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A catalytic membrane reactor, which was immobilized with palladium-loaded nanogel particles (NPs), was developed
for continuous-flow Suzuki coupling reaction. Palladium-loaded membranes were prepared by immobilization of NPs,
adsorption of palladium ions, and reduction into palladium(0). The presence of palladium in the membrane was con-
firmed by the scanning electron microscopy; palladium aggregation was not observed. The catalytic activity of the mem-
brane reactor in continuous-flow Suzuki coupling reaction was approximately double that of a comparable reactor in
which palladium ions were directly adsorbed onto an aminated membrane. This was attributed to the formation of small
palladium particles. The reusability in the continuous-flow system was higher than that in a batch system, and the
palladium-loaded membrane reactor had high long-term stability. VC 2014 American Institute of Chemical Engineers
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Keywords: polymer nanogel particles, membrane reactor, continuous-flow system, catalytic reaction, palladium

Introduction

One of the strategies used for chemical transformations is
catalytic reactions using transition metals. Various transition-
metal catalysts are useful for chemical transformations, and
palladium (Pd) shows catalytic activity for a diverse range of
cross-coupling reactions,1,2 as well as hydrogenation,3,4 and
p-allyl substitution.5,6 The catalytic activities of nanosized
Pd(0) catalysts are high because of the high surface-to-
volume ratio.7,8 Because Pd(0) catalysts are relatively expen-
sive, they are recycled using thiol- and amine-functionalized
scavengers for separation and recovery from the product.
However, metal recoveries using methods such as adsorption
and desorption are complicated, and result in increased
industrial wastes. Such catalysts also have the disadvantage
of aggregation, which leads to inactivation.

Immobilized catalysts have been used to prevent aggrega-
tion.9 Catalysts immobilized on polymeric and inorganic sup-
ports can be easily recovered from reaction solutions by
filtration, and the recovered catalysts can be used for a num-
ber of times.10–19 Recently, there have been increasing inter-
ests in catalytic reactions in aqueous media, because of the

desire to use the green chemistry.16–21 It has been found that
some transition metals show the catalytic activity in aqueous
media.22 Leakage of transition metals leads to decreased cat-
alytic activity and product contamination. To prevent Pd
leakage, high-coordinating ligands, such as thiol and amine
groups, have been used.16,20,21

We have also developed Pd(0) catalysts loaded in polymer
nanogel particles (NPs), and used them for hydrogenation
and Suzuki coupling reactions.23 The NPs were synthesized
from N-isopropylacrylamide (NIPAm), basic monomers, and
cross linking monomer. Pd ions were adsorbed on the NPs at
a suitable density, and Pd(0) nanoparticles were formed via
reduction using NaBH4. The catalytic activities of the Pd(0)-
loaded NPs depended on the Pd particle size. The NPs were
highly dispersed with small diameter and high flexibility, so
contact between the NPs and substances was efficient.24 The
Pd(0)-loaded NPs had high catalytic activities; in particular,
the Suzuki coupling reactions using the Pd(0)-loaded NPs
were achieved in aqueous media. Pd leakage from the NPs
was not detected. In batch systems, aggregation of the sup-
port occurs during filtration, so the catalytic activities of
used catalysts tend to be lower. Recycling system, which do
not change the surface states of the catalyst, are, therefore,
required.

Continuous-flow systems have attracted considerable atten-
tion as a novel tool for catalytic organic synthesis,25–27 and
enable to improve the reusability of the catalyst. Compared
with traditional batch systems, the continuous-flow systems
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provide some advantages, such as high operability, easy con-
trol of the reaction, automation, miniaturization, and scale
up. The separation process takes place at the same time as
the reaction in the continuous-flow reactor, so recovery and
reuse of the catalyst are significantly easy. Particle-packed
column reactors are filled with catalysts immobilized on
beads, and conventionally applied in the continuous-flow
system. Many particles have dead-end pores. Catalytic reac-
tion in the reactor proceeds via film-diffusion and pore-
diffusion steps. Reactant mass transport in the pores is lim-
ited, which is a disadvantage.28

Membranes have consecutive through pores. The solution
passes through the membrane pores by convective flow.
Mass transport limitations are reduced in a membrane reac-
tor, because the pore-diffusion step is negligible.28 When a
microfilter is used as the matrix, the pressure loss during
solution permeation through the membrane pores is lower
than that through packed particles. Microchannel reactors,
which have small spaces and high permeability, are also a
useful process technology for continuous-flow catalytic reac-
tions using Pd.29–31 Scale-up of a membrane reactor by
stacking is simpler than numbering-up of a microchannel
reactor. The development of Pd-loaded membrane reactors

for continuous-flow catalytic reactions is important for indus-
trial applications.

