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Co/MgAl,0, catalysts modified with La, Pr or Ce were prepared, characterized by different
techniques and tested in ethanol steam reforming reaction to produce hydrogen. The
catalytic behavior at 650 °C depended on the nature of rare earth. The amount of carbon on
promoted catalysts was significantly lower than that on unpromoted one. The Pr and La
containing catalysts produced a high acetaldehyde selectivity which decreased the
hydrogen production. The superior performance of the catalyst promoted with 7.8% Ce
could be partially explained by a higher dispersion and a high reduction of Co species.

Copyright © 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Nowadays the hydrogen is considered as the most attractive
energy carrier since its combustion produces only water as
product. However, its production in an efficient and economic
way needs further research and development [1]. In the last
years, hydrogen production from methane, methanol and
ethanol reforming reactions has reached a great importance
due to its application in fuel cells. It is particularly observed a
great interest in catalysts development for hydrogen produc-
tion from ethanol, a renewable resource with CO, formation
reusable for the biomass. Several catalytic systems based on
Ni and noble metals [2—6] have shown to be effective with
different hydrogen selectivities. Co based catalysts have
received less attention in the ethanol steam reforming in spite
of their high capacity for C—C bond breaking similar to the Ni
and noble metals. Different supports have been used for co-
balt including Al,03, ZnO, MgO, CeO,, Zr0O,, etc. [7—15], these

* Corresponding author. Tel.: +-54 266 4426711.

catalysts have shown differences in activity, product distri-
butions and resistance to coking and sintering. Recently, the
activity of the Co catalysts was increased by adding of small
amounts of noble metals [8,16]. The effects of the noble metals
included a marked lowering of the reduction temperatures of
the cobalt species interacting with the support and changes in
the redox and electronic properties of Co sites. The promoted
catalysts with Pt, Ru or Ir showed high selectivity to hydrogen
without ethene formation. In previous works, Ni catalysts
supported on MgAl,O, promoted with rare earths have shown
a good catalytic performance in ethanol steam reforming
[17,18] but also deactivation and pressure build-up under
more practical reforming conditions.

In the current work, Co/MgAl,0, catalysts doped with La,
Ce or Pr were prepared, characterized and tested in the
ethanol steam reforming reaction for hydrogen production.
Different characterization techniques were used to study the
effect of rare earth nature on catalytic activity and on resis-
tance to coking.
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2, Experimental
2.1. Catalyst preparation

MgAl, O, support (MA) was prepared by the citrate method
[18]. Citric acid was added to an aqueous solution that con-
tained the stoichiometric quantities of Al(NOs);-9H,O and
Mg(NOs),-6H,0. An equivalent of acid per total equivalent of
metals was used. The solution was stirred for 10 min and held
at boiling temperature for 30 min. Then, the solution was
concentrated by evaporation under vacuum in a rotavapor at
75 °C until a viscous liquid was obtained. Finally, dehydration
was completed by drying the sample in a vacuum oven at
100 °C for 16 h. The sample was calcined in static air from
room temperature to 500 °C at a heating rate of 5° min~* and
then at 700 °C for 2 h.

The addition of Co (8 wt.%) and rare earth (5 wt.%) into the
support was sequentially carried out by wet impregnation
using an aqueous solution of Co(CH3COO),-4H,0, La(N-
03)3'6H20, Ce(CH3COO)3xH20 or Pr(CH3COO)3xH20 The sol-
vent was removed in a rotating evaporator at 75 °C under
vacuum. The samples were dried between the impregnation
steps at 100 °C overnight. Finally, they were calcined in air at
600 °C for 3 h. The catalysts were denoted as Co/MAR being R:
L, C or P indicative of lanthanum, cerium or praseodymium,
respectively.

2.2. Catalyst characterization

All samples were characterized using different physico-
chemical methods.

2.2.1.  Chemical composition

Lanthanum, cerium, praseodymium and cobalt chemical
composition was performed by inductively coupled plasma-
atomic emission spectroscopy (ICP) using a sequential ICP
spectrometer Baird ICP 2070 (BEDFORD, USA) with a Czerny
Turner monochromator (1 m optical path). Alkali fusion with
KHSO, and a subsequent dissolution with HCl solution
brought the samples into solution.

