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Abstract

To develop a portable power device using fuel cell technology, the miniaturization of the hydrogen production unit is indispensable. In tt
paper, preparation of a microchannel reactor concerning steam reforming of methanol (SRM) has been investigated by optimizing the parame
of diffusion bonding and the composition of catalyst coatings. The results show the microchannel reactor can be sealed successfully by diffus
bonding at the optimized parameters (904020 MPa, 1 h). The most active and selective catalyst coating is Cu50/Zn50 [Ce5] (Cu/Zn/Ce =50/50/5,
molar). It has been found that Ce@®as an important influence on improving catalytic activity, decreasing the outlet CO concentration, and
strengthening the stability. Based on the characterization of catalyst coatings, it can be attributed to the increase in copper area and tathe char
oxidation state of copper that results in the synergetic effect 8&@d Cu. In addition, the effects of reaction temperature, space velocity, molar
ratio of methanol to water, and reaction time were also investigated in the developed microchannel reactor with the Cu50/Zn50 [Ce5]. The res
show that the microchannel reactor can generate enough hydrogen for a power output of 11 W.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Methanol decomposition:

Today fuel cells are considered as environment friendly an®HaOH < 2Hz + CO A Hgg = +92.0kJmol ™ )
high efficiency systems for the production of electricity. World-
wide research efforts have been made to the improvement of
the technology1]. A proton e_xchange membrane (PEM) fu_el CO+ Ho0 & CO, + Ho AHzggs — _411kImort 3)
cell system has been considered to be suitable for vehicles
and portable applicatiori2]. The fuel cells need hydrogen or  Microchannel reactors are much more suitable for the dis-
hydrogen-rich feed gas as fuel. Hydrogen for fuel cells can béributed production of hydrogen compared to conventional sys-
produced in mobile units by steam reforming of methanol (SRMYems[4]. With typical channel widths of 100—10@0n [5,6], the
because of methanol’s low reforming temperatures, good misciarge surface-to-volume ratios in these reactors lead to good heat
bility with water, and low content of sulfur compouni®. The  and mass transfer properties and hence process intensification
main reactions in the proposed route may be represented by tiig. Microchannel reactors work under laminar flow conditions
following equations. demonstrating low-pressure drop compared to randomly fixed-

Steam reforming of methanol: bed. The short radial diffusion time in gas phase leads to narrow

0 1 residence time distribution of gases. This allows optimizing the
CH3OH+ H20 < CO2 4+ 3Hz  AH3gg = +49.4 kI mol” contact time of reactors avoiding the formation of unwanted
(1)  by-products. Moreover, the short residence time allows a quick
response to dynamic changes in the inlet conditi@~]. For
non-stationary operations of the reactor, this feature is essential.
Recent efforts in the area of microreaction technology have
* Corresponding author. Tel.: +86 21 64252363; fax: +86 21 64251804,  Shown promising results. Pfeifer et al. studied microstructured
E-mail address: yxhh@ecust.edu.cn (X. Yu). reactors with small channels (14 x 100,.m) and applied

Water-gas shift reaction:

1385-8947/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
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dispersed ZnO nanoparticles to the microchannel walg.
A 40 W equivalent microchannel fuel processor operating on O
methanol was successfully developed by Pacific Northwest A
National Laboratories (PNNL). The fuel processor consists of a O )
vaporizer, steam reformer, and recuperative heat exchanger with IS
the active system weighing less than ga.dj]. Chen et al[12]
developed a microchannel reactor for CO preferential oxida- o
tion (PROX) with potassium on supported RH metal catalysts.
Park et al.[3] fabricated a microchannel reactor with dimen-
sions of 70 mmx 40 mmx 30 mm concerning steam reforming B W
of methanol. The results show the fuel processor generates O
enough hydrogen for power output of 15W. . ) @

