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The catalytic total oxidation of toluene is used to bring the required calories to restore hydrogen from
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methylcyclohexane (MCH). Two coupled reactions, both catalyzed by Pt/alumina, are thus considered
in one autothermal heat-exchanger reactor (HER): endothermic dehydrogenation of methylcyclohexane
and catalytic combustion of less than 10% of produced toluene (6% for the chemical reaction, about 4%
for heat losses). Both reactions are carried out at 350 ◦C. Methylcyclohexane and toluene light-off curves
have been performed in one elementary module. Methylcyclohexane combustion has been eliminated

ks, al

oupling
oated reactor

due to its safety drawbac

. Introduction

To feed an on-board fuel cell, hydrogen can either be pro-
uced in situ by a chemical reaction or chemically or physically
tored. The here-studied process consists of releasing hydrogen
rom naphthenic molecules, hydrogen storing compounds [1–3].
he aromatic compounds, the by-products of the dehydrogena-
ion reaction, can be recycled ex situ in a hydrogenation plant to
estore the hydrogen-rich reactants [4]. The molecules are used as
ydrogen carriers. In the global processing system, the hydrogen
nd aromatics mixture is first separated by condensation at room
emperature. Aromatics are afterwards stored in a tank and hydro-
en (containing 2 vol% Aromatics for MCH/Toluene couple) is then
urified using adsorption on polymers. After purification, aromatics
ontent in hydrogen being lower than 1 ppm, hydrogen can safely
eed a Fuel Cell [5].

The chosen hydrogen-rich reactant is methylcyclohexane
MCH) because of its high hydrogen storage capacity (6 wt-%) and
he lower toxicity of the produced toluene (TOL) in comparison
ith benzene. As dehydrogenation of MCH is highly endothermic

nd occurs above 300 ◦C, heat can be provided by burning toluene
ith both reactions performed in a catalytic heat exchanger.
The heat-exchanger reactors (HERs) consist of coupling both
eactions (endothermic and exothermic) and recovering the heat
roduced by the exothermic reaction to heat the endothermic
eaction. In this study, to reach highest efficiency in the HER, the

∗ Corresponding author. Tel.: +33 472431761; fax: +33 472431673.
E-mail address: isabelle.pitault@lgpc.cpe.fr (I. Pitault).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.02.011
though the MCH combustion provides best stability to autothermal HER.
© 2010 Elsevier B.V. All rights reserved.

oxidation reaction has been performed on coated stainless steel
plate walls that are in contact with the dehydrogenation reaction.
This configuration corresponds to recuperative mode in Kolios’s
terminology [6,7]. The main advantage of using stainless steel
plates is the high thermal conductivity, which reduces the thermal
gradient within the walls and the required transfer area. Moreover,
the use of structured plates increases the turbulence, which also
reduces choking compared with the use of tubes. Nevertheless, high
thermal conductivity should also be a drawback, it increases heat
losses and the energy necessary to ignite the combustion. One of the
first catalytic HERs with coated walls was described by Hunter and
McGuire [8] in a patent. They presented the use of coated catalyst
to improve heat transfer and decrease combustible consumption in
a domestic boiler. The flame absence inducing a low production of
gas pollutants is presented as an advantage. Their main difficulty
was the distribution of heat flows.

The goal of this study is to show the feasibility of coupling a fast
exothermic reaction such as combustion with a slow endothermic
reaction such as dehydrogenation, focusing on combustion reac-
tors. Firstly, the choice of combustible based on light-off curves and
the use of structured plate for combustion are discussed. Secondly,
the reactions of dehydrogenation and combustion are indepen-
dently studied to quantify heat losses and give critical estimates of
flows and concentrations suitable to be coupled in an HER. Finally,
an improvement in the design of the HER is shown.
2. Experimental

Toluene is used as received from Acros. It is pumped by a HPLC
pump (Gilson 305) and vaporized via a T-junction through a cap-

