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The concept of membrane distributed feed to a packed-bed reactor is applied to mul-
tiphase catalytic reaction systems. The expected benefits of this approach include en-
hanced reactant con®ersion. The concept may be applied to a wide ®ariety of reactions
conducted o®er trickle-beds and is supported experimentally for the reaction of glucose
hydrogenation to sorbitol.

Introduction

Numerous advantages of membrane reactors over conven-
tional reactor types have been discussed in the literature.
These include enhancements of conversion, selectivity andror

Žyield in various reaction networks cf. Dixon, 1999; Saracco
. Ž .et al., 1999 , utilizing ceramic Zhu et al., 1996 , silica

Ž . ŽTsapatsis and Gavalas, 1994 , palladium Armor, 1998;
. Ž .Reich and Foley, 1998 and zeolite Bernal et al., 2002 mem-

branes. However, most prior work has been related to
single-phase flows. In this work, the concept of a membrane
reactor for multiphase systems is considered and supported
experimentally.

An example that has received significant prior attention in-
volves membrane distributed feed to catalytic packed-bed re-

Žactors, primarily for partial oxidation reactions Reyes et al.,
.1993 . Owing to continuous consumption of the distributed

reactant, its concentration in a packed-bed membrane reac-
Ž .tor PBMR, Figure 1a is usually smaller as compared with a

Ž .conventional fixed-bed reactor FBR, Figure 1b , where both
reactants are co-fed at the reactor inlet. Further, the flow
rate profile in the PBMR is also altered, resulting in higher
residence time for the reactant fed directly to the catalyst

Ž .bed Tonkovich et al., 1996; Diakov et al., 2001 . This effect
enhances reactant conversion for oxidative dehydrogenation
of methanol in a PBMR with oxygen distributed feed, as
demonstrated recently both experimentally and by modeling
Ž .Diakov et al., 2002 . The residence time increase due to
membrane distributed gas feed can become more prominent
in a packed-bed with multiphase flow.

Ž .The trickle-bed reactors TBR, Figure 1d are among the
most industrially used multiphase reactor types, owing to their

Žvast applications in petroleum processing cf. Gianetto and
.Silveston, 1986 and more recently in the production of phar-
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Ž .maceuticals and fine chemicals Mills and Chaudhari, 1997 .
For this reason, the reaction engineering aspects of TBR op-

Žeration have been investigated extensively cf. Dudukovic et
.al., 1999 . In this article, we introduce the concept of a mem-

brane trickle-bed reactor, which exploits the benefits of a
PBMR for multiphase reaction systems.

The complexity of physical phenomena occurring in TBR
results in a variety of correlations based on different models
and approaches, providing useful relations between impor-
tant characteristics of reactor operation, such as liquid

Žholdup, mass-transfer rates, and catalyst wettability Dudu-
kovic and Mills, 1986; Al-Dahhan and Dudukovic, 1994; Ili-

.uta et al., 1999 . However, owing to a variety of significant
factors, such as the modification of superficial velocities of
the fluid phases involved, which may trigger changes in flow
patterns, reaction rate, and fluid-phase compositions along
the catalyst bed, it is not possible to predict the effect of
membrane distributed gas feed in a multiphase reactor and
the issue must be investigated experimentally.

Membrane Trickle-Bed Reactor Concept
Ž .The new membrane trickle-bed reactor MTBR is a

packed-bed membrane reactor with multiphase cocurrent re-
Ž .actant flow see Figure 1c , where a part of the gas feed is

distributed along the reactor by the membrane, while the liq-
Ž .uid reactant along with remaining gas is fed directly to the

catalyst bed. A key concept for further development is con-
version enhancement due to an increase in the residence time
of one reactant, resulting from distributed addition of the

Žother that is, reactants B and A, respectively, in Figures 1a
.and 1c .

It is generally accepted that membrane distributed reac-
tant feed lowers the conversion in a PBMR as compared with
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( ) ( ) ( )Figure 1. a Packed-bed membrane; b fixed-bed; c
( )membrane trickle-bed; d trickle-bed reac-

tors.