However, the microchannel technology still has a long way
to goin high reliability for long-period operation and low cost of O O
fabrication. Especially, most microchannel reactors were devel-
oped by the method of glue bonding, which is inconvenient and -
costly for large-scale manufacturing. In addition, more detailed
studies are also needed in the optimization of the preparation Fig. 2. Representative configuration of base structure.
procedure and the composition of the catalyst coatings, since
high catalytic activity and selectivity of the catalyst coatings areifold sheet Fig. 2b) has one triangular manifold for enhancing
crucial to the application of microchannel reactors in fuel cellsthe uniform distribution of flow through each microchannel. A

In this paper, preparation of a microchannel reactor concermmicrochannel sheef{g. 2c) has parallel channels of a rectan-
ing SRM has been investigated by optimizing the parametergular shape on it. The microchannel is 108 wide, 60Q.m
of diffusion bonding and the composition of catalyst coatings.deep, and 32 mm long. The configuration of a base structure con-
During the optimization of catalyst coatings, an annular micro-sists of two cover sheets, six manifold sheets and five microchan-
reactor was used due to its similarity of annular micro-reactorsiel sheets. Surfaces of all sheets in three types were polished to a
to microchannel reactors in flow pattern, simplicity of fabri- roughness of &m followed by cleaning in acetone prior to diffu-
cation, and repeated usage. The performances of the bondsidn bondingFig. 3shows the wedded unit of the microchannel
microchannel reactor with the optimized catalyst coating at varreactor. The dimensions of the microchannel reactor are about

ious operating conditions have also been studied. 40 mmx 40 mmx 9.78 mm, respectively. The effective volume
of microchannel reactor is 2.4 éyincluding microchannel and

2. Experimental triangular inlet and outlet zone as well.

2.1. Microchannel reactor fabrication 2.2. Catalyst coating preparation

A schematic sketch of the annular micro-reactor is reported The two reactors are both made of aluminium-contained
in Fig. L The reactor consists of an internal cylinder coaxially stainless steel (DIN 1.4767, “Fe—Cr—Al"). By heating the alloy
placed in an external tube. The gas flows downwards the annuldsr approximately 5 h at 100QC, a thin alumina film was formed
between the cylinder and the tube. The gap of the annulus is keph the surfac§l 3]. This Al,Og film greatly improves the adher-
constant at 0.5 mm. ence of the catalyst layers on the walls of the micro-reactors.

The two reactors are both made of aluminium-containedrhe two reactors were initially coated with aluminum oxige (
stainless steel (DIN 1.4767, “Fe—Cr—Al"). Microchannels wereAl,03) to increase the surface area and to enable dispersion
patterned on the Fe—Cr—Al sheets by electric spark processingf the catalytic material. A-Al,O3 powder with surface area
Three types of patterned sheets were prepared to construct a bagel 85 n? g~ was ball milled for 24 h and was subsequently
structure. The thickness of metal sheet was 80 A cover added slowly into the solution of nitric acid with concentration
sheet Fig. 2a) has one hole, which acts as a flow path. A man-of 2mol L~ under stirring to preparg-Al,Os slurry. After
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Fig. 1. Schematic diagram of the annular micro-reactor.
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Before entering the annular or microchannel reactor, the lig-
uid methanol-water mixture was fed from the storage tank into
the evaporator by a piston membrane metering pump (LEWA
metering pump type EK-horizontal with worm gear and flange
motor). The annular micro-reactor or microchannel reactor was
placed in an electrically heat furnace. The temperature of the
furnace was controlled by a PID-temperature-controller with
a K-type thermocouple inserted in the furnace. Two E-type
thermocouples were mounted on the external wall of the annu-
lar micro-reactor or microchannel reactor. Another two E-type
thermocouples were placed at the inlet and outlet of the two reac-
tors. The product stream composition was measured using a gas
chromatograph from Varian equipped with both TCD and FID
detectors. The experiments were carried out over a temperature
interval of 220-300C. Before reaction, the catalysts were pre-
reduced at 280C using 10% H in N> flowing at 300 crA min—1

for 2h.

