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a b s t r a c t

We have developed an MEMS-based Pd membrane microreactor for one-step conversion of benzene
to phenol, and also evaluated the H2 permeation characteristics through the Pd membrane before the
benzene hydroxylation experiments. The conversion of benzene, selectivity and yield of phenol were
investigated by varying the operation conditions. The phenol yield of 20% and benzene conversion of
54% were obtained at a reaction temperature of 200 ◦C. The phenol and dihydric phenols dominated the
distribution of products and the hydrogenation products of from benzene and phenol were absent in the
MEMS-based Pd membrane microreactor, which was very different from the macrotubular Pd membrane
reactors. The effect of H2/O2 ratio on products distribution has been investigated. From the comparison
of reaction results with a macrotubular Pd membrane reactor, it is figured out that the Pd membrane
microreactors fabricated by MEMS technology gave a higher reaction conversion and product yield.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Phenol is an extremely important chemical in industry, which
is widely used in the production of drugs, dyestuffs and synthetic
resin. Phenol is primarily produced by the cumene process, in which
benzene is converted via cumene to cumene hydroperoxide. This
multi-step process accompanies high-energy consumption and a
large amount of acetone as a by-product. To overcome these prob-
lems, direct hydroxylation of benzene to phenol using oxidant such
as H2O2 and N2O has been studied [1–8]. These oxidants are, how-
ever, too much expensive to apply to the commercial production.

The direct hydroxylation of benzene using mixture of O2 and H2
is another alternative and has been widely studied in the liquid and
gas phase [9–12]. Benzene oxidation in the gas phase seems to be
more practicable for industrial applications [12], because the use
of solvents is avoided. Although a very high selectivity of phenol
(>90%) had been reported by some researchers [12, and references
there], the conversion of benzene was less than 2% and resulted that
the yield of phenol was also less than 2%. Such a yield of phenol is
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inadequate for practical use. In addition, there is a serious risk of
explosion when H2 mixes with O2.

Our research group reported that a tubular Pd membrane reactor
(PdMR) [13–18], schematically shown in Fig. 1, promoted hydrox-
ylation and hydrogenation. It should be noted that this type of
membrane reactor attained the direct conversion of benzene to
phenol (yield ∼ 20%). Active hydrogen species, which appear onto
the surface via the Pd membrane, can easily react with molecules
of oxygen and form active species like HO* or HOO* radicals. Thus,
the active species attack benzene, and hydroxylation occurs readily
to form phenol. This system is quite simple and can eliminate the
risk of explosion because the supplies of O2 and H2 are physically
separated, but the tubular shape of the Pd membrane has some
difficulties to stack them for mass production.

The developments of chemical process miniaturization have
taken large strides in the past few decades due to the evolution of
micro-electro-mechanical system (MEMS) technology. MEMS tech-
nology enables us to integrate reactors with other devices such
as pressure transducers, flow controllers and temperature control
apparatus to form micro-systems capable of analyzing or synthe-
sizing chemicals [19,20]. More importantly, the miniaturizations
of chemical reactors to a micro-scale leads to unique characteris-
tics different from conventional macroreactors, such as low-energy
consumption, high surface-to-volume ratio, short response times,
good reaction controllability, better heat and mass transfer prop-
erties and uniform flow and temperature distributions. In fact, a
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Fig. 1. Tubular PdMR for direct hydroxylation of aromatics and the working princi-
ple of the Pd membrane.

higher conversion and better product yield obtained in microre-
actors have been observed by some researchers [21–23]. Many
fine chemical reactions of interest are constrained by unfavorable
thermodynamics that could benefit from the membrane opera-
tion. Selective product removal could improve the product purity
and achieve supra-equilibrium conversions [21–26]. Miniaturiza-
tion also enhances the selectivity and permeation of the membrane
compared to conventional membrane units [27–28].

