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A novel microreactor with a structured catalyst was proposed. The structured catalyst has micro partition (MP), which
functions as a catalyst support. The MP has fins on the plate with holes and consists of aluminum, and it was loaded
into the tube. To demonstrate the influence of MP on reactivity, the methanol conversion for steam reforming was
measured. First, the methanol conversion of the MP and MP with flatten fins on the surface (i.e., plate-like structure)
catalysts were compared. The MP-structured catalyst demonstrated higher reactivity for methanol than the conven-
tional plate-like catalyst. It was also shown that direction of fins must be taken into account for improving the
reactivity. The influence of MP on reaction rate constant was analyzed and compared with the plate-type catalyst.
Moreover, a simulation was carried out to determine the steady-state flow behavior. It was found that the streamlines
went through the holes only when the holes were aligned behind the fins against the stream. This behavior
corresponded with the experimental result that directions of fins are important for improving the reactivity.
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1. Introduction

Processes that are safe, energy-efficient, and environmentally
friendly are highly desirable in today's chemical industry. To
achieve such processes, consideration for process intensifica-
tion (PI) becomes an important factor. In this study, PI, defined
as “any chemical engineering development that leads to a
substantially smaller, cleaner, and more energy-efficient tech-
nology,” [1] was taken into account in the proposal of a novel
microreactor with a structured catalyst.

There are many studies on structured catalysts. For example,
a micro-structured string [2] was found to have a narrower
residence time distribution (RTD) and is expected to improve
the selectivity. A paper-structured catalyst [3] was also inves-
tigated to improve mass and heat transfers.

The purpose of this study is to improve the reactivity of the
gas–solid catalytic reaction of microreactor using a structured
catalyst named micro partition (MP, supplied by Nano Cube
Japan Co., Ltd.). The MP has fins on the plate with holes and
consists of aluminum as shown in Figure 1. The MP was anodi-
cally oxidized and used as a catalyst support in this study due to
its high surface area, high thermal conductivity, and flexibility
in shape [4, 5]. This structured catalyst is expected to have a
synergetic effect of enhanced mass and heat transfers due to its
structure and high specific surface area, leading to an efficient
contact between the reactant and the catalyst.

In this study, since methanol steam reforming is applicable
for hydrogen suppliers of micro-fuel cells, it was used as the
model reaction to examine the influence of MP. The advantages
of methanol were investigated in a previous study [6]. Addition-
ally, a computational fluid dynamics (CFD) simulation was car-
ried out to distinguish the flow behavior.

2. Results and Discussion

2.1. MP Performance in Methanol Steam Reforming
2.1.1. Influence of the MP on Reactivity. The influence of

the MP on steam reforming was demonstrated. The methanol
conversions of MP and Laid MP were compared at a constant

W/F of 0.644 (g h)/mol. Laid MP consists of MP whose fins are
flattened on the surface so that the structure is like those of the
ordinary plates. The structures are shown in Figure 2. Compar-
ison results of the methanol conversion are shown in Figure 3.
As shown in the figure, a significant structural difference between
MP and Laid MP was observed.

The MP exhibited about 60 % higher in methanol conversion
than Laid MP at 320 °C. The results indicated that the differ-
ence was caused by its structure.

This reaction is considered that surface reaction is the rate-
determining step in the lower-temperature region and that dif-
fusion in the laminar film is the rate-determining step in the
higher-temperature region. Since the reactivity in the low-
temperature region for MP is high, it is considered that not only
the improvement of mass transfer but also the improvement of
heat transfer affects the reactivity. Improvement of the heat trans-
fer enhances the supplying heat required for the reaction through
the fluid. Further detailed analysis is necessary.

2.1.2. Influence of Direction of the Fins. Since the fins were
the important factor, then the direction of the fins could also be
an important factor for the reaction. To clarify this, the methanol
conversion of MP parallel was compared to that of MP. MP
parallel consists of MP whose fins are arranged linearly to the
stream as shown in Figure 4.

The result described in Figure 5 implies the influence of direc-
tion of the fins. As shown in the figure, the methanol conversion at
320 °C was 34 % higher for MP with fins arranged against the
stream than MP parallel with fins arranged linearly to the stream.

