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Catalytically active microporous thin film membranes were pre-
pared by dip coating of an asymmetric ceramic support membrane
in a Na,PtCls containing sol based on Ti(OiPr),. After drying and
calcination, the membrane (thickness of the top layer, 0.2-0.4 ;xm)
shows separation properties typical for microporous membranes
with low defect concentration (nanofiltration). After activation with
hydrogen at 250°C the membranes exhibit a hydrogenation activity
significantly higher than those of comparable batch catalysts. At
conditions of reaction control and limitation of hydrogen availabil-
ity, 2-hexyne is semihydrogenated with such a membrane with 100%
selectivity to cis-2-hexene. 1,3-Hexadiene is semihydrogenated se-
lectively to 1-hexene. The unusual selectivity observed is attributed
to the prevention of back-mixing through the use of the membrane
contactor. (© 1998 Academic Press

INTRODUCTION

Secondary reactions represent a common problem in the
production of bulk and fine chemicals involving reactions
such as oxidation, hydrogenation, alkylation, and halogena-
tion.

A+BECHBED, Yo = (k/kpk/tk

Often C as the desired product is rapidly converted upon
formation to undesired products D (chemical waste). The
well-known kinetic consequences of such successive reac-
tions (1) require often low conversion, short residence time
and reaction control (no transport limitation) to achieve
acceptable selectivities for C. These requirements usually
impose undesirable conditions on the chemical production,
responsible for inefficient use of energy, high process costs,
and chemical waste. The selectivity and yield are strongly
dependent on the ratio of ki/k,. The Y¢,, , the maximum
yield of C, approaches rapidly zero, if k; is larger than k;
and for k; = k; the maximum yield is just 37% (holds for
plug flow and batch reactor, for a CSTR another expression
is valid leading to even lower yields). The major problem

1'To whom correspondence should be addressed.

here is the back-mixing of products with reagents by the
stirring and the turbulence of batch-type reactor systems.

Natural catalysts like enzymes overcome this problem in
a more elegant way by preventing the product from sec-
ondary reactions through chemical recognition and reac-
tion selectivity. Only the starting material has sufficient ac-
cess to the active center through structural recognition of
the enzyme pocket or the cell limits accessibility of reac-
tants through their membranes.

Heterogeneous catalyts are not yet capable of molecu-
lar recognition and therefore other approaches have to be
examined to improve the technical control over successive
reactions. Such a new approach is the use of catalytically
active membranes, where through permselective addition
of reagent or removal of product, conversion and selec-
tivity of desired reactions can be controlled (2). Besides
nonporous metal membranes for permselective hydrogen
transport (3), porous inorganic membranes are increasingly
being used in catalytic membrane reactors (4). The poten-
tial of membrane reactors has been nicely demonstrated in
the liquid phase hydrogenation of nitrobenzene, where the
hydrogen limitation of the conventional reaction conditions
were overcome by the use of a membrane catalyst (5).

In organic membranes, permselectivities are achieved
by the different solubility of the components in the or-
ganic matrix (6). Inorganic membranes, which are much
more rigid, exhibit radically different separation behavior.
Figure 1 sketches the principal dependence of molecular
separation in inorganic porous membranes from the mean
pore diameter (A)/(dpore). In pores larger than the mean
free pathway there is no separation. In pores smaller than
the mean free path (<1 wm) molecular diffusion is gov-
erned by impulse exchange, which means small molecules
have higher speed and achievable separation is limited to
the square root of the ratio of molecular weights (Knudsen
diffusion).

When pore diameters approach molecular dimensions
(<1-2 nm) separation can be affected by surface diffusion,
pore condensation, or even molecular sieving. Among the
special diffusion phenomena found in this range of pore
dimensions is the single-file diffusion (7), which describes
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Effect of pore diameter in inorganic membranes on flow

the diffusion of molecules too large to pass each other in
a restrictive pore environment. Such a molecular queue-
ing may provide a new scenario for avoiding secondary re-
actions. Figure 2 illustrates the principle. We assume the
reaction of A+ B (A could be a diene or a hydrocarbon
and B may be hydrogen or oxygen) to give C (a monoene
or a ketone), which is of comparable or higher reactivity
than A. Secondary reactions can be avoided, when C, once
formed, has no further contact with B. This can be realized
in a single-file diffusion regime, where B, once consumed,
cannot be replaced due to the one-dimensional movement

A+B—>C +B %D

desired undesired
product product
A A B liquid
qui
AB A BA A reactants
pressure
gradient A

catalyst sites
membrane
A

liquid
L e products

FIG. 2. Model of the prevention of secondary reactions by single-file
diffusion in microporous membranes.
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through the membrane brought about by a pressure gradi-
ent across the membrane. In Fig. 2 this is illustrated by the
mixture of molecules entering the pores. A and B are con-
sumed at the next catalytic site, and the product C is forced
to leave the membrane.

