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A method is reported for the synthesis of novel catalytic nanoporous carbon mem-
branes. Defect-free, nanoporous carbon films of 12.5- m average thickness containing
a dispersion of Pt, were synthesized on macroporous stainless-steel supports. Ideal gas
selectivities for the catalytic membranes were similar to those of inert nanoporous car-
bon membranes with He—N, = 58.6 and O,—N, =4.9. The selective hydrogenation of
monoolefins (propylene, 1-butene, isobutylene) was used to probe the shape-selective
catalytic properties and the transport selectivities of the membranes. The results were
modeled using the linear regime of coupled adsorption, transport and reaction in the
membrane. Model regression yielded 14.9, 19.7, and 18.4 ki/mol for the activation
energies of permeation for propylene, isobutylene, and 1-butene, respectively. The system
demonstrated selective reaction and transport favoring propane production with selectiv-
ity ratios of 28.9:3.2:1 for propane:n-butane:isobutane at 125°C.

Introduction

Membrane reactors have generated a great deal of interest
for use in the selective catalytic reaction of industrial chemi-
cals. There have been several reviews that point to their po-
tential advantages, including operational savings by increas-
ing conversion, and improved product selectivity (Armor,
1989, 1992, 1998; Saracco and Specchia, 1994; Saracco et al.,
1994, 1999). Among other advantages, membrane reactors
have the potential to exceed equilibrium conversions by se-
lectively removing species from the reaction zone (Raich and
Foley, 1995) or by eliminating undesired pathways in reaction
networks (Harold et al., 1993; Raich and Foley, 1998).

Armor (1998) emphasizes the development of highly selec-
tive nanoporous membranes for use as membrane reactors,
observing that catalysts with larger pores and low transport
selectivities require additional downstream separation to re-
cover the product of value. To this end, there have been a
number of recent studies exploiting the molecular sieving
properties of nanoporous membranes for use in catalytic re-
actors. Alfonso and coworkers (1999) studied the effects of
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various feed configurations for propane oxidative dehydro-
genation aver a V/Al,O, catalytic membrane/zeolite film
composite, among other types of hybrid membranes. In this
case, however, the intrinsic activity of the zeolite membrane
itself suppressed the catalytic selectivity by increasing the
overall conversion. Using a supported silicalite-1 membrane,
van de Graaf and coworkers were able to demonstrate
supraequilibrium conversion in the metathesis of propene
(van de Graaf et al,, 1999a,b). The membrane selectivity
transported trans-2-butene over the other species in the reac-
tion zone, thereby augmenting to a small extent the thermo-
dynamic conversion of the reaction from 34% to 38.4%.
Nanoporous carbon (NPC) is a promising material for use
as a catalytic membrane in that it is chemically inert under
most reaction conditions and thermally stable at tempera-
tures well above 200°C where most industrially relevant reac-
tions occur (Foley, 1995; Kane et al., 1996). Formed from the
pyrolysis of nongraphitizing natural or synthetic polymeric
precursors, NPC is a disordered material having pores on a
scale of molecular dimensions and has been shown to gener-
ally possess “shape selective” molecular transport properties
(Acharya et al., 1999). Poly-furfuryl alcohol (PFA)-derived
nanoporous carbons have a mean pore size of about 0.5 nm,
as measured from N, and methyl chloride adsorption
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isotherms (Mariwala and Foley, 1994). Attempts to use this
material in the synthesis of defect-free, micron-scale films on
structurally stable macroporous supports have been success-
ful. Membranes have been fabricated using NPC that are se-
lective for the separation of small molecular species (Acharya
et al, 1997; Acharya and Foley, 1999; Shiflett and Foley,
1999). There have not been to date any studies appearing in
the literature using nanoporous carbon in a catalytic mem-
brane reactor.

The purpose of this article is to report a method for the
synthesis of novel catalytic NPC thin films for use as catalytic
membrane reactors (CMR). In addition to physical character-
ization, insight regarding the transport properties of the
membranes can be obtained using the permeation of selected
weakly adsorbing molecular probe gases, for which mem-
branes of this type are known to separate to a significant
extent. Additionally, olefin hydrogenation is a simple model
reaction system to examine the combined catalytic and trans-
port properties of such membranes.