Thus, this result implies that a different flow occurs when the
direction of the fins was different.

2.1.3. Influence of MP on Reaction Rate Constant. The
previous results clarified that the structure influenced the reac-
tivity. Such results imply that the structure enhanced the mass
transfer so that rate-controlling step was changed from mass
transfer control to chemical reaction control. To assure this impli-
cation, reaction rate constant k (m/s) for each fluid velocity ofMP
and plate was calculated and then compared them in Figure 6.

The reaction rate constant increases with increment of fluid
velocity when mass transfer controls the reaction. In Figure 6,
reaction rate constants of MP became steady with low fluid veloc-
ity. However, reaction rate constants of plate increased with incre-
ment of fluid velocity in this range. Thus, the rate-controlling
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steps are chemical reaction for MP and mass transfer for plate,
respectively.

2.2. Simulation Results Observing the Streamline. The
streamlines of MP and MP parallel were calculated. Figures 7
and 8 show the side view of the streamlines for MP and MP
parallel, respectively. The fluid flows in from the left side and flows
out from the right side.

It is considered that the fluid flows around behind the fins as
seen in Figures 7 and 8 as it may mix the fluid around the surface
of the catalyst and the bulk flow. Comparing the streamline of
Figures 7 and 8, greater gradient of streamline around the fins can
be observed in Figure 7. These results indicate that MP may have
mixed the fluid than that of MP parallel.

In addition, the results have shown that the fluid flows
through the holes of MP when the fins and holes are aligned
linearly to the stream as described in Figure 7. On the other
hand, streamlines do not go through the holes when they are
aligned perpendicular to the stream as shown in Figure 8. In other
words, holes also influence the stream only when holes are
aligned linearly to the stream. Thus, such behavior suggests that
holes might have influenced the catalytic reaction at the experi-
ment as well.

3. Conclusion

A novel microreactor with a structured catalyst MP was
proposed, and it was demonstrated experimentally that the
reactivity for methanol steam reforming was 60 % higher than

flat plate (Laid MP). The direction of the fins also influenced
the reactivity. The reactivity of MP with fins arranged against
the stream was 34 % than that of MP parallel with fins arranged
linearly to the stream. In addition, CFD simulation supported
the experimental results by showing an altered streamline.

4. Experimental and the Simulation Method

4.1. Method of Reaction Characterization
4.1.1. Catalyst Preparation. The MP and plain aluminum

plate with 0.3-mm thickness (material: aluminum A1050) were
anodized as the catalyst support. The steps are as follows. First,
anodic oxidation was carried out with oxalic acid (4 wt.%) at
20 °C and 50 A/m2 for 4 h. Pore wide treatment (PWT) was
conducted in same solution at 25 °C. After calcination at 350 °
C for an hour, hot water treatment (HWT) was carried out at
80 °C for 2 h, followed by calcination at 500 °C for 3 h. Finally,
copper and zinc were impregnated on the anodized catalyst
support for 3 h and calcined at 350 °C for an hour; the impreg-
nation step was performed twice. Solutions used for the impreg-
nation include 0.49 mol/L of copper and 0.01 mol/L of zinc at
pH 9.0. The products were used as the catalyst. A flow chart of
the catalyst preparation is shown in Figure 9. The method used
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Figure 1. Structure of the micro partition

Figure 2. Structures of MP and Laid MP

Figure 3. Influence of the MP on methanol steam reforming

Figure 4. Flow image of MP and MP parallel

Figure 6. Reaction rate constant for different velocities

Figure 5. Influence of direction of the fin
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for preparing the anodized aluminum-supported catalyst is
described in a previous study [7].

4.1.2. Reactor Design. The structure of the MP catalyst is
shown in Figure 1. MP has the fins with 375×375 μm dimen-
sions and same size of holes left on the plate with thickness of
0.1 mm. The final image of the microreactor with MP is shown
in Figure 10. To simplify the analysis, only one layer of the MP
is inserted to a tube with a diameter of 7 mm as shown in
Figure 11. This reactor was used in this study.