For such a scenario to function, a thin membrane and
a narrow pore size distribution is required with a pore di-
ameter small enough to prevent molecular passing. Such a
requirement is more readily fulfilled if reagents A and B are
of similar molecular size, but in the proposed reactions of
small molecules like hydrogen or oxygen with much larger
organic molecules, molecular passing may not be avoidable
and the single-file regime should be regarded as an idealized
case. Direct evidence for the described scenario has been
reported recently in an excellent study on the permeation
characteristics of a zeolite membrane, where strongly hin-
dered permeation of hydrogen by the presence of butane
in the pores was documented (8). Also, if the membrane
is thin enough, access of the smaller molecules to the ac-
tive site may still be restricted sufficiently by the hindered
diffusion, pressure, solubility and reactant concentration.
The required narrow microporosity is only available with
zeolites or sol-gel materials (9). The preparation of defect-
free membranes from zeolites is very difficult (10) because
of the particluate nature and the problem of closing in-
tercrystalline voids. The method of choice for membrane
preparation is therefore the sol-gel process.

In 1993 we successfully prepared titania-, zirconia-, and
silica-based microporous membranes by the sol-gel pro-
cess, which showed molecular sieving properties (11). At
the same time, sol-gel silica-based membranes of similar
quality were reported by other groups (12). The size ex-
clusion properties of such membranes in catalytic reactions
have been utilized in the poison resistant hydrogenation of
alkenes with microporous Pt-containing titania membranes
(13). It was shown that catalyst poisons, such as octahy-
droacridine, which effectively block hydrogenation reac-
tions under batch conditions, have no effect on the rate
of hydrogenation in a membrane reactor, where due to
pore size the active sites can only be accessed by hydro-
gen. Another important, often ignored, property of hetero-
geneous catalysts as well as of membranes is their surface
polarity, which strongly affects the mass transport proper-
ties and thus catalytic performance and permeation. Sur-
face polarity of the sol-gel materials can be controlled by
copolycondensation of Me-Si(OR); with Si(OR)4, essen-
tially replacing polar surface hydroxyl groups by nonhy-
drolizable methyl groups. The effectiveness of this tech-
nique was demonstrated recently by the selective oxidation
of alkenes on AMM-Ti,Si-based catalysts, where the hy-
drophilic materials deactivate rapidly and can only utilize
organic hydroperoxides, while the hydrophobic materials
with about 50% of the Si-atoms carrying a methyl group
show no deactivation and even allow the use of hydrogen
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peroxide in water as oxidation reagent (14). No effects of
surface polarity on catalytic activity or selectivity have been
identified so far. As long as the hydrophic groups are not
part of the active center, such effects are also not to be
expected. For membrane applications preliminary studies
have shown that hydrophobic membranes are much easier
to handle and show less deactivation, higher permeation,
and a more reproducible catalytic behavior than the hy-
drophilic materials. It was therefore decided to use exclu-
sively hydrophic membranes in this study. The preparation
of the catalyst membrane material in the sol-gel reaction is
summarized in the following equation:

XNa,PtClg + yMe-Si(OEt); + (100 — x — y)Ti(OiPr)4
— Pty(MeSiO3/2)y)TiO;  (=x% PYAMM-MeSi, Ti)

In this manuscript we provide the first evidence for the suc-
cessful application of catalytic membrane reactors to pre-
vent secondary reactions. In order to study our above hy-
pothesis on the control of secondary reactions, a suitable
reaction had to be chosen and a defect-free catalytically ac-
tive microporous membrane with a monomodal pore size
distribution and pore diameters comparable to the size of
organic molecules had to be prepared. Of critical impor-

Selected model reactions to study the supression of secondary reactions.

tance is the absence of larger pores, since transmembrane
flux increases rapidly with pore size. As a model reaction, a
successive reaction with comparable rate constants seemed
a good choice. Such reactions are selective hydrogenation
reactions of alkynes or dienes.

Selective hydrogenations of alkynes are well-studied
reactions (15). Pd is the most selective catalyst for this
reaction, and highly cis-selective semihydrogenation is
commonly achieved by the addition of poisons, which
reduce the hydrogenation rate of the cis-olefin (k;) more
than that of the alkyne (k1) (16). The selectivity shows a
surface structure sensitivity, most selective are the low in-
dex surfaces of Pd (17). Despite high selectivities reported
for Pd-catalyzed hydrogenation of alkynes, an intrinsic
parallel reaction to the direct total hydrogenation can
for mechanistic reasons not be avoided (18). Pt is a poor
catalyst for these reactions, it shows no cis-hydrogenation
selectivity and k, is often larger or identical with k.
Therefore we have chosen the hydrogenation of 2-hexyne
as a model reaction on a Pt-containing membrane catalyst
in the absence of modifier or poison (see Fig. 3).

Selective hydrogenation of dienes is another important
challenge in heterogeneous catalysis. Especially conjugated
dienes are difficult to semihydrogenate, since the product is
usually a mixture resulting from 1,2-,3,4-, and, 1,4-hydrogen
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addition as well as overhydrogenation. In batch reactions,
1,3-butadiene is unselectively hydrogenated with n-butane
formation as the major product on Pt catalysts (19), while on
Pd selective formation of butenes by 1,2- and 1,4-hydrogen
addition was observed (20). Most likely due to the shorter
residence time in the gas phase flow hydrogenation of 1,3-
pentadiene with Pt selective formation of monoenes with
a16:52:32 ratio of 1,2-, 3,4-, and 1,4-addition respectively
has been reported (21). For the sake of simplicity of product
analysis, we have chosen 1,3-hexadiene hydrogenation on
Pt-containing catalysts as the second model reaction (see
Fig. 3).

