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Ethanol steam reforming with pure ethanol and commercial bioethanol (S/C ¼ 3) was car-

ried out inside the housing of the exhaust gas pipe of a gasoline internal combustion engine

(ICE) by using exhaust heat (610e620 �C). Various catalytic honeycombs loaded with

potassium-promoted cobalt hydrotalcite and with ceria-based rhodiumepalladium cata-

lysts were tested under different reactant loads. The hydrogen yield obtained over the

cobalt-based catalytic honeycomb at low load (F/W < 25 mLliq$gcat
�1$h�1, GHSV ¼ 4$102 h�1)

was remarkably high, whereas that obtained over the noble metal-based catalytic honey-

combs was much superior at high loads (F/W ¼ 25e150 mLliq$gcat
�1$h�1, GHSV ¼ 4$102

e2.4$103 h�1). At higher reactant loads the overall hydrogen production was limited by heat

transfer from the exhaust heat to the reformer inside the housing of the exhaust gas pipe of

the ICE. Extensive carbon deposition occurred over the cobalt-based honeycomb, making its

use impractical. In contrast, stability runs (>200 h) at high load (F/W ¼ 150 mLliq$gcat
�1$h�1,

GHSV ¼ 2.4$103 h�1) showed that promotion of the ceria-supported noble metal catalyst

with alumina and zirconia is a key element for practical application using commercial

bioethanol. HRTEM analysis of post mortem honeycombs loaded with RhPd/Ce0.5Zr0.5O2

eAl2O3 showed no carbon formation and no metal agglomeration.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

On-board reforming has attracted attention in the last de-

cades [1e6]. It consists in the transformation of liquid fuels to

a hydrogen-rich gas in a vehicle by a catalytic process. Mixing

the hydrogen-rich gas generated with the regular fuel

employed by the internal combustion engine (ICE) results in
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important savings in fuel and reduction of gaseous and par-

ticulate emissions [7]. Also, even quite modest levels of

hydrogen greatly improve smooth engine operation as well as

flammability of the fuel and flame speed, thus resulting in

higher engine thermal efficiency. Since reforming reactions

are endothermic, the use of excess heat released by the

exhaust gases from ICEs represents an excellent way to
evier Ltd. All rights reserved.
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Fig. 1 e Scheme of the different reaction pathways and

main reactions involved in the catalytic reforming of

ethanol. 1: ethanol dehydrogenation, 2: acetaldehyde

steam reforming, 3: acetaldehyde decomposition, 4: water

gas shift, 5: methane steam reforming.
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provide with the necessary energy; otherwise a fraction of the

fuel needs to be burned to generate the necessary heat, obvi-

ously incurring in an economy penalty. Among the different

reforming technologies, steam reforming is more advanta-

geous for improving ICE performance because of its higher

hydrogen production and endothermic character, which helps

to recover heat more efficiently from the engine exhaust heat.

It provides ameans for recycling exhaust energy in a chemical

form. It is well known that about 30% of the fuel energy

introduced to ICEs is wasted with engine exhaust gases, so its

utilization can lead to a significant improvement of ICE energy

efficiency. Previous works concerning on-board reforming

focusedmainly onmethanol reforming becausemethanol has

no CeC bonds and the reforming temperature is low (around

300 �C), whereas reforming of higher alcohols and hydrocar-

bons requires higher temperatures (typically 600e800 �C)
[1,8e12]. Gasoline reforming has potential for more wide-

spread use than alcohols, but it also has greater technical

barriers to overcome, most notably with respect to achieving

effective reforming of the aromatic fraction. In recent years

the production of renewable ethanol from biological sources

(bioethanol) has increased strongly. In addition to sustain-

ability and economic issues, ethanol is non-toxic, easy to

handle, readily available and CO2-neutral, so its use for on-

board reforming appears promising. The use of ethanol

reformate as a fuel supplement in ICEs has shown engine ef-

ficiency improvement comparable to that reported for meth-

anol reformate, 20e40% [13,14]. Whereas several detailed

studies concerning modeling for on-board reforming have

been published [15e18], only a fewworks exist in the literature

reporting experimental studies related to on-board ethanol

reforming [5,19e21], and they mainly focus on the perfor-

mance and exhaust emission characteristics of the engines.