2.2.2. BET surface area

BET surface areas were measured using a Micromeritics
Gemini V analyzer by adsorption of nitrogen at —196 °C on
100 mg of a sample previously degassed at 250 °C for 16 h
under flowing N,.

2.2.3.  X-ray diffraction (XRD)

Diffraction patterns were obtained with a RIGAKU diffrac-
tometer operated at 30 kV and 20 mA using Ni-filtered CuKa
radiation (A = 0.15418 nm) at a rate of 3° min~' from
20 = 20°—80°. The powdered samples were analyzed without a
previous treatment after deposition on a quartz sample
holder. The identification of crystalline phases was made by
matching with the JCPDS files.

2.2.4. Thermal gravimetry (TG-TPO)
The analyses were recorded using DTG-60 Shimadzu equip-
ment. The samples, ca. 15 mg, were placed in a Pt cell and

heated from room temperature to 1000 °C at a heating rate of
10 °C min~! with an air flow of 50 mL min~'. Carbon deposited
during reaction on used catalysts was evaluated as

%C = %k 100

Weatalyst
where Weoke is the coke mass deposited on the catalyst
calculated from the weight loss measured by TGA and Wcatalyst
is the catalyst weight free of carbon remaining after the TG
analysis.

2.2.5. Temperature programmed reduction (TPR)

Studies were performed in a conventional TPR equipment.
This apparatus consists of a gas handling system with mass
flow controllers, a tubular reactor, a linear temperature pro-
grammer, a PC for data retrieval, a furnace and various cold
traps. Before each run the samples were oxidized in a
50 mL min~? flow of 20 vol.% O, in He at 300 °C for 30 min. After
that helium was admitted to remove oxygen and finally, the
system was cooled to 25 °C. The samples were subsequently
contacted with a 50 mL min? flow of 5 vol.% H, in N, heated
at a rate of 10 °C min~* from 25 °C to a final temperature of
700 °C and held at 700 °C for 2 h. Hydrogen consumption was
monitored by a thermal conductivity detector after removing
the formed water. The peak areas were calibrated with H,
(5 vol.%)/N, mixture injections.

2.2.6. Scanning electron microscopy and energy dispersive X-
ray spectroscopy (SEM—EDX)

Scanning electron micrographs were obtained in a LEO 1450
VP. This instrument equipped with an energy dispersive X-ray
microanalyzer (EDAX Genesis 2000) and a Si(Li) detector
allowed the analytical electron microscopy measurements.
The samples were sputter coated with gold.

2.2.7. Nitrous oxide chemisorption

Dispersion of cobalt was determined by the N,O chemisorp-
tion technique. Before each run the samples were oxidized in
a 50 mL min ! flow of 20 vol.% O, in He at 300 °C for 30 min to
eliminate possible surface contamination before the pre-
reduction. After that helium was admitted to remove oxygen
and finally, the system was cooled to 25 °C. The samples were
subsequently contacted with a 30 mL min~* flow of 5 vol.% H,
in N,, heated at a rate of 10 °C min~?, from 25 °C to a final
temperature of 700 °C and held at 700 °C for 2 h. Then, the
sample was flushed with He (30 mL min~?) at 700 °C for 30 min
and cooled down to 40 °C. N,O chemisorption was carried out
on the reduced catalyst by a N,O flow at 40 °C for 30 min [15].
The hydrogen consumptions, X for the first reduction and Y
after surface oxidation by nitrous oxide chemisorption, were
used to calculate cobalt metallic dispersion (D%), assuming
the occurrence of the following reactions

Co304 + 4H, — 3 Co + 4H,0

Co + N,O — CoO + N,

CoO + H, — Co + H,0
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Table 1 — Characteristics of fresh Co catalysts.

Sample Chemical composition, wt.% Sger m?g™! D%
Co R?