EXPERIMENTAL SECTION

Preparation of the Pt-Containing Titania Sol

Allliquids used for sol preparations were filtered through
an Anopore filter with pore size 0.02 um directly before use
for the removal of dust, germs, and other small particles. A
solution of 9.5 mL (32 mmol) of titanium(IV) isopropylate
and 2.5 mL (12.5 mmol) of methyltriethoxysilane, dissolved
in 40 mL of dried ethanol, was stirred for 30 min followed
by dropwise addition of 0.1 mL of 8 N HCIL. After 2 min,
0.1 mL of hydrochloric acid was added; then after 5 min
0.3 mL of hydrochloric acid was added; 0.3 mL of hydrochlo-
ric acid was then added after each of two 10 min intervals.
After 60 min, 0.105 g of Na,PtCls - 6H,0, dissolved in 10 mL
of ethanol, was added. A clear yellowish solution was ob-
tained. This solution was stirred at room temperature for
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24 h. Without stirring the sol was kept loosely covered for
another day. The sol was then used for dip coating.

Preparation of the Pt-Containing Titania
Reference Catalyst

After dip coating the sol-gel solution was dried in a
hood for 10 days. After the gel was hard and brittle, it was
heated in air to 65°C at a heating rate of 0.1°C/min, kept at
this temperature for 100 min, and then heated at the same
heating rate to the final calcination temperature of 250°C.
This temperature was kept for 5 h. The cooling rate to
room temperature was smaller than 5°C/min. The calcined
gel was milled for 10 min in a ball mill to a fine powder
(particle size 1-10 pum).

Sorption Studies

Ar adsorption isotherms in liquid Ar were obtained with
an Omnisorb 360. Figure 4 shows the isotherm obtained
from catalyst powder I, and the insert in Fig. 4 shows the
pore size distribution calculated from the isotherm by the
method of Horvath and Kawazoe. All materials prepared
displayed such type I isotherms typical for microporous ma-
terials with narrow pore size distribution. The isotherm con-
firms the complete absence of larger pores in the powdered
materials.

Membrane Preparation

Membranes I-III were fabricated by dip coating a disc
of a commercial ceramic alumina membrane, @ =47 mm,
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FIG. 4. Ar-adsorption isotherm and pore size distribution of catalyst I, representative of all catalysts of this study.
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thickness 1 mm, nominal pore diameter of the last layer,
5 nm (Hermsdorfer Institut fiir Technische Keramik). The
preparation procedures of all three membranes were identi-
cal. The alumina disc was first cleaned by boilingina3:2:1
mixture of acetone : pentane : isopropyl alcohol followed by
an ultrasonic treatment in an acetone bath for 1 h. The ce-
ramic support was then calcined in an oven at 450°C for
8 h. For dip coating the beaker containing the titania sol
was placed into a large glass container, which was covered
with a glass plate designed with a hole. The ceramic disc
was attached to a string passing through a small hole in the
glass plate cover of the glass container and connected to a
motor. Before dip coating, the atmosphere in the container
was saturated by injecting ethanol onto the glass bottom.
Saturation is achieved when condensation takes place on
the walls. The membrane was then immersed in the sol and
pulled vertically continously and free of vibrations at a con-
stant speed of 3 mm/min out of the sol. When the membrane
had been completely removed from the solution, the motor
was stopped and the still hanging membrane was allowed
to dry slowly under such mild conditions for 1 week in the
glass cylinder. During that time the atmosphere of the con-
tainer was allowed to slowly exchange with the laboratory
atmosphere. Thereafter the membrane was dried in an oven
at normal pressure in air. The membrane was heated from
room temperature to 65°C at a heating rate of 0.1°C/min,
kept at this temperature for 100 min, and then heated to the
final calcination temperature of 250°C at the same heating
rate. This temperature was kept constant for 5 h. The cool-
ing rate to room temperature was smaller than 5°C/min.
After this procedure the membrane was ready for use. Be-
fore and after dip coating, the dry weights of the membranes
were determined and the mass difference (between 2 and
7 mg) was used as the catalyst mass in the calculation of
kinetic data.

Membrane IV was prepared by following the procedure
described by Leenaars and Burggraaf (22) in the last dip
coating step. This dip coating was done in a clean room of
class 1000.

Based on the mass of the membrane films and the Pt con-
centration of the sol the following amounts of Pt have been
estimated for membranes I-IV, respectively: 5.8 x 1075,
2.3x1077,3.3x1077,5.6 x 1078 mol Pt (used for TOF cal-
culations).