2.4. Characterization

Fig. 3. The microchannel reactor.

The specific area of the various samples was measured

being stirred for 30 min, the slurry was aged up to 2h. Thenaccording to the Brunauer—Emmer—Teller theory (BET) by

thg ¥-Al20s slurry was deposited on the walls o'f the .annu'a.rnitrogen adsorption using a Micrometrics ASAP 2010 instru-
micro-reactor and microchannel reactor. After being dried in air

and subsequently calcined at 5@ they-Al,O3 coating was me_lr_1:].e surface area of coppesi) was determined by apply-
formed as support for catalytically active components. Coppe{ng a nitrous oxide method as described by Osinga €tL4]
and zinc oxides were then deposited by impregnation ofythe and Evans et al[15] using a micromeritics TPD/TPR 29'10
Al,03 coating with an aqueous solution of Cu(i)@3H-0, Autochem instrument

ZNn(NO3)2-6H20, Ce(NG)3-6H20 (analytic grade). The cata- .

: ) “ N The catalyst samples were analyzed using a JEOL JSM
lyst coating was dried at 12Q in air for 2 h and subsequently ; X : :
calcined at 450C for 4 h unless. The catalyst coating thus pre-6360'\/I scanning electron microscope (SEM) equipped with &

pared by the impregnation method is hereafter denoted as Cu/ﬁﬁf‘ X FALCON energy dispersive X-ray spectrometry (EDS)

[Ce], where the numerical values indicate the molar ratio of Cu, The crystal phase was identified by means of X-ray powder

Zn and Ce. diffraction (XRD) using a BRUKER D8 ADVANCE equipped
) with a XRK high-temperature chamber. Patterns were obtained
2.3. Experimental set-up during in situ reduction steps. The catalyst coatings were

exposed to 5% blin Ar flowing at 80 sccm and diffraction
patterns were recorded at selected temperature beginning at
Bg up to 280C. In these experiments, the temperature was
ramped between measurements at a rate°@f hin~t with a

@ Ao 5-min pause at each temperature before recording the pattern.
D*"‘- The Cu(111) peak was employed to calculate Cu crystallite
(8) size using the Debye—Sherer equation at a scanning rate of
. 0.42 min~! from 33 to 38",

|_ X-ray photoelectron spectra (XPS) were recorded using a VG
6 7 Scientific XPS with a Mg anode operating at 14 kV and 10 mA.
Post reaction samples were sealed in He before the sample tem-
(3) perature was lowered to room temperature.

(3
(4>

The experimental set-up is shown Kig. 4. It includes
a methanol-water supply and evaporator/super-heater un

0Larain

=) 3. Results and discussion

1
3.1. Effects of diffusion bonding parameters

Fig. 4. Laboratory reactor system: (1) fuel tank (deionized water and 99.9% Micrographs of the interface of the diffusion bonded zone
methanol); (2) pump (LEWA); (3) evaporators; (4) oven; (5) thermocouple; (6)¢ Fa_cr—Al alloy sheets at different temperatures and pres-
annular micro-reactor or microchannel reactor; (7) cooler; (8) flow meter; (9) A

ures are shown iffig. 5 The effects of temperature on the

varian gas chromatograph (FID and TCD detectors); (10) computer with e .
evaluation software. percentage of bonded area at a fixed pressure (10 MPa) are
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Fig. 5. Micrographs of the interface of the diffusion bonded zone for Fe—Cr—Al alloy: (£)@0D0 MPa, 1 h ¥200); (b) 750 C, 10 MPa, 1 h ¥200); (c) 850°C,
10 MPa, 1 h &200); (d) 850°C, 20 MPa, 1 h %200); (e) 900C, 10 MPa, 1 h%200); (f) 900°C, 20 MPa, 1 h%200); (g) 900°C, 20 MPa, 1 h«1500); (h) 1000C,
10 MPa, 1 h &200).

