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We have developed an MEMS-based Pd membrane microreactor for one-step conversion of benzene
to phenol, and also evaluated the H, 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 H,/O, 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 H,0, and N0 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 O, and H;
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 H, mixes with O,.

Ourresearch group reported that a tubular Pd membrane reactor
(PAMR) [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 O, and H; 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 (PAMMR) [20] and applied it to the hydrogenation of 1-butene
successfully. Since the PAMMR 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 PAMMR promotes
the hydroxylation of the benzene to phenol and increases the yield
of phenol. Furthermore, the PAMMR 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 PAMMR 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 PdAMRs
[13-18].

2. Microreactor fabrication

The schematic structure of the MEMS-based PAMMR is shown in
Fig. 2. It is composed of three layers: top glass cap, Si substrate and
bottom glass cap. H, 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
5mm x 5mm. 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 H, permeability and prevent H, 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 wm in width.

The fabrication process of the microreactor is shown in Fig. 3.
The microreactor was fabricated from a 300 wm thick (100) p-
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Fig. 2. Structure of MEMS-based PAMMR.

type Si wafer polished on the double sides with resistivity of
0.01-0.02 2 cm. The process started from coating the wafer with a
100-nm thick SiO, film and a 300-nm thick Si3Ng4 film by means of
wet thermal oxidation and low pressure chemical vapor deposition
(LPCVD), respectively. Then, the bilayer film of Si3N4/SiO,, whose
stress is compensated, was patterned by standard photolithogra-
phy, followed by dry CF,4 plasma etching of Si3N4 and wet etching
of SiO, using buffered oxide etch (BOE). In this step, the films of
Si3N4 and SiO, on the backside were also removed.

Within the opened windows of the Si3N4/SiO, film, PS was
formed by anodization in HF-ethanol (C;H50H) electrolyte (HF
(50%):C2H50H:H,0=1:1:1 in volume). To generate a 30 wm thick
PS layer, the anodizing time was 20 min with a current density
of 30 mA/cm?. 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 SiO, 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 H,. 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 Hj
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 x 20 mm.
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Fig. 3. Fabrication process of MEMS-based PAMMR.

3. Experimental

To achieve the direct hydroxylation of aromatic compounds, a
neutral oxygen species or radical oxygen species, such as HO* or
HOO*, might work as the active species [29]. It is known that a
membrane reactor is an effective tool to produce active oxygen
species [30]. In this study, we performed the direct hydroxylation
of benzene to phenol using the developed PAMMRs.

The experimental setup is shown in Fig. 4. H, was continuously
introduced to the lower side of the Pd membrane with the aid
of a mass flow controller (MFC). The H, pressure was monitored
using a pressure transducer. To the other side of the Pd membrane,
namely the upper side, a mixture gas of He, N,, O, and benzene
was introduced into the PAMMR. In the hydroxylation of benzene,
H, permeated flux was kept at 1.5 cc/min by adjusting the pressure
of Hy in the inlet during the reaction at 200 °C. Liquid-phase ben-
zene was fed with a syringe pump (Hamilton Company) and the
flow rate of benzene was set at 0.08 cc/h. Benzene was vaporized
by heating the pipe of the gas inlet. The flow rate of He and N, is
2.5 sccm (room temperature and ambient atmosphere). To investi-
gate the effect of ratio of H, to O, on products distribution of the
reaction, the flow rate of O, is varied and the ratio of H, to O, was

adjusted at 1.5, 2, 2.5, 3,4 and 5. Each reaction experiment was per-
formed at 200°C and maintained up to 9 h. Between the reaction
experiments, the reactor was kept at the reaction temperature with
flowing inert gas, i.e. He or N5, to both sides of the Pd membrane to
prevent it from being damaged by any thermal impact.
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H
¢ GC
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: TCD-
Microreactor jl E 1 Ge
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Products vent

Fig. 4. Experimental setup for direct hydroxylation of benzene to phenol using
MEMS-based PAMMR.
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The reaction products of a fixed quantity of 0.5ml were col-
lected by a sampling chamber every hour during reaction and were
introduced into two online gas chromatography systems; one was
equipped with a thermal conductivity detector (TCD-GC) and the
other one with a flame ionization detector (FID-GC). The inorganic
gases were analyzed using the TCD-GC with a porous polymer col-
umn. The organic products of the reaction were analyzed using the
FID-GCwith a HP-70 capillary column (Hewlett-Packard, 30 m). The
trapped products were identified by using a GC-MS (GC6890N with
MSD9573, Agilent Technologies, Inc., not shown in Fig. 4).