Co/MA 9.00 = 123 33.2

Co/MAL 6.35 4.35 102 32.2

Co/MAP 8.24 6.45 74 429

Co/MAC 6.50 7.81 73.6 45.2

# R: Rare earth (La, Ce or Pr). Nominal loading: 8.0 wt.% Co and
5.0 wt.% R.

Y Co dispersion over Co catalysts determined using N,O
chemisorption.

D% = (4Y/3X) 100

2.3. Catalytic test

The ethanol steam reforming reaction was carried out in a
quartz tubular reactor with an internal diameter of 4 mm
operated at atmospheric pressure and 650 °C. The reactor was
placed in a vertical furnace with temperature control. The
reaction temperature was measured with a coaxial K ther-
mocouple placed inside the sample. The feed to the reactor
was a gas mixture of ethanol, water and helium (99.999%
research grade). The liquid mixture of ethanol—-water was fed
at0.15 mL min~? to an evaporator (operated at 130 °C) through
an isocratic pump. The gas stream flow rates were controlled
by mass flowmeters. The experimental set-up has a low
pressure proportional relief valve for early detection of cata-
lytic bed plugging. The molar ratio in the feed was H,0:
C,HsOH = 4.8 being the ethanol flow 1.02 x 10~ mol min~™.
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Fig. 1 — X-ray diffraction patterns of fresh samples. (a) Co/
MA, (b) Co/MAL, (c) Co/MAP and (d) Co/MAGC. o: MgAl,0,, ¢
C0304, V: PrO,/Prg0,,y O0: CeO,.
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Fig. 2 — Temperature programmed reduction profiles for (a)
Co/MA, (b) Co/MAL, (c) Co/MAGC and (d) Co/MAP.

The molar ratio was near the optimum one suggested from a
study of energy integration and maximum efficiency in an
ethanol processor for hydrogen production and a fuel cell
[19,20]. The catalyst weight was 50 mg (0.3—0.4 mm particle
size range) without dilution in an inert material. Before
reforming experiments, the catalyst was in situ reduced in
H,(5%)/N, flow at 650 °C for 1 h. After a purge in He flow, the
mixture with C,HsOH + H,O was allowed to enter into the
reactor to carry out the catalytic test. The reactants and re-
action products were analyzed on-line by gas chromatog-
raphy. H,, CH,, CO, and H,O were separated by a 1.8 m
Carbosphere (80—100 mesh) column and analyzed by TC de-
tector. Nitrogen was used as an internal standard. Besides, CO
was analyzed by a flame ionization detector after passing
through a methanizer. Higher hydrocarbons and oxygenated
products (C,H4O, CoHs+CoHs, CsHeO, C,HsOH, etc.) were
separated in Rt-U PLOT capillary column and analyzed with
FID using N, as carrier gas.

Ethanol conversion (Xgwon), selectivity to carbon products
(S;) and hydrogen yield (Yy,) were estimated as

Fin _ Fout
KXoy = EtOHin EtOH . 100
FEtOH
. Fout
S = M x 100

)

out
_ FHz

Y

2 7 rin
FEIOH

Table 2 — TPR results for Co catalysts.

Catalyst Tpeak, °C mol H,/mol Co
Co/MA 434-520 683 0.43
Co/MAL 448 674 0.54
Co/MAP 403 672 0.62
Co/MAC 428 687 0.61
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Fig. 3 — X-ray diffraction patterns after TPR experiments.
(a) Co/MA, (b) Co/MAL, (c) Co/MAP and (d) Co/MAC. :
MgAlL,0,, *: Co®, v: PrO,/Prs0,1y @: CeO,.

Fin and FP* are the molar flow rates of product “i” at the inlet
and outlet of the reactor, respectively, and »; is the number of
carbon atoms in “i”.

