Co3O4/g–Al2O3/cordierite catalyst
increased H2 selectivity too. The presence of water in the ethanol
feed allowed the occurrence of the steam reforming reaction on the
catalyst surface. The low CO2:CO ratio observed in most experi-
ments indicates that the inverse gas-shift reaction favored CO
formation in gas phase decreasing H2 selectivity, as well as limited
its formation.
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