Electron Microscopy

For high-resolution transmission electron microscopy
(HRTEM) a Hitachi HF-2000 instrument (acceleration
voltage 200 keV) was used. Energy dispersive X-ray anal-
ysis (EDX) was performed using a Noran EDX system
with a liquid nitrogen cooled Si(Li) detector. For sample
preparation the catalyst powders were ground, suspended
in methanol, and deposited on Holey carbon grids (Cu, 400
mesh, 3 mm diameter).
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Scanning electron microscopy was obtained on a ISI 60
at varying acceleration voltages. Energy dispersive X-ray
analysis (EDX) was carried out with a Kevex system cooled
with a liquid nitrogen Si(Li) detector. The ISI microscope
is equipped with an external data treatment system
(PRODAS). During the investigation, different sample
preparations were studied and high- and low-vacuum
conditions in the specimen chamber were applied. For the
low-vacuum studies, the microscope was equipped with a
second low-pressure pump system. This extra equipment
allows the detection of backscattered electrons (Robinson
detector) at increased pressure in the specimen chamber.
The chamber pressure was adjusted with purified labora-
tory air. For preparation the membranes were embedded in
a SPURR medium followed by grinding and a three-stage
polishing procedure. To obtain sufficient resolution and
for sufficient signals in the EDX analysis, the specimen
had to be coated by means of a special electron impact
evaporator with gold or carbon. The thickness of the
carbon films varied between 3 and 10 nm, whereas the gold
films were kept in the range of 10 nm. After embedding,
these specimen were cut and the membrane cross-section
was examined. Elemental distributions were examined by
standard line scan analysis with EDX.

Membrane Reactor

The experiments were carried out in a special disc mem-
brane reactor shown in Fig. 5. The reactor is similar to the
one described earlier (23). The membrane catalyst is sit-
uated on a perforated supporting metal plate (thickness
1 mm, @ =47 mm, hole diameters =1 mm) with the mem-
brane layer facing the retentate (on top). The plate is neces-
sary to avoid cracking of the ceramic membrane at higher
pressure gradients across the membrane. Carbon gaskets
are situated above the membrane and below the support-
ing plate to seal the retentate chamber. The membrane is
fixed by a steel cylinder. Gas entries are located on top of
the retentate and permeate chamber. The gas flow is con-
trolled by a mass flow detector. The liquid phase is placed
above the membrane and is stirred by a magnetically cou-
pled mechanical stirrer. The reactor can be heated up to
300°C and pressurized up to 10 bar.

Before membranes are used in catalytic experiments,
their separation quality had to be tested. The separation of
alkylated benzenes (24) was used as control measurement.
The membrane was heated in the reactor at 250°C under ar-
gon with a pressure gradient of 0.3 bar across the membrane
for 4 h. It was then cooled to 100°C and 10 mL of a solu-
tion of equal parts by weight of benzene, toluene, propyl-
benzene, butylbenzene, heptylbenzene, decylbenzene, and
dodecylbenzene, which were added in the retentate cham-
ber and stirred. The composition of the permeate was ana-
lyzed by gas chromatography. Membranes of good quality
separate these alkylbenzenes by their molecular weight as
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FIG.5. Cross-section of the membrane reactor.

described (10). Another, simpler test for membrane quality
is the single gas permeation of Ar and H;, which should re-
sult in a separation factor slightly better than the Knudsen
factor. In the experiments described below only membranes
that fulfill these criteria were used.

Hydrogenation Experiments in the Membrane Reactor

In the membrane reactor an excess hydrogen pressure of
0.3 bar was applied to the lower surface of the ceramic mem-
brane, so that a flow rate of 10-15 mL/min was observed at
the gas outlet on top of the reactor. The reactor was heated
to 250°C, and the membrane was activated at that temper-
ature for 12 h and then cooled to the starting temperature
(60-120°C). Hydrogen flow was then stopped, and the re-
actor was flushed with pure Ar (0.3 bar excess pressure) for
5-10 min through the membrane from below. (1.78 x 10™%)—
(4.45 x 107%) mol of 2-hexyne (or 1.75 x 10~> mol of 1,3-
hexadiene) in 5 mL of decane or heptane was added to
the reaction chamber on the upper surface of the mem-
brane and stirred (stirring speed 300 min~!) while the Ar-
flow from below was stopped. An Ar/H; mixture (7.5%
H;) was now introduced from the top of the reactor with
a specific pressure (variation of excess pressure in various
experiments, 0.05-1.5 bar). The lower surface of the mem-
brane (permeate chamber) was kept open to ambient pres-
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sure. The influence of the temperature (60-120°C) and of
the concentration of substrate ((0.36 x 1074)—(0.89 x 1073)
mol/mL) on the hexene yield was tested. The permeate was
collected bei opening the permeate chamber and condens-
ing the permeate in a small sample glass cooled by dry ice.
The permeate mixture was analyzed by gas chromatogra-
phy (all 30 min).

Control Experiments in a Batch Reactor

100 mg of catalyst powder (1.1 wt% Pt/ AMM-M¢Si;(Ti,
particle size <10 um) was used in a batch reactor to hy-
drogenate 4.45 x 10~ mol of 2-hexyne (or 1,3-hexadiene)
in 50 mL of decane. The mixture was stirred vigorously
(n=2000 min~') in a hydrogen atmosphere at normal pres-
sure at a temperature of 60 and 90°C. The reaction was
monitored by gas chromatography.