Here we attempt to focus on the catalyst in order to identify a

suitable one for on-board ethanol reforming using exhaust

heat from ICEs. In addition to high activity and fast response, a

catalyst for on-board reforming should be very robust and

coke formation should be avoided, which is certainly one of

the main problems reported for this technology along with

cold start difficulties.

We decided to explore the capabilities of two well-known

catalysts with different reaction mechanism for the ethanol

steam reforming (ESR) process: C2H5OH þ 3H2O/ 6H2 þ 2CO2

(DH0
298K ¼ 173.3 kJ mol�1). There are two main pathways for

ESR, which are sketched in Fig. 1. One of them involves the

dehydrogenation of ethanol into acetaldehyde and hydrogen

(Equation (1)) and the direct steam reforming of acetaldehyde

into hydrogen and carbon monoxide (Equation (2)). This re-

action mechanism is known to operate at moderate temper-

ature over cobalt-based catalysts [22e27]. The second ESR

pathway involves the initial decomposition of ethanol into a

mixture of hydrogen, carbon monoxide and methane (Equa-

tion (3)). Then, and independently of the two pathways

involved, carbon monoxide reacts with water to yield carbon

dioxide and hydrogen through the water gas shift equilibrium

(Equation (4)) and methane is reformed with water to a

mixture of carbonmonoxide and hydrogen (Equation (5)). This

second reaction mechanism is favored over nickel- and noble

metal-based catalysts, the latter being preferred because of

less coke accumulation [22,27,28].
Please cite this article in press as: Casanovas A, et al., Finding a suit
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C2H5OH / H2 þ CH3CHO (1)

CH3CHO þ H2O / 3H2 þ 2CO (2)

C2H5OH / H2 þ CO þ CH4 (3)

CO þ H2O % H2 þ CO2 (4)

CH4 þ H2O % 3H2 þ CO (5)

In our study we have used a cobalt hydrotalcite catalyst

doped with Kþ and two catalysts based on RhPd/CeO2. Cobalt

hydrotalcite doped with potassium is known for its good

performance at moderate temperature (500e550 �C) [29e31],
and RhPd/CeO2 has shown excellent catalytic performance

and robustness for ESR at higher temperature (600e750 �C) in
a variety of reactor configurations, including conventional

packed bed reactors, structured reactors, microreactors and

catalytic membrane reactors [32e35]. The works reported in

the literature for the on-board reforming of ethanol with

exhaust heat from ICEs have solely used the decomposition

of ethanol (Equation (3)) at low temperature over copper-

based catalysts [19,20,36]. However, the efficiency of ICEs

fed by the low-temperature ethanol reformate is not advan-

tageous, particularly at high loads, where the production of

hydrogen is rather low [37]. Here we have performed, for the

first time, the full steam reforming of ethanol using the

exhaust heat from combustion gases in an ICE. The results

discussed in this paper are focused on the reformer perfor-

mance, which include examination of the reformer temper-

ature, analysis of the reformate gases, and calculation of

hydrogen production rates.
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Experimental methods

Catalyst samples

The Co/Mg/Al hydrotalcite with formula [Co2Mg4Al2(OH)16]

CO3$4H2O was prepared as described elsewhere [30] by

coprecipitation from aqueous solutions of Co(NO3)2$6H2O,

Mg(NO3)2$6H2O and Al(NO3)3$9H2O and 2 M NaOH alkaline

solution at a constant pH of 10 ± 0.5. The resulting solid was

thoroughly washed, dried at 100 �C and calcined at 550 �C for

12 h to obtain the hydrotalcite-derived mixed oxide. Potas-

sium addition to the calcined hydrotalcite (1.0 wt.% referred

to the nominal cobalt content) was accomplished by

impregnation with KOH aqueous solution. The resulting

catalyst was dried at 100 �C and calcined at 550 �C for 4 h.

Because reformer performance is heavily dependent upon

catalyst temperature, metallic honeycombs were used to

ensure efficient heat transfer from the ICE exhaust gases. The

catalyst powder was deposited onto homemade fecralloy

honeycombs (cylinders of 2.1 cm diameter and length,

1400 cells per square inch) by washcoating. The honeycombs

were first treated at 900 �C to form a thin alumina layer over

the channels to ensure good catalyst adherence. A 5:1 M

mixture of polyvinyl alcohol (PVA) and acetic acid was used

as binding agent. The resulting catalytic honeycombs were

dried under rotation (60 rpm) at 100 �C and calcined at 650 �C
for 4 h. The washcoating procedure was repeated until a

catalyst specific load of ca. 1.5 mg cm�2.

