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Ni/CeO,—MgO catalysts on powder form and supported on stainless steel plates were
prepared, characterized and tested towards hydrogen generation via the steam reforming
reaction of ethanol. The structured catalyst was prepared by the dip-coating technique.
The coatings obtained over the stainless steel plates were homogeneous and retained their
integrity after the reaction experiences. The samples were characterized by SEM, TEM,
XRD, ICP-AES, TPR, OSC and N, adsorption—desorption measurements. Catalysts presented
very good stability under reaction conditions for 16 h on-stream, without showing a sig-
nificant variation in the activity or product distribution. The structured catalysts presented
similar activities and selectivities respect to those of the powder, whereby the deposition
method did not modify the catalytic properties of the particulate material. The presence of
the AISI 430 stainless steel substrate also had not a significant influence on the perfor-
mance of the deposited material.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

bioethanol appears as an appealing raw source based on its
high H, content, wide availability and advantageous safety
concerns in its handle and storage [2].

Hydrogen has been considered one of the few long-term
sustainable clean energy carriers. It shows a huge capacity
of reducing environmental contamination due to the fact that
only water vapor is emitted as by-product during the oxida-
tion process. Moreover, vehicles operating on hydrogen can
significantly reduce the dependence on fossil fuels [1]. One of
the basal pillars in which the use of hydrogen is envisaged is
the employment of renewable and non-polluting feedstocks
for its generation. Feeds to the H, generator consisting on
biomass-derived liquids have caught great interest since an
almost-closed CO, cycle can be achieved, diminishing conse-
quently the net emission of greenhouse gases. Specifically,

* Corresponding author. Fax: +54 291 4861600.

Hydrogen generation by catalytic steam reforming of
renewable fuels (e.g., bioethanol, bio-oil) has been pointed as
attractive for its implementation at low/medium scales as
decentralized production units or on-board or on-demand
facilities [3—5]. The use of structured reactors supposes a
wide number of advantages when compared to conventional
packed-bed systems. Among them, it's worth mention a
reduction in pressure drop across the reactor (roughly by two/
three orders of magnitude), enhanced resistance to plugging
due to depositions (e.g., coke), simpler scale-up, flexibility in
the reactor design and eventually catalyst replacement and
heat transfer improvements [6—8|. Regarding the last item,
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structured systems with characteristic dimensions in the
order of millimeters o ever lower allow the operation with
high area/volume ratios and enhanced heat & mass transfer
coefficients, which leads to compact and efficient reaction
units with precise control of the process conditions and im-
provements in safety operation [9—-11|. Ethanol steam
reforming (ESR) has been reported in the literature using
structured catalysts and structured reactors and leading to
high performances in terms of hydrogen production [5,12,13].

Ceramic and metallic materials are commonly used as cata-
lysts carriers to build up structured reactors. Metallic substrates
show some advantages over ceramics; some of them beingbetter
heat transfer characteristics, enhanced mechanical resistance,
lower pressure drops due to the possibility of using thinner walls
and consequently higher void fractions [14]. Among diverse op-
tions, ferritic stainless steel appears as an appealing choice since
it presents strength, ductility, and corrosion resistance [15]. This
material is only scarcely found along the literature as a struc-
tured catalyst substrate [16]. It is readily available in thin wall
thickness; it is cheap and it shows suitable mechanical proper-
ties towards the carriers manufacture.

The catalysts employed in the ethanol reforming reaction
should show adequate levels of activity and selectivity but,
moreover, the catalysts should guarantee stability in terms of
constant performance over time-on-stream. In addition, low-
cost catalysts are obviously preferred. Although catalysts
based on noble metal are efficient in ethanol steam reforming
towards hydrogen production, their cost is significantly high.
Ni catalysts are pointed as excellent candidates for ESR due to
the capacity of this metal to activate C—C and C—H bonds and
the low cost of Ni [17]. However, catalysts based on Ni show a
tendency to deactivation under the reaction conditions due to
carbon deposition and sintering of the Ni particles [18]. In this
context, and among different strategies to mitigate this
problem, a possible choice is the use of a support capable of
oxidizing the deposited carbon.