In this study, a catalytic membrane reactor, which was
immobilized with Pd(0)-loaded NPs, was developed for a
continuous-flow system. NIPAm, N23-dimethylaminopropyl
methacrylamide (DMAPM), N-(3-aminopropyl) methacry-
lamide hydrochloride (APM), and N,N0-methylenebisa-
crylamide (BIS) in the NPs acted as the backbone, Pd
adsorber, NP immobilizer, and cross-linker sites, respectively
(Figure 1). The Pd(0)-loaded membranes were sequentially
prepared by immobilization of NPs, adsorption of Pd ions,
and reduction into Pd(0). The catalytic activity of the mem-
brane reactor was evaluated using the Suzuki coupling reac-
tion between phenylboronic acid and 4-iodobenzoic acid.
This reaction, in which CAC bonds are formed between orga-
noboron and organohalide compounds, has been widely used
in the production of many compounds such as medicines and
agrochemicals,32 so the construction of a reactor system for
the Suzuki coupling reaction has wide industrial significance.
The need to use NPs, flow rate dependence of the reactant
solution, storage stability, Pd leakage, and long-term stability
were investigated using the Pd(0)-loaded membrane.

Experimental

Reagents

NIPAm (Wako Pure Chemical Industries, Japan) was purified
by recrystallization from n-hexane, and dried in vacuo at room
temperature. DMAPM (Tokyo Chemical Industry Co., Japan)
was permeated through alumina column to remove polymeriz-
ing inhibitor. APM (Polysciences), BIS (Tokyo Chemical Indus-
try Co., Japan), cetyltrimethylammonium bromide (CTAB;
Wako Pure Chemical Industries, Japan), 2,20-azobis(2-amidino-
propane) dihydrochloride (AAPD; Wako Pure Chemical Indus-
tries, Japan), iodobenzoic acid (Tokyo Chemical Industry Co.,
Japan), phenylboronic acid (Tokyo Chemical Industry Co.,
Japan), potassium tetrachloropalladate (Sigma Aldrich Co.),
sodium borohydride (Kanto Chemical Co., Japan), and sodium
carbonate (Kanto Chemical Co., Japan) were used without fur-
ther purification. A copolymer of 3-(trimethoxysilyl)propyl
methacrylate and N-acryloxysuccinimide (poly(TMSMA-r-
NAS), Supporting Information Figures. S1 and S2) was synthe-
sized using a previously reported method,33 and was used to
form the NAS-activated surface for the amine coupling reaction.

Synthesis of amine-containing NPs

NIPAm, DMAPM, APM, and BIS were dissolved in water
(20 mL). The NIPAm:DMAPM:APM:BIS molar ratios and the
total concentration of monomer were adjusted to 80:10:5:5 and
312 mmol L21, respectively. A surfactant, CTAB (42 lmol),
was added to the monomer solution. The solution was degassed
under nitrogen for 30 min. The polymeric reaction was initi-
ated by addition of AAPD (52 lmol) at 70�C. After 3 h, the
mixture solution was aerated to stop polymerization. The
resulting NPs were dialyzed (molecular-weight cut off:
100,000) against water (which was changed more than three
times per day) for 3 days. The NP yield was determined from
the weight of NPs measured after freeze-drying a portion of
the dialyzed solution, and was estimated to be 91%.

Preparation of Pd(0)-loaded membranes

Two types of Pd(0)-loaded membranes were prepared, by
adsorption of Pd ions via NPs or by direct adsorption of Pd

Figure 1. Structure of poly(NIPAm-DMAPM-APM-BIS) NP
(l:m:n:o 5 80:10:5:5), preparation of Pd(0)-
loaded membrane: (a) unmodified SiO2, (b)
NAS-activated, (c) NP-immobilized, (d) Pd ion-
adsorbed, and (e) Pd(0)-loaded membranes,
and Suzuki coupling reaction between phenyl-
boronic acid and 4-iodebenzoic acid.