The preparation of the catalytic honeycombs loaded with

RhPd/CeO2 involved two steps. First, the fecralloy honey-

combs were washcoated with cerium dioxide prepared from

Ce(NO3)2$6H2O as described elsewhere [34], followed by 2 h

drying at 100 �C under rotation and calcination at 650 �C for

4 h. The washcoating procedure was repeated until a catalyst

specific load of ca. 1.5 mg cm�2. Noble metals were then

added in a single step by dropwise incipient wetness

impregnation, using a water/acetone PdCl2 and RhCl3 solu-

tion. Samples were dried at 100 �C and calcined at 650 �C for

4 h. The noble metal loading was 0.5 wt.% Rh and 0.5 wt.% Pd

referred to the CeO2 support. Exactly the same procedure was

employed to prepare catalytic honeycombs loaded with

RhPd/Ce0.5Zr0.5O2eAl2O3 with a Ce0.5Zr0.5O2:Al2O3 ratio of

1:1 wt.%, except that the support was prepared from Ce(N-

O3)2$6H2O, ZrOCl2$8H2O and AlO(OH). The Ce0.5Zr0.5O2 solid

solution was prepared directly by coprecipitation over a

slurry of commercial boehmite (Disperal®). In all cases ho-

mogeneous catalyst layers of about 40e60 mm in thickness

were obtained, exhibiting adherence values of 95e97% after

ultrasound exposure. As a representative example, Fig. 2

shows two images recorded over the RhPd/CeO2 honeycomb.

The characterization of the catalysts has been reported in

detail previously, both for the potassium-doped Co hydro-

talcite [29,30] and for the RhPd/CeO2 [32,34,35]. In this work

we have used scanning electron microscopy (SEM) and high

resolution transmission electron microscopy (HRTEM) to

study the catalysts before and after the reforming process to

check for sintering phenomena and carbon deposition. SEM

was carried out with a Zeiss Neon40 instrument equipped
Please cite this article in press as: Casanovas A, et al., Finding a suit
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with a field emission source and operated at 5 kV. HRTEM

was performed in a JEOL 2010F microscope equipped with a

field emission electron source and operated at an acceler-

ating voltage of 200 kV. The point-to-point resolution was

0.19 nm, and the resolution between lines was 0.14 nm.

Samples were dispersed in an alcohol suspension in an ul-

trasonic bath, and a drop of the suspension was placed over a

grid with holey-carbon film. Images were not filtered or

treated by means of digital processing and they correspond

to raw data.

Testing system

A schematic view of the testing bench is depicted in Fig. 3.

The engine used in this study was a conventional Honda

GX390, which is a 0.39 L, 4-stroke, single-point injection,

single cylinder gasoline engine. All the experiments were

carried out at an engine speed of 3000 rpm (net power of 11 HP

and net torque of 26 N m). The engine was connected to a

5.5 kV A, 400 V, 50 Hz, three-phase alternator working at an

electrical load of 0.5 kW. The catalytic honeycombs were

installed in a stainless steel tubular reactor (25 mm OD,

25 mm length, 2 mm wall thickness), which was positioned

perpendicular to the exhaust gas stream of the engine and

welded to the exhaust pipe. The experiments were conducted

after the engine was fully warmed up. The feedstock con-

sisting of ethanol/bioethanol (Deulep) and water was pro-

vided directly from a storage tank and pumped at the desired

flow rate using an HPLC pump (Knauer Smartline). The

feedstock was firstly transformed from the liquid phase into

gaseous phase before entering the reactor by the exhaust

heat in the heat pipe in a 1/800 OD stainless-steel tubewrapped

around the reactor. Several K-type thermocouples were

placed at different positions of the exhaust pipe, which

measured temperatures in the range 350e730 �C, and one

thermocouple was placed in direct contact with the center of

the catalytic honeycomb, which allowed a continuous

monitoring of the temperature during the experiments. The

catalytic honeycombs were tested directly, i.e. without any

pretreatment.

The flowrates of the engine exhaust gas (580 STP L$min�1)

and the reformate gas were measured at ambient conditions

and the reformate gas was analyzed by gas chromatography

(GC) with an Agilent 3000A instrument equipped with Mo-

lecular Sieve 5 Å, Plot U and Stabilwax columns and TCD

detectors. Measurements were replicated with adequate

reproducibility. H2, CO2, CO and CH4 were the main reaction

products in all cases whereas negligible amounts of acetal-

dehyde, ethane, ethylene and acetone were measured by GC.