We evaluated the H, permeation characteristics through the Pd
membrane prior to the benzene hydroxylation experiments. The
experimental setup is similar to that in Fig. 4, but mixture gases
are replaced by pure N,, which sweeps out the permeated H,. H,
flux through the Pd membrane was determined by measuring H,
concentration in the N, stream with the TCD-GC.

He and N, permeation were also measured. He flux through
the Pd membrane was determined by the same method with the
H, flux. For the N, flux, a similar method was used except that
sweep gas of pure He took place of pure N, on the upper side of the
microreactor. After each change of the temperature and gas, the
PAMMR was stabilized for at least 1 h.

4. Results and discussion
4.1. H, permeability and permselectivity of Pd membrane

The diffusion of H, through Pd membranes can be expressed in
terms of Fick’s first law

J=k(Pj —P), (1)

where ] is the H, flux, k is the diffusion constant depending on the
thickness and temperature of the membrane, Py and P; are H; pres-
sure at the inlet and H, partial pressure at the outlet, respectively,
and nis the H, pressure exponent. Itis reported that n is determined
by the mechanism of H, permeation through the membrane [31].
n=0.5 suggests that bulk diffusion is the rate controlling step of
H, permeation. When the adsorption and desorption of H, on the
membrane surfaces become more significant than bulk diffusion,
n approaches 1. It has been claimed that surface processes control
the permeation of very thin Pd films (submicron thickness) [32],
and values of n close to 1.0 have been reported by several groups
for very thin Pd films [32-34].

We prepared two PAMMRs under the same conditions of micro-
fabrication. Also both Pd membranes have the same thickness of
500 nm by using the same sputtering time at the temperature of
200°C. Fig. 5 shows H, flux through the Pd membrane of sample
#1 as a function of H; partial pressure difference. This figure gives a
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Fig. 6. Dependence of helium flux through Pd membrane of sample #1 on the partial
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linear dependence of the H; flux on the partial pressure difference
of the Hy, on both sides of the membrane. The value of n close to
1.0 obtained here indicated that surface process dominated the H,
permeation through the Pd membrane with submicron thickness.
This result is also in consistency with our previous results [20].

The obtained H, permeation was 0.545mmol/sm?kPa at a
membrane temperature of 200°C. The H, permeation through
the Pd membrane should increase substantially with increasing
temperature, but we did not observe higher H, permeation as
expected when the temperature was increased from 200°C to
250°C. This phenomenon seems to be related to Pd oxidation. Pd
oxidation can occur above 200 °C and reach the maximum of oxi-
dation rate at about 300°C [35]. To evaluate the permselectivity of
the Pd membrane, we measured He and N, permeation through
the Pd membrane. Table 1 shows the measurement sequence of
gas permeation, gas permeation and corresponding permselectiv-
ity for sample #1. Note that the measurement of N, permeation
(sequences 5 and 6) was carried out between the measuring steps
of H, permeation at 200 °C and 250 °C (sequences 4 and 7), respec-
tively. During the N, permeation tests, the Pd membrane may be
oxidized to form palladium oxide by O,, which is impurity existing
in Ny. Pd oxidation resulted in both decrease in pinhole num-
bers, i.e. decrease in Knudsen flow, and decrease in atom hydrogen
diffusion. Consequently, the H, permeation at 250°C, which was
measured after the N, permeation tests (sequences 5 and 6), might
be lower than that at 200°C.