(1) 10 g L-1 poly(TMSMA-r-NAS) in DMF, (2) 5 g L-1 NPs

in water, (3) 1.0 mmol L-1 K2PdCl4 in 1.0 mmol L-1 HCl,

and (4) NaBH4 in water (pH 8).
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ions onto the membrane (Figure 1 and Supporting Information
Figure S3). A filter paper consisting of SiO2 (purity> 99%;
Toyo Roshi Kaisha, Japan) was used as the membrane matrix
(Supporting Information Table S1 and Figure S4). The mem-
branes were conditioned by immersion in methanol and
treatment with RCA solution (water:hydrogen peroxide:
ammonia 5 5:1:1) at 60�C for 20 min. After washing with
water, methanol, and dimethylformamide, the membrane sur-
face was activated using poly(TMSMA-r-NAS) (see the Sup-
porting Information). The NAS-activated membranes were
immersed in NP aqueous solutions (5 g L21) at 40�C for 14 h.
The concentration of NPs in the solution was obtained from
the turbidity at 600 nm, determined using ultraviolet-visible
(UV-vis) spectroscopy (Agilent 8453, Agilent Technologies).
The amount of NPs immobilized on the membrane was calcu-
lated using Eq. 1

Amount of NPs immobilized ðg g21
M Þ5

½NP�02½NP�
WM

3v (1)

where v and WM are the solution volume and membrane
weight, respectively. The subscript 0 denotes the initial con-
dition. Pd solutions were prepared by dissolving potassium
tetrachloropalladate in 1.0 mmol L21 HCl. The unmodified
and NP-immobilized membranes were immersed in the Pd
solution at 40�C for 24 h. The concentration of Pd ions in
the solution was determined by UV absorption at 420 nm.
The amount of Pd ions adsorbed on the membrane was cal-
culated using Eq. 2

Amount of Pd ions adsorbed ðmol g21
M Þ5

½Pd ion�02½Pd ion�e
WM

3v

(2)

where the subscript e denotes the equilibrium state. The Pd
ion-adsorbed membranes were washed with 1.0 mmol L21

HCl and immersed in the NaBH4 solution (pH: 8, water) for
reduction into Pd(0). After washing with excess water, the
Pd(0)-loaded membrane was obtained. The success of each
process was confirmed using X-ray photoelectron spectros-
copy (XPS; AXIS-ultra, Shimadzu/Kratos, Japan) using a sil-
icon wafer. The XPS spectra were calibrated using the peak
at 285.0 eV corresponding to CAC. The XPS spectra were
peak-divided using commercially available software, Peak
Fit (v4.12, Systat Software). For comparison, a Pd(0)-loaded
membrane was prepared by direct adsorption of Pd ions onto
an aminated membrane (Supporting Information Figure S3).
SiO2 membranes were modified by N-(3-dimethylamino-
propyl) trimethoxysilane. Details for amination of the SiO2

membrane surface are given in the Supporting Information.
The surfaces of the unmodified, NAS-activated, NP-immobi-
lized, and Pd(0)-loaded membranes were observed using
field-emission scanning electron microscopy (FE-SEM;
Ultra55, Carl Zeiss NTS GmbH, Germany). SEM images
were obtained using secondary electron (SE2) and energy
selective backscattered (EsB) detectors.