For selected catalyst formulations uninterrupted long-term

runs exceeding 200 h were conducted to test for catalyst

stability. Hydrogen yield (YH2, Equation (6)) was defined as the

amount of recovered hydrogen in the reformate (molar

flowrate, FH2 ;out) with respect to the ethanol/bioethanol

amount in the feedstock (FEtOH,in) taking into account the

stoichiometry of the ideal process (equation (1)).

YH2
¼ FH2 ;out=6FEtOH;in (6)
able catalyst for on-board ethanol reforming using exhaust heat
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Fig. 2 e SEM images of the catalytic honeycomb loaded with RhPd/CeO2.
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Results and discussion

Catalytic performance of Kþ-doped cobalt hydrotalcite

The yield of reformate gas obtained over the catalytic hon-

eycomb loaded with Kþ-doped cobalt hydrotalcite at different

liquid load of ethanol andwater is shown in Fig. 4A. The steam

to carbon (S/C) ratio was fixed at S/C ¼ 3 and the measure-

ments were done from low to high liquid load. The error bars

correspond to the deviation from 6 to 9 different measure-

ments. Also in Fig. 4A the temperature recorded at the cata-

lytic honeycomb is plotted at each condition. It is clearly seen

that the temperature wasmaintained at about 620 �C in all the

range of experiments, independently of the load of reactants.

This is an indication that heat from the exhaust gases of the

ICEwas transferred effectively to the catalytic device, and that

the rate of heat consumed by the steam reforming process
Fig. 3 e Scheme of the reaction test bench.
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was always lower than the rate of heat transferred from the

exhaust gases of the ICE to the reformer. However, the pro-

duction rate of reformate gas did not follow the increase of the

load of reactants. For liquid feed rates up to 0.05 mLliq$min�1

(F/W < 25 mLliq$gcat
�1$h�1, GHSV ¼ 4$102 h�1) the production

rate of reformate gas progressively increased, but at higher
Fig. 4 e Reformate gas flowrates obtained under different

liquid feedstock loads (ethanolewater, S/C ¼ 3) and

temperatures over catalytic honeycombs loaded with

potassium-doped cobalt hydrotalcite (A) and RhPd/CeO2 (B).
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liquid feed rates the production of reformate gas was main-

tained constant at about 128 mL min�1. Taking into account

that the temperature of the reformer did not vary, this means

that the intrinsic activity of the catalyst strongly limited the

reforming process. The selectivity of products in the refor-

mate gas (dry basis) under a liquid fed rate of 0.05 mLliq$min�1

was ca. 66% H2, 16% CO2, 14% CO and 4% CH4, and the

hydrogen yield was 88%. The activity of the hydrotalcite

catalyst therefore was 0.61 STP LH2$gcat
�1$min�1.

It is important to highlight that the carbon balance (carbon

molar rate in the reformate gas with respect to carbon molar

rate of ethanol) was close to 100% for liquid feed rates below

0.05 mLliq$min�1, but it was progressively lower as the liquid

feed rate increased (68% at 0.15 mLliq$min�1), suggesting that

carbon deposition occurred. At the end of the reforming tests

the Kþ-doped cobalt hydrotalcite catalytic honeycomb was

removed and examined by SEM. Fig. 5 shows a representative

image of the surface of the catalyst corresponding to sec-

ondary electrons (Fig. 5A) and backscattered electrons

(Fig. 5B). Numerous carbon filaments can be recognized in the

image recorded with secondary electrons, whereas the bright

dots in the image recorded with backscattered electrons are

ascribed to metal cobalt nanoparticles, which have formed by

reduction of the cobalt hydrotalcite during the reforming re-

action and pulled outwards by the carbon filaments [29].