Fig. 6 shows the dependence of He flux on the He partial pres-
sure difference. As shown in Table 1, He permeation was measured
at room temperature, 200°C and 250°C in the sequences 2, 3
and 8, respectively. A considerable decrease in He flux through
the Pd membrane was observed when the temperature of the Pd
membrane was raised from room temperature to 200°C. This is
attributed to decrease in pinhole numbers due to a larger thermal
expansion coefficient of Pd than that of the oxidized PS support.
We also found out that the He flux at 250°C is considerably higher
than that at 200°C. As found in Table 1, the He flux at 250°C was
measured at sequence 8 directly after measuring H, permeation at
250°C (sequence 7). It is well known that hydrogen embrittlement
occurs when a Pd membrane contacts with H, at a tempera-
ture below 300 °C. Hydrogen embrittlement tends to cause lattice
expansion in palladium, eventually cause it to delaminate. On the
other hand, it was reported that a Pd membrane tightly packed in
the pores of a support was resistant to hydrogen embrittlement
[36]. In the PAMMR, the smooth and clean surface of the PS support
might gave good gas tightness at 200 °C, but when temperature was
raised from 200°C to 250 °C, the delamination of the Pd membrane
might occur due to the hydrogen embrittlement. This might result
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Measuring sequence of gas permeation, gas permeation and permselectivity of hydrogen for sample #1.
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in large increase in pinhole numbers and eventually increase in
Knudsen flow. The permselectivity of H, to He at 200 °C and 250°C
are 68.13 and 10.49, respectively, as shown in Table 1. For single gas
permeation test, the sequence of the gas permeation affects impor-
tantly the results of permselectivity [35]. The real permselectivity
of Hy to inert gas, e.g. He or N5, should be defined as the ratio of Hy
permeation to inert gas permeation measured directly after the H,
permeation test [35], taking account of the above Pd delamination
effect. Therefore, a value of 10.49 represents a real permselectivity
of H, to He at 250°C in our test.

Fig. 7 shows the dependence of N, flux on the N, partial pres-
sure difference. In Fig. 7, we also observed considerable decrease
in Ny flux through the Pd membrane when the temperature of
the Pd membrane was raised from room temperature to 200°C, as
observed for He flux. The N, flux showed small decrease when the
temperature was raised from 200°C to 250 °C. The permselectivity
of H, to N at 200°C and 250°C are 47.81 and 49.73, respectively.
Note that the permeation of N, at 200°C was measured directly
after the H, permeation test, and thus the value at 200°C can be
reasonably compared with the permselectivity of H, to He at 250 °C.

Next, we evaluated another PAMMR (sample #2). The measure-
ment sequence for sample #2 is shown in Table 2. To eliminate
the possibility of Pd oxidation, we did not measure N, permeation
for this sample. Figs. 8 and 9 give the dependence of He and H,
flux on the partial pressure difference of He and H,, respectively.
We obtained the H, permselectivity of 36.79 to He at 250 °C. How-
ever, the permselectivity of H, to He at 200°C is only 2.12, which
is considerably smaller than that at 250 °C. It must be noted that
He permeation at 200 °C was measured directly after H, reduction,
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Fig.8. Dependence of helium flux through Pd membrane of sample #2 on the partial
pressure difference of helium. The data measured after benzene hydroxylation tests
at 200°C is also shown (labeled as “after reaction at 200°C”).
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as shown in Table 2. The object of the H, reduction after the H;
permeation test at 250°C aimed to improve H, permeation, but
it might result in critical hydrogen embrittlement. Due to hydro-
gen embrittlement, He permeation showed dramatic increase, and
the permselectivity of H, to He at 200°C decreased to 2.12. This
value is still larger than the ideal Knudsen selectivity of H, to He
(1.41) suggesting that atom hydrogen diffused still through the
Pd membrane. From Fig. 9, we found out that the H, permeation
at 250°C was 0.4415 m mol/s m? kPa, but H, permeation at 200°C
was 0.5016 m mol/s m? kPa, which was higher than that at 250°C.
This might be also attributed to increase in Knudsen flow due to
hydrogen embrittlement.

The permselectivity of two samples showed much difference.
This is because of difference of hydrogen embirttlement in degree.
Taking account of real permselectivity, the permeation and perms-
electivity of sample #1 is still comparable to our results reported
previously [20].