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:isabelle.pitault@lgpc.cpe.fr
dx.doi.org/10.1016/j.cattod.2010.02.011
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oluene combustion and methylcyclohexane dehydrogenation.
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tion reactor is filled with 22 g of 0.88 wt-% Pt/alumina, whereas each
combustion reactor contains 0.12 g of 2.1 wt-% Pt/alumina, coated
on the heat-exchanging walls. The temperatures are measured with
thermocouples located in a space between the combustion modules
Fig. 1. Experimental set-up to carry out the coupling of t

llary tube perpendicular to the air flow. The TOL–air mixture is
reheated up to 180 ◦C and introduced into the combustion reac-
or. The range of operating conditions is 1–3 Nlair min−1, 1–2.2%
OL, 350–450 ◦C. The combustion effluents are cooled to room
emperature and water is condensed in a Peltier condenser (M&C
ooler ECP 100) before analysis in ABB detectors (O2: ABB Magnos
06 (Magneto-mechanical detector; range 0–100 vol%); CO2: ABB
ras 14 (IR absorption; range 0–100 vol%); CO: two ABB Uras 14

IR absorption; ranges 0–1000 ppm and 0–100 vol%). Each detector
s equipped with internal calibration allowing a precision greater
han 0.5%.

At the inlet of the dehydrogenation reactor, methylcyclohexane
>99%, Acros) is pumped by a HPLC ISMATEC pump (Reglo CPF/FMI
05), vaporized and preheated (250 ◦C). The evaporator is close to
he reactor inlet to avoid heat loss. MCH enters the reactor with a
mall amount of hydrogen to avoid rapid deactivation of the cata-
yst. For activation and regeneration purposes, air and N2 can also
e fed. The range of operating conditions is 2–11 mlMCH min−1,
50–400 ◦C, 1.5 bar. The dehydrogenation products are condensed
y two condensers in series. A smaller third condenser is used
o sample products before GC analysis. This configuration is used
o protect the Hydrogen detector. MCH conversions are measured
sing a GC equipped with PONA column.

The same nature of catalyst is used for combustion and dehy-
rogenation reactions. It was prepared by wet impregnation of
amma-alumina (SASOL, SBa-200) with a toluene solution of plat-
num acetylacetonate allowing Pt/Al2O3 catalyst to be obtained.
he powder obtained is used in the dehydrogenation reactors. Con-
erning the combustion reactors, the coated walls were obtained
y dip-coating in a suspension of the catalyst in diluted nitric acid,
ollowed by drying and calcination steps.

One single combustion reactor (A) and two different heat-
xchanger reactors (B and C) (HERs) were designed in the lab and
ested in the experimental set-up presented in Fig. 1. All reactors
nd modules are made of stainless steel. The reactors can be heated
p to 600 ◦C by two copper heating plates positioned above and
elow the stacks.

.1. Single combustion module (A)
The single combustion module (5 cm long × 5 cm wide × 0.5 cm
hick) is coated with 0.12 g of 2.1 wt-% Pt/alumina (Fig. 2). A Ni–Cr
oam is used at the gas inlet to increase the pressure drop and evenly
istribute the reactants.
Fig. 2. Coated catalyst in the module A structure.

2.2. First generation heat-exchanger reactor (B)

It consists of a long and thin dehydrogenation reactor (15 cm
long × 5 cm wide × 0.4 cm thick) coupled to six combustion reactors
(5 cm long × 5 cm wide × 0.5 cm thick) (Fig. 3). The dehydrogena-
Fig. 3. Autothermal reactor (HER B) coupling MCH dehydrogenation (blue central
section) and TOL combustion (red sections). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)
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ig. 4. Diagram of thermocouple locations in the autothermal reactor (HER B).

nd the dehydrogenation reactor, one of them being inserted in the
owder bed as shown in Fig. 4.