Probably, coke formation occurred through the dehydration of

ethanol into ethylene over acidic sites associated to the

presence of Al in the hydrotalcite structure, which is a well-

known coke precursor, or by the Boudouard reaction,

2CO/ C þ CO2 [22]. Therefore we can conclude that on-board

ethanol reforming over the Kþ-doped cobalt hydrotalcite

honeycomb is not adequate. On one hand, the intrinsic ac-

tivity of the catalytic honeycomb is low and, on the other

hand, there is accumulation of large quantities of carbon,

which is inadmissible for real application.
Fig. 5 e Secondary electron (A) and backscattered electron (B) SE

catalyst after reaction.
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Catalytic performance of RhPd/CeO2

Fig. 4B shows the yield of reformate gas obtained over the

catalytic honeycomb loaded with RhPd/CeO2 at different

liquid load of ethanol and water as well as the temperature

recorded inside the catalytic honeycomb at each condition. In

this case, the overall production of reformate gas was much

higher than that obtained with the honeycomb loaded with

the Kþ-doped cobalt hydrotalcite discussed above. The

amount of reformate gas increased linearly with the liquid

load up to 0.3 mLliq$min�1 (F/W ¼ 150 mLliq$gcat
�1$h�1,

GHSV ¼ 2.4$103 h�1), reaching production rates up to ca.

500 mL min�1 and hydrogen specific production rates of ca. 1

STP LH2$mLliq
�1$min�1. In this interval, the temperature of the

catalytic honeycomb was maintained always at about 610 �C
(Fig. 4B). At liquid loads higher than 0.3 mLliq$min�1 the pro-

duction of reformate gas increased only slightly and, at the

same time, the temperature of the catalytic honeycomb

decreased strongly. This can be interpreted in terms of heat

transfer limitations between the heat provided by the exhaust

gas of the ICE and the reformer, which requires a higher

amount of heat to complete the strongly endothermic steam

reforming process as the liquid load increases. Therefore, the

amount of reformate gas is not limited by the activity of the

RhPd/CeO2 catalyst, but by heat transfer. This is an important

result and indicates that the RhPd/CeO2 catalyst is appropriate

for on-board ethanol steam reforming using the exhaust heat

from combustion gases in an ICE. Obviously, the efficiency of

the reforming process can be improved by optimizing the ar-

chitecture of the reformer to enhance the heat transfer inside

the exhaust gas pipe, which is beyond the purpose of this

work.

The selectivity of the reformate gas obtained using a liquid

load up to 0.3 mLliq$min�1 was maintained at approximately

58% H2, 24% CO2, 1% CO and 17% CH4. These selectivity values
M images of the potassium-doped cobalt hydrotalcite
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Fig. 6 e Selectivity values of the reformate gas obtained in

long-term tests with commercial bioethanol (F/

W ¼ 150 mLliq·gcat
¡1·h¡1, S/C ¼ 3, GHSV ¼ 2.4·103 h¡1) over

RhPd/CeO2 (A) and RhPd/Ce0.5Zr0.5O2eAl2O3 (B).

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e1 06
are different from those recorded over the honeycomb loaded

with Kþ-doped cobalt hydrotalcite discussed in Section

Catalytic performance of Kþ-doped cobalt hydrotalcite, in

accordance to the different reaction mechanism exhibited by

the cobalt hydrotalcite and the RhPd/CeO2 catalyst [28,29]. In

particular, the amount of CO in the reformate gas produced

over the RhPd/CeO2 catalyst is much lower due to its high

activity in the water gas shift reaction, whereas the amount

of CH4 is considerably higher because the ethanol steam

reforming over the RhPd/CeO2 catalyst proceeds through the

decomposition of ethanol followed by the steam reforming of

methane (Fig. 1). For that reason, the hydrogen yield was

lower over the catalytic honeycomb loaded with RhPd/CeO2

with respect to that obtained over the honeycomb loaded

with the cobalt hydrotalcite, 77 vs. 88%. However, the higher

intrinsic activity of the RhPd/CeO2 catalyst compared to that

exhibited by the cobalt hydrotalcite (2.42 vs. 0.61 STP

LH2$gcat
�1$min�1) results in an overall higher hydrogen pro-

duction in the former. Considering the superior catalytic

performance of the honeycomb loaded with the RhPd/CeO2

catalyst, a series of experiments were conducted with com-

mercial bioethanol under the same operation conditions (F/

W ¼ 150 mLliq$gcat
�1$h�1, GHSV ¼ 2.4$103 h�1). In all cases, the

production of reformate gas was slightly lower than that

obtained with the pure ethanol-water mixture, about 5% less.

This can be due to the presence of impurities in bioethanol, as

reported elsewhere [38].