Suzuki coupling reaction using Pd(0)-loaded membrane
reactor

Four membrane sheets were joined using a connector, and
the membrane reactor was placed in an incubator at 60�C
(Supporting Information Figure S5). The reactant solution
was prepared by dissolving phenylboronic acid (50 mmol
L21), 4-iodebenzoic acid (55 mmol L21, 1.1 equivalent), and
Na2CO3 (55 mmol L21, 1.1 equivalent) in water. The

reactant solution was passed through the membrane reactor
at various flow rates using a syringe pump (Harvard Pump
11 Plus Single Syringe, Harvard Apparatus). The effluent
was continuously collected, and the concentrations of phe-
nylboronic acid and 4-phenylbenzoic acid in the effluent
were determined using a high performance liquid chromatog-
raphy system (LC-2000Plus, JASCO Co., Japan) with a
reverse phase column (Mightysil RP-18 GP 250-4.6, Kanto
Chemical Co., Japan) and a UV detector. The mobile phase
was a mixture solution of acetonitrile and water (50:50) with
0.1 v/v% trifluoroacetic acid. The amount of 4-
phenylbenzoic acid produced by the membrane reactor and
the turnover number (TON) were calculated using Eqs. 3
and 4, respectively

Amount of 4-phenylbenzoic acid produced ðmol g21
M Þ

5

ðv

0

½4-Phenylbenzoic acid�
WM

dv (3)

TONð2Þ5 Amount of 4-phenylbenzoic acid produced

Amount of Pd adsorbed
(4)

Assuming that there are no spaces between the stacked
membranes, the residence time (s) was defined by Eq. 5

sðhÞ5 npr2eL
V

(5)

where n, r, e, L, and V are the membrane sheet number,
membrane radius, membrane porosity, membrane thickness,
and flow rate, respectively. The kinetics of the reaction were
analyzed based on the following pseudo-first-order reaction

lnð12xÞ52kobss (6)

where x and kobs are the conversion rate and the observed
rate constant, respectively. The kobs of the Pd(0)-loaded
membrane reactor in the continuous-flow system was com-
pared with that of Pd(0)-loaded NPs in the batch system.
Details for the preparation of Pd(0)-loaded NPs and the
Suzuki coupling reaction using the Pd(0)-loaded NPs are
given in the Supporting Information.

Cycling usage of Pd(0)-loaded membrane reactor for
Suzuki coupling reaction

Four membrane sheets were joined using a connector, and
the membrane reactor was placed in an incubator at 60�C.
The reactant solution was passed through the membrane
reactor at 1.0 mL h21 (s; 2.2 h) until the conversion percent-
age into 4-phenylbenzoic acid reached a steady state. The
used membranes were washed by alternate permeation with
water and methanol at 5.0 and 1.0 mL h21, respectively, for
a total of more than 10 h. The Pd(0)-loaded membrane reac-
tor was reused for the Suzuki coupling reaction. The relative
activity of the Pd(0) catalyst was estimated from the concen-
tration of 4-phenylbenzoic acid in the steady-state effluent.
The Suzuki coupling reaction and washing were repeated six
times. The storage stability of the Pd(0)-loaded membrane
reactor in a continuous-flow system was compared with that
of Pd(0)-loaded NPs in a batch system. Details for the stor-
age stability of the Pd(0)-loaded NPs are given in the Sup-
porting Information. The leakage of the Pd(0) catalyst from
the membrane reactor was confirmed from the concentration
of Pd in the effluent and washing solutions. The concentra-
tion of Pd was determined using atomic absorption spectros-
copy (AA-7000, Shimadzu Co., Japan). To evaluate the
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long-term stability of the Pd(0)-loaded membrane reactor,
the reactant solution was incessantly passed through the
membrane reactor at 1.0 mL h21 for 6 days. The concentra-
tion of 4-phenylbenzoic acid in the effluent was monitored at
24 h intervals.

Results and Discussion

Preparation of Pd(0) catalysts

Polymeric NPs were synthesized by free-radical polymer-
ization. The ratios of the NIPAm, amines (DMAPM and
APM), and BIS units in the NPs were estimated to be
77:14:9, in agreement with the feed ratio (Supporting Infor-
mation Figure S6). The theoretical amine density was 1190
lmol (tertiary amine: 790 lmol, primary amine: 400 lmol)
per gram of the NPs. Dynamic light scattering (DLS) meas-
urements showed that the NP hydrodynamic diameter was
383 nm (Supporting Information Figure S7). The size distri-
bution in the DLS profile was relatively uniform (polydisper-
sity index: 0.097), and NP aggregation was not observed.
The NPs, therefore, had high dispersion stability. The maxi-
mum adsorption capacity of the NPs for Pd ions was 495
lmol per gram of NPs (Supporting Information Figure S8).
Pd ions form anionic complexes with chlorides in HCl. It
was, therefore, suggested that the Pd ions were adsorbed on
the NPs via electrostatic and coordination interactions. When
the Pd ions on the NPs in a solution medium were reduced
by NaBH4, the presence of Pd(0) particles with several nano-
meter was observed (Supporting Information Figure S9). The
resulting Pd(0)-loaded NPs were used in a batch system for
the Suzuki coupling reaction.