Results and Discussion

In previousstudies Pt/TiO,, prepared by a single-step sol—
gel procedure, has been shown to provide a highly active
hydrogenation catalyst of stable Pt dispersion. Membranes
prepared by dip coating from such a sol have shown new
poison resistance in hydrogenation reactions due to size ex-
clusion of the bulky poison from the active sites in the mem-
brane pores (13). The membranes here were prepared by
dip coating of a porous support asymmetric alumina mem-
brane, composed of three layers. The bulk support is a ce-
ramic membrane formed from «-alumina particles, which
is covered by an intermediate layer of «-alumina particles
with 60 nm pores. The top layer of the support (thickness
3 um) consists of y-alumina with a narrow pore size dis-
tribution and pore diameters of about 5 nm. On top of
this layer a thin layer (0.3-0.5 um) of Pt-containg TiO, was
added by the dip coating procedure described above. Mi-
crographs of the top of membrane cross-sections, obtained
by scanning electron microscopy (SEM) are displayed in
Fig. 6. Figure 6a, displaying a membrane from preliminary
studies, shows that the TiO; layer penetrates the underlying
alumina layer. This membrane was prepared with a sol of
very low viscosity. Apparently substantial amounts of the
sol particles are smaller than 5 nm. Figure 6b shows mem-
brane I prepared with a more viscous sol (sol formation time
48 h). Here the three layers of the support membrane can
nicely be recognized. The coarse support structure on the
left is followed by the particulate intermediate layer. The y -
alumina on the right appears as a continuous material. On
top of this layer, the microporous TiO; film was deposited.
Figure 6¢c shows a cross-section of the top layer. Due to
poor contrast, the microporous film cannot be clearly rec-
ognized. Only EDX line scans across the structure (Fig. 6d)
show the exclusive presence of Ti on the outer surface of
the material (see 3rd line scan), while the bulk of the mem-
brane top layer consists of alumina (lowest line scan). The
Pt-containing TiO, membrane layer on the top is therefore
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FIG. 6. SEM micrographs of catalyst membrane cross-sections. (a) Sol-gel-penetrated membrane. s.8 (b) Nonpenetrated membrane I. 5.9 (c, d)
Nonpenetrated membrane I with EDX line scans documenting the separation of the titania top layer from the alumina support layer (Cl = chlorine,
BG = background, Ti = titanium, Al = aluminum). The crack is an artefact of the specimen preparation. The white line identifies the line scan position

with the elemental distributions given below.

clearly visible, while its low Pt-content was not registered.
The crack is an artefact of specimen preparation. This mem-
brane has been used for the selective hydrogenation exper-
iments.

During the dip coating procedure only a small portion
of the sol is consumed and the remaining material was
used to prepare powdered reference catalysts to be used
as materials for the hydrogenation reactions in the batch
reactor. The powders obtained after drying and calcination
of the gel were characterized by high-resolution transmis-
sion electron microscopy (TEM) and adsorption isotherms.
TEM studies have been obtained from fresh and used cata-
lysts and membranes. Representative micrographs are pre-
sented in Fig. 7. Figure 7a shows a high-resolution micro-
graph of the used powdered catalyst I. The material shows
amorphous TiO,; however, very few small regions of mi-
crocystalline TiO, were detectable. Pt is present only as
large crystallites (dark spots). No Pt is detectable by EDX
in other amorphous regions. Figure 7b shows particles re-
moved from membrane I prepared from the same sol as
powdered catalysts I. The bulk structure is also amorphous,
the Pt is present as discrete crystallites, although smaller
than in the powder. There is no evidence for a homoge-

neous distribution of Pt in high dispersion throughout the
membrane.

Due to the small quantity of only a few mg per mem-
brane film, no adsorption isotherms could be measured.
Membrane quality has been evaluated by the drop of per-
meation relative to the support membrane. Membranes of
lower quality, identified by higher permeation, most likely
contain a larger number of broader pores resulting from
defects or a broader size distribution. Such membranes do
not show the selectivity of the high-quality membranes re-
ported below. It is therefore assumed that the pore size dis-
tribution of the selective membranes must be as good or bet-
ter as that of the associated catalyst powders shown in Fig. 4.

Selective Hydrogenation in the Membrane Reactor

Of special importance for the total permeation is the
molecular size of the solvent. Table 1 shows the decrease
in permeation (liquid volumes) with increasing solvent size
and the decreasing temperature, documenting the expected
strong dependence of permeation on the solvent size as a
result of small pore diameters. The conversions given for
the membrane reactor are based on permeated molecules
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FIG. 6—Continued

only; these conversions are rather stable over the time of
the experiment. Since the integral conversion of the batch
reactor cannot be compared to the differential conversions
obtained with the membrane reactor and since the differen-
tial conversions of the membrane reactor are dependent on
permeation and thus different residence times, the turnover
frequency (TOF) was calculated as a comparable measure
of catalyst activity. The TOF was calculated from the mea-
sured conversion divided by the reaction time and amount
of Pt in the catalyst (mol/mol h).

