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Abstract

Novel micro-structured string-reactor designed as catalytically active wires placed in parallel into a tube was developed. The small
diameter of the channels (∼100�m) leads to a short radial diffusion time, a narrow residence time distribution (RTD), and a low pressure
drop. This reactor was applied for the oxidative steam-reforming of methanol (OSRM) to produce hydrogen in autothermal mode for fuel
cells. The heat generated during methanol oxidation at the reactor entrance is axially transferred to the reactor zone of the endothermic
steam-reforming. The brass metal wires (Cu/Zn= 4/1) were used as precursors for the preparation of string-catalysts. The brass wires
have high thermal conductivity (120 W/(m K)) and the chemical composition is similar to the active phase of the Cu/ZnO/Al2O3 traditional
catalyst during the steam-reforming of methanol. Brass-based string catalysts are obtained by metal/aluminium alloy formation on the
outer surface of wires followed by an acid treatment leaching out aluminium. This treatment leads to an increase of the specific surface
area (SSA) due to the formation of porous outer layer on the wire surface. The porous outer layer has the morphology of Raney metals. The
catalysts were first tested for the steam-reforming of methanol and showed high activity together with selectivities close to 100% towards
hydrogen and carbon dioxide. Then, the optimized catalyst was tested during the methanol partial oxidation (POX) and during OSRM.
Oxygen was observed to be totally converted via total oxidation and therefore, higher methanol conversion in the OSRM together with
CO2 selectivity of 99% and H2 selectivity of 60% were obtained.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

During the last decades, fuel cells have been recognized
as an efficient and clean technology to produce energy for
mobile applications. For safety reasons, hydrogen storage
is not suitable. More attractive is the on-board production
of hydrogen. There are several “primary fuels” as potential
hydrogen sources for proton exchange membrane fuel cells
used in automotive propulsion[1] as methane (natural gas),
liquefied gas, gasoline, alcohols. Due to their high storage
density, liquid fuels are most attractive for mobile applica-
tion. Methanol is considered to be safer than the currently
used petrol with respect to ignition temperature[2], and it
can be produced from biological, i.e. renewable, sources.
Of all considered reactions, steam-reforming (1) offers the
highest attainable hydrogen concentration in the product gas
(75%):

CH3OH + H2O → CO2 + 3H2, �rH
0 = 49 kJ mol−1

(1)
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The reaction occurs at relatively low temperatures in the
range of 200–300◦C. As a consequence, only a relative small
amount of CO (<2%) is formed, which can be eliminated
by preferential oxidation[3].

The endothermicity of the reaction, however, requires per-
manent external heating of the reformer which makes short
start-up times and fast transient behavior difficult to achieve
[4].

This problem is avoided during the exothermic partial
oxidation (POX):

CH3OH+ 0.5O2 → CO2 + 2H2, �rH
0 ∼= −192 kJ mol−1

(2)

However, the hydrogen content in the product gas is low
(40% with air operation). Moreover, the high exothermicity
of the reaction drastically lowers the efficiency of the process
since waste heat is generated and temperature control of the
reactor may be complicated. Oxidative steam-reforming of
methanol (OSRM) first proposed by Huang and co-workers
[5,6] is based on the combination of the exothermic oxi-
dation and endothermic reforming in the same reactor. At
300◦C a formally athermic reaction results for the following
composition of the reactant feed:
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Fig. 1. Schematic presentation and photograph of the micro-structured string-reactor.

4CH3OH + 3H2O + 0.5O2 → 4CO2 + 11H2,

�rH
573 ∼= 0 kJ mol−1 (3)

Reactors for this process operate autothermally, i.e. does
not require any external heating or cooling once heaving
reached the reaction temperature. The maximum obtainable
hydrogen content in the product gas is 73% with oxygen in
the feed or 65% if air is used. For fast start-up or transient
response the methanol/oxygen ratio can be varied as shown
for the Hot-Spot® reformer[7,8].

Several groups studied the OSRM over copper/zinc/alumina
catalysts and found optimum feed composition with oxy-
gen to methanol and water to methanol ratios of 0.2–0.3
and 1.3–1.6, respectively[3,9,10]. The excess steam is
mainly used to reduce the carbon monoxide content by the
water-gas-shift reaction:

CO+ H2O → CO2 + H2, �rH
0 = −39 kJ mol−1 (4)

At temperatures above 300◦C, catalyst deactivation dimin-
ishes the reactor performance[11]. Therefore, the working
temperature has to be carefully controlled, accounting for
the catalyst lifetime.