3. Results and discussion
3.1. Characterization of fresh catalysts

The chemical composition obtained by ICP and specific sur-
face areas of catalysts after calcination are shown in Table 1.
The Co composition is close to the nominal one. The Sggr are
relatively high in spite of the thermal treatment at 600 °C for
3 h. The dopant addition decreases the Sgrr being the lowest
values for the catalysts modified with Ce or Pr, probably due to
the plugging of the pores of aluminate with cerium and pra-
seodymium oxides species. This is in a good agreement with
the results reported in literature for the addition of CeO, to
Al,05 and PrO, to Al,05 [21,22] although in our case the addi-
tion of lanthanide was carried out over the Co/MA sample.

The diffraction patterns of fresh samples, Fig. 1, present a
small derivation in the baseline due to the typical fluorescence
of Co containing materials. The peaks at 20 = 31.3°, 36.8°, 44.8°,
55.6°, 59.4° and 65.2° correspond to MgAl,O4 (JCPDS-21-1152)
and Co304 (JCPDS-42-1467) since the reflexion lines are coin-
cident. The surface presence of CoAl,0, (JCPDS-10-0458)
cannot be ruled out but its formation should be negligible due
to the previous thermal stabilization of the support. In liter-
ature it is reported that the calcination in air leads to Co304
formation whereas the calcination in inert produces CoO [23].
Besides, the samples are dark green which is characteristic of
Co®' ions in octahedral coordination [24]. Therefore, the co-
balt should be mainly present in Cos04 form in fresh catalysts.
In Co/MAP and Co/MAC samples, the reflexion lines of PrO,/
Prs0;; and CeO, and an increase in crystallinity are observed.
In Co/MAL sample La-compounds are not detected and its
diffraction pattern resembles to that Co/MA.

Profiles of temperature programmed reduction with H, (TPR)
are shown in Fig. 2. For the Co/MA sample the profile shows an
intense peak at high temperature and two small ones at lower
temperatures. They can be assigned to different Co**/Co**
species. Similar results are observed for Co/MAL catalyst, in
agreement with XRD patterns. The presence of La in Co/MA
catalyst has little effect on the reduction temperature of Co
species in contrast to the addition of Pr or Ce. The reduction
profiles for Co/MAC and Co/MAP show two intense peaks at
428° and 687 °C and 403° and 672 °C, respectively. The peak at
low temperature could be attributed to the reduction of Co**/
Co?" (Cos0,) and the peak at the highest temperature, between
600 and 700 °C, could be associated to the reduction of Co
species strongly interacted with the MgAl,O,. A summary of
TPRresults is shown in Table 2. The reduction extent measured
as mol Hy/mol Co clearly indicates that the cobalt species are
not completely reduced at 650 °C. These results suggest that
different Co species (Co® and Co®") could be present on the
catalytic surface at the beginning of reaction. The surface
reduction of cerium and praseodymium oxides also contribute
to the observed hydrogen consumption. The peak at the high
temperature (>600 °C) is similar in the four samples whereas
the first peak shifts to a lower temperature, suggesting that the
lanthanide presence favors the Co reducibility and decreases
the interaction of these species with the aluminate matrix,
specially with the addition of Ce and Pr. Similar results have
been reported by Lucredio et al. [25] for Co catalysts derived
from hydrotalcite (Co/Mg/Al) modified with La and Ce.

The XRD patterns of reduced samples, Fig. 3, reveal low
intensity peaks (the amount of sample used to collect the
diffraction pattern was small) which could be assigned to
MgAl,0,. Cerium and praseodymium oxides are also detected

Table 3 — Catalytic results in ethanol steam reforming reaction over Co catalysts.

Catalyst XEtOH% Scoz % Sco% CO/C02 SCH3CHO% SCH4 % mol Hz/mol EtOH
Co/MA 87(0.71) 30 32 1.07 25 5 3.4
Co/MAL 76(0.74) 22 21 0.95 46 6 24
Co/MAP 85(1.15) 28 34 121 21 4 2.8
Co/MAC 100(1.36) 47 39 0.83 3 6 5.2

The values of conversion and selectivity correspond at 420 min on stream. The values between brackets correspond to specific conversions (X