A Pd(0)-loaded membrane was also prepared by immobili-
zation of NPs, adsorption of Pd ions, and reduction into
Pd(0). The amount of NPs immobilized on the NAS-
activated membrane was 40.3 mg g21

M , which corresponded
to 48.0 lmol g21

M of the amine density. The Pd ions were
then adsorbed onto the NP-immobilized membrane (Figure
2). The maximum adsorption capacity of the NP-
immobilized membrane for Pd ions was 12.8 lmol g21

M . This
adsorption capacity corresponded to 318 lmol per gram of
NPs. The adsorption capacity of the NPs immobilized on the
membrane was less than that of the NPs in solution media,

because primary amine groups in the NPs were used for
immobilization and the mass-transfer resistance of Pd ions to
the NPs in the membrane pores was enhanced. When Pd(0)-
loaded NPs were immobilized on the NAS-activated mem-
brane, the amount of Pd(0)-loaded NPs was 10 times smaller
than the amount of normal NPs. Pd ions were not adsorbed
on the unmodified SiO2 membrane. The amount of Pd ions
adsorbed on the aminated membrane was 7.9 lmol g21

M (see
the Supporting Information). When the Pd ions adsorbed on
the membranes were reduced by NaBH4, the membranes
became brown.

Confirmation of presence of Pd(0) on membrane surface

The XPS spectra of the unmodified, NAS-activated, NP-
immobilized, and Pd(0)-loaded surfaces were obtained (Fig-
ure 3). In the C(1s) spectrum of the NAS-activated surface,
the peak corresponding to CAN and CAO was observed at
around 286 eV, and the peak corresponding to C@O was
observed at 288.1 eV. However, the expected characteristic
peaks were not detected in the N(1s) spectrum of the NAS-
activated surface, as a result of the low elemental percentage
of nitrogen in poly(TMSMA-r-NAS). When the NPs were
immobilized, the peak intensities in the C(1s) spectrum
increased significantly. Moreover, a peak corresponding to
multiple amide and amine groups was clearly observed at
400 eV in the N(1s) spectrum. In the Pd(3d) spectrum of the
Pd(0)-loaded surface, two peaks appeared in the range from
335 to 345 eV, confirming the presence of Pd.

The Pd(0) catalysts loaded on the membranes were
observed using FE-SEM (Figure 4). FE-SEM images of the
unmodified, NAS-activated, NP-immobilized, and Pd(0)-
loaded (via an aminated membrane) membranes were also
obtained (Supporting Information Figure S10). The FE-SEM
images obtained using an SE2 detector showed that the fiber
structures were retained in all the membranes, suggesting
that the NAS-activated, NP-immobilized, and Pd(0)-loaded
membranes had high porosities. In general, the FE-SEM
image using an EsB detector is vibrantly observed with
increasing the number of atoms. The parts, that were brighter
than the SiO2 fiber matrix, indicated Pd atoms. The brighter
parts, that is, the Pd(0) catalysts, were finely observed on the
Pd(0)-loaded membranes in the FE-SEM image obtained
using the EsB detector. The Pd(0) catalysts were also distrib-
uted at the membrane cross-section. The sizes of Pd(0) in
the NP-immobilized and aminated membranes were differ-
ent; those in the NP-immobilized membrane were small,
whereas those in the aminated membrane formed the aggre-
gates of size ca. 1 lm. The incorporation of small Pd(0) par-
ticles in the NP-immobilized membrane was visually
confirmed.