The permselectivity of the PAMMRs obtained in this study is
much lower than that of the PdAMRs (typically 10E6 at 200-300 °C),
which was prepared by CVD, reported by Sato et al. [16]. This
might be attributed to the difference in the deposition mecha-
nism between sputter-deposition and CVD. For sputter-deposition,
metal atoms form loosely bonded atomic clusters, which are
adhered on the surface of the porous support. Therefore, the Pd
membrane has low resistant to hydrogen embrittlement, although
a Pd membrane made by sputtering may be densified to a higher
extent during high temperature test. While for CVD, since deposi-
tion is a surface reactive process, Pd precursor vapor can infiltrate
inside the porous support, adsorbed on the pore surface, and react
to form Pd, which tightly packin the pores of the support. Therefore,
the Pd membrane made by CVD shows good resistant to hydrogen
embrittlement even below 300 °C due to mechanical containment
effect [13-18,36].

T, @200°C
0.5016

0.2368
Juy.5eq.3/JHeseqs = 2.12

H; reduction @250°C for2h  Jge @200°C

Jn, @250°C
0.4415

0.012
Ju,.5eq.3/JHeseq2 = 36.79

Jie @250°C

4.2. Reaction of benzene hydroxylation

Jie @R.T.
0.0377

Fig. 10 shows the result of benzene hydroxylation at a Hy/O,
ratio of 4 for sample #2. (Sample #1 broke before the benzene
hydroxylation tests by accident, and there is no reaction data.) We
can find that the yields of phenol and other products remain rel-
atively constant during the reaction term up to 9h. The yield of
phenol is around 20% and the conversion of benzene is around 54%.
Main by-products are CO,, 2-hydroxycyclohexanone (CgH1903)
and p-benzoquinone (CgH40,). Such a result, i.e. a high yield of
phenol accompanying with a relatively high benzene conversion
of 54% and a relatively high phenol selectivity of 37%, is different
from that for the tubular PdAMRs [13,14,16-18]. The highest yield of
phenol for the tubular PdAMRs was 15.1% in Ref. [13] and [16-18].

Gas permeation (m mol/s m? kPa)
Permselectivity of hydrogen

Measuring sequence
Measuring content

Measurement sequence of gas permeation, gas permeation and permselectivity of hydrogen for sample #2.

Table 2
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Although a yield of 20-23% and a selectivity of 77% for phenol were
reported in Ref. [14], the conversion of benzene was only within
25-30%.

The MEMS-based PdMMRs have a small dimension of
5mm x 5 mm and a large surface-to-volume ratio of ca. 100, while
the tubular PAMRs have a large dimension (100 mm in length) and
a small surface-to-volume ratio of ca. 3. Large surface-to-volume
can provide faster response to reaction. The permeated hydrogen
species via the Pd membrane could react with oxygen and ben-
zene immediately and such a fast reaction prevented the permeated
hydrogen species from being recombined on the Pd membrane.
Since active hydrogen species were used effectively for hydroxy-
lation of benzene, a higher yield of phenol and a higher conversion
of benzene were obtained.

An estimated reaction pathway is summarized in Fig. 11.
Dihydroxy compounds from the phenol hydroxylation, 1, 2-
benzenediol and hydroquinone (CgHgO>), have a high reactivity
so that they were hydrogenated or dehydrogenated, and formed
main by-products of 2-hydroxycyclohexanone (CgHi00O,) and
p-benzoquinone (CgH40,), respectively. Besides the above-
mentioned main by-products, a very small amount of 1,
2-benzenediol, hydroquinone and 1, 4-cyclohexanedione were also
detected by the GC-MS. We also observed water formation using
the GC-TCD with the polymer porous column.

We investigated the effect of H, /O, ratio on benzene hydroxy-
lation. Fig. 12 shows the dependence of the product yields on the
ratio of H,/O,. For all experiments of benzene hydroxylation, H;
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CeHoO: .«
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Fig. 11. Estimated reaction pathways for benzene hydroxylation. The compounds
boxed by meshes are main product (phenol) and main by-products. Other by-
products exist in a very small amount.
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Fig.12. The dependence of yields on the ratio of H, /O, for the MEMS-based PAMMR.

permeated flux was kept at 1.5 cc/min by controlling the pressure
of H; in the inlet. We just adjusted the flux of O, to change the
ratio of Hy/O,. When H, /0, < 1.5, only CO, was identified. Hydrox-
ylation cannot occur with an over amount of oxygen, although
H, permeated through the Pd membrane. This suggests that the
atmosphere on the Pd membrane was almost controlled by oxy-
gen and only oxidation is a possible reaction. When H;/0, > 1.5,
the hydroxylation reaction occurred and developed with decrease
in oxygen concentration. Naturally, oxidation showed decreasing
trend with decrease in oxygen concentration. This can be supported
by increase in phenol yield and decrease in carbon dioxide yield in
Fig. 12 till Hy/O, =2.5. When H;/0, > 2.5, phenol yield showed an
almost stable value of around 20%. Simultaneously, carbon dioxide
yield was also kept the lowest value close to zero level.