Background

The selective hydrogenation of olefins has been used by
several researchers to characterize the shape-selective behav-
ior of metal on nanoporous carbon catalysts (Trimm and
Cooper, 1970, 1973; Schmitt and Walker, 1971a,b; Lafyatis,
1992). Trimm and Copper (1970) polymerized furfury!l alco-
hol in the presence of H,PtCl,, and subsequently pyrolyzed
the resulting mixture, creating a Pt/NPC catalyst. The
nanoporosity of the catalyst support was shown to contribute
to the selective hydrogenation of propene and 1-butene over
isobutene, 3-methylbutene, and 3,3-dimethylbutene. Schmitt
and Walker (1971a,b) fabricated a similar catalyst and
demonstrated shape selectivity between 1-butene and isobu-
tane. Lafyatis (1992) used the conversion ratio of propylene
to isobutylene over various NPC-derived metal-supported
catalysts to characterize the reactant shape selectivity. These
ratios exceeded 14 (propylene/isobutylene) at about 30%
conversion of propylene.

Saracco and coworkers (Saracco and Specchia, 1994;
Saracco et al.. 1994; 1999) assert that an understanding of
transport through highly selective, presumably nanoporous
media is paramount for the development of catalytic mem-
brane reactors. To this end, the authors of this work have
focused on applying the current ideas of transport through
these types of media in an attempt to understand the com-
bined effects of transport and selective reaction in this novel
reactor configuration. For such a reactive membrane, one can
identify essentially two aspects of selective behavior. The
membrane itself can be permselective to various reagents and
products due to the selective porosity of the material. There
is also a shape-selective catalytic effect imposed on the reac-
tant or product in the vicinity of the active site. The
nanoporosity of the catalyst-support material can limit the
effective surface area of metal of a particular reactant, or
prevent a particular transition state or product distribution
from existing within the medium. For instance, Miura and
coworkers (1993) have argued for transition state selectivity
using a 0.4-nm pore size Ni on NPC catalyst in the decompo-
sition of methanol by producing only CO and H,. This result
was attributed to a shape selectivity of the carbon/metal in-
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terface that hindered the formation of a transition state
yielding methane in the product distribution. Lafyatis and
Foley examined methylamine synthesis in solid acid and NPC
composite catalysts (Foley et al., 1994), and concluded that
transport effects in the carbon led to enhanced yields of the
less sterically hindered mono- and dimethylamine.

By applying the current theory for multicomponent trans-
port in nanoporous media (Krishna and Vandenbroeke, 1995;
Krishna and Wesselingh, 1997) to selective hydrogenation in
a nanoporous carbon membrane, a model can be developed
to isolate these separate aspects of selectivity. It can be shown
that the decoupling of transport and reaction kinetics for
nanoporous systems is a powerful characterization tool to
guide in catalytic membrane synthesis and development.

Experiment Studies
Metal catalyst precursor inclusion

Catalytic nanoporous carbon membranes were synthesized
using a spray deposition technique that has appeared in the
literature. Acharya and coworkers (1997) demonstrated the
successful synthesis of highly selective, inert NPC membranes
using a deposition technique involving a poly-furfuryl alco-
hol /acetone precursor (Acharya and Foley, 1999). Previous
methods of preparing metal on NPC supports appearing in
the literature were not directly adaptable to this method of
thin-film formation. Aside from an inability to solubilize PFA,
Pt on nanoporous carbon precursors derived from chiorpla-
tinic acid (Schmitt and Walker, 1971a,b; Trimm and Cooper,
1973) led to an unstable solution viscosity, since the polymer-
ization of PFA is known to be acid-catalyzed. Similarly, di-
rect contacting of particulate matter with the NPC precursor,
such as solid metal oxides, with diameters on the micron-
length scale (Tachibana, 1990), naturally leads to film de-
fects, as the membrane thickness is expected to be commen-
surate with the particle diameter. By using a Pt metal precur-
sor that is soluble in a PFA cosolvent, these problems are
avoided. Furfuryl alcohol resin (Monomer Polymer & Dajac
Laboratories Inc., Lot A-1-143), PFA, was added to an equal
amount by weight of an acetone solution containing a mea-
sured amount of Pt (II) acetylacetonate (Pt(C;H-0,),) (97%
purity; Strem Chemicals) in order to achieve the desired metal
loading. This method allowed the introduction of the cat-
alytic metal with little impact on the established deposition
methodology.