We have developed a MEMS-based Pd membrane microreac-
tor (PdMMR) [20] and applied it to the hydrogenation of 1-butene
successfully. Since the PdMMR has a micro-dimension, the con-
centration of reactant gases is almost uniform on the surface of
the membrane. Therefore, it is expected that the PdMMR promotes
the hydroxylation of the benzene to phenol and increases the yield
of phenol. Furthermore, the PdMMR has a possibility of scaling-up
laboratory-level experiments directly to commercial production by
stacking the same microreactors.

In this study, we demonstrated one-step conversion of benzene
to phenol using the MEMS-based PdMMR for the first time. Prior to
reaction experiment, we evaluated the gas permeation and perms-
electivity of the Pd membrane. The conversion, selectivity and yield
of reactions were investigated by varying the operation conditions.
Each test reaction was carried out and lasted up to 9 h. Results of
reactions were compared with those of the macrotubular PdMRs
[13–18].

2. Microreactor fabrication

The schematic structure of the MEMS-based PdMMR is shown in
Fig. 2. It is composed of three layers: top glass cap, Si substrate and
bottom glass cap. H2 and reaction gas are supplied to the bottom
and top side of the Pd membrane, respectively. Reaction products
are obtained from the top side. The Pd membrane has a size of
5 mm × 5 mm. Oxidized porous silicon (PS) is served as a struc-
tural support for the Pd membrane. Under the oxidized PS support,
micro-flow channels with a diameter of 100 �m are opened. A Pt/Ti
micro-heater is formed on a Si3N4 insulation layer for heating the Pd
membrane to improve H2 permeability and prevent H2 embrittle-
ment. The oxidized PS ring is also formed around the Pd membrane
for thermal isolation. The thermal isolation gap under the oxidized
PS ring is 100 �m in width.

The fabrication process of the microreactor is shown in Fig. 3.
The microreactor was fabricated from a 300 �m thick 〈1 0 0〉 p-

Fig. 2. Structure of MEMS-based PdMMR.

type Si wafer polished on the double sides with resistivity of
0.01–0.02 � cm. The process started from coating the wafer with a
100-nm thick SiO2 film and a 300-nm thick Si3N4 film by means of
wet thermal oxidation and low pressure chemical vapor deposition
(LPCVD), respectively. Then, the bilayer film of Si3N4/SiO2, whose
stress is compensated, was patterned by standard photolithogra-
phy, followed by dry CF4 plasma etching of Si3N4 and wet etching
of SiO2 using buffered oxide etch (BOE). In this step, the films of
Si3N4 and SiO2 on the backside were also removed.

Within the opened windows of the Si3N4/SiO2 film, PS was
formed by anodization in HF-ethanol (C2H5OH) electrolyte (HF
(50%):C2H5OH:H2O = 1:1:1 in volume). To generate a 30 �m thick
PS layer, the anodizing time was 20 min with a current density
of 30 mA/cm2. Furthermore, the PS should be oxidized thermally
to stop deep reactive ion etching (DRIE) in the step 7 of the pro-
cess chart. Next, the Pt/Ti heater was formed around the PS area by
sputtering and lift-off process. The ring design of the micro-heater
allows a large area of the membrane to be heated. And then, the
thermal isolation ring and the heater were covered with SiO2 to
prevent gas from permeating via the thermal isolation ring and to
prevent synthesized product from being decomposed by Pt.

The Si substrate was etched from the backside by deep reac-
tive ion etching (DRIE) to release the PS layer and make the flow
channels of H2. After the bottom glass cap was bonded to the Si sub-
strate by anodic bonding technique, a 500-nm thick Pd film was
deposited on the surface of the oxidized PS by controlling sput-
tering time at a substrate temperature of 200 ◦C. To improve H2
permeation through the Pd membrane, we did not use any adhe-
sion layer. The final step in the fabrication was to bond the top glass
cap to the Si substrate. Both top and bottom cap are made of Pyrex
glass and etched in HF (50%) solution to form micro-gas channels.
Through holes served as gas inlets and outlets were fabricated by
sandblasting from a nozzle. The size of the completed microreactor
is 25 mm × 20 mm.
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