%/ SEET).
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in Co/MAP and Co/MAC samples. Peaks corresponding to Co°
(26 = 44.3°, 51.4°, 75.8°, JCPDS-15—-0806) are almost undetected
suggesting that Co particles are highly dispersed on aluminate
matrix. Peaks related to lanthanum oxides are not observed.
Co dispersions over the reduced samples were determined
by N,O chemisorption experiments. The dispersion data, D%,
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Fig. 4 — Conversion and product distribution in the ethanol
steam reforming reaction over (a) Co/MA, (b) Co/MAL, (c)
Co/MAC and (d) Co/MAP at 650 °C and atmospheric
pressure. » ethanol conversion; o: mol H,/mol C,HsOH; m:
C2H40; »: CHy; @: COy; v: CO.

Table 4 — Carbon amount determined by TG-TPO.

Catalyst %C B apiepmied 05 Tourning °C
Co/MA 30.2 1.286 521
Co/MAL 22.6 1.097 544
Co/MAP 22,5 1.095 495
Co/MAC 22.9 0.994 496

shown in Table 1, follows the order of Co/MAC > Co/MAP > Co/
MA = Co/MAL. The Ce containing catalyst with the highest
dispersion leads to the highest H, production and the La
containing catalyst with the lowest dispersion leads to the
lowest H, production (see further). The importance of Co
dispersion for the hydrogen production was also reported in
Co/CeO, catalysts prepared from different cobalt precursors
[15]. However, the H, yields for the other two catalysts did not
show a clear trend with dispersion.

3.2. Catalytic behavior in the ethanol steam reforming

The catalytic activity of four samples is studied in the ethanol
steam reforming reaction at 650 °C with a previous reduction
in hydrogen. All the samples are active with high ethanol
conversion at the beginning of the reaction despite the small
amount of catalyst (50 mg). The catalyst with La (Co/MAL)
shows a loss in activity after 420 min in time on stream (21%).
Table 3 summarizes the conversion and the product distri-
bution at the end of the experiment (420 min). The specific
conversion (X/Sger) follows the order of Co/MAC > Co/
MAP > Co/MAL = Co/MA.

The addition of lanthanide improves the initial ethanol
conversion but the product distributions illustrated in Fig. 4
show differences in the reaction pathway proposed for the
ethanol steam reforming. In all the cases the main reaction
products are H,, CO,, CO, CH, and CH3CHO at 650 °C. In Table 3
the selectivity to CH3CHO, the molar ratio CO/CO, and H, yield
expressed as molH,/molC,HsOH are compared. The hydrogen
yield follows the order of Co/MAC >> Co/MA > Co/MAP > Co/
MAL. The Ce-containing catalyst with the highest Co disper-
sion leads to the highest production of hydrogen and the
lowest acetaldehyde selectivity (3%). Similar results were
found on CeNi catalysts [26]. The selectivity to CH;CHO on La-
containing catalyst is the highest among the tested catalysts
(46%) indicating a loss in the reforming capacity. This loss in
the breaking capacity of C—C bond with the addition of La
could be a consequence of a higher fraction of Co®" during
reaction. Co30, has been reported to be the active phase for
ethanol dehydrogenation and Co° for acetaldehyde reforming
[27,28]. In fact when these Co/MAR catalysts were tested
without a previous reduction the main reaction product was
acetaldehyde. The formation of CH;CHO is also high on Co/MA
(25%) and Co/MAP (21%). As regards the aldehyde selectivity
the same behavior was found over Ni supported on MgAl,0,
modified with Ce or Pr when they were tested in the same
reforming conditions. At the steady state, the selectivities to
acetaldehyde were lower in the Ce doped catalyst
(Scu,cro = 2.9%) than in the Pr doped sample (Scu,cao = 9.5%)
[18]. The CH,4 formation is similar in all the samples with se-
lectivities between 4 and 6% and it is almost not affected by



INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 39 (2014) 8712-8719

8717

the lanthanide nature. Ethylene is not observed in any case
probably because the support used is basic [8,29].