Membrane preparation

The catalytic membranes were prepared by attaching a sin-
tered metal stainless-steel support (0.1-m pore size, 11.4-cm?
area) obtained from Mott Metallurgical Co. to a rotating shaft
at 30 rpm and spray coating with approximately 10 mg/cm?
of polymer solution (Acharya and Foley, 1999). The resulting
system was subsequently pyrolyzed in a stream of flowing He
at 5°C/min to 500°C, held for 2 h at this temperature, and
then allowed to cool to room temperature. This deposition
process was repeated three times until a mass of approxi-
mately 5 mg/cm? of nanoporous carbon was deposited on the
support and the membrane demonstrated gas selectivities
higher than the Knudsen values. Table 1 summarizes the typ-
ical parameters for the support and carbon membrane.
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Table 1. Membrane and Support Parameters

Support
Material 316 stainless steel
External Area 11.4 cm?
Mean pore size 0.2 pm
Thickness 0.8 mm
Porosity 0.6 m* void/m® support
Membrane
Thicknesses 12.5 pm
Deposition mass 5 mg carbon/cm?
Number of coats 3 coats
Catalytic loading 1.32% Pt/C
Density of carbon 1.6 g/cm’
Synthesis Temp. 500°C

Soak Time 2 h
Heating ramp rate 5°C/min
He purge flow rate 50 std. cm’/min

Scanning electron microscopy

Membrane cross sections were cut orthogonal to the car-
bon layer using a diamond-wafering saw. These sections were
mounted in an epoxy resin, polished, and given a coating of
Au for imaging with a Hitachi S-4000 field-emission scanning
electron microscope. Imaging and EDAX were performed on
areas of this cross section external to and within the macro-
porosity of the stainless-steel support and at various radii from
the center of the disk-shaped membranes.

Transmission electron microscopy

Bulk Pt on carbon samples were also prepared by pyrolyz-
ing the catalytic precursor in PFA resin, grinding and divid-
ing it to 140/230 mesh. These granular samples were sus-
pended in ethanol and deposited on TEM backings for imag-
ing after evaporation of the solvent to more effectively deter-
mine metal size distributions. Metal loadings were deter-
mined by elemental analysis at Galbraith Laboratories Inc.
(Knoxville, TN).

Molecular probe transport

Transport of H,, He, N, and O, was used to characterize
the selective porosity and integrity of carbon film. The disk-
shaped membranes were sealed using Viton gaskets into a
stainless-steel module set up to measure the transport of a
single gas through the membrane. At a time ¢ = 0, the probe
gas was introduced to the top of an initially evacuated mem-
brane at a pressure p,. The permeate volume bounding the
bottom of the membrane was sealed from vacuum at this time
and the subsequent rise in pressure was used to evaluate the
instantaneous derivative of the time-dependent flux through
the membrane:

pc

RT

[P(£)- Pyy] =4 fo 'N()ydr, (1)

where V. is the volume of the permeate chamber, P, is
the initial pressure in the chamber at t =0, and A is the area
of the membrane. This pressure was measured using an MKS
Baratron pressure transducer (0-1,000-torr range) and
recorded using an interfaced PC that also controlled the start
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and duration of the experiment via electronically actuated
solenoid valves. If the pressure rise in this volume is not per-
mitted to exceed a minimum value, then the driving force
across the membrane is essentially equal to the pressure
loading. In this way, the steady-state flux of the molecular
probe can be measured as a function of the driving force
pressure, p,.

Effective membrane thickness

The membrane layer exists partially external to and within
the macroporosity of the stainless-steel support and, hence,
has an effective thickness that cannot be determined directly
through microscopy. As with other supported nanoporous
membranes, the membrane/support interface was typically
dominated by cracks and irregularities (Yamamoto et al.,
1997; van de Graaf et al., 1999d). A phenomenological, effec-
tive thickness of the membrane layer can be measured using
the method of Strano and Foley (2000). Taking helium (p, >
101 kPa; T > 298.15 K) to be essentially nonadsorbing upon
the nanoporosity of the membrane, the transient response of
the permeate flux to a step change in He pressure loading
can be used to calculate the effective thickness, &, via

6N, TRT
b=—2

2
o (2)
Here N, is the steady-state flux of He through the mem-
brane at a driving-force pressure of p,, and 7 is the extrapo-
lated time axis intercept of the transient integral molar flux
at steady state. Due to voids within the carbon layer, the
thickness measured in this way is typically between 30% and
50% of the thickness calculated from the mass of carbon and
its density (Strano and Foley, 2000).