The use of cerium oxide as support to carry out ESR has
been extensively reported based on its oxygen storage ca-
pacity (OSC). The oxygen from the CeO, lattice takes part on
the oxidation of the carbonaceous species over the catalyst
surface [19,20]. On the other hand, the presence of Ce con-
tributes in the dissociative adsorption of water from the
reacting media giving place to —O and —HO species, which are
transferred to the carbon on the surface to form CO, H, and
CO,, enhancing consequently the stability and hydrogen yield
[21]. Modifications of CeO, with the addition of Mg are re-
ported to improve the OSC and oxygen mobility in the support,
leading to lower rates of carbon accumulation [19].

The present contribution focuses on the study of nickel
catalysts supported over CeO,—MgO, both in powder form or
structured catalysts of AISI 430 corrugated metal sheets, for
hydrogen production via ethanol steam reforming.

Materials and methods
Powder catalyst preparation

Powder catalysts were obtained in a first step, prior the depo-
sition over the metallic structured substrates. The co-

precipitation method was adopted here to synthesize the
Ce0,—MgO support. To these ends, magnesium and cerium
chloride aqueous solutions were employed with a Ce:Mg molar
ratio 0f 0.85:0.15. In a typical procedure, the desired amounts of
CeCl;-7H,0 (Aldrich, 99.9%) and MgCl,-6H,0 (Cicarelli, 99%)
precursors were dissolved under stirring in 100 cm? of deion-
ized water at room temperature. A hydrogen peroxide solution
30% (w/w) in H,O was added at a H,0,:Ce = 1:3 molar ratio and
the coprecipitation was conducted under vigorous stirring
with the addition of 100 cm? of an 0.3 M aqueous (NH,),COs;
solution. The pH was adjusted to 9.5 by using an ammonium
hydroxide solution 25% NHj; in H,0. The achieved precipitate
was then repeatedly washed to eliminate the remaining Cl~
ions. The powder was then dried at 120 °C for 12 h and calcined
in air at 550 °C for 4 h. The support is denoted as CeMg. Finally,
the desired amount of active phase (Ni, 7 wt.%) was loaded over
the CeO,—MgO support by incipient wetness impregnation by
means of an aqueous Ni(NOs),-6H,0 solution. The prepared
catalyst is referred as Ni/CeMg. The latter sample after the
reaction test was denoted as Ni/CeMg—R.

Structured catalyst preparation

Structured catalysts in the form of corrugated pieces were pre-
pared from AISI 430 stainless steel sheets of 100 pm thickness.
For these purposes, plain rectangular sheets of
L x W =50 x 28 mm were first repeatedly washed and treated
with acetone. By using a home-made device consisting of two
cogwheels mechanized in Nylon, the plain sheets were corru-
gated giving place to pieces of L x W x H=50 x 27 x 1.1 mm, with
parallel channels of 0.69 mm equivalent diameter. In order to
generate roughness in the metal surface aiming to the subse-
quent catalyst deposition, samples were treated in chromato-
graphic air at 940 °C for 60 min. These treatment conditions were
selected following previous reports from our group [16].

The corrugated substrates were later coated with the
catalyst by means of the dip-coating technique. For that pur-
pose, an aqueous suspension with 22.5 wt.% of CeMg support
was prepared. In order to increase the coating adherence and
to improve the stability of the catalytic suspension, colloidal
SiO, (Ludox TMA, Aldrich) was added as a binder with a
SiO,:support mass ratio of 1:10. The stainless steel structures
were dipped and withdrawn from the suspension, the excess
material being removed by air blowing. Then the samples
were dried at 120 °C for 30 min. The procedure was repeated
until the desired loading of CeMg support was achieved over
the substrates (180—200 mg). Finally, the samples were
calcined at 500 °C for 2 h in air. The active phase Ni was
incorporated by immersion in an aqueous solution of
Ni(NOs),-6H,0, followed by drying at 80 °C for 12 h and calci-
nation at 550 °C for 3 h. This procedure was repeated until a Ni
loading of 7 wt% was reached. The structured catalyst is
denoted as SS-Ni/CeMg. After the reaction test, the latter
sample is referred as SS-Ni/CeMg—R.

