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This  work  involves  comparative  investigation  of  two  catalytic  microchannel  configurations  for  synthesis
gas  generation  by methane  steam  reforming.  In the first  configuration,  catalyst  is in  the  form  of  a layer
which  is  coated  onto  the  microchannel  wall,  while  the  second  one  is  defined  by  the  packing  of  particulate
catalyst  into  an empty  microchannel  of  the  same  dimension.  Comparison  between  these  geometries  is
carried out  for  four different  catalysts  – Rh,  Ru,  Pd,  Ni – all  of  which  are  supported  on  alumina,  and
involves  testing  of different  reaction  temperatures  (873,  923,  973,  1023  K)  and  steam-to-carbon  ratios
team reforming
ethane
icrochannel
all coated catalyst

ynthesis gas

(2.5, 3.0,  3.5) for each  catalyst  through  a parametric  approach.  Compared  with  the packed  version,  wall-
coated microchannel  geometry  leads  to higher  methane  conversions  and  syngas  production  rates  as  well
as lower  H2/CO ratios  in the  entire  parameter  and  catalyst  range  investigated.  Rh is  the  best  catalyst  in
terms  of  activity  and  H2 and  CO  throughputs,  while  Ni gives  the  highest  hydrogen  selectivity.  The results
indicate  the  possibility  of  reducing  H2/CO  ratio  in methane  steam  reforming  by  the  use  of  reformers
characterized  by  wall-coated  microchannels.
. Introduction

Increasing demands in running chemical productions at lower
apital and operating expenses have recently built up interest in
ovel approaches such as process intensification [1,2]. Various
trategies of intensification can be realized either by integrating
hemical reactions with unit operations such as separation and
eat exchange, or, more recently, by miniaturizing the character-

stic flow paths into well-defined structured geometries [3].  The
atter approach of intensification can bring added values like the
ossibility of operating in narrow control limits and of increasing
he throughput by numbering up the flow paths which eliminate
omplexities associated with traditional scaling-up efforts [3–5].

Studies addressing the intensification of flow paths have led
o the design and analysis of microchannel reactors. These minia-
ure devices involve parallel, identical channels with characteristic
imensions between ∼10−6 and 10−3 m and laminar flow condi-
ions [3–5]. They are constructed mostly using metallic substrates
o give surface areas in the 1 × 104–5 × 104 m2/m3 range, which are
a. 50–100 times higher than those of their conventional packed-

ed counterparts [4].  Presence of high surface areas, sub-millimeter
imensions and use of metallic materials favor rapid and uniform
istribution of heat to the entire catalyst, which can be either coated

∗ Corresponding author. Tel.: +90 212 3596412; fax: +90 212 2872460.
E-mail address: onsan@boun.edu.tr (Z.I. Önsan).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.08.021
© 2011 Elsevier B.V. All rights reserved.

as a layer on the interior channel walls or packed into the chan-
nels in particulate form [3–5]. Effective heat transfer is essential for
highly endothermic and exothermic catalytic processes demanding
precise control of temperature and product distribution.

Catalytic steam reforming of natural gas, composed mostly of
methane, is the conventional process used to produce hydrogen at
industrial scale [6]:

CH4 + H2O = CO + 3H2 �H◦ = 206.2 kJ/mol  (1)

Product distribution of steam reforming is affected by the
water–gas shift reaction, which is at equilibrium under the reaction
conditions [6]:

CO + H2O = CO2 + H2 �H◦ = −41.2 kJ/mol  (2)

Steam reforming runs in tubular reactors packed with Ni-based
catalysts. The process is endothermic and requires significant quan-
tities of external heat which is supplied either by direct firing or by
heat exchange with a hot stream [6,7]. Distribution of external heat
to the catalyst bed has direct impact on the process efficiency. Due
to the limited heat transfer characteristics of packed beds, exter-
nal heat may  not be ideally transferred to the catalysts and local
catalyst temperatures may be lower than the desired values. This
phenomenon affects the SR product spectrum in favor of H2-rich

production; CO produced by Reaction (1) is converted to CO2 and H2
by the exothermic water–gas shift (Reaction (2)). However, the sit-
uation is not suitable for syngas production at H2/CO ratios less than
3.0. At this stage, use of microchannel reactors can offer a potential

dx.doi.org/10.1016/j.cattod.2011.08.021
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:onsan@boun.edu.tr
dx.doi.org/10.1016/j.cattod.2011.08.021
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ig. 1. Top (at the left) and cross-sectional (at the right) views of the coated micro
atalyst layers; 4: FeCrAlY plate; 5: ceramic wool plug).

olution by providing rapid delivery of external heat to the cata-
yst, and, at suitable temperature, catalyst, and steam-to-methane
eed ratios, can allow steam reforming to produce syngas appropri-
te for synthetic fuel manufacturing which is conventionally being
arried out by autothermal reforming [7].