.3. Second generation heat-exchanger reactor (C)

The second generation is more compact than the first [9]. Its
imensions are 5.4 cm long, 5.4 cm wide and 2.5 cm high. The HER
onsists of six plates, four of them are 4.5 mm thick and two of
hem (at the top and the bottom of HER) are 3 mm thick (Fig. 5).
he four central plates in the HER centre each form half the dehy-
rogenation reactor on one side and half the combustion reactor on
he other side. The two end plates comprise only the combustion
eactor halves. Each dehydrogenation section consists of one chan-
el 45 cm long (4 mm wide, 3 mm high), containing a mean of 4.6 g
atalyst powder (200 �m diameter particles of 0.5 wt-% Pt/Al2O3)
nd coiled in a 5.4 cm × 5.4 cm plate. Each combustion section con-
ists of a 5 cm × 5 cm × 3 mm chamber (0.7 g of 2.1 wt-% Pt/Al2O3)

ontaining pillars and wash-coated on its two faces. The HER is
quipped with ten thermocouples. Four of them measure inlet and
utlet gas temperatures. These temperatures are necessary to cal-
ulate the heat balance and loss. The others (T 1 to T 6) are inserted
n the walls between the dehydrogenation and combustion cham-

Fig. 5. Second generation heat-exchanger reactor (HER C). From left to

ig. 6. Thermocouple positions in the HER C. Left: top view. Right: side view. Pink rectan
oundaries of the six plates. (For interpretation of the references to color in this figure leg
ay 157 (2010) 321–326 323

bers (Fig. 6). They give indications of temperature profiles along and
across the reactors. The arrows show the flow direction for MCH in
the dehydrogenation reactors. Combustion chambers can be fed in
co-current or counter-current mode with respect to MCH.

For HER B and HER C, the stacks are first electrically heated up to
360–375 ◦C, under N2 or air flow through the dehydrogenation and
combustion reactors, respectively. Then, MCH is fed to the dehy-
drogenation reactors. Finally, TOL is injected into the combustion
reactors.

3. Results

3.1. First generation reactor – 1 single combustion module
(configuration A)

In a first part, MCH and TOL combustions were studied in one
of the six modules of HER B. The programmed temperature curves
(Fig. 7) show that the ignition and extinction temperatures of TOL
are greater than for MCH. The MCH extinction curve could not be
obtained with the operating conditions in our set-up, heat losses
being lower than heat produced by combustion. Although the TOL
combustion was unreliable below about 300 ◦C, toluene was chosen
due to the risk of flashback for MCH.

The temperature reached during toluene combustion evidently
depends on the air flow rate and the toluene content (Fig. 8). More-
over, a temperature gradient between the inlet and the outlet of
each combustion module is observed. The localization of the hot
spot also varies from the entrance of the module at low toluene

fraction to the exit of the module at higher toluene fraction, with a
non-linear propagation front, despite the use of the metallic foam
as a distributor. Despite the high thermal conductivity of stainless
steel and the thickness of the walls, the thermal gradient remains
relatively high, about 10–15 ◦C. From these results, the six modules

right: stack of plates, combustion zone, dehydrogenation zone.

gles: combustion chambers. Yellow rectangles: dehydrogenation beds. Gray lines:
end, the reader is referred to the web version of the article.)
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Fig. 9. Toluene combustion in the three top modules. The dehydrogenation zone is
not active (no reaction) and is fed with nitrogen flow. (1) and (2) Dair = 2.0 lSTP min−1;
(3)–(6) Dair = 3.0 lSTP min−1; (1) yTOL = 1.56%; (2) yTOL = 2.07%; (3) yTOL = 1.05%; (4)
yTOL = 1.39%; (5) yTOL = 1.73%; (6) yTOL = 2.07%.
ig. 7. Extinction and ignition curves of combustion of toluene and methylcyclo-
exane in an elementary box. (�) TOL ignition and extinction DTOL = 32 �l min−1,
air = 0.3 lSTP min−1. (�) MCH ignition DMCH = 32 �l min−1, Dair = 0.3 lSTP min−1.

ere laid out so as to lightly stagger the six hot spots on the both
ides of HER B. In this case, the axial thermal flow provided by the
odules to the dehydrogenation reactor is more homogeneous.