shown inFig. 5a—e and h). At temperature of 700 and 780  increase in temperature from 700 to 9@is accompanied with
the bonding line is obviously presented on the interface, india slow growth in grain size, while a rapid increase occurs when
cating nearly no formation of metallic bond. As temperaturethe temperature increases from 900 to 10D0As large grain
increases, the bonding line becomes narrow but still clear. Amesults in a decrease of properties of bonded joints, the bonding
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Table 1
Comparison of performance of Cu/ZnOj8s; and Ce-doped catalyst coatings
Catalyst Conversion Conversion T, 80% Se Minimum Se mean CO maximum
232°C (%) maximum (%) conversion {C) (%)? (%)? (vol.%)
Cul00 40.1 92.3 265 93.7 94.2 1.6
Cul00 [Ce10] 53.8 93.3 261 92.9 94.5 1.86
Cu70/Zn30 435 95.1 260 93.4 93.8 1.68
Cu70/Zn30 [Ce7] 54.8 96.8 256 91.9 94.0 2.05
Cu50/Zn50 38.3 90.4 271 93.5 94.2 1.68
Cu50/Zn50 [Ce5] 62.5 97.9 251 94.9 96.8 1.3
Cu40/Zn60 40.1 91.4 270 93.5 94.2 1.66
Cu40/Zn60 [Ce4] 44.5 90.5 258 93.8 96.7 1.60
Cu20/Zn80 20.6 72.3 - 93.6 94.3 1.65
Cu20/Zn80 [Ce2] 15.6 88.3 281 92.1 93.2 2.1

WHSV =8.27 i1, (n)H»0/(n)CH30H = 1.3, temperature: 232—-29C.
@ Se: carbon dioxide selectivity.

temperature should not be more than 1000With the bond- its synergetic effect begins decreasing while its role as an active
ing pressure increasing from 10 to 20 MPa, no obvious changsite for SRM reaction becomes significant. In comparison with
in microstructure at 850C was observed as shownhig. 5(c  copper species, CeQs less active if used solely as a cata-
and d). However, as shown kig. 5e and f), the microstruc- lyst. Therefore, the optimized catalyst coating is Cu50/Zn50
ture at 900C and 20 MPa shows no evidence of the bonding[Ce5].

line and the grain boundary diffusion to each other’s side near
the interface can be detected. Fig. 5g), the percentage of
bonded area is about 90% and some voids can be only occa-
sionally observed on the interface. It has been widely accepted
that too high bonding pressure results in large deformation, so 80 -
the bonding pressure of 20 MPa is appropriate in the case. With
the optimized bonding conditions of 990G and 20 MPa, the
wedded microchannel reactdrig. 3) showed no leakage at
an internal pressure of 1 MPa at 2D, which reveals that the
sound sealing of a microchannel reactor can be successfully
achieved.

100

60

] —&— Cu50/Zn50 [Ce2.5]
40 4
—A— CuS0/Zn50 [Ces)
] —A— Cu50/Zn50 [CelO]

20
./ —®@— Cu50/Zn50 [Cel 5]

Methanol Conversion (%)

3.2. Optimization of composition of catalyst coatings

0 T T T T T T T T T T
The SRM activities of Cu/ZnO/AlD3 and the correspond- 230 240 250 260 270 280 290 300

ing Ce-doped catalyst coatings were compared in the range (,)

of reaction temperature from 232 to 292. The results are
summarized ifable 1 It is clear that Ce-doped materials are 100
consistently more active and selective with the exception of the
Cu20/Zn80 [Ce2]. As shown ifable 1, the Cu50/Zn50 [Ce5]
generates the highest methanol conversion maximum, the high-
est methanol conversion at 232, the lowest temperature of
80% methanol conversion, and the highest mean &ectiv-