Methane steam reforming (MSR) in catalytic microchannels was
tudied by several groups [8–11]. Johnson et al. [9] investigated
SR over Rh-catalyst integrated microchannels. They studied the

eaction at high temperatures (up to 900 ◦C), steam-to-carbon (S/C)
olar ratio of 1.0, and a contact time of 27 ms,  and observed near

quilibrium conversion and selectivity without catalyst deactiva-
ion. Similarly, Wang et al. [10] integrated a 10 wt% Rh/MgO–Al2O3
atalyst into an engineered microchannel structure and obtained
2/CO ratios around 3.5, methane conversion and CO selectivity of
a. 60% and 80%, respectively, at a temperature of 900 ◦C, S/C ratio of
.0, and a contact time of 27 ms.  Ryu et al. [11] washcoated Ni over a
eCrAlY based metal monolith and obtained almost complete MSR
onversion at a temperature and gas-hourly space velocity (GHSV)
f 700 ◦C and 9443 h−1, respectively. Combustion assisted reform-
ng of methane, which involves heat exchange between catalytic
xidation and steam reforming in different compartments of the
ame microchannel reactor volume has also been demonstrated
12–19]. Studies that exploit the differences of microchannel reac-
ors with their conventional packed counterparts are scarce. Wang
t al. [10] compared methane steam reforming in a packed bed reac-
or and in engineered microchannel reactor made by FeCrAlY felt
nserts of specific dimensions using the same catalyst, and reported
hat the latter led to higher methane conversions and CO selec-
ivities. Ryu et al. [11] ran comparable MSR  tests over coarsely
owdered and wash-coated monolith geometries, both of which
ontained equal volumes of Ni-based catalyst. They found that
he monolith wash-coated Ni-catalyst gave higher methane con-
ersions, and the difference between coated and powdered forms
ecame more significant at GHSV values above 28,000 h−1 where
o pressure drop was noted for the monolith [11]. Karim et al.
20] studied methanol steam reforming in wall-coated and packed-
ed reactors and concluded that wall-coated configuration was free
rom any transport limitations, whereas packed-bed reactor opera-
ion was limited by heat transfer. The importance of heat effects was
mphasized by Tadd et al. [21] who compared the performances of
icrochannel and packed-bed reactor in the autothermal reform-

ng of iso-octane.
A survey of the literature shows that studies addressing MSR

n microchannels and their direct comparison with conventional
acked-bed reactors are scarce. The major aim of this work was
o investigate and compare the MSR  performances of precious
etal and nickel catalysts for syngas production in two  different
icrochannel reactor geometries, namely wall-coated and packed
icrochannels. Studies were carried out within a wide test matrix

nd involved testing of alumina supported 2% (by weight) Rh, 2% Ru
el configuration (1: engineered metal housing; 2: open microchannels; 3: coated

and 2% Pd catalysts together with the conventional 10% Ni catalyst
at different temperatures (600, 650, 700, 750 ◦C) and steam-to-
carbon ratios (2.5, 3.0, 3.5) through a parametric approach.