Catalyst characterization
The morphology of the substrate surface was examined by

scanning electron microscopy (SEM) on a JEOL JSM 35CF
microscope.


http://dx.doi.org/10.1016/j.ijhydene.2017.03.169
http://dx.doi.org/10.1016/j.ijhydene.2017.03.169

9484

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 42 (2017) 9482—9492

Transmission electron microscopy (TEM) images were ob-
tained using a JEOL 100 CXII equipment operating at 100 kV.
The studies were carried out using magnifications between
100000x and 270000x. Prior to the analysis, the samples were
dispersed in ethanol using a sonicator.

The adherence of the catalytic layer deposited over the
metallic substrates was tested by the ultrasonic method. The
corrugated samples were immersed in 30 cm® of diethyl ether
and subjected to an ultrasonic bath for 30 min in a Cole Parmer
8892E-MT (47 kHz, 105 W) instrument at room temperature.
Then, the solvent was evaporated. The weight of each sample
was measured before and after the ultrasonic treatment to
determine the adherence, which was calculated as the per-
centage ratio of the amount of coating material retained to the
amount of coating material present before the treatment.

The metal content was determined by inductively coupled
plasma (ICP-AES) on a Shimadzu 9000 simultaneous atomic
emission spectrometer.

Specific surface areas were determined by N, adsorption at
77 K, using the multipoint Brunauer—Emmett—Teller (BET)
analysis method with a Quantachrome NOVA 1200e
apparatus.

X-Ray diffraction (XRD) patterns were obtained using a
Philips PW1710 diffractometer, with a monochromatic Cu-Ka
source operating at 45 KV and 30 mA. The XRD profiles were
recorded with 0.02° (26) steps over 10—80° angular range and
1 s counting time per step.

Thermogravimetric analyses were performed from room
temperature up to 800 °C, at 10 °C/min in air, using a Discovery
TGA thermogravimetric apparatus.

Temperature-programmed reduction (TPR) was carried out
in a conventional apparatus equipped with a thermal con-
ductivity detector (TCD). The samples were pretreated in
flowing air at 300 °C for 30 min, followed by flowing Ar treat-
ment for 30 min at the same temperature. After cooling to
25 °C, the temperature was raised to 600 °C at a rate of 10 °C/
min in a 5% Hy/Ar flow (50 cm®/min).

OSC measurements were carried out using a Micromeritics
AutoChem II 2920 Catalyst Characterization System coupled
to a Pfeiffer Quadstar mass spectrometer. Prior to the analysis,
a cleaning pre-treatment with flowing air was performed from
room temperature to 400 °C at a 10 °C/min heating rate for
30 min and a flow rate of 50 cm®/min. After an argon purge at
400 °C, CO pulses (0.5 cm?, measured at 1 atm and 20 °C) were
injected every 6 min at constant temperature.

Catalytic tests

Due to the different morphology of the prepared catalysts, two
different experimental setups were selected to study their
performance in the ethanol steam reforming reaction. Powder
samples were disposed into a fixed bed reactor consisting of a
quartz tube of 4 mm inner diameter. Typically, 30 mg of
catalyst were loaded, retained between quartz wool plugs.
On the other hand, corrugated structures were tested in an
isothermal flat-bed reactor. This unit consists of two stainless
steel halves that give place upon union to a central chamber of
28 mm wide by 250 mm long by 3 mm height (see Fig. 1). This
chamber can accommodate up to three sections of catalysts

(maximum length = 50 mm each). K-type thermocouples
contact the catalysts at the middle of each section. The reactor
has also a sliding thermocouple to measure an axial temper-
ature profile and detect possible occurrence of hot/cold spots.
Side ports located in the outlet of each catalyst section allow
determining the composition of the reaction products at
different axial positions. Reactants flow uniformity was ach-
ieved by flow distributors placed in the inlet section of the
chamber.

The heat supply required for the reforming reaction is
provided by an electric furnace inside which both reactors
were placed. A solution of ethanol:water in molar ratio 1:6 (i.e.,
S/C = 3) is supplied by means of a syringe pump. Additionally,
N, used as carrier is fed by a mass flow controller. The liquid
feed is vaporized at 160 °C prior to being mixed with the car-
rier. After condensation of the excess water at the reactor
outlet, the gaseous reaction products were analyzed with an
HP Agilent 4890D gas chromatograph equipped with a thermal
conductivity detector. Two columns were used in the analysis:
Porapak QS and Molecular Sieve 5 A. The total volumetric
flowrate of the non-condensable components was measured
with a bubble-soap meter.