Catalytic testing

Selective hydrogenation of olefins has been used by several
authors to characterize the shape-selective catalytic behavior
of metal on NPC catalysis (Schmitt and Walker, 1971a,b;
Trimm and Cooper, 1973; Schmitt, 1991):

Olefin+H, — Alkane.

Figure 1 is a diagram of the experimental setup used to
benchmark the catalytic membranes using this particular re-
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Figure 1. Experimental setup used to conduct the se-
lective hydrogenation.
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action system. A 100:10:1 mixture of argon:hydrogen:olefin
was fed to one side of the membrane, while an argon sweep
carried the permeate fluxes out from the temperature and
back-pressure-controlled reactor. The use of an argon diluent
in the feed and as a sweep gas suppresses its driving force
across the membrane, and hence allows the total flux through
the membrane to be dominated by only the species of inter-
est for dilute reactants and products. All streams entering
and exiting the reactor module were sampled using a Varian
3700 Gas Chromatograph with an FID detector and a 23%
SP-1700 on 80,100 Chromosorb P AW column. The conver-
sion was defined as

A
R

alkane R
+ A

alkane

x()lcﬁnIA R > (3)
olefin ** olefin

alkane ‘ Yalkane

where 4 and R are the measured area and response factor
of the species indicated exiting the reactor in the permeate
sweep and raffinate streams.

The catalytic membrane was reduced in a flowing stream
of a 80-sccm argon/hydrogen mixture (10:1) at 200°C for 12
h. This extended treatment had the additional advantage of
purging the membrane of any adsorbed hydrocarbons trapped
within the porosity of the membrane in between hydrogena-
tion runs.

Hydrocarbons adsorb onto NPC carbon to a significant ex-
tent and display transport that is strongly temperature and
concentration dependent (see “Selective Hydrogenation” be-
low). Generally, the diffusivity of an adsorbing species de-
creases to a minimum in the limit of an infinitely dilute ad-
sorbed phase loading. This nonlinearity in the transport coef-
ficient creates a time scale for the achievement of a steady
state through the membrane at conditions used in this work
that can be on the order of 8-32 h for the olefins.

Using a pulse-injection flow reactor, Trimm and Cooper
(1973) observed that temperatures in excess of 600°C were
required to desorb residual hydrocarbons completely from a
Pt on NPC catalyst. Using the method described earlier for
purging the NPC membrane, coupled with the long times re-
quired to reach a steady state, essentially no hysteresis was
observed in the generation of conversion data with increasing
and decreasing temperature, and reproducibility was within
experimental limits. The potential for background activity
from the stainless-steel support was checked using a noncat-
alytic NPC membrane at the same reactive conditions, but
none was observed.

Selective Hydrogenation: Henry’s Law Adsorption,
Transport and Reaction

Transport through nanoporous media has been described
accurately by the Stefan-Maxwell formalism for multicom-
ponent surface diffusion (Krishna and Wesselingh, 1997,
Krishna et al., 1998, 1999; Burggraaf, 1999; van den Broeke
et al., 1999; van de Graaf et al., 1999¢). For strongly adsorb-
ing molecular probes, the mechanism of transport through
this type of medium is one of surface adsorption onto the
membrane, followed by transport of the adsorbed phase
through the porosity. The Fickian diffusivity matrix for a mix-
ture of N components can be represented as the product of
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intrinsic or Stefan-Maxwell diffusivities (Krishna and Wessel-
ingh, 1997), D, and a thermodynamic factor, I, that takes
into account the strong concentration dependence and cou-
pling of the Fickian transport coefficient matrix, D (as-
suming Langmuir adsorption): -

—D_Fick =DT (4)
b
Fj=6;+—. &)
N
6,=1- ) 6; (6)

Here, 6; is the fractional adsorbed phase loading of species i
(6, = q/q,,), and 6, is the fraction of vacant sites, which
is an artifact of the finite number of adsorption sites avail-
able in the given medium. For the purposes of adsorption
and transport through nanoporous membranes, several re-
searchers (Burggraaf, 1999; van den Broeke et al., 1999; van
de Graaf et al., 1999c¢) have utilized the Langmuir adsorption
isotherm, yielding for 6; in this case:

b p;

= .
1+ Z bjp/-
i=1

g =

1

(7

Conducting the hydrogenation such that the fractional
loadings of the reactant olefin and product alkane are small,
the nonlinear coupling between species is predicted to van-
ish, since

)

olefin»

8

alkane <L

Furthermore, hydrogen, like other permanent gases, is ex-
pected to adsorb only weakly onto the membrane:

Ghydrogen <L

In this limit, we note that 6, =1 and T approaches a diago-
nal, unity matrix. Intuitively, under these conditions one
would expect that the presence of the adsorbing hydrocarbon
and olefin have no effect on their mutual transport, or on the
weakly adsorbing hydrogen. Hence, the transport of all
species becomes uncoupled and Fickian in this limit, and the
catalytic behavior of the reactants can be observed in the ab-
sence of nonlinearities in the transport.