2. Reactor concept

The main difficulty in carrying out the OSRM is due to
much faster methanol oxidation compared to the reforming
reaction. As a consequence, heat is generated mostly at the
reactor entrance, whereas the heat consumption occurs in
the middle and rear of the reactor. In conventional reactors
with randomly packed beds and low axial and radial heat
conductivity pronounced axial temperature profiles are de-
veloped. They are characterized by hot spots at the reactor
entrance and a “cold spot” in the second part of the reactor
[12]. The high temperatures may damage the catalyst and
the low temperature diminishes the rate of the reforming re-
action and leads to poor reactor performances.

Therefore, temperature control in the reactor is crucial.
Metal based catalysts with high thermal conductivity can

help to integrate the exothermic combustion of methanol and
the endothermic steam-reforming. The beneficial effect of
improved heat transfer was demonstrated for the OSRM us-

ing either a conductive material[13], or the micro geometry
of a monolith[14].

In the present study, we place the catalyst as thin metallic
wires into tubular reactors with diameters in the millimeter
range (Fig. 1). This design ensures laminar flow and nar-
row residence time distribution (RTD), low pressure drop
through the catalytic bed[15,16].

The micro-structured reactor configuration presents hy-
drodynamics similar to those of multi-channel micro-reactors
[16]. Brass wires with high heat conductivity (120 W/(m k))
are chosen for the micro-structured string-reactor as they
contain the main elements (Cu and Zn) catalyzing the
reforming/oxidation of methanol.

3. Experimental

3.1. Catalyst preparation

The material used as catalyst precursor was brass wires
(Haver & Boecker, Goodfellow) with properties summarized
in Table 1. The specific surface area (SSA) of the wires
correspond to their geometric surface per volume and did
not show any catalytic activity. To obtain metal wires with
high SSA a thin metal/aluminium alloy is formed on the
wire outer surface[17].

The aluminium is leached out either by acid (HCl 3.7%)
or by basic (NaOH 10%) boiling solution resulting a thin
porous layer with a morphology similar to that of Raney
metals. The catalysts were calcined in air at 600◦C for 2 h,
reduced in 10% H2 in Ar at 250◦C during 2 h in the reactor,
before the catalyst testing.

Table 1
Composition and specific surface area of the brass wire precursor and
wire catalyst

CuZn20 CuZn37

Composition of brass wires (wt.%)
Cu 80 63
Zn 20 37

Diameter (mm) 0.25 0.33
SSA of brass wire (precursor) (m2/g) 2 × 10−3 1.35 × 10−3

SSA of the catalyst (after acid
treatment and calcination) (m2/g)

54.2 29.6
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Fig. 2. Experimental set-up.

3.2. Catalyst characterization

The specific surface area of the samples was measured
according to the Brunauer–Emmett–Teller (BET) method by
nitrogen adsorption using a Sorptomatic 1990 (Carlo Erba)
instrument. The content of copper, zinc and alumina was
measured by atomic absorption spectroscopy (AAS), using
a Shimadzu AA-6650 instrument.

3.3. Hydrodynamic measurements

A quartz tube with an internal diameter of 6 mm and dif-
ferent lengths were filled by metallic wires of 480�m diame-
ter. Residence time distribution experiments were performed
by measuring the response to a step function (10 vol.% Ar in
N2) with a quadrupole mass spectrometer (QMS 400, Balz-
ers, Liechtenstein). Gases were supplied through mass flow
controllers (Bronkhorst High-Tech B.V.).

3.4. Catalyst testing

The catalytic activity of the wire catalysts are measured
in the experimental set-up shown inFig. 2. A tubular quartz
reactor (9 mm i.d.) with a thermocouple in the middle of
the catalytic bed was placed in a furnace. This design for
catalyst testing was preferred to the set-up of Veser et al.
[18] who used a single catalytic wire placed in the center
of a silicon channel. Premixed water–methanol was fed to a

Table 2
Experimental conditions for catalytic activity measurements

Catalyst load (g) 1
Temperature (K) 473–573
Pressure (Pa) 1.32× 105

Molar ratio H2O/CH3OH 1.2 (SR and OSRM)
Molar ratio O2/CH3OH 0.2–0.4 (POX), 0.3 (OSRM)
CH3OH feed rate (mol/h) 0.022
H2O feed rate (mol/h) 0.026
Total flow rate (mol/h) 0.25
Argon flow rate Balance

vaporizer (Bronkhorst High-Tech B.V.) heated at 398 K with
argon as carrier gas. Gas and liquid flows were adjusted by
Bronkhorst mass flow controller. The whole installation was
maintained at 423 K in order to avoid condensation in the
tubing. The feed and product gases were analyzed by on-line
gas chromatography with a thermal conductivity detector.
The experimental conditions are listed inTable 2.