Before the reaction tests, catalysts were reduced in situ at
600 °C for 1 h with 10% H,/N, followed by purge with pure N,
for 30 min.

The experiments were conducted at a constant pressure of
1.2 bar, and temperatures ranging between 400 and 600 °C.
The liquid feed flowrate was 1 ml/h for powder samples and it
was varied between 1 and 15 ml/h for the metallic structures.
The reactants composition at the reactor inlet was maintained
constant for all experiences. N, was dosed to amount 37%
molar in feed, while the inlet molar composition of ethanol
and water were 9 and 54%, respectively. For the powder
catalyst experiences, the nitrogen flowrate was set in 10 ml/
min, with a total reactants flowrate of 27 ml/min. In the case
of the catalytic plates, the nitrogen flowrate was varied in the
range 10—150 ml/min, while the total flowrate at the reactor
inlet was varied between 27 and 400 ml/min in order to
maintain a constant composition.

For the evaluation of the carbon formation rate in the
powder catalyst, 30 mg of Ni/CeMg sample were diluted on
150 mg of quartz particles and disposed into a fixed bed
reactor. After reduction, the reaction test was conducted at
600 °C for 4.5 h with a liquid feed flowrate of 1 ml/h (S/C = 3).

The conversion of ethanol to C1 gaseous products was
calculated using the following equation

Fco + Fco, + Fen,
Xeron = —Z*FEtOH,in *100 (1)
where F are the molar flowrates of reactants and products.
The gas phase products selectivity was calculated according to

F.
Si(%) = =—=*100 2
(%) =< @
in which F; refers to the molar flowrates of the reaction
products.

Gas Hourly Space Velocity (GHSV) was calculated as the
ratio of ethanol vapor flowrate at the reactor inlet (cm®/h) to
catalyst mass (g).
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Fig. 1 — Stainless steel reactor photograph.

Results and discussion
Catalyst characterization

XRD profiles of the prepared catalysts are shown in Fig. 2A. In
the support CeMg, the signals corresponding to the different
planes of the cubic fluorite structure of CeO, are identified.
The peeks corresponding to magnesium oxide could not be
observed. This could obey to the fact that the MgO is well
dispersed in the cerium oxide. Moreover, a small quantity of
MgO may form a solid solution with CeO, [22]. The cerium
oxide in the CeO,—MgO support (CeMg) presented an average
crystallite size of 12 nm as calculated by applying the Scher-
rer's equation to the (2,2,0) crystal plane peak, size that was
confirmed by TEM (see below). The crystallite size for pure
CeO, was 20.5 nm, which is higher than the crystal size
calculated for the CeMg sample. This indicates that MgO in-
hibits the growth of CeO, crystals during the calcination pro-
cess [23].

Fig. 2D shows the (111) and (200) reflections corresponding
to CeO, fluorite structure for the pure CeO, and for the CeMg
sample. The addition of Mg to the CeO, support did not pro-
duce an appreciable shift in the peaks corresponding to the
cerium oxide. This means that a small incorporation of the
Mg?" cations into the cerium oxide structure took place for our
synthesis conditions. The calculated lattice parameter of CeO,
for both samples was very similar, 5.4082 A for CeO, and
5.4080 A for CeMg, which is in line with the previous
observation.

The diffractogram of the catalyst Ni/CeMg show the
appearance of the phase NiyMg; yO. The solid solution
NixMg; O is formed due to the strong interaction between Ni
and the MgO of the support [20,24]. A major proportion of the
Niis found to take part of this solid solution; the rest is present
as NiO [19]. A magnification of the 26 = 35—45° region of the Ni/
CeMg catalyst is presented in Fig. 2B, where the positions of
the MgO and NiO peaks as well as those of the NiyMg; O
mixed oxide are indicated. The peak of the latter specie is
located at an intermediate angle between those observed for
the magnesium and nickel oxides, suggesting the incorpora-
tion of Ni** into the MgO structure after the calcination step

and the formation of the NiyMg; 4O solid solution. A shift
toward higher angles respect to MgO peaks has been reported
as an evidence of the NiO—MgO solid solution formation [25].
The NiO diffraction peaks were located at 26 values slightly
higher than those presented by the mixed oxide, thus the
overlapping made difficult a clear identification.