2. Experimental

2.1. Catalyst preparation

Catalysts tested in this study are prepared in two different
geometric forms, namely particulate and wall-coated catalysts.
Preparation of particulate catalysts starts with the preparation of a
thermally stable support, �-Al2O3. For this purpose, �-Al2O3 (Alcoa,
279 m2/g) is first crushed and sieved to 60–80 mesh (180–255 �m)
particle size and then subjected to heat treatment, which involved
drying of �-Al2O3 at 473 K for 2 h followed by its calcination at
1173 K for 4 h. This treatment leads to the formation of �-Al2O3
which has a lower surface area (82 m2/g), but also has sufficient
thermal stability against MSR  conditions [22]. After support prepa-
ration, Rh, Ru, Pd and Ni based catalysts, all supported on �-Al2O3,
are synthesized by incipient-to-wetness technique with metal
loadings of 2% (by weight) for Rh, Ru, and Pd, and 10% (by weight)
for Ni. Calculated amounts of the corresponding precursor salts,
Ni(NO3)2·6H2O, Rh(NO3)3, Pd(NO3)2·xH2O, and Ru(NO)(NO3)3, all
supplied from Sigma–Aldrich, are dissolved in definite amounts of
deionized water. Aqueous precursor solutions are then impreg-
nated onto the �-Al2O3 support particles via a peristaltic pump.
The resulting slurries, which are formed after ultrasonic mixing of
the aqueous solutions and the support under vacuum for 1.5 h, are
dried overnight at 393 K and calcined at 773 K for 4 h in the cases
of Rh, Ru and Pd, and at 873 K for 4 h in the case of Ni.

The procedure summarized above for the synthesis of partic-
ulate catalysts is applied for the preparation of the catalyst layer
used in the wall-coated geometry. Instead of starting with alu-
mina particles of 180–255 �m size, the �-Al2O3 (Alfa Aesar) powder
with 3 �m particle size is used for synthesizing the catalyst pow-
ders. After heat treatment, a given amount of catalyst powder (ca.
0.072 g) is then mixed with a definite amount of deionized water
containing a calculated amount of the precursor salt concerned
in order to obtain the catalyst slurry by the incipient-to-wetness
impregnation technique. After this step, the slurry is carefully
placed, i.e. coated, as a thin layer on both sides of a metallic plate
by using a thin blade. The metallic plate used is made of FeCrAlY
alloy (Goodfellow) and has dimensions of 2 mm × 5 mm × 25 mm
(height × width × depth). Before the slurry is coated, the plates are
heat treated at 1173 K for 4 h with a heating rate of 20 K/min for
obtaining a native, tortuous surface composed of Al2O3, which is

reported to improve the adhesion of the coating [23]. The catalyst
slurry coated plate is then dried at 393 K for 2 h, and finally, calcined
at 773 K for 4 h in the cases of Rh, Ru and Pd, and at 873 K for 4 h in
the case of Ni, using heating rates of 5 K/min.
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Fig. 2. ESEM micrographs (50,000×) of 2 wt% precious metal containing catalysts (Rh, Pd, Ru) and cross-sectional ESEM image (500×) of the coated catalyst layer obtained
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n  preparing the 2 wt%  Rh catalyst.

The microchannels in the reactor are formed by using a cylin-
rical engineered metal housing made of 310-grade stainless
teel with external dimensions of 18.6 mm × 30 mm (outer diame-
er × length) (Fig. 1). The interior of the housing is shaped with the
ire electro discharge machining technique, such that the coated
late is inserted into the central part with 0.5 mm fitting at each
ide to give two wall-coated catalytic microchannels, each having
imensions of 0.75 mm × 4 mm × 25 mm (height × width × depth).
fter insertion, the catalyst layers at the first and last 0.5 mm  zones
f the plate are scraped to overlap between the plate and grooves
nd to give a total remaining coating mass of 0.065 g (Fig. 1). In
his configuration, height of a microchannel (0.75 mm)  includes the
hickness of the open channel and the coated catalyst layer, the lat-
er being close to 0.1 mm (Fig. 2) as measured by the cross-sectional
SEM images of the coated plates (Section 3.1). In order to prevent
he movement of the plate, a plug of ceramic wool (Shimadzu) is
laced into the last 5 mm gap between the end of the plate and the
ousing (Fig. 1).