Stability test

We decided to run steam reforming long-term experiments

with commercial bioethanol at S/C ¼ 3 over the catalytic

honeycomb loaded with RhPd/CeO2 to study the practical

utilization of this catalyst for the on-board generation of

hydrogen. Fig. 6A shows the distribution of products in the

reformate gas over 200 h on stream with a liquid load of

0.3 mLliq$min�1 (F/W¼ 150mLliq$gcat
�1$h�1, GHSV ¼ 2.4$103 h�1)

and ca. 610 �C. The catalytic honeycomb showed a stable

behavior for about 100 h; after this period of time the con-

centration of H2 and CO2 decreased progressively and that of

CO increased strongly. In addition, after 150 h on stream the

concentration of CH4 also increased. Therefore it appears that

the water gas shift reaction was suppressed over the catalytic

honeycomb after bioethanol steam reforming for 100 h and

also the steam reforming of methane was hindered after

150 h. This is a clear indication that the active centers of the

catalyst transform during reaction or are covered by carbon,

or both. The catalytic honeycomb was studied by HRTEM

before and after the stability test. Fig. 7 show representative

lattice-fringe images of the catalytic layer as deposited (A and

B) and after the long-term catalytic test (C and D). The sample

as prepared is constituted by RhPd nanoparticles very well

dispersed over the ceria support, in accordance to previous

works [32,34]. The particle size distribution of the noble metal

nanoparticles ranges from 3 to 5 nm in diameter (Fig. 7A). The

lattice fringes at 2.22Å in the nanoparticle depicted in detail in

Fig. 7B, for instance, correspond to the (111) crystallographic

planes of RhPd alloy. Themetal nanoparticles arewell-defined

and perfectly anchored over the ceria support. In contrast, the

catalyst after reaction exhibits a different structure. The size
Please cite this article in press as: Casanovas A, et al., Finding a suit
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of the metal nanoparticles is preserved at about 3e5 nm and

no sintering is detected. However, themetal nanoparticles are

no longer well anchored over the ceria support because car-

bon formation has occurred, which has detached the nano-

particles from the support. This is clearly seen in Fig. 7C,

where a metal nanoparticle is separated by carbon from the

ceria support. The lattice fringes of the nanoparticle at

2.22e2.23 Å correspond to the (111) crystallographic planes of

RhPd alloy. Fig. 7D shows carbon accumulation over both the

metal nanoparticles as well as over the ceria support. This

explains well the change of the distribution of products in the

reformate gas; the most active and selective sites for the

ethanol steam reforming reaction (including the water gas

shift reaction) have been associated with the periphery of the

RhPd alloy nanoparticles in contact with CeO2 [32]. As soon as

carbon accumulation occurs, it provokes the detachment of

the nanoparticles from the support and the specific catalytic

active sites are progressively lost.

In order to avoid carbon accumulation during the reform-

ing of bioethanol, a different support formulation was tested

based on previous results reported in the literature [39]. The

formulation of the support contained Al2O3 and Ce0.5Zr0.5O2.
able catalyst for on-board ethanol reforming using exhaust heat
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Fig. 7 e HRTEM images of the RhPd/CeO2 catalyst as prepared (A, B) and after reaction with commercial bioethanol (F/

W ¼ 150 mLliq·gcat
¡1·h¡1, S/C ¼ 3, GHSV ¼ 2.4·103 h¡1) for 200 h (C, D).
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Ceriaezirconia solid solution is well known for its enhanced

oxygen storage capacity [40,41], which has a fundamental role

in avoiding carbon deposition [42]. Recently it has been re-

ported that the contact points between carbon and cer-

iaezirconia solid solution are prone to create oxygen

vacancies, which are very active in suppressing carbon accu-

mulation [43]. The role of alumina is to provide with acid sites

for water activation, which promotes the water gas shift and

the methane steam reforming steps of the reforming process,

and also to enhance the thermal stability of Ce0.5Zr0.5O2

[38,39]. Fig. 6B shows the distribution of products in the

reformate gas over 200 h on stream over RhPd/Ce0.5Zr0.5O2-

eAl2O3 under strictly the same operation conditions. Two

aspects merit to be highlighted. First, the distribution of

products was maintained absolutely constant during the

duration of the long-term test. Second, the distribution of

products in the reformate gas was different from that ob-

tained over the catalytic honeycomb loaded with RhPd/CeO2.
Please cite this article in press as: Casanovas A, et al., Finding a suit
from an internal combustion engine, International Journal of Hydrog
In particular, the hydrogen yield was considerable higher in