After Niincorporation the position of CeO, peaks remained
without noticeable modification indicating the absence of
solid solutions with Ni. This fact is in accordance with the
already reported limited solubility of NiO in the ceria lattice
[26,27]. Nevertheless, it's worth mentioning that the occur-
rence of the solid solution depends also from the synthesis
method and the subsequent treatments [28,29].

After the support deposition and Ni impregnation over the
corrugated AISI-430 metallic carriers, the same signals as
presented by the powdered Ni/CeMg catalyst were observed,
indicating the presence of the same phases in the prepared
structured catalyst.

After reaction, a broad band between 20 = 20-30°
appeared, characteristic feature of amorphous carbon [30] (see
Fig. 2C).

The catalyst composition of powder and coated plates are
shown in Table 1. The composition was similar for the sup-
ported and particulate catalysts, with a greater amount of
cerium in the supportin the case of the coated plate. The latter
sample also showed a slightly higher concentration of nickel.
The specific surface area did not significantly change after the
deposition process, being of 28.21 m?/g for the Ni/CeMg pow-
der catalyst and 29.82 m*/g for the SS-Ni/CeMg plate.

TEM images of the fresh samples and catalysts after 6 h on-
stream at 600 °C are reported in Fig. 3. Nanometric-size crys-
tals can be observed with a mean particle diameter ranging
10—15 nm. After ESR, the appearance of carbon filaments is
observed in certain regions of the catalyst surface (see Fig. 3C).
Carbon atoms formed over the Ni particles move by surface
diffusion and nucleate in the back side of the crystals giving
rise to the filament [18]. The growth of this structures leads to
the detachment of the metallic particles, which loss the con-
tact with the support. The formation of these hollowed fila-
ments [31,32] did not lead to an observable catalyst
deactivation, in agreement with previous reports in the liter-
ature [33]. This fact suggests that the main source of carbon
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Fig. 2 — A) XRD patterns of the powder and structured catalysts, B) Magnification of the 26 = 35—-45° region of the Ni/CeMg
catalyst, C) Magnification of the 260 = 10—45° region of the fresh Ni/CeMg catalysts and the same sample after reaction, D)
Detail of the (111) and (200) cerium oxide peaks for the CeO, and CeMg diffractograms. Ref.: (0) CeO,, (#) NiyMg,; »O.

deposition over this catalytic system follows the mentioned
path. On the other hand, Zhang et al. [20] evaluated the rate of
carbon deposition over Ni/MgO—CeO, catalysts in ethanol
steam reforming at 400 °C using a catalyst weight-to-ethanol
flowrate of W/F = 33 g h/mol. They observed that the rate of
carbon deposition varied from about 15 mgc/(gca: h) to 2 mgc/
(8cat h) for a constant 10% Niloading and varying the Mg molar
fraction in the support from 10 mol% to 50 mol%. In our case,
for the powder catalyst with an intermediate Mg concentra-
tion of 15 mol% tested under slightly more severe conditions
(600 °C and W/F = 4.6 g h/mol), a rate of 13.9 mgc/(gcat h) was

observed, indicating that the catalyst performed satisfactorily
with a rate of carbon formation according to literature.

The catalytic plates were analyzed by scanning electron
microscopy, the micrographs corresponding to the SS-Ni/
CeMg samples are presented in Fig. 4. The thickness of the
deposited catalytic layer was approximately 25 um (see
Fig. 4C). The plates exhibited mechanical integrity after the
reaction tests. As in the case of powder catalysts, carbon for-
mation also took place on the catalytic plates, particularly at
the inlet region of these structures. The plate surface observed
by SEM presented similar features before and after the

Table 1 — Composition of the powder and structured catalysts.