The same engineered housing is used to configure the packed
icrochannels. In this case, an uncoated plate is inserted into

he central part of the housing and supported with a ceramic
ool plug that is put into the last 5 mm gap between the

nd of the plate and the housing, as shown in Fig. 1. The
esulting gaps form two microchannels, each having dimen-

ions of 0.75 mm × 4 mm × 25 mm (height × width × depth). These
icrochannels are filled with a total amount of 0.065 g of the par-

iculate catalyst, such that each channel contains an equal catalyst
ass of 0.0325 g.
2.2. Activity tests

The housing, either with coated or packed catalyst, is placed
into the center of a down-flow 20 mm-ID cylindrical quartz tube
involving a horizontal hollow ring, whose dimensions are arranged
to ensure sufficient overlap with the metal parts of the housing.
The designed overlap keeps the housing fixed at the desired posi-
tion and helps in eliminating any bypass stream through the gap
between the tube and the housing. The possibility of bypass is fur-
ther reduced during the experiments due to the thermal expansion
of the metal housing at high temperatures that closes the gap. The
temperature at the tube center, i.e. of the catalytic microchannels,
is controlled and measured to ±0.1 K by a Shimaden FP-21 pro-
grammable controller and a K-type sheathed thermocouple, the
latter being placed in the center of the furnace adjacent to the
microchannels. Position of the tube center and hence of catalytic
microchannels are adjusted to remain within the 10 cm long con-
stant temperature zone of the tube furnace. Blank tests did not
indicate any activity due to the metal housing, plate or ceramic
wool under the pertinent reaction conditions.

Methane steam reforming experiments are carried out at 873,
923, 973 and 1023 K and at atmospheric pressure with steam-to-
carbon-ratios of 2.5, 3.0 and 3.5. Steam-to-carbon (S/C) ratio is
defined as the ratio of the number of moles of steam to that of

methane at the inlet. Before the reaction tests, the catalysts are
reduced in situ by 25 cm3 min−1 of pure hydrogen flow at 1073 K
for 2 h. An Aalborg GFC171S series mass flow controller is used to
maintain constant flow of hydrogen. Flow of other gases, methane
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Table 1
Targeted and achieved metal loadings of particulate and coated catalysts obtained
from EDX mapping analyses.

Catalysts Target metal
loading (wt%)

Actual metal
loading – Coated
form (wt%)

Actual metal loading –
Particulate form (wt%)

Rh/�–Al2O3 2 1.97 1.99
Ru/�–Al2O3 2 2.11 2.52

F
c

60 E. Simsek et al. / Catalys

nd nitrogen, are measured and controlled by Omega 5878 series
ass flow controllers. Deionized water is metered at constant flow

ates by a Jasco PU-1580 intelligent HPLC pump through a separate
ine that is kept at 398 K by a heating-tape/temperature controller
ystem to ensure vaporization. All gas and steam flow rates are
ormalized to 298 K and 1 atm. During the experiments, total flow
ates and catalyst weights in both reactor configurations are kept
onstant at 90 cm3 min−1 and 0.065 g, respectively. In testing the
ffect of temperature, feed composition is fixed at a volumetric
H4:H2O:N2 ratio of 10:25:65, while the studies on the effect of
he S/C ratio were conducted by changing the steam and nitrogen
ow rates so as to keep the methane and total flow rates constant
t 9 and 90 cm3 min−1, respectively. The same plan of experiments
s applied to both coated and packed microchannel configurations,

hich are compared on the basis of identical contact time defined as
he ratio of catalyst weight to inlet methane flow rate (Wcat/FCH4,o)
qual to 7.22 mg  min  cm−3 (which corresponds to ca. 75 ms  based
n total microchannel volume including the catalyst). This defini-
ion of contact time (Wcat/FCH4,o) is preferred since it is independent
f whether the catalyst is in the form of particles or is wall-coated
24]. All results reported in this study are based on product data
ollected 90 min  after the start-up of the MSR  reaction; each exper-
mental run is conducted for a period of 3–9 h.

Reactant and product analysis is conducted using a Shimadzu
C-8A gas chromatograph that is equipped with a Molecular Sieve
A packed column and a thermal conductivity detector held at
33 K and 363 K, respectively. The products, H2, N2, CH4 and CO,
re detected under argon carrier gas flow of 50 cm3 min−1. Since
he molecular sieve column is deactivated by water vapor, two salt-
ce cold traps held at 273 K in Dewar flasks were placed before the
C unit to remove the water vapor in the product mixture. Reac-

ant and product streams are sampled and injected using an on-line
ix-way valve. Research grade gases of high purity (H2, N2, CH4, Ar,
e > 99.99%, supplied by Linde) are used in reaction tests and GC
nalysis.