Table 2 shows the results of 2-hexyne hydrogenations ob-
tained in decane as solvent on several catalyst membranes
(I-IIT) prepared by the same procedure. All three mem-
branes show identical selectivities and comparable activ-
ities at identical reaction conditions. Entry 1 (membrane
I) shows the exclusive formation of cis-2-hexene (an S of
99% means other products are barely detectable by FID-
GC at lowest attenuation) indicating a highly cis-selective
semihydrogenation by the membrane catalyst at 60°C. In-
crease in the gas pressure should increase the hydrogen
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FIG.7. TEM micrographs of powdered (a) and membrane (b) catalyst I.

concentration in the liquid and the pores and thus result in
overhydrogenation. This was observed as expected, a pres-
sure increase from 0.05 to 0.3 bar resulted with the forma-
tion of n-hexane in a decrease in hydrogenation selectivity
to 91%. With a further increase to 0.6 bar (entry 3) the se-
lectivity dropped to 84 % with only a small increase in total
conversion. Apparently, the steady state hydrogen concen-
tration in the pores is with the higher pressures already high
enough to promote overhydrogenation.

In entry 4 the 2-hexyne concentration was increased and
the temperature was raised to 90°C. The result was an in-
crease in the TOF and the permeation rate, while hydro-
genation selectivity remained at 100%. Switching from di-
lute hydrogen to pure hydrogen (entry 5) with membrane II
and a high concentration of 2-hexyne, the TOF was low and
the selectivity was high. Doubling the hydrogen pressure to
0.1 bar and reducing the 2-hexyne concentration finally re-
sulted in the expected formation of n-hexane (S=_84%).

TABLE 1

Permeation Rate [mL h~! cm~2 bar™!] of Selected Solvents
(as Liquids) with Membrane Catalyst |

T[°C] Decane Octane Heptane Isooctane Pentane

30 n.p. n.p. n.p. n.p.“ 0.1
40 n.p. n.p. n.p. n.p. 0.12
50 n.p. n.p. 0.03 n.p. 0.2
60 0.01 0.04 0.05 n.p. —
70 0.02 0.0, 04 0.06 n.p. —
90 0.05 0.08 0.08 0.04 —

120 0.1 0.13 0.14 0.06 —

“n.p., no permeate after 1 h.

At identical reaction conditions, but without excess pres-
sure (continuous flow of hydrogen), 100% selectivity was
obtained at a comparable TOF of 3. Increasing the temper-
ature to 120°C and the 2-hexyne concentration by a factor
of 4resultsin a high conversion 0of 32% at a high permeation
corresponding to a TOF of over 31 (entry 8). With mem-
brane III (entries 9 and 10) the increase in temperature
from 90 to 120°C reproduced the increase in conversion
and permeation, but now n-hexane was formed as a side
product and the selectivity dropped to about 90%.

When the reaction was carried out in pentane as a sol-
vent, permeation increased and good conversions were ob-
tained at a much lower temperature. However, we could
not locate conditions with high semihydrogenation selec-
tivity. At all conditions applied, n-hexane formation was
detectable. We assume that the smaller sized pentane al-
lowed a more effective hydrogen diffusion and therefore
overhydrogenation could not be avoided. Therefore, the
slightly larger n-heptane was used as solvent and some of
the data obtained are compiled in Table 3. The largest dif-
ference is the increase in permeation by a factor 3 relative
to n-decane, while the TOF remained comparable. Dou-
bling of the 2-hexyne concentration (entries 1 and 2) re-
sulted in a decrease of the conversion indicating reaction
limitation of the effective rate at 99% selectivity (assum-
ing constant H, concentration). With temperature increase
(entry 3) to 120°C high selectivity remained, permeation
and conversion increased, resulting in a 10-fold increase in
the TOF. Membrane II at the same temperature, but using
the 10-fold concentration of 2-hexyne, showed the same se-
lectivity but a much lower TOF. Doubling the pressure to
0.1 bar with membrane I at 90°C caused an increase in the
TOF (entry 5). With further increase of the presssure to
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TABLE 2

Hydrogenation of 2-Hexyne in Decane with Membrane Catalysts

Entry Excess pressure Concentration Temp. Conv. Selectivity to TOF Permeation”
no. [bar] or flow* Membrane [mol/L] [°C] [%] cis-2-hexene [%)] [h1] [mL/h]
1 0.05 Ar/H, I 0.036 60 10 99 19 0.1
2 0.3 1 0.036 60 11 91 19 0.1
3 0.6 I 0.036 60 15 84 28 0.1
4 0.05 Ar/H, I 0.09 90 7 99 32 0.15
5 0.05 H, I 0.9 90 0.4 99 5 0.15
6 0.1 bar H, I 0.18 90 1.8 84 4 0.15
7 10 mL/min H, I 0.18 90 1.4 99 3 0.15
8 10 mL/min H, I 0.045 120 32 99 32 0.25
9 10 mL/min H, 11 0.09 90 18 99 10 0.1
10 10 mL/min H, 111 0.09 120 26 91 10 0.15

“ At ambient pressure.
b Liquid volume.