A differential mass balance on the adsorbed phase reac-
tants of the catalytic membrane can be written:

a6; J

1

2% 8
—=—g... —V+r.
at 9z (qsat,lep i 9z rl ( )

QSat,i €p

Using the definition of 6§, and the simplifications just ob-
served, the mass balance can be written in terms of the bulk
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pressure:

ap; J Ip;
=3;(qsat,iepbiDi7Z—)+ri' )

qsat,iepbi—;

The olefin is in an environment of excess hydrogen, hence
one anticipates that the intrinsic reaction rate will be
pseudo-first-order with respect to the olefin partial pressure
within the membrane:

r;=—kpwp,. (10)

Here, w is the metal loading per volume of membrane, and &
is the pseudo-first-order rate constant. The boundary condi-
tions at steady state for the feed and permeate volumes
bounding the membrane are imposed assuming perfect back
mixing in these volumes:

pi(z=0)=p,;

p(z=8)=p,;. (11)

Defining a dimensionless diffusional coordinate, n, and the
Thiele modulus for this system below:

5%kw
¢ =

Db (12,13)
sat, i i

4
=%

the problem in the membrane at steady state becomes

—— = $lp: (14)

Solving Eq. 14 and applying the boundary conditions, Eq. 11
yields the bulk pressure profile across the membrane:

Pri— Pu.icosh(¢;)
sinh( ¢;)

sinh( ¢;77).

(15)

pi(m) = py icosh(dm) +

The flux of the reactant can be obtained by evaluation of the
derivative of Eq. 15:

qsat,i peDi 861’ _ qsat,i peDb[¢i
é an é

1.0 ~ Pr,icosh( ;)
sinh( ¢;)

N(m) =~

X Ph,ismh(¢ﬂ7)+p COSh(d’i”’l)]- (16)

At the high-pressure boundary (z = 0), the olefin flux is

At the permeate boundary (z = 8), the olefin flux is

4sa i peDbid)i
N(n=1)= - ==
. Pui — Pu,icosh(é;)
X | py,isinh( ;) + Sinh(,) cosh(¢;)
Gsat,i pEDbi d’i
= -cosh( ¢,) — ). (18
Ssinh(qb,-) [pl,lcos (¢1) ph,l] ( )

From the preceding, the alkane product flux—or amount of
alkane generated per unit area—can be calculated as the dif-
ference between these two steady-state fluxes in Egs. 17 and
18,

Ndlkane = M(n = O)— ]V,(n = ])
qsal,i pED,'bi(bi
T W[] —COSh(¢i)](pl,i +pr)- (19)

The conversion is defined as the product alkane flux divided
by the entering olefin flux:

B [1—cosh(#)](pr;+ Ph.i)
olefin Pri= Py,icosh(e,)

X (20)

If a sweep gas is used to constantly remove the product
fluxes from the permeate volume, the partial pressure of the
olefin and alkane will be negligible at this boundary. We ob-
serve that in this limit, the conversion becomes independent
of reactor pressure and a function only of the Thiele modu-
lus:

cosh(¢;,)~1

cosh( ¢;) @n

olefin =

Hence, under these conditions, the Thiele modulus for this
system can be obtained directly and provides an independent
measure of the shape-selective catalytic effects of the mem-
brane.