The product distribution for the catalyst modified with Ce
(Co/MAC) is the most stable with reaction time. No signal of
deactivation is observed during 420 min on stream though the
carbon balance during this period suggests coking deposition.
This was verified by post-characterization of the catalyst.
Although the catalytic behavior and H, yield over this system
is quite promising, stability tests at long time on stream

EHT=1500kV  WD= 15mm  ZoneMag= 10.00KX Signal A= SE1

should be carried out, particularly if it is taken into account
that it produces carbonaceous species in the form of filaments
(as shown further).

3.3.  Characterization of used catalysts
TG results under oxygen flow shown in Table 4 reveal a sig-

nificant decrease in the %C (around 25%) on the modified
catalysts and also a significant decrease in the burning

EHT=1500kV WD= 1Smm  ZoneMag= 1000KX Signal A= SE1

EHT=1500kV WD= 15mm  ZoneMag= 10.00KX Signal A= SE1

EHT=1500kV WD= 15mm  ZoneMag= 10.00KX Signal A= SE1

EHT=1500kV WD= 15mm  ZoneMag= 10.00KX Signal A= SE1

ZoneMag= 10.00 KX Signal A= SE1

EHT=1500kv ~ WD= 15mm Zone Mag = 10.00KX  Signal A = SE1

EHT=1500kV ~ WD= 15mm  ZoneMag= 10.00KX Signal A=SE1

Fig. 5 — SEM images of used (a) Co/MA, (b) Co/MAL, (c) Co/MAP and (d) Co/MAC catalysts.
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temperature on those with Ce or Pr. The burning temperature
is high, suggesting a high extent of carbon deposit graphiti-
zation [6]. Bearing in mind that the %C is similar for catalysts
modified with lanthanide, the lower burning temperature
could be indicating differences in the fiber structure (parallel
or fishbone type). Ros et al. have reported that the maximum
oxidation rate for parallel fiber occurs at lower temperature
[30]. The parallel fibers are characterized for a center hole and
the metallic particle on the tip. The average carbon deposition
rate expressed as mol of C deposited per mol of C in the feed
follows the order of Co/MAC < Co/MAP = Co/MAL < Co/MA.
These carbon deposition rates are similar to others on Ni/Mg/
Al catalysts with Ce or La [27].

The SEM micrographs of the used catalysts are shown in
Fig. 5. Two different regions are observed: (i) a zone that is
almost free of carbonaceous deposits and also of lanthanide
with a low Co concentration; (ii) a zone with an abundant
filament formation where Co and lanthanide signals are
detected by EDX. This behavior is suggesting that the metallic
Co is exposed at the tip of a fiber (justifying the negligible
deactivation observed during 420 min on stream) and that the
lanthanide is interacting with a fraction of Co particles more
than with MgAl,O,, likely due to the sequence of impregna-
tion. From TPR the extent of Co interaction with the support
decreases with lanthanide addition. The lanthanide oxides
would interact in a different way with the Co particles,
particularly CeO, and PrOy.

The influence of redox properties of Ce and Pr have been
studied in ethanol steam reforming over Ni/MgAl,O, catalysts.
By XPS these Ce-promoted solids presented the Ce>'/Ce*"
couple on the surface even after treatment in a reductive at-
mosphere. On the contrary, Pr-doped catalysts showed a very
high concentration of Pr** [31]. Similar behavior would be found
over Co catalysts. The question to how the La-containing cata-
lystleads to a lower catalytic performance in ethanol reforming
remains unclear and will require further characterization.

4, Conclusions

Co/MgAl, 0, catalysts modified by the addition of Ce, Pr or La
were active in the ethanol steam reforming reaction, with
initial ethanol conversions higher than 80% at 650 °C and
50 mg of catalyst. No significant deactivation was observed
during 420 min on stream although carbonaceous deposits
were determined by TG-TPO experiments and by SEM exam-
ination. The amount of carbon on promoted catalysts was
significantly lower than that on unpromoted one. The Pr and
La containing catalysts produced a high acetaldehyde selec-
tivity which decreased the hydrogen production. The superior
performance of the catalyst promoted with 7.8% Ce could be
partially explained by a higher dispersion and a high reduc-
tion of Co species.
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