Continuous-flow Suzuki coupling reaction using
Pd(0)-loaded membranes

The catalytic activities of Pd(0)-loaded membranes for the
continuous-flow Suzuki coupling reaction between phenyl-
boronic acid and 4-iodebenzoic acid were evaluated. The
TONs for 4-phenylbenzoic acid production using Pd(0)
loaded on NP-immobilized and aminated membrane reactors
are shown in Figure 5. After the catalytic reactions reached
a steady state, the amounts of 4-phenylbenzoic acid produced
increased linearly with reactant solution permeation. The
TON using Pd(0) loaded on the NP-immobilized membrane
reactor was more than double that using Pd(0) loaded on the

Figure 2. Adsorption isotherm for Pd ions on NPs
immobilized on the membrane.
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aminated membrane reactor. The turnover frequencies
(TOFs) for Pd(0) loaded on NP-immobilized and aminated
membrane reactors were 9.3 and 4.7 h21, respectively. In
general, the TOFs of transition-metal catalysts are inversely
proportional to the particle size,34 that is, the surface area.

Catalysts with small particles have high catalytic reactivities
because of their high surface-to-volume ratios. Figure 4
showed that Pd(0) catalysts loaded on the aminated mem-
brane were aggregated. Aggregation led to a decrease in the
effective surface area, so the catalytic activity in the Suzuki

Figure 3. XPS spectra of (a) unmodified, (b) NAS-activated, (c) NP-immobilized, and (d) Pd(0)-loaded surfaces.

Figure 4. SEM images of Pd(0) loaded on NP-immobilized membrane at (a) plane and (b) cross-sectional surfaces.

The left-hand and right-hand images were obtained using SE2 and EsB detectors, respectively.
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coupling reaction was low. In contrast, the use of NPs effec-
tively dispersed the Pd(0) catalyst, and led to high catalytic
activity.

The kinetics of the Suzuki coupling reaction using the
Pd(0)-loaded membrane reactor in a continuous-flow system
and the Pd(0)-loaded NPs in a batch system were compared.
The effect of residence time on the conversion into 4-
phenylbenzoic acid using the Pd(0)-loaded membrane in a
continuous-flow system is shown in Figure 6, along with the
time conversion curve using Pd(0)-loaded NPs in a batch
system. The reactants were completely converted into 4-
phenylbenzoic acid within 2 h in the batch system. When
the Pd(0)-loaded membrane reactor was used, the conversion
percentage increased with increasing residence time. In the
continuous-flow system, 4-phenylbenzoic acid is produced
via three steps: (1) mass transfer of phenylboronic acid and
4-iodebenzoic acid to the NPs immobilized in the membrane
pores; (2) NP-internal diffusion of phenylboronic acid and 4-
iodebenzoic acid to the Pd(0) catalyst; and (3) catalytic con-
version into 4-phenylbenzoic acid by Suzuki coupling reac-
tion. The results demonstrate that the rate-determining step
for the continuous-flow Suzuki coupling reaction is the first
step. The kobs values in the batch and continuous-flow sys-
tems using Pd(0)-loaded NPs were 1.6 and 0.46 h21, respec-
tively. The TOF for Pd(0)-loaded NPs in batch system was
145 h21. The NPs had high dispersibility in water, whereas
the mobility of Pd(0) loaded on the membrane was lost.

Storage and long-term stabilities of Pd(0)-loaded mem-
brane reactor

The storage stability of Pd(0) loaded on the NP-
immobilized membrane was investigated by alternating the
Suzuki coupling reaction and washing. The relative activity
of the Pd(0) catalyst in the continuous-flow system was com-
pared with that in the batch system (Figure 7). When the
Pd(0)-loaded membrane reactor was reused for the Suzuki
coupling reaction, its activity was maintained (more than
80%). Repeated use of the Pd(0) catalyst was possible. The

slight decrease in the activity could be attributed to an
increase in the size of the Pd(0) particles in the NPs (Sup-
porting Information Figure S11).The relative activity of
Pd(0) reused six times in the batch system was one-quarter
(Supporting Information Figure S12). Although all the reac-
tants were converted into 4-phenylbenzoic acid in the batch
system, the conversion rate became slow as a result of the

Figure 5. Turnover numbers of continuous-flow Suzuki
coupling reaction for 4-phenylbenzoic acid
production using Pd(0) loaded on NP-
immobilized and aminated membranes, at 2.2
h residence time.