Sample Type of catalyst Ce/(Ce + Mg) molar ratio Mg/(Ce + Mg) molar ratio Ni wt.% Si0,/(Ce0,—MgO)*
CeMg Powder 0.87 0.13 = =

Ni/CeMg Powder 0.85 0.15 7 -
SS-Ni/CeMg Structured 0.92 0.08 10 0.10

# Nominal composition, expressed in gg;,, Per Zsupport-
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40 nm

Ni/CeMg-R

Fig. 3 — TEM images of the A) CeO,—MgO support, B) Ni/
CeMg sample and C) Ni/CeMg after ESR reaction.

reaction test (Fig. 4A and B, respectively). The resistance
against the coating detachment can be attributed mainly to
the colloidal silica addition. This inorganic binder was used to
increase the coating adherence and to improve the stability of
the catalytic suspension for the washcoating procedure. SiO,
particles are roughly two orders of magnitude smaller in size
than the catalyst particles. During the drying step, the small

Fig. 4 — SEM micrographs of catalytic plates A) fresh B) after
10 h on-stream at 600 °C. C) Cross-section of the deposited
coating.

particles are drawn by capillary forces at the contact points of
the larger catalyst particles, increasing the surface of contact
and enhancing the mechanical anchorage [14,34].

The TPR profiles of cerium oxide and the nickel catalysts
are shown in Fig. 5. CeO, presented a broad reduction peak in
the temperature range selected for the analysis, with a
maximum centered at 450 °C. This signal is attributed to the
reduction of the CeO, surface oxygen.
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Fig. 5 — TPR profiles of cerium oxide and the Ni-loaded
catalysts.

For Ni-loaded samples, it was observed that the onset of
the reduction occurred at temperatures lower than those
presented by pure CeO,, possibly due to the reduction of
surface non-stoichiometric Ni** species [35]. Ni/CeMg catalyst
shows a hydrogen consumption peak centered at 315 °C,
indicating the reduction of bulk nickel oxide [36]. It is inter-
esting to note that this peak is not observed in the SS-Ni/CeMg
reduction profile. This is probably due to a higher interaction
of nickel oxide with CeO, [37], leading to an increase in the
reduction temperature (up to 470 °C for ceria-supported Ni
catalysts [38]) and a overlapping of the Ni** reduction peak
with that corresponding to CeO, surface oxygen.

The oxygen storage capacity complete of the Ni/CeMg
catalyst, CeMg support and reference materials are presented
in Table 2. The amount of oxygen stored by the CeMg support
is lower than the OSCC of undoped ceria. This could be a
consequence of the very small incorporation of Mg into the
cerium oxide structure. It is known that the substitution of
Ce*" by a metal ion with a lower valence creates oxygen va-
cancies to maintain the charge balance in the ceria lattice,
increasing consequently the OSC of CeO, [39]. The Mg-
promoted ceria prepared in the present work presented an
OSCC between the values observed for CeO, and MgO, sug-
gesting that Mg is present in a segregated phase instead of
incorporated in the ceria lattice, as the oxygen consumption
in the CeMg sample roughly corresponds to the sum of MgO

Table 2 — Oxygen storage capacity complete of the Ni-

loaded catalyst, CeMg support and reference materials at
400 °C.

CeO, MgO CeMg  Ni/CeMg
0SCC, umol CO, g™* 490 192 356 1267

and CeO, pure oxide contributions. These results are in
agreement with the XRD data, in which it was not evidenced a
significant modification in the lattice parameters of CeO, after
the addition of Mg for the synthesis conditions of the CeMg
support.

OSCC of Ni/CeMg is considerably higher than those pre-
sented by CeMg. The additional OSC observed in the nickel-
loaded sample respect to the CeMg support exceeds the
amount of oxygen stored by Ni. The latter oxygen amount
corresponds to the reduction of Ni** into Ni°, and it was
evaluated considering that only a fraction of the nickel in the
catalyst can be reduced under the conditions of the analysis
due to the formation of the NiMg; O solid solution, ac-
cording to previous studies in literature for catalysts with the
same composition of Ni/CeMg [20]. A reasonable explanation
for this phenomenon could be that part of the oxygen is stored
on the support assisted by Ni [40].

Catalytic tests

Powder catalyst
Fig. 6 shows the catalytic performance of the Ni/CeMg powder
in the ESR reaction at different temperatures.