It is worthwhile to compare our results of benzene hydrox-
ylation with those of the tubular PdMRs [13-18]. First, the
transformation of dominating reaction from oxidation to hydroxy-
lation of the benzene in our case occurred at a lower ratio of H,/O,
than that in tubular PdAMRs [15,17]. The yield of carbon dioxide
became almost zero when the ratio of H,/O, was increased to 2.5
in the PAMMR, while the corresponding ratio of H,/O5 in the tubu-
lar PAMRs was above 7 at the very least [15,17] as shown in Fig. 13,
which was reproduced from Ref. [17].

Second, the yield of phenol was kept at around 20% stably when
the ratio of H,/O, was changed above 2.5 in our experiment. For
the tubular PAMRs, there was an optimum H; /O, ratio (4-4.6) giv-
ing the largest phenol yield, as shown in Fig. 13 [14,17]. Benzene
has three kind of reaction trend, which are hydroxylation, oxi-

T T T T T T T T
5 B Cyclohexane 1
; A Cyclohexanone
o 6 -
E/ W Phenol
—g’ 1 \._ & Carbon dioxide
£l P |
s EE 1
o L \
T IR ’ -
> A
['E 2 ! AN
v ATTA N,
L N ]
-’lf R |
A
0 _l....-.ﬂ—l""—" /A | s | N | "
0 2 4 6 8 10

Ratio of hydrogen to oxygen

Fig. 13. The dependence of yields on the ratio of H,/O, for the tubular PAMR. The
graph is reproduced from Ref. [17].
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Fig. 14. The comparison between the surfaces of the used (left) and unused (right) Pd membrane. The samples are not the same one.

dation and hydrogenation, on the Pd membrane covered by the
mix gas of oxygen and H;. In the macrotubular PAMRs, oxidation
and hydrogenation regions existed on the same Pd membrane and
hydroxylation occurred only in the limited region [15]. When the
ratio of Hy/O, was adjusted, oxidation and hydrogenation became
strong or weak correspondingly. As a result of competition between
oxidation and hydrogenation, hydroxylation shows the highest
yield at the optimum ratio of H,/O5.

On the contrary, since the PAMMRs have a micro-dimension,
the distribution of the reactant gas concentration could be almost
uniform on the surface of the Pd membrane. When oxygen concen-
tration was decreased to some level (in our case, H,/O; is 2.5), the
active hydrogen species covered uniformly over the surface of the
Pd membrane. Due to a large surface-to-volume ratio, they have a
high probability to meet and react with molecules of oxygen and
produced fast active oxygen species on the whole surface of the
Pd membrane. Correspondingly, these active oxygen species also
reacted fast with benzene. As a result, hydroxylation could domi-
nate quickly over the whole surface of the Pd membrane and special
reaction regions might not be formed as reported in Refs. [13-18],
even when H;/0O, ratio was changed. Small dimension and large
ratio of surface-to-volume were the reason for the PdAMMR achiev-
ing the largest the yield of phenol at a lower ratio of H,/0, (2.5)
than that (4-4.6) in the PAMRs, and for transformation of dominat-
ing reaction from oxidation to hydroxylation of the benzene at a
lower ration of H, /O in the PAMMR.

Third, the distribution of products in the PdAMMR is very different
form that in the PAMRs. As shown in Figs. 11 and 12, the phe-
nol, dihydric phenols such as 1, 2-benzenediol and hydroquinone
(CgHg03), and the products from the dihydric phenols dominated
the distribution of products. The hydrogenation products of cyclo-
hexane (CgH13) and cyclohexanone (CgH190) from benzene and
phenol were not detected, even when the ratio of H,/O, was
adjusted up to 5. While in Refs. [13-18], the hydrogenation prod-
ucts from the benzene and phenol were main by-products. Under
the condition of abundant hydrogen, some hydrogen atoms perme-
ated via a Pd membrane recombined into hydrogen molecules out
of the surface of the Pd membrane. These hydrogen molecules could
be swept out from the PAMMRs quickly due to a small dimension
of reactors, before they could react with benzene and other prod-
ucts. This might be one reason of the absence of hydrogenation

products from the benzene and phenol. The absence of hydrogena-
tion from benzene and phenol also contributed to a higher yield of
phenol.