.2. First generation reactor – 3 top combustion modules
configuration B)

The global heat-exchanger reactor was validated step by step.
irstly, three combustion modules running together were studied.
he temperatures observed at the wall of the different modules
re reported for various flow rates and toluene fraction. The differ-
nce between the top and the bottom modules is due to the fact
hat only the top modules are fed with air and toluene. What is

ore surprising is that the temperature decreases from Ta6 to Ta2,
howing that the distribution of air and toluene is not the same
n each module (Fig. 9). To overcome this drawback, the pressure
rop in each module was measured and a restriction was added at
he entrance to each module to give all modules the same pressure
rop. These measures were, however, not sufficient.

.3. First generation reactor – dehydrogenation (configuration B)

The dehydrogenation reaction was also studied alone. Temper-
ture profiles in the dehydrogenation reactor (central part of the

eat-exchanger reactor) (Fig. 10) show a large temperature gradi-
nt between walls and bed centre. Moreover, the greater the MCH
ow is, the greater the temperature gradient is. This gradient is
ntirely due to low thermal conductivity of the catalytic bed. On

ig. 8. Temperature profiles in one combustion module at different toluene fractions
from left to right: 0.61%, 1.21%, 1.51%, 1.80%, 2.09%, 2.11%). Dair = 0.3 lSTP min−1, reg-
lation temperature = 350 ◦C. (For interpretation of the references to color in this
gure legend, the reader is referred to the web version of the article.)
Fig. 10. Temperature profiles in the reactor for MCH dehydrogenation, heat is pro-
vided by electric power. Between 0 min and 20 min, DMCH = 5 ml min−1; between
20 min and 56 min, DMCH = 7.8 ml min−1; after 56 min, DMCH = 10.4 ml min−1.

the other hand, the temperature gradients for Ta3 and Tb2 are quite
similar and show the catalytic bed is symmetrical, the thermal flows
induced by the dehydrogenation reaction should be equal above
and below the dehydrogenation reactor.

3.4. First generation reactor – coupling (configuration B)

Despite the disappointments encountered during the study
of each reaction, the coupling of both reactions was attempted
(Fig. 11). The dehydrogenation is started first, with electrical heat-

ing. After 70 min, the combustion (in the six modules) is started. The
temperature rise in the dehydrogenation section is now due only
to the calories produced by the combustion modules. The tempera-
ture controller reduces the electrical heating to zero. The coupling
works, but a very large temperature gradient (50 ◦C) is observed

Fig. 11. Dehydrogenation and toluene combustion coupling. Preheating with elec-
tric power and nitrogen flows. At 30 min, start of MCH feeding (DMCH = 3.9 ml min−1).
At 68 min, start of toluene and air feeding (Dair = 2.0 lSTP min−1; yTOL = 1.97%).
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Fig. 13. Dehydrogenation and toluene combustion coupling. (1) Preheating with
electric power and nitrogen flows at 390 ◦C. (2) MCH feeding (DMCH = 2.3 ml min−1).

−1
Fig. 12. Single combustion module after run.

etween the centre of the catalyst bed and the wall at the exit
f the reactor. Moreover, the observed temperature gradients in
he wall between the reactor entrance and exit using the three

odules increase as the dehydrogenation progresses. In this sit-
ation, energy produced by combustion at the dehydrogenation
eactor entrance provided insufficient heat to the reactor. Whilst,
nergy produced by combustion at the dehydrogenation reactor
xit provided an excess of heat to the reactor.

After the all experiments, a single module was disassembled at
he end of the combustion experiments. This allowed the obser-
ation that the quality of the coating remained good, but some
orrosion of the stainless steel (Fig. 12) and decomposition of the
i–Cr foam was also observed. The Ni–Cr was stressed during the

emperature change and turned into powder. The presence of black
arks suggests homogeneous combustion in the foam.
The second generation reactor was designed with these obser-

ations in consideration.

.5. Second generation reactor – coupling (configuration C)

The internal structures and arrangement of the plates have been
esigned in order to promote heat transfer between dehydrogena-
ion and combustion catalysts while maintaining ideal plug flow
n each reactor. The foam used to homogenize the gas flow was
emoved and the structures of the combustion plates were designed
o break the flow and increase the turbulence. To avoid an axial
hermal gradient due to poor gas distribution in the tubes between
everal modules, a stack of plates was designed with the same
ntrance box and the same exit box for all combustion plates. The
ame configuration was chosen for the dehydrogenation chamber
ntrance and exit.