When operation at low temperatures is selected (e.g.,
T = 427 °C) the main reaction observed is the dehydrogenation
of ethanol to render acetaldehyde (equation (Rx1)), which
consecutively decomposes to give equal quantities of
methane and carbon monoxide (eq. (Rx2)). Reaction (Rx1) has
been already reported for catalysts containing Ni [21,41—44].
The presence of acetaldehyde was detected here at low tem-
peratures (not shown in Fig. 6); only traces were found for
T > 475 °C. Molar ratio CO:CH,4 of 1:1 until ca. 550 °C point to
the occurrence of acetaldehyde decomposition; temperatures
higher than 550 °C show increasing levels of methane steam
reforming (see eq. (Rx3)) approaching equilibrium values. In
fact, the use of CeO, promotes methane reforming due to the

100
* SHZ
A SC02
= S
75_ SCH4
. PP C2H4|
< . s < Sg
X . -7 ®
Z —/,—' ) Sczns
S i JPE X
[ 50 L EtOH
5 .
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2 B megen .
g 5
@ * M "
« . o i B
o e
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0,00 - T T T T T T g T
450 500 550 600 650
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Fig. 6 — Ethanol steam reforming tests of the powder
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presence of oxygen vacancies which enhances H, and CO,
selectivities [19]. At higher temperatures (550 < T < 600 °C),
thermodynamic constraints favor the build-up of CO at ex-
penses of CO, via the reverse water—gas shift reaction (Rx4),
which is essentially in equilibrium at these temperature levels
[45,46]. For temperatures below 450 °C, it was observed an
incomplete ethanol conversion to C; gaseous products,
accompanied by the presence of acetaldehyde, small amounts
of ethylene, ethane and the unconverted ethanol.

C,HsOH — G,H,0 + H, (Rx1)
C,H40 — CO + CHy4 (Rx2)
CH4 + H,0 © CO + 3H, (Rx3)
CO + H,0 © CO, + H, (Rx4)
C,H,40 + 3H,0 — 2CO, + 5H, (Rx5)

The stability of the prepared catalyst was evaluated by
means of an 18 h on-stream reaction test in which the powder
sample was subjected to ESR at 600 °C (Fig. 7). The catalyst
showed constant activity values with a products distribution
that remained unaltered at the initial levels along the whole
experience.

The carbon balance in the absence of condensable prod-
ucts varied around +10% for the powder and structured cat-
alysts. This condition was observed at temperatures higher
than 475 °C for the powder catalyst and space velocities lower
than 5000 cm3/gCat/h in the case of the catalytic plates.
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Fig. 8 — Influence of the temperature over the performance
of the structured catalyst under ESR. Reaction conditions:
S/C = 3, GHSV = 316 cm?/g../h. Dashed lines represent
equilibrium compositions.

Catalytic plates
The AISI-430 structured catalysts were tested towards H,
generation via the ethanol steam reforming reaction. In line
with the previous in Section “Catalyst
characterization” emphasizing the similarity between the
catalytic material deposited on the metallic corrugated sup-
ports and the powder catalyst, the structured catalysts show
the same behavior as the powder catalyst under reaction
conditions, presenting high activity and adequate selectivity
to H, (see Fig. 8).

Under the conditions adopted for the experiences, ethanol
conversions close to 100% were achieved along the whole

discussion
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Fig. 7 — Stability test for ESR for the powder catalyst. Reaction conditions: T = 600 °C, S/C = 3, GHSV = 4895 cm?/g.../h (W/

F = 0.735 g s/cm®).
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temperature range. Regarding the products distribution and
based on the selection of a reduced value of GHSV, equilibrium
compositions were achieved even at the lowest reaction
temperature tested. Here, higher residence times allow the
evolution of CO towards CH, (reverse of eq. (Rx3), ie.,
methanation) once acetaldehyde has decomposed, as already
discussed for Fig. 6.

The catalytic performance of the catalytic plates was eval-
uated at different feed flowrates. Fig. 9 shows the conversion of
ethanol and H, yield at different space velocities and temper-
atures. At 600 °C, both complete ethanol conversion and a H,
yield of 4.2 moly,/molemano remained practically constant
with increasing GHSV. Conversely, for the experiences con-
ducted at 500 °C it was observed for the highest space velocity

(10,432 cm?®g../h) a drop in the conversion of ethanol,
accompanied by a reduction of the H, yield. These feed con-
ditions indicate an operative limit, after which the catalytic
performance of the catalyst decreases significantly.