Figure 6. Effect of residence time on conversion per-
centages in Suzuki coupling reaction using
Pd(0)-loaded membrane in continuous-flow
system, and comparison with time conver-
sion curve using Pd(0)-loaded NPs in batch
system.

The solid lines represent the curve fitted using Eq. 6.

R2: 0.8909 (continuous-flow system) and 0.9531 (batch

system).

Figure 7. Storage stabilities of Pd(0)-loaded membrane
in continuous-flow system and Pd(0)-loaded
NPs in batch system for Suzuki coupling
reaction.
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reduction in the Pd(0) surface area. During use of the
recycled Pd(0)-loaded membrane reactor for the Suzuki cou-
pling reaction, leakage of Pd(0) catalyst into the effluent and
washing solutions was not detected. Even when the Pd(0)-
loaded membrane reactor was reused six times, the leakage
percentage of the Pd(0) catalyst from the membrane was less
than 1%. The XPS spectrum and FE-SEM images indicate
that the Pd remained on the membrane that had been reused
six times (Supporting Information Figures S13 and S14).
Because recovery of the Pd(0) catalyst from the product
solution and washing of the Pd(0) catalyst are easy, immobi-
lization on the membrane improved the storage stability of
the Pd(0) catalyst.

The long-term stability of the Pd(0)-loaded membrane
reactor was also investigated by a continuous Suzuki cou-
pling reaction for 6 days. The amount of 4-phenylbenzoic
acid produced using the Pd(0)-loaded membrane in the
continuous-flow system is shown in Figure 8. When the
Pd(0)-loaded membrane reactor was used for the Suzuki cou-
pling reaction over a long time, it retained the catalytic
activity. The Pd(0)-loaded membrane reactor produced 1200
lmol g21

M of 4-phenylbenzoic acid per one day. The TON
using the Pd(0)-loaded membrane reactor reached 1200 in 6
days. This corresponds to 2.7 3 104 molecules nm22, which
is the activity normalized by the surface area of a Pd(0) par-
ticle. After operation of the Pd(0)-loaded membrane for 6
days, the presence of Pd on the membrane was confirmed
(Supporting Information Figures S13 and S14). In addition,
the fibrous structures of the used membrane were main-
tained. No limitation on the catalyst lifetime was observed.
Because the Pd(0)-loaded membrane reactor has long-term
stability, larger amounts of biphenyl can be produced using
a continuous Suzuki coupling reaction over the long term.

Conclusions

In summary, a Pd(0)-loaded membrane reactor was devel-
oped for the Suzuki coupling reaction between aryl halide
and phenyl boronic acid. In the continuous-flow Suzuki cou-
pling reaction, the catalytic activity of Pd(0) loaded on the
NP-immobilized membrane reactor was higher than that on
the aminated membrane reactor, because the Pd(0) aggre-
gates were not formed on the NP-immobilized membrane.

Although the observed rate constant in the continuous-flow
system was less than that in the batch system, the storage
stability of the Pd(0) catalyst was improved by immobiliza-
tion on the membrane. It was not necessary to recover the
catalyst from the products and remaining reactants, because
there was no leakage of Pd, and the Pd(0)-loaded membrane
reactor was reusable. In addition, the Pd(0)-loaded mem-
brane reactor had high long-term stability. Chemical trans-
formation in fully aqueous media, which is a goal in green
chemistry, was achieved using a Pd(0)-loaded membrane
reactor. The rate constant in the continuous-flow Suzuki cou-
pling reaction using the Pd(0)-loaded membrane reactor
emphasizes the need for improvement. The small rate con-
stant is attributed to the low density of Pd catalyst in the
membrane reactor. Densification of the Pd catalyst in the
membrane leads to construction of a superior continuous-
flow system. There is still a paucity of reaction-engineering
investigations of the continuous-flow Suzuki coupling reac-
tion. This reactor is expected to be applicable to a wide
range of catalytic reactions such as allylic arylation, Heck,
Sonogashira, and Buchwald–Hartwig reactions. The develop-
ment of continuous-flow systems for chemical transforma-
tions has industrial significance and is a step toward
sustainable manufacturing.
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