ity. In other words, the Cu50/Zn50 [Ce5] is most active and
selective. The effect of varying Ce loading at fixed Cu/Zn molar
ratio of 1 is presented iRig. 6. The highest methanol conver-
sion was again observed by the Cu50/Zn50 [Ce5]. The carbon
dioxide selectivity is similar and superior for the Cu50/Zn50
[Ce5] and Cu50/Zn50 [Ce2.5]. The Cu50/Zn50 [Cel5] gives
the poorest performance with respect to conversion and selec- 85 - . - w - . -
tivity at most temperatures. An increase in Gencentration BO2400 200260 20 W0 20300
means a decrease in the overall copper concentration in cat- Temperature [*C]

aIyStS' Consequently' a decrease in amount of Cu in aCtivatqgg. 6. Effect of Ce loading for Ce-doped catalyst coatings: (a) methanol
catalysts. The overall effect is the existence of a maximuntonversion and (b) carbon dioxide selectivityn)t20/(1)CHsOH=1.3,
ratio, inferring that, beyond the concentration limit for GeO WHSvV=8.27h1).

Temperature (°c)

95 +

— 44— Cu30/Zn50 [Ce2.5]

%07 —A— CuS0/ZnS0 [Ce5]

—A— Cu50/Zn50 [Cel0]

Selectivity (COE)/ (CO,+CO)

—®— Cu50/Zn50 [Cel5]
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3.3. Characterization of the catalyst coating

Fig. 7 shows SEM images ofy-Al,0O3 coatings on the
Fe—Cr—Al alloy. The denotations of (1) and (2) stand 4er
Al,0O3 coating and Fe—Cr—Al alloy, respectively. It shows that
the adherence of-Al 2,03 coating on the Fe—Cr—Al alloy is very
good, without detachment or uncovered areas.

Fig. 8 shows in situ X-ray diffraction patterns taken dur-
ing temperature-programmed reduction (TPR) of Cu50/Zn50
and Cu50/Zn50 [Ce5]. The evolution of the intensity of the
Cu(111) line affords the onset and extent of reduction while
the evolution of the crystallite size is obtained from the line
width. For the two samples, crystalline Cu began to appear
as the temperature increased to 160and eventually no
crystalline CuO was detected after reduction at 280 It
is interesting to note that some £ was observed in the
Cu50/Zn50 [Ce5] during reduction at 250 and diminished
with increasing temperature. It is most likely that the redox
equilibrium shown in Eq(4) (electronic exchange) can form
between the CePand Cu species and Cispecies may exist
in Ce-doped catalyst coatings at some temperature during  Fig. 7. SEM ofy-Al,0; coating on the thermally treated metal.

Cu
Cu
Cu
Cu
1-280 5.980
1-250 Cu,0 2-250
e WMWM nompria AN

wa 1-220 2-220

AP
€19 cuwo 1-150 2-150
WWWM MWMMMWWWM
2-100
1-100
AP A A e W
(a) 20/ degree 26 / deuree

Fig. 8. In situ XRD: (a) Cu50/Zn50 and (b) Cu50/Zn50 [Ce5].
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Fig. 9. Evolution of Cu crystallite size during TPR: (a) Cu50/Zn50 and (b) (a) B.E. (eV)
Cu50/Zn50 [Ce5].
. 2 2
reduction: P Dy,
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The evolution of the Cu crystallite size during TPR is shown CuS0/Zn30 [Ce3]

in Fig. 9. The Cu crystallite appears to grow with increase in

the temperature of reduction. The exception to this trend is

Cu50/Zn50 [Ce5] with a maximum at 25C, which is likely

attributed to the presence of &b as shown irFig. 8. It can be M
conclude that doping of Ce results in a decrease in Cu crystallite

size at all temperatures during TPR by comparing the two figures Cul00 [Cel0]
shown inFig. 9, which is in full agreement with the followed

results of Cu surface area measurements.
XPS experiments have been carried out before and after expo- w
sure of the Cu50/Zn50, Cu50/Zn50 [Ce5] and Cul00 [Cel0] to