. Results and discussion

.1. Catalyst characterization

The precious metal catalysts, 2% Rh, 2% Ru and 2% Pd, selected

or investigation along with the conventional 10% Ni were all
upported on �-Al2O3 in both particulate and coated catalysts
y the incipient-to-wetness technique, which is the best method
or achieving targeted active metal loadings. Scanning electron

ig. 3. Effect of temperature on methane conversions obtained at S/C = 2.5 over 2 wt% Rh
orresponding equilibrium conversions.
Pd/�–Al2O3 2 2.50 2.27
Ni/�–Al2O3 10 8.29 10.13

microscopy coupled with energy dispersive X-ray analysis (Philips
XL30 ESEM-FEG/EDAX) system was used for quantitative analysis
and X-ray mapping of various freshly reduced samples, and several
regions on each sample, to determine average metal loadings. The
targeted and achieved metal loadings of particulate and coated cat-
alysts are presented in Table 1, while representative ESEM images of
2% precious metal containing catalysts are shown in Fig. 2, together
with the cross-sectional image of the coated catalyst layer obtained
in preparing the 2% Rh catalyst. EDX mapping results (not pro-
vided here) clearly indicate uniform metal dispersion, and actual
metal loadings quite close to the targeted values for all catalysts
(Table 1). The cross-sectional ESEM image of freshly coated 2% Rh/�-
Al2O3 layer is representative of the uniform catalyst layer thickness
attained in the preparation of each coated catalyst.

3.2. Microchannel reactor configuration

Two major groups of experiments were conducted using �-
Al2O3-supported 2% Rh, 2% Ru, 2% Pd, or 10% Ni catalysts that were
either coated on microchannel walls or packed into microchan-
nels as 180-255 �m particles. The inlet methane concentration
was fixed at 10 mol% in all the experiments. For all catalysts, reac-
tor performances were compared at constant contact time, that
is, by keeping the Wcat/FCH4,o ratio constant at the same value of
7.22 mg  min  cm−3 in both coated and packed microchannel reac-
tors. In the first group of experiments, the reaction temperature
was varied keeping all other reaction parameters constant, and the
variable in the second group of experiments conducted was the
steam-to-carbon (S/C) molar ratio.
3.2.1. Effect of reaction temperature
The effect of reaction temperature on MSR  was  studied in the

873 to 1023 K temperature range by both individual experiments
using fresh catalyst samples and by group experiments starting

 and 10 wt% Ni catalysts in coated and packed microchannel configurations and on
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Table 2
Effect of reaction temperature on methane conversion (xCH4), molar H2/CO ratio in the product stream, and production rates of H2 (rH2) and CO (rCO) in packed and coated
microchannel reactors.

Catalyst T (K) Packed microchannel Coated microchannel

xCH4 (%) H2/CO rH2 (�mol min−1 mg−1) rCO (�mol  min−1 mg−1) xCH4 (%) H2/CO rH2 (�mol  min−1 mg−1) rCO (�mol min−1 mg−1)

2 wt% Rh/�–Al2O3 873 19.6 15.4 3.77 0.24 34.9 5.9 5.90 1.00
923  23.9 9.7 4.22 0.44 44.2 4.4 7.39 1.69
973 29.3  7.1 4.88 0.69 53.6 4.1 8.97 2.17

1023 34.1 6.1 5.80 0.96 68.2 3.4 11.31 3.32
2  wt% Ru/�–Al2O3 873 10.4 12.8 1.46 0.11 31.3 8.1 5.41 0.67

923  13.4 7.7 1.85 0.24 35.9 5.9 6.10 1.03
973  14.1 7.3 2.05 0.28 38.7 5.6 6.70 1.20

1023  15.8 7.3 2.24 0.31 38.8 5.2 7.69 1.48
2  wt% Pd/�–Al2O3 873 12.2 11.8 1.99 0.17 28.8 5.8 4.29 0.74

923 16.7  7.1 2.79 0.39 41.9 4.6 6.62 1.43
973  21.1 6.9 3.58 0.51 55.1 4.5 8.38 1.85