0.3 bar conversion and TOF still increased (entry 6), but at
0.6 bar (entry 7) the conversion and TOF increase finally
were accompanied by the undesired hexane formation. In
the absence of pressure with pure hydrogen a high conver-
sion at 99% selectivty was obtained (entry 8).

With membrane III the temperature increase from 90
to 120°C resulted in an increase of conversion like with
membrane I, but now the selectivity dropped to 93% (n-
hexane formation).

By quantitative gas analysis, no hydrogen could be de-
tected in these experiments on the permeate side of the
membrane, confirming that hydrogen is completely con-
sumed in the pores of the membrane. This also means that
the total conversion must result from the H, concentration
in the pores. It was of interest to know, wether this pore con-
centration is identical to the solubility of H; in the solution.
From the literature (25) the H; solubility in decane at 25°C
is 3.3 x 1072 mol/L and we have measured a solubility of

1.6 x 107> mol/L at 90°C in decane in the absence and pres-
ence of 2-hexyne. It was found that in all experiments about
1.5 to 2 times more H; has been consumed in the pores than
could be present due to its solubility. This indicates that the
hydrogen concentration in the pores is higher than in the
solution (permselectivity) or that some additional hydro-
gen can still be delivered through the filled pores. Overall,
there is excellent agreement between the solubility of the
hydrogen in the reaction solution and the conversion ob-
tained.

The data obtained from heptane as solvent confirm the
trends observed with decane. cis-Selective semihydrogena-
tion is obtained with Pt in a microporous membrane. With
an increase in pressure overhydrogenation is observed
readily, while an increase in 2-hexyne concentration has
little effect on the selectivity. Increase in temperature re-
sults in a higher permeation rate and an increase in con-
version. In some cases this overall increase of the TOF was

TABLE 3

Hydrogenation of 2-Hexyne with Membrane Catalysts in heptane

Entry no. Excess pressure [bar] Membrane Conc. [mol/L] Temp. [°C] Conv. [%] S [%] TOF [h7}] Permeate® [mL/h]
1 0.05 Ar/H, | 0.045 60 43 99 10.1 0.3
2 0.05 Ar/H, I 0.09 60 1.9 99 8.9 0.3
3 0.05 Ar/H, 1 0.09 120 6.7 99 83.9 0.8
4 0.05 Ar/H, 11 0.9 120 0.4 99 2.1 0.6
5 0.1 Ar/H, I 0.09 90 1.7 99 26.6 0.5
6 0.3 Ar/H, I 0.09 90 33 99 25.8 0.5
7 0.6 Ar/H, I 0.09 90 8.2 71 64.2 0.5
8 10 mL/min H, I 0.09 90 44 99 413 0.6
9 0.05 H; I 0.18 90 35 99 27.6 0.4

10 0.05 H, I 0.18 120 8.6 93 27.8 0.6

4§ =selectivity to cis-2-hexene.
b Liquid volume.
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FIG. 8. Reaction profile of the hydrogenation of 2-hexyne in a conventional batch reactor at 90°C with powdered catalyst 1.

accompanied by a loss in selectivity. The smaller the sol-
vent, the larger the permeation, while the total conversion
remains comparable, resulting in higher TOF with an in-
creasing permeation rate.

To confirm that this selective catalytic behavior is due to
the membrane and not just a result of the novel sol-gel cata-
lyst, control reactions were carried out under conventional
batch conditions. In the many reactions studied we have
never observed the selectivity obtained with the membrane
reactor. A typical reaction profile, obtained with the pow-
dered catalyst corresponding to membrane I is shown in
Fig. 8 with decane as solvent. Even at low conversions, hex-
ane was always detectable and other hexenes are formed
with increasing conversion. There is no change in n-hexane
concentration in the product composition with decreasing
conversion, indicating an intrinsic unselectivity of the cata-
lyst. trans-2-Hexene, on the other hand, is clearly formed
as a secondary product from the initial cis-component.
Despite the small particle size < 10 um and efficient stirring
with a gas dispersion stirrer the TOF remained comparable
to that of the membrane reactions (Table 2, entry 4). The
catalyst powder corresponding to membrane III showed
lower TOFs and selectivities around 90% already at con-
versions <2 %. This confirms that the high selectivity of the
membrane is not due to the catalyst material, but must be
due to the use of the catalyst in the form of the membrane.
The high selectivity obtained with the membrane also
proves that, even on Pt, cis-2-hexene is the initial product
and all other products must be due to secondary reac-
tions, even though the extrapolation of selectivity against

zero conversion at batch conditions often indicates
otherwise.