Žconventional FBR at overall equal feed conditions cf. Reyes
.et al., 1993; Dixon, 1999 . However, in the particular case of

methanol partial oxidation over FerMo oxide catalyst, the
Ž .PBMR with oxygen feed distributed via membrane PBMR-O

Žexhibits higher methanol conversion than the FBR Diakov
.et al., 2002 . There are two reasons for this behavior. The

first is related to the fact that the reaction is zero-order with
respect to oxygen, so that its decreased concentration over
the catalyst bed owing to its distributed addition does not
incur a penalty in the reaction rate. Secondly, conversion is
enhanced by methanol residence time, a concept used by

Ž .Tonkovich et al. 1996 and further developed in our work
Ž .Diakov et al., 2001 . It is clear that for the same overall feed

Žconditions in PBMR and FBR Figure 1a and 1b, respec-
.tively , the local volumetric flow rate in the former is lower

owing to the distributed feed of reactant B, leading to higher
residence time for reactant A over the catalyst bed and higher
conversion.

A qualitatively similar conversion enhancement is expected
Ž .for the MTBR with gas distributed feed Figure 1c , as com-

Ž .pared with the conventional TBR Figure 1d . Membrane
distributed gas feed lowers gas volume over the catalyst bed,
allowing the liquid to occupy a larger volume. Therefore, in-
creased liquid reactant residence time and enhanced conver-
sion are expected. In the absence of transport limitations, the
concentration of gaseous reactant in the liquid phase de-
pends only on its partial pressure, so that the decrease in gas
volume in the MTBR should not reduce the reaction rate,

similarly to the zero-order kinetics for the PBMR discussed
above. Thus, our recent findings for gas-solid catalytic reac-
tions in a PBMR lead to the concept of membrane dis-
tributed feed for multiphase catalytic reaction systems.

While the complexity of hydrodynamics in multiphase reac-
Ž .tors is challenging cf. Sundaresan, 2000 , it is possible to as-

sess the upper limit for conversion enhancement in a MTBR
Žbased on literature data Dudukovic and Mills, 1986; Al-Dah-

.han and Dudukovic, 1994 , which suggest that the liquid
Ž .holdup that is, fraction of reactor volume occupied by liquid

is inversely proportional to 0.2�0.8 power of gas-flow rate.
Ž . Ž .When comparing TBR Figure 1d and MTBR Figure 1c

Žfed with a 2 molrL solution of liquid reactant stoichiometri-
cally equivalent to approximately 40 times larger volume of

.gaseous reactant at normal conditions , with the consumption
of gaseous reactant compensated by its distributed addition
along the reactor, the MTBR requires a minimal reactor vol-
ume occupied by gas. Thus, a theoretical 40-fold reduction in
local gas-flow rate within the reactor, achieved by complete
gaseous reactant consumption, would result in a significant
two- to ten-fold increase in liquid holdup and residence time,
and, consequently, reactant conversion. Note, this effect is
expected to be less pronounced at elevated pressures.

Unlike liquid reactant residence time, the effect of mem-
brane on transport limitations in a TBR is more difficult to
assess. It may be expected that increased liquid holdup will
affect catalyst contacting efficiency and gas transfer through
the liquid film. Specifically, the liquid-phase Sherwood num-
ber exhibits little or no correlation with gas-flow rate related

Ž Ž ..dimensionless groups see Table 2 of Iliuta et al. 1999 ; thus,
the beneficial effect of liquid holdup increase caused by re-
duced gas-flow rate is unlikely to be offset by transport limi-
tations through the liquid film. Another important factor for

ŽTBR performance is the catalyst wettability Mazzarino et al.,
.1987; Burghart et al., 1990; Horowitz et al., 1999 , which is

likely to be influenced by decreased gas-flow rate. Depending
on whether liquid or gas is the limiting reactant, increased

Žwettability may be either beneficial or detrimental Dudu-
.kovic, 1999 .

We may conclude by noting that, despite the abundance of
literature data on the subject, the influence of the above fac-
tors on the reaction rate in a trickle bed for a specific cat-
alytic reaction may only be determined experimentally. This
is particularly true for a new configuration, such as mem-
brane distributed gas feed.

To demonstrate the MTBR concept experimentally, glu-
cose to sorbitol hydrogenation reaction
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was selected for the following reasons. It is an industrially
important reaction, where sorbitol is used as an artificial
sweetener and conservant in foods, for Vitamin C production
in pharmaceuticals, and also in cosmetics, textiles, and poly-

Ž . Ž .mers Lawson, 1991 . The reactant glucose , the product
Ž . Ž .sorbitol , and the solvent water are all environmentally be-
nign chemicals. Finally, the reaction has been studied previ-

Ž .ously in a TBR Dechamp et al., 1995 , where no internal
diffusion limitations were detected for small catalyst particles
Ž .approximately 0.5 mm in diameter .