4.1.3. Experimental Condition and Definition. The metha-
nol solution (molar ratio of water–methanol=3:2) was intro-
duced to the vaporizer using a micro pump and mixed with
nitrogen as a carrier gas, then vaporized. The flow was regulated
using a mass flow controller at a nitrogen–methanol–water molar
ratio of 5:2:3. The gas mixture was used throughout the study
and preheated to 150 °C before reaching the reactor. The reac-
tants and products were analyzed by gas chromatography (GC,

GC-14B, Shimadzu Corp.) equipped with a flame ionization
detector (FID) and a thermal conductivity detector (TCD). A
methanizer containing the ruthenium catalyst was placed before
the FID for methanation of carbon monoxide and carbon dioxide.
The methanol conversion xA was calculated from the difference
between the methanol concentration of the inlet gas CCH3OH,in

and outlet gas CCH3OH,out as shown in the following equation.

χA ¼ CCH3OH;in � CCH3OH;out

CCH3OH;in

The temperature was monitored by a sheathed thermocouple
on the exterior of the tube at the longitudinal midpoint.

The experimental setup is shown in Figure 12.
4.1.4. Experimental Method of Reaction Test. The reaction

tests in Sections 2.1.1 and 2.1.2 are conducted as follows. The
reaction temperature was varied between 200 °C and 320 °C at
intervals of 20 °C, and the methanol conversion was calculated
for each interval. The reaction tests were carried out at a con-
stant ratio of the catalyst weight to the molar number of the feed
methanol (W/F) as shown in the following equation.

W
F

¼ Catalyst mass ½g�
Flow mole number of methanol ½ mol

min �

The amounts of metal catalysts supported were measured using
an inductively coupled plasma spectrometer (ICPS, ICPS-7510,
Shimadzu Corp.). For all the catalysts used in this study, the
amount of copper was 2.86 g/m2 and that of zinc was 1.01 g/m2.
4.1.5. Experimental Method of Measurement of Reaction

Rate Constant. The reaction constants described in Section
2.1.3 were measured as follows. The experiment was carried
out under constant temperature 280 °C. The velocity of gas was
varied between 0.00107 and 0.00713 m/min, and methanol
conversion was calculated for each velocity.

The reaction rate constants were calculated by the following
equation. Here, the methanol steam reforming was assumed as
first-order reaction of methanol.
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Figure 7. Side view of the MP streamline

Figure 8. Side view of the MP parallel streamline

Figure 9. Flow chart of the catalyst preparation

Figure 10. Final image of the microreactor with MP

Figure 11. Reactor used
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kCA0S
FA0

¼ ð1þ εAÞ ln 1
1� χ

A
� εA

χ
A

where k is the reaction constant m/s, FA0 is mole number of feed
methanol mol/s, CA0 is the initial concentration of methanol
mol/m3, S is the apparent catalyst area m2, xA: methanol con-
version %, and εA is the ratio of mole number of the product/
mole number of the reactant.

4.2. 3D CFD Simulation. 3D CFD simulation was carried
out using the COMSOL Multiphysics software (COMSOL,
Inc.) to observe the flow condition around the MP. In this
simulation, a simplified model having only two or four fins on
the MP, as shown in Figure 13, was used. Figure 13 (a) was
used to observe the streamline of the MP whose fins and holes
were aligned linearly to the stream. Figure 13 (b) was used to
observe the streamline of the MP whose fins and holes are
aligned perpendicular to the stream. The arrows on the figure
represent the influent gas. Periodic conditions were set for the

upper and lower boundaries. Symmetry conditions were also set
for the left and right boundaries.

The following assumptions were made for the simulation: ideal
gas, laminar flow, steady physicality, and no pore inside diffusion.
The model condition was also set such that it was consistent with
the experimental condition. The temperature is set to be constant
at 280 °C. However, no chemical reaction was considered.

The simulation used Navier–Stokes equation to compute
fluid dynamics.
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Figure 13. Simplified model of MP on COMSOL (a) linearly and (b) perpendicular to the stream

Figure 12. Experimental setup
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