1023 25.5 5.6 4.28 0.76 55.9 4.6 9.08 1.98
10  wt% Ni/�–Al2O3 873 15.7 27.3 2.29 0.08 45.8 10.4 7.61 0.73

f
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923  17.2 14.0 2.55 0.18 

973  19.9 10.8 2.93 0.27 

1023  24.2 8.4 3.5 0.42 

rom 1023 K going to lower temperatures without removing the
atalyst from the reactor. The feed composition was  kept constant
t an inlet methane concentration of 10 mol% and an S/C molar ratio
f 2.5, and a contact time of 7.22 mg  min  cm−3 was used in all exper-
ments. Although the risk of coking on Rh and Ru catalysts is rather
ow at the temperatures used, the S/C molar ratio was kept above
toichiometric in order to eliminate coke formation on Ni, since
he recommended ratios for MSR  over Ni are between 2.5 and 3 [6].
he results of individual and group experiments were reproducible.
SEM analyses conducted over the spent catalyst samples did not
ndicate the formation of any kind of carbonaceous deposits.

The constant Wcat/FCH4,o ratio selected (7.22 mg  min  cm−3)
ade it possible to keep methane conversion levels well below
quilibrium conversions at all temperatures on the catalysts tested
n this work and, thus, to easily differentiate between the per-
ormances of the two reactor configurations. Moreover, under

ig. 4. Effect of temperature on methane consumption rates at S/C = 2.5 over 2 wt%  Rh, 2 w
50.1 7.4 8.03 1.09
51.1 6.7 8.53 1.28
53.8 6.0 8.42 1.41

these conditions, no detectable catalyst deactivation was  observed.
Methane conversions obtained at an S/C ratio of 2.5 over 2% Rh and
10% Ni catalysts in coated and packed microchannel reactors are
presented as a function of reaction temperature in Fig. 3 together
with the corresponding equilibrium conversion levels calculated
from thermodynamic data using HSC 6.1 computer software. These
results demonstrate quite clearly that the coated microchannel
reactor gives higher methane conversion levels than the packed
microchannel reactor on both 2% Rh and 10% Ni catalysts and reac-
tant conversions remain below equilibrium limits in the entire
temperature range considered.

Experimental results obtained for MSR  at 873–1023 K with an
S/C molar ratio of 2.5 over four catalysts tested in coated and packed

microchannel reactors are summarized in Table 2 and Fig. 4. In each
case, methane conversion increases with temperature, and conver-
sions are highest over Rh at all temperatures; at 1023 K, methane

t% Pd, 2 wt%  Ru and 10 wt% Ni catalysts in coated and packed microchannel reactors.
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onversions of 68.2% and 34.1% are achieved in coated and packed
icrochannels, respectively. In both reactor configurations, cat-

lytic activity decreases in the order 2% Rh > 2% Pd ≥ 10% Ni > 2%
u; methane conversions and consumption rates over Ni and Pd are
uite close to each other at all reaction temperatures. It is observed
hat, compared to packed microchannels, much higher methane
onversion levels and consumption rates as well as higher H2 and
O production rates are reached in coated microchannels on all
he catalysts, which can be attributed to improved heat and mass
ransfer characteristics of the coated microchannel reactor.

A major parameter for syngas production by steam reforming is
he H2/CO molar ratio obtained in the product stream. Over each
f the catalysts tested in the two reactor configurations, H2/CO
olar ratio in the product decreases with increasing temperature;

or instance, over Rh, the H2/CO molar ratio in product decreases
rom 15.4 to 6.1 in the packed microchannel, and from 5.9 to 3.4
n the coated microchannel, as reaction temperature is increased
rom 873 to 1023 K. This decrease is more noticeable on the Ni cat-
lyst where the H2/CO ratio falls from 27.3 to 8.4 in the packed
icrochannel, and from 10.4 to 5.99, in the coated microchan-

el. It is remarkable that, on all the catalysts tested, the H2/CO
atios achieved in coated microchannels are significantly lower
han those attained in packed microchannels, and the lowest H2/CO
atio of 3.4 is obtained at 1023 K on Rh in the coated microchannel
eactor. In both configurations, the H2/CO ratios are higher than
.0, the stoichiometric value dictated by the MSR (Reaction (1)).
he deviations become more significant at low temperatures. These
bservations indicate the effect of the exothermic water–gas shift,
n important side reaction [6],  whose impact becomes stronger due
o the use of excess steam to keep S/C ratio ≥ 2.5 for preventing car-
on formation. According to Le Chatelier’s principle, excess steam
nd lower temperatures favor Reaction 2 in the products direc-
ion, which converts CO generated by MSR  into H2 and CO2, and
eads to the highest H2/CO ratios observed at 873 K (Table 2). This
ffect becomes less pronounced at higher reaction temperatures
t which reverse water–gas shift starts becoming appreciable and
2/CO ratios start decreasing with temperature, but still remain
bove 3.0 due to the use of excess steam (Table 2).