Results and Discussion
Physical characterization

Figures 2a and 2b are scanning electron micrographs of a
catalytic membrane cross section prepared as described ear-
lier. The spray-coating methodology yields a fairly uniform
surface coating of carbon upon the support (Figure 2a). Fig-
ure 2b reveals that the carbon membrane film extends to a
significant extent into the macroporosity of the stainless-steel
support. The effective thickness of the selective layer cannot
be determined by microscopic methods alone, and a phe-
nomenological definition has been shown to be more appro-
priate. Using He permeation at 298 K, an average value of
8.2 s was measured for the time intercept at 561-, 350- and
740-kPa driving forces and 1.01 X 10~ 1% mol/m?/s/Pa for the
He permeance. This corresponds to an effective thickness of

Goai.; PO EDG, [ p,; — Py s cOsh(P;) about 12.5 um using Eq. 2.
N(n=0)=—--"= 3 l sir:h @) . (17) Figure 3 is an EDAX taken of the carbon adjacent to the
‘ support/membrane interface. The loading of Pt used in this
70 January 2001 Vol. 47, No. 1 AIChE Journal
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Figure 2. Scanning electrons of catalytic membrane
cross sections: (a) uniformity of the carbon
layer; (b) extent of penetration into the macro-
porous support.

study is below the amount required to present a measurable
cross section to the electron beam, and hence does not ap-
pear in the resulting spectrum. The Au peak is attributed to
the preparation method described earlier. Na and O are im-
purities in the carbon, the former being residual NaOH used
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z
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=
L
E
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Figure 3. EDAX spectrum of a catalytic membrane cross
section around the surface of the support/
external layer interface.
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Figure 4. Relative intensity of C to Fe from EDAX as a
function of penetration depth from the sup-
port surface.

to quench the acid catalyzed polymerization of the furfuryl
alcohol monomer, and the latter due to oxygen containing
product gases from pyrolysis. Since the carbon layer extends
into the macroporous support and the C K, to Fe K,
ratio can be measured as a function of distance from the sup-
port interface and averaged along the membrane surface. This
yields an indication of the approximate penetration depth and
external thickness. Figure 4 presents this surface-averaged in-

tensity ratio with the zero at the support/external carbon in-
terface.

Catalytic dispersion

Figure 5 is a transmission electron micrograph of the un-
supported catalytic membrane material. The Pt metal parti-
cles, having diameters of less than 10 nm, are visible within
the carbon support as indicated. A histogram of metal diame-
ters was obtained from a series of such micrographs. The re-
sults obtained with a sampling of 200 particles are displayed
in Figure 6. Defining a volume-averaged mean diameter
where n; and d; are the number and diameter of each parti-
cle in the sample set,

Znid?

d )
v Znidiz

yields a value of 7.1 nm. As the number of particles is rather
low, d,,, yields only a rough indication of the mean particle
size. The unweighted average of the distribution was calcu-
lated as 3.0 nm. The measured dispersion using the synthesis
methodology above was observed to be consistently higher
than that measured for a Pt/NPC material derived from
H,PtCl,. Lafyatis (1992) found the Pt dispersion of such ma-
terials to be independent of the pyrolysis temperature of the
carbon and approximately 4.6 nm (unweighted average). Pt
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Figure 5. TEM of Pt catalyst on the nanoporous carbon
support.

(I} acetylacetonate, being soluble in the PFA cosolvent, ap-
parently does not agglomerate to the extent that a H,PtCl,
does, possibly because of the absence of the aqueous phase.
Although Reyes and coworkers (1996) studied a fundamen-
tally different synthesis technique, they observed similar Pt
precursor effects in the synthesis of Pt on alumina catalysts.

Molecular probe transport

Figure 7 presents the steady-state fluxes vs. driving force
pressure across a catalytic membrane for H,, He, O,, and

60 ;

Number of Particles (%)

90-120

60-90
Particle Diameter (Angstroms)

0-30 30-60

Figure 6. Particle-size distribution of Pt on nanoporous
carbon.
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Figure 7. Steady-state flux at 298 K through a catalytic
nanoporous carbon membrane as a function
of driving-force pressure.

N,. The linearity observed as well as the high ideal separa-
tion factors (calculated as the ratio of slopes) indicate that
the membranes are defect free. Defects or surface cracks that
span the thickness of the active layer reduce separation fac-
tors significantly and create a quadratic dependence of the
flux vs. pressure typical of viscous flow. As with their inert
analogs, there is strong evidence of shape-selective transport,
as the separation factors for these molecular probes are quite
high (He~N, = 58.6; O,-N, =4.9) despite minimal differ-
ences in the kinetic diameter of the molecular probes.

There is no evidence that the presence of the metal signifi-
cantly affects the transport properties of the NPC membrane.
The permeances and separation factors reported in Figure 7
are typical for a carbon layer of the indicated thickness and
synthesis conditions (Acharya et al., 1997).