The main observed behaviours in the HER C (Fig. 13) are the fol-
owing. Temperatures are nearly homogeneous in the HER under
lectrical heating with no reaction. With electrical heating and
CH feed, the significant temperature undershoot close to the
nlet illustrates the endothermicity of the reaction. The temper-
ture measured at the same distance from the inlet, but at different
epths in the stack (T 1&T 2; T 3&T 4) are close to each other
ut significantly different. The temperatures measured with the
(3) Toluene and air feeding (Dair = 3 lSTP min ; yTOL = 0.25%) in counter-current
mode. (4) Toluene and air feeding (Dair = 3 lSTP min−1; yTOL = 0.25%) in co-current
mode.

thermocouples furthest from the heating plates are evidently the
coldest. MCH conversions obtained during the periods (2) are about
85% (see Fig. 13).

In the second heat-exchanger reactor configuration, the reactors
being perfectly symmetrical, two different modes of operation were
studied: counter-current and co-current. Autothermal conditions
are successfully achieved both in co-current and counter-current
flow modes. In both cases, the use of central combustion mod-
ule removes the temperature difference between T 1&T 2 or
T 3&T 4. Fig. 13 clearly shows the advantage of co-current oper-
ation. Lower temperature excursions along the reactor and higher
MCH conversions are achieved in co-current flow mode than in
counter-current flow mode. In co-current flow mode, the coupling
occurs at a constant temperature of 330 ◦C. But, in all cases, T 1
(resp. T 3) is much closer to T 2 (resp. T 4) because heat sup-
ply (combustion) is uniformly spread over the stack depth. The
MCH conversions achieved in co-current flow are 78% against
59% in counter-current flow. In all cases, TOL combustion is
total.

3.6. Comparison between HER B and HER C

The enthalpies of MCH dehydrogenation and Toluene combus-
tion being 204 kJ mol−1 and 3771 kJ mol−1, respectively, only 6% of
the produced toluene is necessary to heat the reactor with no heat
loss. For HER B and HER C, 10.0% and 9.7% of the produced toluene
was burned with a MCH flow of about 3.9 g min−1 and the same
hydrogen production. Heat losses are therefore of the same order
of magnitude for both laboratory reactors. Moreover, the higher
the MCH flows are, the lower the toluene proportions to compen-
sate for heat loss are (for example, for both the HER, for 5 g min−1

MCH flow, 7.4% of the produced toluene is burned and for 2 g min−1

MCH flow, 13.9% of the produced toluene is burned). Both reactors
have the same efficiency in terms of hydrogen production. How-
ever, the HER B is less compact than the HER C. The masses of
dehydrogenation catalysts in the reactors are very different: 22 g
of 0.88 wt-% Pt (i.e. 193 mg of Pt) and 9 g of 0.5 wt-% Pt (i.e. 45 mg
of Pt) in HER B and HER C, respectively. The masses of combus-
tion catalysts are 0.7 g and 2.4 g of the same 2.1 wt-% Pt in HER B
and HER C, respectively. In all combustion modules, the reaction is

hardly limited by mass and heat transfer, the mass of Pt only affects
the reaction rate during the ignition step. In conclusion, if the com-
pactness is an effectiveness criterion, the HER C is better than HER
B.
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. Conclusions – perspectives

The coupling of one endothermic reaction and one exothermic
ne in two autothermal heat-exchanging reactors was carried out
ith success.

Present work has concerned the study of different designs of the
tructured heat-exchanger reactor. It highlighted the problems of
orrosion linked to the coating procedure on stainless steel walls.
his drawback is what stopped the future process development.
ethods to protect walls have to be developed. Nevertheless, both

he reactors have dramatically enhanced the efficiency of the dehy-
rogenation reaction, as the same conversion cannot be reached at
he same WHSV in classical reactors.
cknowledgement
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