4. Results and discussion

4.1. Residence time distribution

The parallel wires (strings) placed in the tube, form
micro-channels with flow hydrodynamics similar to
multi-channel micro-reactors. The equivalent diameter (deq)
of the channels for gas flow between the strings depend on
the diameter of the wires (dw) and their geometric arrange-
ment[16]: 0.1 dw < deq < 0.3dw.
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The flow system described has a hydraulic diameter in
the order of 102�m thus ensuring laminar flow. At a first
glance, the parabolic laminar flow profile should result in a
vast residence time distribution. But, Taylor and Aris showed
that radial diffusion can compensate the broadening of the
parabolic flow profile[19]. For circular tubes, the axial dis-
persion coefficient,Dax, is given by

Dax = D + u2d2
c

192D
(5)

whereD is the molecular diffusion coefficient, u the average
linear flow velocity,dc the channel diameter.

Due to the small diameters of the micro-channels, the
radial diffusion time is small compared to the mean residence
time in the reactor and axial dispersion can be efficiently
suppressed[20,21].

The RTD is characterized by the mean residence time,t̄,
and the variance around the mean value,σ2, or in dimen-
sionless form

σ2
θ = σ2

t̄2
(6)

For the dispersion model, the Bodenstein number,Bo =
uL/Dax characterizes the distribution of the residence time
in a tubular reactor.Dax is the axial dispersion coefficient,
representing the spreading process[19].

Response curvesF(t) to concentration steps were mea-
sured at different flow rates and for two different reactor
length. The dimensionless residence time distributionsE(θ)
is obtained by derivation ofF(t) and are shown inFig. 3. For
the 10 cm reactor,Bo-numbers from 53 to 72 were obtained
depending on the flow rate. As expected, the dispersion
decreases with increasing reactor length. The Bodenstein
number was found to be in the range ofBo = 200 for the
20 cm reactor atQ = 18.8 cm3/min.

The experimental results confirm that the micro-structured
string-reactor has characteristics close to an ideal plug flow
tubular reactor.

Fig. 3. RTD dependence on flow rate and reactor length.

Fig. 4. SEM image of the surface of the string catalyst after calcination.

4.2. Catalyst characterization

The specific surface areas of the prepared catalysts are
summarized inTable 1. The results show that the treatment
leads to a tremendous increase of the specific surface area
of four orders of magnitude compared to the geometric SSA
of the wires. The surface morphology of the wires after acid
treatment and calcination is shown inFig. 4. The high SSA
is provided by the surface porosity clearly seen by SEM. The
catalysts prepared have a total BET surface area between 15
and 48 m2/g. These values are close to those reported in the
literature for traditional granulated catalysts[10,22–24].

In contrast to basic leaching, the composition of the cat-
alyst changes significantly with time at the acid treatment
(seeTable 3). The leaching leads to a mass loss of about

Table 3
Composition of the wire catalyst after different treatment

Catalyst compositions (%)

Cu Zn Al

CuZn20
Initial composition 76.2 16.6 7.2

Basic

20 min 81.6 12.6 5.8
30 min 80.8 13.0 6.3

Acid

20 min 77.2 18.1 3.5
30 min 79.6 17.3 3.1

CuZn37
Initial composition 61.5 35 3.5

Basic

20 min 71.4 27.3 1.3
30 min 71.4 27.2 1.4

Acid

20 min 68.9 30.9 0.4
30 min 72.1 27.8 0.1
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Fig. 5. Mass loss as function of leaching time.

10 wt.% when using HCl for 30 min, and only 2–3 wt.% for
NaOH treatment (Fig. 5) with mainly zinc and aluminium
dissolved. The copper content was found to remain constant
as generally observed for leaching during the preparation of
Raney copper[25,26]. It was also reported for the treatment
of brass in sulphuric acid that only zinc was dissolved[27].

During acid treatment mainly aluminium is removed
whereas its content remains at a relatively high level under
basic conditions. As a consequence, the copper to zinc ratio
is higher after the basic leaching and independent of the
leaching time. The results confirm observations of Devred
et al.[28] who studied the influence of leaching parameters
on the formation of active phases during the preparation of
Raney metals.