Hydrogenation model validation

For a given feed composition, as the hydrogenation tem-
perature increases, the extent of reactant adsorption onto the
membrane is expected to diminish and move into the Henry’s
law portion of the isotherm. In this regime, the model de-
rived in the previous section is expected to be valid. Similar
behavior could be expected if the concentration of olefin in
the reactor feed was to be reduced. Figure 8 is the propylene
conversion as a function of the feed partial pressure in the
reactor volume above the membrane and parametric in tem-
perature for a 10-to-1 hydrogen-to-propylene feed. This par-
tial pressure was controlled by manipulating the total back
pressure in the reactor on the feed side of the CMR from 101
to 350 kPa. As the hydrogenation temperature increases, the
conversion becomes independent of the reactor pressure, as
demonstrated. Because the volumetric flow rate of the argon
sweep through the permeate chamber is large compared to
the fluxes through the membrane, the concentrations of the
permeate gases in the sweep remain close enough to zero,
and Eq. 21 can be used to calculate the Thiele modulus un-
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Figure 8. Conversion vs. feed partial pressure for prop-
ylene parametric in reactor temperature.

der these conditions. Similar behavior for the conversion vs.
temperature and reactor partial pressure was observed for
1-butene and isobutylene.

Further evidence for being within this linear hydrogenation
regime is that at elevated temperatures (> 100°C) the reac-
tant and product permeate fluxes become directly propor-
tional to the partial-pressure driving force of the reactant in
the feed to the CMR. Hence the observed fluxes are in
agreement with Eqgs. 16—18 for the case where the partial
pressures approach zero in the permeate chamber. Figure 9
demonstrates this behavior for the case of propylene hydro-
genation at 100°C.

Catalytic testing

Figures 10 presents the time-on-stream behavior of the cat-
alytic membrane permeate fluxes after achieving steady-state
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Figure 9. Steady-state hydrogenation fluxes of propane
and propylene as a function of driving-force
pressure at 100°C.
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Figure 10. Transient hydrogenation fluxes for propyl-
ene, isobutylene, and 1-butene as a function
of time on stream at 100°C.

conditions at 125°C and 102-kPa total pressure. Propane is
the favored hydrogenation product with almost complete
conversion and a selectivity ratio of 28.9:3.2:1 for propane:n-
butane:isobutane. This figure confirms the absence of irre-
versible membrane fouling or catalyst deactivation over a time
scale of 800 min. The same conclusion was reached for all
data points over the temperature range tested. The variabil-
ity in the propylene and 1-butene permeate fluxes is at-
tributed only to detector noise, as conversions for these two
reactants were exceedingly high.

Figures 11-13 are the resulting feed and permeate fluxes
from hydrogenation over a range of temperatures from 40°C
to 175°C at a partial pressure of 1.0 kPa of olefin to the feed
side of the CMR. At temperatures above 125°C, [-butene iso-
merization to cis- and trans-2-butene occurs at conversions
greater than 1%, and for this reason, the 1-butene hydro-
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Figure 11. Experimental and model-predicted steady-
state hydrogenation fluxes for propylene as
a function of reactor temperature.
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Figure 12. Experimental and model-predicted steady-
state hydrogenation fluxes for 1-butene as a
function of reactor temperature.

genation data ranges only from 40° to 125°C. The propylene
and propane fluxes are generally about a factor of 10 higher
than the C, components, as is evident from a comparison of
Figure 11 with Figures 12 and 13. It is also apparent that
propylene and 1-butene conversions to the product alkane
are higher than that of isobutylene over the entire tempera-
ture range. The hydrogenation model developed in the previ-
ous section can be applied in rationalizing these observed
trends.

The Thiele modulus for the hydrogenation system can be
obtained from the conversion data using 21. The pseudo-
first-order hydrogenation rate constant, defined by Eq. 10, is

Er n,i
ki=k;’exp(———l—;§:’~). (22)

Similarly, the Langmuir adsorption constant and surface dif-
fusivity are similarly temperature dependent:

Esur i
D.=D? -— 23
i ,exr)( RT) (23)
b, =b? (AH"‘"S"') 24
; = Dy CXp RT . (24)
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Figure 13. Experimental and model-predicted steady-
state hydrogenation fluxes for isobutylene as
a function of reactor temperature,

From Eqgs. 22 through 24, the anticipated temperature de-
pendence of the Thiele modulus can be derived:

| 1l 8%k w
n(d)i)_ 2 ! qsat.ibio‘gDiO
+1 (—Ean,i_AHads.i+Esur,i) (25)
2 RT '

Figure 14 is a plot of In(¢;) vs. the inverse hydrogenation
temperature and is linear for all hydrocarbons tested, as Eq.
25 predicts. The slopes and intercepts from this plot can be
used to obtain the groups of activation and preexponential
parameters. These parameters are summarized in Table 2.