Experimental
To obtain preliminary experimental data to support the

concept, a membrane reactor for glucose hydrogenation was
designed and constructed. The catalyst used was supported
Ni extrudates, approximately 0.5 mm in diameter and 7�10

Ž .mm in length, supplied by Engelhard Corp Ni-3288E . The
Ž .gaseous feed H was distributed to the catalyst bed by a2

Žcylindrical porous stainless steel membrane Mott Metallurgi-
.cal Corp. , 14 cm long, outer diameter 12.5 mm, and 2 mm

thick with 0.2 �m pores. The membrane ended with an im-
permeable cap, which ensured that all gas fed to the mem-
brane permeated the pores. The reactor was made entirely

Ž .from stainless steel Figure 2 , with all parts assembled by
thread connections rather than by welding, to enhance reac-
tor ruggedness and facilitate catalyst loading, as well as parts
replacement. The catalyst bed, with 34 g of extrudates packed
in 60 mL volume, filled the annulus between the membrane
and the reactor wall.

The MTBR was incorporated in the experimental setup
Ž .Figure 3 , which allowed one to control operating tempera-
ture and pressure, gas and liquid feed flow rates, and to dis-
tribute the gas feed between the membrane and direct cata-
lyst bed flows. When there was no gaseous feed via mem-
brane, the capillary forces effectively plugged membrane

Žpores approximately 12 psi differential pressure was needed
.to unplug them , transforming the MTBR into a conventional

TBR.
D-glucose monohydrate and D-sorbitol from Aldrich

Chemicals and de-inonized distilled water were used to form
Ž . Žsolutions of reactant 40 wt. % glucose and product 40 wt.

.% sorbitol, for FTIR calibration measurements . Zero grade
Ž .hydrogen Matheson Gas Products was used as gaseous feed

and to barbotate the liquid feed prior to experiments. The
Ž .catalyst bed was pre-wetted cf. Jiang et al., 1999 with liquid

before feeding both gas and liquid to the reactor.

Figure 2. Membrane trickle-bed reactor.

Figure 3. Experimental setup incorporating the mem-
brane trickle-bed reactor.

Ž .A syringe pump KdScientific provided liquid feed at pres-
sure up to 2 bar. The liquid effluent from the reactor was
analyzed using FTIR Satellite 5000 spectrophotometer
Ž . y1MattsonIR within the wave length range 2,500�2,800 cm
in a ZnSe optical cell. The effluent mixture absorbance spec-
tra were linearly deconvoluted into the spectra of individual
components. The experimental error for glucose and sorbitol
concentration measurements was within �0.5 wt. %.

Conversion Enhancement in the MTBR
Glucose hydrogenation to sorbitol in a TBR over a sup-

Ž .ported Ni catalyst was studied by Dechamp et al. 1995 at
pressures of 40�120 bar and temperatures of 70�130�C. In
the present case, the higher catalyst activity allows one to
obtain significant glucose conversion at ambient pressure and
temperature of 90�C. The experimental results for several

Ž .values of hydrogen feed flow rate Figure 4 show reactor
performance enhancement by distribution of gaseous feed via
a membrane. As expected, increased gas-flow rate decreases
glucose conversion, since it reduces glucose residence time. It
may be seen that, for the same overall feed conditions and
gas-flow rate, the MTBR provides higher glucose conversion
to sorbitol than the TBR. For example, at 40 sccm H flow,2
the MTBR increases glucose conversion by a substantial fac-
tor of 1.5, demonstrating the potential usefulness of mem-
brane distributed gas feed in multiphase catalytic reactors.
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Figure 4. Conversion enhancement in the membrane
trickle-bed reactor: gas feed flow rate depen-
dence.
Ambient pressure, temperature 90�C; liquid feed: 5 mLrh of
40 wt.% D-glucose in water.

Concluding Remarks
The concept of membrane distributed gas feed to trickle-

bed reactors is presented. The use of a membrane alters liq-
uid residence time within the reactor. While the factors con-
tributing to reactor performance are not fully understood,
when compared with conventional trickle-bed reactors, the
novel membrane reactor provides higher overall reaction rate.
This conclusion is supported experimentally in the case of
glucose hydrogenation over Ni catalyst.
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