Due to the novelty of these findings it was felt that an-
other substrate should also be studied to confirm that the
observed selectivity is not just restricted to 2-hexyne. 1,3-
Hexadiene was therefore also hydrogenated with the mem-
brane and the powdered catalyst. Table 4 summarizes the
results obtained in decane as solvent. The membrane used
here (IV) contains a very thin film, which is responsible
for the low conversions observed. In contrast to 2-hexyne
the selective semihydrogenation product of the diene on
the membrane was found to be 1-hexene and only traces
of the other products. The TOF numbers are comparable to
those obtained on the previous membranes with 2-hexyne.
Entry 1 in Table 4 shows the low conversion obtained at
90°C. In entry 2 the temperature had been raised to 100°C
and conversion and permeation increased. At 100°C the

TABLE 4

Hydrogenation of 1,3-Hexadiene in Decane with Membrane
Catalyst IV (Conc. = 0.35 mol/L; Ar/H;, 10 mL/min)

Entry Temp Conv. TOF Permeation
no. [°C] [%] [%] 8¢ (b1 [mL/h]?
1 90 1 99 6 0.1
2 90-100 3 99 38 0.2
3 100 5 99 64 0.2
4 120 6 82 81 0.2

“Selectivity to 1-hexene.
b Liquid volume.
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highest conversion with >99% selectivity and a good TOF
of 60 was obtained. Temperature increase to 120°C (en-
try 4) resulted in considerable overhydrogenation and loss
in selectivity (entry 4, product composition: 51% 1-hexene,
32% trans-2-hexene, 17% n-hexane). Astonishing to us is
the high selectivity to 1-hexene, which, as a terminal olefin,
is known to hydrogenate faster than the internal alkenes. It
should be noted here that the reproduction of the selective
hydrogenation of 1,3-hexadiene has been much more dif-
ficult than the selective hydrogenation of the 2-hexyne. So
far, only two of our membranes have shown this unusual se-
lectivity, in less selective membranes other isomers are also
formed. The origin of this unusual selectivity through the
membrane hydrogenation will be investigated in a separate
study.

Control experiments of the hydrogenation of 1,3-
hexadiene with the powdered catalyst IV in the batch reac-
tor exhibit the expected lack in selectivity. Figure 9 shows
the typical reaction profile, which does not indicate any se-
lectivity comparable to that obtained with the membrane.
Extrapolation of selectivity to zero conversion indicates a
whole network of parallel reactions. This is strongly contra-
dicted by the membrane experiments, where the selective
formation of 1-hexene was observed.

If the selectivity is due to single-file permeation, increase
in hydrogen partial pressure should result in an increase in
the concentration of hydrogen in the reaction mixture as
well as in the membrane pores, which eventually should re-

LANGE ET AL.

sult in the onset of overhydrogenation. This was tested and
indeed, increase in hydrogen pressure to only 0.1 bar re-
sulted in the formation of significant amounts in n-hexane
(Table 2, entry 5). Reduction in hydrogen pressure led again
to the exclusive formation of monoenes. An increase in re-
action temperature to 120°C also results in the formation of
n-hexane. We assume that at this temperature the “single-
file” movement of the reaction mixture through the pores
is already sufficiently disturbed, so that there is enough ad-
ditional hydrogen transported through the pores to cause
overhydrogenation. These results also suggest that in our
reactions we have tailored the reaction conditons to pro-
vide an optimal composition of reactants in the pores. Due
to the large size difference between hydrogen and the Ce-
hydrocarbons and solvent molecules and the thermal vi-
brations, perfect single-file diffusion is unlikely to occur.
The high dilution of >10 solvent molecules per 2-hexyne
molecules together with a maximum conversion of about
33% indicates a lower limit of the molar ratio of hydro-
gen to hydrocarbon of 0.03 in the pores. As with decane,
the solubility of hydrogen in heptane (4.6 x 107> mol/L)
(25) accounts only for about half the conversions observed,
indicating that hydrogen either permeates preferentially
through the pores or that there is still limited effective dif-
fusional transport. Since perfect single file diffusion is un-
likely here, the reduction in permeation of hydrogen by the
hydrocarbons in the pores (8) is the most likely explanation
for the observed selectivities.

40
35 +
30 | . -M
\,_o. 25 - trans-2-hexene
o
g 20 1 1-hexene
[5]
2
[(}]
® 15 n-hexane
10 +
cis-2-hexene
5 4
cis-3-hexene
0 o—o—o—o—o - e i 1
0 5 10 15 20 25 30

conversion [%]

FIG.9. Hydrogenation of 1,3-hexadiene in a conventional batch reactor at 90°C with powdered catalyst IV.
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SUMMARY AND CONCLUSION

We have shown that overhydrogenation can be avoided
by the use of catalytic membranes. The selectivity is
achieved in the absence of modifiers or poisons and is solely
the effect of the membrane as shown in control experiments
under conventional reaction conditions. The selectivities
found on the Pt-containing membranes have never been
observed with unmodified conventional Pt catalysts. We at-
tribute the membrane selectivity to a blocking of hydrogen
permeation by the hydrocarbons in the pores. This study
provides the first evidence that reactors based on microp-
orous catalytically active membranes can be used to prevent
secondary reactions by combining the advantages of hetero-
geneous catalysts with the separation properties of micro-
porous membranes. This study opens the entry to a new re-
actor technology with new means to control selectivity and
activity of heterogeneously catalyzed reactions. However,
before practical applications can be discussed, the general
nature of the proposed technique has to be demonstrated
with reactions other than hydrogenations. The permeability
of the membranes has to be increased drastically. Little is
known about the life time and regenerability of such mem-
branes. These and other aspects of membrane catalysis are
the subject of on-going investigations in numerous research
groups.
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