An explanation for the higher methane consumption rates and
ower H2/CO ratios achieved in the coated microchannel reactor
s suggested by the fact that MSR  is thermodynamically favored
t high temperatures and high S/C molar ratios in the feed, and
herefore, it is greatly influenced by heat and mass transport limi-
ations inherent in packed-bed reactors, which are also subject to
all flow effects. Endothermic nature of the MSR  reaction leads to

xial and radial temperature gradients in packed beds, and these
radients have a bearing on the product distribution and H2/CO
olar ratio. The results obtained in this work indicate that the

oated microchannel reactor can alleviate these transport effects
nd reduce temperature gradients to provide nearly isothermal
onditions in the coated catalyst layer.

.2.2. Effect of inlet steam-to-carbon molar ratio
The effect of the inlet S/C molar ratio on reactant conver-

ion and product distribution in syngas production by MSR  was
tudied in both reactor configurations at 1023 K using a constant
nlet methane concentration of 10 mol% and a contact time of
.22 mg  min  cm−3. The S/C molar ratio was deliberately kept above
toichiometric to avoid carbon formation and was therefore varied
etween 2.5 and 3.5.

Experimental results obtained for MSR  at 1023 K with S/C molar
atios of 2.5, 3.0 and 3.5 over the four catalysts in coated and packed

icrochannel reactors are summarized and compared in Table 3.
t all S/C molar ratios and on all catalysts, methane conversion

evels and consumption rates reached in coated microchannels are
uch higher than those in packed microchannel reactors. High-
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st methane conversions are attained over 2% Rh at all S/C ratios,
ith 35.3% and 72.7% being reached at an S/C ratio of 3.5 in packed

nd coated microchannels, respectively. In general, methane con-
ersion increases to some extent with increasing S/C molar ratio;
owever, this trend is not pronounced mainly because MSR  is less
ensitive to S/C molar ratios above stoichiometric limits where cok-
ng is unlikely. There is some fluctuation in data obtained over 2%
u in the coated microchannel reactor, which may  partly be due to
he relatively narrow range of S/C molar ratios considered.

The overall increase in the H2/CO molar ratio in product stream
as the following trend: 2% Rh < 2% Pd ≤ 2% Ru < 10% Ni in packed
icrochannels, which is slightly modified in coated microchan-

els as 2% Rh < 2% Pd < 2% Ru ≤ 10% Ni. In both cases, Rh is better
n terms of CO selectivity while Ni gives the highest H2 selectivity
nder the reaction conditions used in this work, although H2 and
O production rates over Rh are the highest.

. Conclusions

MSR  is favored at high temperatures and high S/C molar ratios
n the feed. Its endothermic nature leads to axial and radial tem-
erature gradients in packed-bed reactors which require careful
eat management. Wall-coated reactor configurations minimize
ransport resistances and provide uniform temperature distribu-
ion in the catalyst layer. In order to benefit from the improvements
ffered by such reactors, it is crucial to use MSR  catalysts with
igh activity, stability, and coating ability. The MSR  performances
f precious metal and nickel catalysts, namely 2 wt% Rh, 2 wt%  Ru,

 wt% Pd, and 10 wt% Ni, were investigated and compared in wall-
oated and packed microchannel reactors operated at 873–1023 K
nd S/C ratios of 2.5–3.5, using a fixed inlet methane concentration
nd identical contact times. Methane conversions and consump-
ion rates, and H2 and CO production rates, reached in coated

icrochannels were much higher than those in packed microchan-
els under the reaction conditions covered for all catalysts. In both
ases, H2 and CO production rates over 2 wt% Rh were the highest.
t was found that the H2/CO molar ratios in coated microchan-
el product streams are significantly lower than those in packed

icrochannels, 2 wt% Rh is better in terms of CO selectivity while

0 wt% Ni gives the highest H2 selectivity. These results indicate
he possibility of reducing H2/CO ratio in MSR  by using wall-coated

icrochannel reformers.
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