the reformate gas obtained over RhPd/Ce0.5Zr0.5O2eAl2O3, 93

vs. 77%. Also, the CO and CH4 concentrations were kept al-

ways below 10% and 5%, respectively, which indicate a high

activity and robustness of the catalyst towards the water gas

shift reaction andmethane steam reforming. Clearly, both the

specificity and stability of the catalytic honeycomb loaded

with RhPd/Ce0.5Zr0.5O2eAl2O3 was superior. After the long-

term test, the RhPd/Ce0.5Zr0.5O2eAl2O3 catalyst was exam-

ined by HRTEM. Fig. 8 shows images of the catalyst as

prepared (Fig. 8A and B) and after reaction (Fig. 8C and D). The

fresh sample containsmetal nanoparticles of about 3e4 nm in

size, which are very well distributed over the Ce0.5Zr0.5O2-

eAl2O3 support. The nanoparticles are well anchored (see for

example Fig. 8B) and exhibit lattice fringes at 2.22 Å corre-

sponding to the characteristic (111) crystallographic planes of

RhPd alloy. Interestingly, after reaction there are no signifi-

cant changes in the architecture of the catalyst. The size of the
able catalyst for on-board ethanol reforming using exhaust heat
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Fig. 8 e HRTEM images of the RhPd/CeeZreAl catalyst as prepared (A, B) and after reaction with commercial bioethanol (F/

W ¼ 150 mLliq·gcat
¡1·h¡1, S/C ¼ 3, GHSV ¼ 2.4·103 h¡1) for 200 h (C, D).
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metal nanoparticles was maintained at 3e4 nm and, most

importantly, there are no signs of carbon accumulation,

neither in the form of carbon nanotubes or nanofibers or

carbon shells. The lattice fringes of the nanoparticles are well

preserved and the nanoparticles are well anchored onto the

support.
Conclusions

Catalytic honeycombs loaded with potassium-promoted co-

balt hydrotalcite, RhPd/CeO2, and RhPd/Ce0.5Zr0.5O2eAl2O3

catalysts were tested for the on-board steam reforming of

ethanol and commercial bioethanol (S/C ¼ 3) under gas

hourly space velocity (GHSV) values of 2$102e4$103 h�1. The

reforming process was conducted inside the housing of the

exhaust gas pipe of a Honda GX390 gasoline internal com-

bustion engine (ICE) by using the heat of the exhaust gases (at
Please cite this article in press as: Casanovas A, et al., Finding a suit
from an internal combustion engine, International Journal of Hydrog
about 610e620 �C) to produce a reformate gas that could be

injected into the ICE to save fuel and reduce gaseous and

particulate emissions. The production of hydrogen over the

catalytic honeycomb loaded with the potassium-promoted

cobalt hydrotalcite was very effective at low reactant load

(up to GHSV ¼ 4$102 h�1), but it was severely limited by the

intrinsic activity of the catalysts and coke formation, making

its use impractical. The catalytic monolith loaded with RhPd/

CeO2 showed high activity for ethanol reforming, reaching

values of about 1 STP LH2$mLliq
�1$min�1 up to GHSV values of

2.4$103 h�1. At higher reactant load the production of

hydrogen decreased because the temperature of the catalytic

honeycomb decreased strongly due to heat transfer limita-

tions between the heat provided by the exhaust gas of the ICE

and the reformer. Long duration reforming tests performed

with commercial bioethanol (S/C ¼ 3, GHSV ¼ 2.4$103 h�1)

over the catalytic honeycomb loaded with RhPd/CeO2 resul-

ted in loss of hydrogen production due to the progressive
able catalyst for on-board ethanol reforming using exhaust heat
en Energy (2016), http://dx.doi.org/10.1016/j.ijhydene.2016.11.197
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transformation of the catalyst; in particular the RhPd metal

nanoparticles detached from the support by accumulation of

carbon. In contrast, when the ceria catalytic support was

substituted by Ce0.5Zr0.5O2eAl2O3 the catalytic performance

of the resulting RhPd/Ce0.5Zr0.5O2eAl2O3 catalytic honeycomb

was greatly enhanced for bioethanol reforming, with excel-

lent stability and absence of carbon accumulation. This

catalyst is considered as a good candidate for practical on-

board ethanol reforming using the excess heat provided by

exhaust gases in ICEs.
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