SRM conditions in order to investigate the influence of com-
position on the copper oxidation state. The results are shown
in Fig. 10 and Table 2 For the outgassed fresh catalysts, Cu
2pz/2 peaks are centered between 934.6 and 934.8 eV, which may

be related to a CuAD, spinel from the aluminium-containing Fig. 10. XPS spectra of Cu 2p region for Cu50/Zn50, Cu100 [Ce10], and
Cu50/Zn50 [Ce5] (a) after calcinations and (b) after reaction.

T T T T T T T T T T T T 1
960 950 940 930 920

(b) B.E. (eV)

Table 2
XPS results for Cu50/Zn50, Cu50/Zn50 [Ce5], Cul00 [Cel0] after calcination
and reaction catalysts[16]. Also the C§* satellite peak is observed at ca.
943 eV. As shown irFig. 1Qb), the Cu 2gy; signals of the
Catalystname h;[ﬁf‘ytme”t Peak BE(EV) anleV) three catalysts shift down to between 932.2 and 932.6 eV after
. reaction, which may be assigned to eithe®®@u Cu'*. On the
Cus0/zns0[Ced]  Calcined Cuge 9348 11:5521'12 other hand, as little shake-up feature is observed in the Cu 2p
1852.8 spectrum Fig. 1Q(b)), it is most likely that C&* is not present
bost reaction Cuzp 9324 1888 O" the surface of the thrge catalys?s. As Fhe binding enfergies
' 1849.7 of both Cf and Cu species are quite similar to differentiate
1850.9 which of these species are present in the catalysts, the modified
Cu100 [Ce10] Calcined Cuzp 9347 18511 Auger parameter was calculatfld,18] Typical values of this
1852 parameter around 1851.3 and 1849.5 eV were found f8ie@d
1852.9 Cu' species, respectively. As shownTable 2 theaa value of
Post reaction Cuzp 9326 18488  1851.4eV for the Cu50/Zn50 clearly indicates that copper is in
_ CWO state on the catalyst coating surface. For the Cu50/Zn50
Cu50/Zn50 Calcined Cu 2p 934.6 1851.7

[5], theap values are 1848.8, 1849.7, and 1850.9 eV, which are

Post reacti C 932.2 1851.4
0s” reaction v related to Citi and C. For the Cu100 [Ce10], thes value of
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Table 3

Physical properties and TOFs for SRM over various catalyst coatings

Catalyst MeOH BET surface area Pore volume Pore Cu surface aréa TOP
conversion (%) (m2g1 (mLg™b) radius @) (m2g~hyb (shHe

Cu50/Zn50 38.3 174 0.36 73.2 9.4 0.406

Cu50/Zn50 [Ce5] 62.5 172 0.35 74.6 11.2 0.633

Cul00 [Ce10] 53.8 168 0.38 73.6 6.8 0.411

a WHSV=8.27 i1, (n)H,0/(n)CH30H=1.3,T=505K.
b Measured by NO absorption.
¢ Hydrogen molecules produced per surface copper atom per second.