Phenol yield of 20% in the PAMMR is comparable to the yield
of 20-23% in Ref. [14]. High phenol yield accompanying with high
benzene conversion of 54% is benefit from the miniaturization of
Pd membrane reactors. While in Ref. [14], high phenol yield was
accompanied with high phenol selectivity of 77%. This is reasonable
result because there is a trade-off between the benzene conversion
and phenol selectivity. It is noted that the products were dominated
by phenol and dihydric phenols in the PAMMR. It is expected that
high yield accompanying high conversion and selectivity could be
obtained if reaction conditions are adjusted adequately.

Figs. 8 and 9 also give the permeation of He and H; for sam-
ple #2 after finishing all of test experiments. The total reaction
time was around 200 h, and the total time of permeation measure-
ment was around 50 h. The H, permeation showed a decrease of
about 21% and that of He showed a decrease of about 16% after
all of reaction experiments. The permselectivity of H, to He after
all experiments was decreased to 1.98, which is a little lower than
that (2.12) before the experiments. The decrease of gas permeation
should be attributed to carbon pollution during hydroxylation of
benzene. Fig. 14 shows the comparison between the surfaces of the
used and unused Pd membrane. The samples are not the same one.
We can observe that the used surface lost its metallic luster com-
pared to the unused surface, and became black. This supports that
the surface of the Pd membrane was polluted by carbon material
existing in reactants. We also observed peeling of the Pd membrane
due to hydrogen embrittlement. This means the stability of the Pd
membrane is still a challenge for long reaction. It was reported that
the Pd membrane made by CVD [13-18,36] have good resistant
to hydrogen embrittlement. Therefore, it is possible to improve the
stability of the Pd membrane by using a Pd membrane made by CVD
or a Pd-Ag membrane in the PAMMRs instead of the Pd membrane
made by sputtering.

5. Conclusions

We carried out one-step conversion of benzene to phenol using
novel MEMS-based PAMMRs, in which a 500-nm thick Pd mem-
brane was supported by a porous silicon layer. We also evaluated
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the H, permeation characteristics through the Pd membrane before
the benzene hydroxylation experiments. At 200 °C, the H, perme-
ation is 0.545 m mol/s m? kPa and the permselectivity of H, to N, is
47.8. These values are comparable to that reported previously [20],
but these values were still lower than that of a Pd membrane made
by CVD. This might be attributed to the difference in the deposition
mechanism between sputtering and CVD.

The phenol yield of 20% and benzene conversion of 54% were
obtained at a reaction temperature of 200°C. This result is bet-
ter than that in the macrotubular PAMRs. The effect of H,/O ratio
on products distribution has been investigated. The results have
been compared with those of a macrotubular PAMRs. Since the
PdMMRs had a smaller dimension and a larger ratio of surface-to-
volume comparing to PAMRs, active hydrogen species were used
more effectively for hydroxylation of benzene on the Pd surface of
the PAMMRs. Therefore, the PAMMRs can finish transformation of
dominating reaction from oxidation to hydroxylation of the ben-
zene and achieve the largest the yield of phenol at lower ratio of
H,/0,. Due to active hydrogen species were used more effectively,
a higher yield of phenol accompanying a higher conversion of ben-
zene was obtained. Also, the products distribution in the PAMMRs
was very different from the PAMRs. Phenol and dihydric phenols
dominated products distribution in PAMMR, and the hydrogena-
tion products of cyclohexane (CgH12) and cyclohexanone (CgH190)
from benzene and phenol were not detected in the PAMMR, while
the hydrogenation products from benzene and phenol were main
by-products in the PdAMRs.

The stability of the Pd membrane is still a challenge for long
reaction. However, it is possible to improve the stability of the
Pd membrane by using a Pd membrane made by CVD or a Pd-Ag
membrane instead of the Pd membrane made by sputtering in the
PdMMRs.
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