As shown in Fig. 10, measured selectivities correspond to
equilibrium values, regardless of the selected space velocity.
Unlike powder catalysts, ethane and ethylene were not
detected for all experiments over the structured catalysts. The
departure from equilibrium conditions at 500 °C and the
highest GHSV was also evidenced in the products distribution,
where an increase in H, and CO selectivities was observed,
along with a lower selectivity to CHs and CO,. A similar
behavior was observed for the powder sample at the same
temperature, where selectivities shifted away from equilib-
rium values in the same way (i.e., the CO and CH, selectivities
tend to the same value and hydrogen selectivity appears
above the equilibrium line). This fact indicates that the cata-
lytic material performs equivalently before and after being
deposited on the metal substrate.

For the powder catalyst, the product selectivities at
T <525 °C experienced a slight departure from the equilibrium
conditions, as shown in Fig. 5. In the case of the catalysts
supported on steel plates, the products distribution was found
to be almost at equilibrium levels at the same temperature
and space velocity (T = 500 °C and GHSV = 4895 cm®/g.../h).
This slightly higher activity exhibited by the plates respect to
the powder catalyst could be attributed to the higher Ni con-
tent in the plates, according to the chemical analysis (see
Table 1). According to literature reports on supported nickel
catalysts, the increase in Ni loading leads to an increase in
ethanol steam reforming activity [47,48].

Other important observation is that the addition of SiO, did
not show a detrimental effect on the catalytic performance. It
is known that the use of inorganic additives such as silica
favors the mechanical anchoring of the covering to the sup-
port and improves the suspensions stability, but it can also
modify the catalytic properties of the deposited material [14].
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Fig. 10 — Products distribution in ethanol steam reforming tests over the structured catalyst at different feed flowrates and
temperatures. Reaction conditions: S/C = 3, T = 500 °C and T = 600 °C, GHSV = 356—10,432 cm®/g.,./h. Dashed lines indicate

equilibrium selectivities.
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The supports having redox properties (e.g. CeO,) show
enhanced ESR performance since they favor the coke removal
[49], and specially cerium oxide has the capacity to activate
H,0 molecules, producing oxygen species that can oxidize
reaction intermediates adsorbed on the catalyst surface to
form H, and CO, [20]. As mentioned in the present work, it was
not observed a decrease in the ethanol conversion or H,
selectivity attributed to the presence of silica.

From the point of view of the reactor operation, supporting
the Ni/CeMg catalysts on corrugated steel plates allowed to
work with high GHSV values with a very low pressure drop
(<1 psi), which was not possible with the powder catalyst even
at the lowest flowrate. Moreover, the use of metallic sub-
strates provides more uniformity in the temperature profiles
of the plates and the higher open areas given by the structured
catalysts leads to a lower tendency to plugging by carbon
deposition.

Conclusions

Both Ni/CeO0,—MgO catalysts in powder form and supported
on stainless steel plates were prepared, characterized and
tested in the ethanol steam reforming reaction. The coatings
obtained were homogeneous and retained its integrity after
the reaction experiences.

Catalysts presented a very good stability under reaction
conditions for 16 h, without showing a significant variation in
the activity or product distribution. Hydrogen yields of
4.2 moly, /molemano Were achieved for the structured cata-
lysts operating at 600 °C with a GHSV of 10,432 cm3/gcat/h,
rendering a hydrogen production of 103 mlgrp Hy/cm? of
structured catalyst.

Structured catalysts presented similar activities and se-
lectivities when compared to those of the powder, concluding
that the deposition method do not modify the catalytic
properties of the particulate material. On the other hand, the
addition of SiO, as a binder to the catalytic suspensions did
not lead to a drop in the ethanol conversion level and the
products selectivities remained unchanged. The presence of
the metallic substrate did not show any influence in the cat-
alytic performance as well. The latter fact points AISI 430
stainless steel corrugated plates as suitable substrates for
conducting the ethanol steam reforming reaction.

The possibility of selecting metallic structured catalysts
instead of powder allowed working with elevated values of
GHSV with neglectable pressure drops while providing
enhanced heat transfer capabilities and reducing the ten-
dency to plugging due to coke deposition.
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