=)
o

1848.8 eV indicates that Cus the predominant species. The 100
XPS results clearly show that Cgpecies is present on the sur- J—
face of the Ce-doped catalyst. ]
The physical properties and TOF values at 505 K for the rep-
resentative catalyst coatings are summarizedahle 3 It is
clear that Cu50/Zn50 [Ce5] exhibits higher Cu surface area than ]
Cu50/Zn50, which correlates well with the results of in situ XRD
in Fig. 9. As it is well-known that large number of surface sites 607 /ﬂ\ﬂi 1
of Cu is favorable for the rate of SRM9,20], the high activity 504 |
of Cu50/Zn50 [Ce] can be partly attributed to the presence of the
highly dispersed Cu crystallite resulting from doping of Ce. As 0] s—a— " I
shown inTable 3 with the similar values of BET, pore volume
and pore radius for the three catalyst coatings, the Cu50/Zn50
[Ceb5] exhibits highest TOF value. For SRM reaction, the reac-
tion efficiency strongly depends on the amount of Gpecies  Fig. 11. Effect of temperature on catalytic activity (feed flowera® cn? h~*
formed in catalyst§21]. Idem and BakhsHR2] suggested that ~ ()H20/(1)CHsOH=1.3).
superior catalytic activity in the steam reforming of methanol
was attributed to the formation of an optimum®@Q€wO com-  ing reaction temperature, which is different from the results of
bination on the catalyst. Breen et 23] have reported that the pellet type catalysts in a conventional fixed-bed reaf{26i.
steam reforming of methanol was carried out through methoxyn our opinion, it is most likely that the differences between
formate, and formaldehyde species. It was likely that methoxyfixed-bed reactors and microchannel reactors in mass transfer,
formate, and formaldehyde species were adsorbed on the surfateat transfer, and flow pattern result in the fluctuation. Further
of CWP, and the role of Ctimay be stabilization of any oxy- experiments are being carried out to reveal the cause.
genates near the Cgites[24]. From the XPS results ifable 2 Fig. 12 shows the effect of space velocity on the perfor-
both C\f and Cu exist on the surface of the Cu50/Zn50 [Ce5], mance of the microchannel reactor with the catalyst coating
indicating the presence of synergetic effect oP@nd Cd on  of Cu50/Zn50 [Ce5]. Methanol conversion and the outlet CO
the coating surface. As only €and Cu appearing on the sur- conversion decrease with an increase in feed flow rate from 6
face of Cu50/Zn50 and Cu100 [Ce10], respectively, the highegp 30 cn?h™! at 272°C. The increase in feed flow rate means
TOF value of Cu50/Zn50 [Ce5] is most likely due to the syn-the increase in space velocity and the decrease in contact time.
ergetic effect of Cliand Cu on the coating surface. This may

1
[

804

L
in

70 4

Methanol conversion (%)

L
in

A

CO concentration in dry reformate (%)
H production(mole h™)

T T T T T T
240 250 260 270 280 290 300

Temperature [°C]

be the other reason for the superior activities of the Cu50/Zn50 12
[Ceb5]. ] S
Y g
3.4. Performance of the microchannel reactor S " | O\N 1" §
g o o3
The effect of reaction temperature on the performance of ’gf 60 %Z\W dos &
the microchannel reactor with the Cu50/Zn50 [Ce5] catalyst § ] £
is shown inFig. 11 Methanol conversion and hydrogen yield 2z 4’7 1o 2
increase with increasing temperature. The maximum methanol —c; 1 s ' %
conversion is 92.2% at 29Z. In the temperature range of g 20+ g
242-292°C, the outlet CO concentration averages at 1.11% with 1 104 3
the minimum of 0.87% at 282C. Many reports indicate that 0 R : , — v
CO is produced by the reverse water shift reaction (B9). 6 12 18 . 30 36
at a higher temperature. Because this reaction is endothermic, feed flow rate (cm' ')

higher temperature is favorable for the production of CO. IN OUEjg. 12, Effect of feed flow rate on catalytic activityT€272°C,
experiment, the outlet CO concentration fluctuates with increagn)H,0/(1)CHzOH=1.3).
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Fig. 13. Effect of HO/CHzOH molar ratio on catalytic activity7(=272°C, Fig. 14. Eff ; ) ) h ; ¢ mi h |
feed flow raé =6 cn?h~1). ig. 14. Effect of reaction time on the performance of microchannel reac-