4.3. Catalytic activity measurements

4.3.1. Steam-reforming
Steam-reforming was carried out over two brass-based

catalysts CuZn20 and CuZn37 leached either in HCl or in
NaOH. Moreover, a sample without aluminium incorpora-
tion was tested and was found to be totally inactive indepen-
dently of the reaction temperature. Hence, aluminium oxide
is necessary in the active phase of the catalysts.Fig. 6shows
hydrogen yields for different catalysts. An acid leaching
leads to a much higher activity than a basic one. Moreover,
catalysts treated in NaOH show rapid deactivation with
time, as illustrated inFig. 7. The deactivation is enhanced at
higher temperatures.Fig. 8 shows the influence of time of
acid treatment on activity at temperatures of 540 and 560 K.
It is seen that the highest activity was reached after 20 min
of HCl treatment. Thus, the latter treatment was applied for
the CuZn37 catalyst preparation to study partial oxidation
and oxidative steam-reforming of methanol (OSRM).

4.3.2. Partial oxidation of methanol
CuZn37 treated 20 min by HCl was tested during par-

tial oxidation of methanol and results are presented in

Fig. 6. Steam-reforming in a tubular reactor. Hydrogen yield and selectivity
as function of temperature.

Fig. 7. Steam-reforming in a tubular reactor. Deactivation kinetics.

Fig. 8. Steam-reforming in a tubular reactor. Influence of leaching time
on catalyst activity.
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Fig. 9. Partial oxidation of methanol. Methanol conversion and H2 selec-
tivity as function of temperature.

Fig. 9 and in Table 4. Table 4 summarizes the influence
of the oxygen content in the feed. The results indicate
that both, the methanol conversion and product selectiv-
ity are strongly dependent on the oxygen concentration
in the gas phase. Methanol conversion and CO2 selectiv-
ity increase with the oxygen to methanol ratio, whereas
the H2 selectivity decreases, indicating a contribution
of total oxidation of methanol, carbon monoxide and
hydrogen.

Temperature increases hydrogen selectivity and water pro-
duction due to the increased conversion of methanol. That
suggests that oxygen is first converted via total oxidation of
methanol, followed by methanol reforming with the water
produced as reported previously[3,9,24].

4.3.3. Oxidative steam-reforming of methanol
CuZn37 treated for 20 min in HCl was tested for OSRM.

Methanol conversion increases with temperature up to 5%
until ignition occurs at about 250◦C (seeFig. 10). In the
low conversion domain with oxygen conversion up to 25%
hydrogen selectivity is low (≤5%). From the observed H2 to
CO2 ratio of≤0.1 in the product gas, it can be concluded that
the methanol conversion occurs mainly via TOX. After the
ignition oxygen is completely consumed and an important
hydrogen production is observed resulting in H2 selectivities
of ca. 60% at methanol conversion of 35%. The experimental
results can be explained by the different oxidation state of
the catalyst[29,30]: At low oxygen conversion the catalyst
remains in an oxidative state, and the main reaction is the

Table 4
Effect of oxygen to methanol ratios (0.2 and 0.4) on methanol partial
oxidation over CuZn37 catalyst

Temperature (K) Methanol conversion (%) H2 selectivity (%)

0.2 0.4 0.2 0.4

483 29.5 35.5 24.9 22.5
498 49.7 51.7 53.9 48.0
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Fig. 10. Oxidative steam-reforming of methanol. Methanol conversion as
function of temperature. H2 selectivity vs. methanol conversion.

total oxidation. At high oxygen conversion, the catalyst away
from the reactor entrance becomes reduced and hydrogen
production through the steam-reforming becomes important.
The CO2 selectivity was found to be higher than 98% in the
temperature range studied.

5. Conclusions

A novel micro-structured reactor based on catalytically
active wires was developed. The micro-channels formed
by parallel placed strings have an equivalent diameter in
the range of 0.1 mm. This ensures laminar flow and short
radial diffusion times. Residence time distribution mea-
surements confirm the nearly plug-flow behavior of the
micro-structured string-reactor. Bodenstein-numbers are
found to be in the range of 50< Bo < 200 depending on
flow rate and reactor length.

Brass wires with diameters of 0.25–0.4 mm were used
as precursor for the development of string catalysts ac-
tive in steam-reforming, partial oxidation and oxidative
steam-reforming of methanol. The activity of the string
catalyst depends on the composition of the brass wire and
the treatment of the aluminium alloy formed at the outer
surface of the wire. It turned out that an acid treatment for
ca 20 min leads to the highest activity. In the OSRM the
optimized catalyst showed high selectivity for CO2 (≥98%)
and reached 60% H2 selectivity at methanol conversions of
35%.
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