tor with the catalyst of Cu50/Zn50 [Ce5] and Cu50/Zn5D=@82°C,
(n)H20/(n)CH30H = 1.3, feed flow rat=6cn¥ h™1).
Although there are lots of debatg6] on the mechanism of CO
formation and selectivity, it is the same that CO in dry reformateCu50/Zn50 [Ce5] are 0.37 motfl, 90.2 and 0.87%, respec-
decreases with an decrease in contact time. tively. The results clearly show that Ce@nproves both the
The effect of HFO/CHsOH molar ratio on the performance of activity and stability of the catalysts. It is important to note that
the microchannel reactor with the catalyst of Cu50/Zn50 [Ce5h low-temperature shift step must be implemented prior to the
is presented iffrig. 13 It can be seen that methanol conversionCO clean-up step for catalysts yielding CO concentrations above
increases remarkably with an increase iCHICH3OH molar 1 mol%[27]. To spare the available space, it is highly undesir-
ratio below 1.0 at 272C with feed flow rate of 6 cthh—1, while able to have to install additional clean-up units. The CO content
the increase slows down beyond the ratio of 1.0. As shown if the Cu50/Zn50 [Ce5] catalyst is 0.87 mol% in the conditions
Fig. 13 the outlet CO concentration decreases with an increasas mentioned above, which can well meet this demand. Assum-
in H,O/CH3OH molar ratio. An outlet CO concentration in dry ing 60% efficiency of fuel cell and 80% utilization of,HH>
reformate of about 2.05% is determined when th©KCH;OH  yield of 0.37 mol ! of Cu50/Zn50 [Ce5] means the estimated
molar ratio is 0.8, and the outlet CO concentration in dry refor{power output is about 11 \28].
mate decreases to 1.02% with increasingdHCH3;OH molar
ratio up to 1.3. The results show that highex®ICHsOH molar 4. Conclusions
ratio is favorable for reducing the outlet CO concentration.

According to Eq(1), the H,O/CH;OH molar ratio in the 1.0 will Preparation of a microchannel reactor concerning SRM has
be stoichiometrically optimum value in SRM reaction. However,peen investigated by optimizing the composition of catalyst coat-
it is known from Egs.(1) and (3) that excess kD promotes ings and parameters of diffusion bonding. It was found that the
methanol conversion and reduces CO concentration by shiftingonding temperature and pressure have important influences on
the WGS equilibrium towards the right. Because mog®hh  the percentage of bonded area. The optimum parameters are
mixed HO and CHOH solution gives rise to the burden of temperature of 900C and pressure of 20 MPa. The comparison
heating and elimination process, the ratio between 1.3 and 1ji catalytic activities between Cu/ZnO/&Ds; and the corre-
is reasonable. sponding Ce-doped ones indicates that €8s an important

In order to investigate the stability of the performance ofinfluence on improving catalytic activity, decreasing the outlet
the microchannel reactor, the continuous operation has be&rO concentration, strengthening stability. Based on the results
performed for 100h over catalysts of the Cu50/Zn50 [Ce5)of the characterization of catalyst coatings, it can be attributed to
and Cu50/Zn50 in the condition as follows: the temperature othe presence of the highly dispersed Cu crystallite and to the syn-
282°C, feed flow rate of 6 crhh~*, and the molar ratio of water ergetic effect of Ciand Cuf on the surfaces of the coatings. The
to methanol of 1.3. The results are shownFiig. 14 It can  bonded microchannel reactor with the optimum catalyst coating
be seen Cu50/Zn50 catalyst deactivates rapidly before 20 h arsi Cu50/Zn50 [Ce5] has been investigated at various operating
hydrogen production decreases from 0.342 to 0.285mblh conditions. The results of continuous 100 h operation show the

approximately a decrease of 16.7%. There is also an initiaeveloped microchannel reactor can produce enough hydrogen
deactivation of the Cu50/Zn50 [Ce5] catalyst and the hydrogeffor a power output of 11 W.

production decreases from 0.41 to 0.37 mot fapproximately

a decrease of 9.8%. After about 20 hy Yeld, methanol con- References
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