Equation 17 can be used in conjunction with the knowl-
edge of ¢, to calculate the transport coefficients for the three
olefins:

Ai{abs,i - Esur,i
RT

_ N{(n=0)sinh ()5
N & COSh(d’i)Ph,[

QSal,i pbigDi = qsat,i pbiogDiO CXp (

(26)

Table 2. Results of Parameter Regression of Combined Transport and Kinetic Data

an[bl{}EpDi[) k()prant pblOEDIO) AHabs,i - Esur,i
molAm-Pa-s) (1/m?) ki/mol
Isobutylene 2.66x107 18 1.24x 10" 19.69
1-Butene 232x107!8 8.11x10'* 18.41
Propylene 3.78x10717 2.11x10% . 14.90
Erx ni A}Iabs,i - Esur,i Erx n,i Ka
kJ/mol kJ/mol molAs-Pa-g Pt)
Isobutylene 22.08 2.39 0.0000328
1-Butene 36.33 17.92 0.0188
Propylene 29.39 14.49 0.0799
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Figure 14. Thiele modulus for hydrogenation as a func-
tion of reactor temperature as obtained from
conversion measurement.

The parameter 6 is 12.5 um for this particular catalytic
membrane, as measured using the technique just discussed.
In a manner similar to Figure 14, Figure 15 can be used to
obtain the activation and preexponential parameters pertain-
ing to olefin transport, and these values are summarized in
Table 2. The values obtained for the quantity AH,, ;- Eg, ;
in this way are all positive, and demonstrate an increasing
trend with increasing carbon number, as is typically found for
nanoporous carbon adsorbents {(Chihara et al., 1978) and zeo-
lite membranes (Burggraaf, 1999). The values for the overall
permeabilities of propylene are an order of magnitude higher
than those of the C, hydrocarbons and all fluxes decrease
with temperature (Figure 15).

Taking the log of Eq. 26 and subtracting Eq. 25 from this
twice yields an expression for the activation energy and A-
factor for the hydrogenation rate constant, and these values
are presented in Table 2. The known catalytic loading of
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Figure 15. Permeability as a function of reactor temper-
ature for the hydrogenation system.
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0.0132 (kg Pt/kg catalytic membrane) and a value of 1.6 kg/m*
for the density of the nanoporous carbon were used.

Figure 17 compares the rate constants for the three olefins
calculated in this way. The apparent kinetic selectivity repre-
sented as the ratio of rate constants is more than 62.8 for
propylene/isobutylene and 5.3 for 1-butene/isobutylene at
125°C. The latter value is significantly higher than the intrin-
sic ratio of 1.9 reported by Lafyatis (1992), who also esti-
mated an analogous, diffusion-limited ratio of 13.3 for hydro-
genation over a granular Pt/NPC catalyst for these reactants.
Lafyatis assumed, however, that transport within the molecu-
lar sieving carbon could be represented using a simple effec-
tive diffusivity and linear driving force. Hence, adsorption ef-
fects and the concentration dependence of the diffusivity were
not fully accounted for at lower temperatures and higher ad-
sorbed phase loadings.

A plausible explanation for the considerable differences in
apparent hydrogenation rates is that reaction and transport
through the membrane may not occur homogeneously
throughout the bulk of the carbon. Rather, the formation of
the carbon film can give rise to an isotropic pore structure
within the membrane. A small population of Knudsen trans-
port pathways or “defects” would possess lower mass-trans-
port resistance and yield a disproportionate control of the
membrane flux. This possibility has been relatively unex-
plored in many studies of carbon membranes and may ac-
count for the fact that O,/N, separation factors for these
membranes have varied considerably with preparation
method: from 4.9 (this work) to 30 (Shiflett and Foley, 1999).

The substantial variation in the kinetic selectivities then
comes about because reaction occurs in parallel with trans-
port across the membrane-—not homogeneously within the
carbon film. Figure 17 contrasts the differences in the pore
structures for both models. Taking into account the poten-
tially isotropic nature of the medium, the rate constants re-
ported earlier are still not intrinsic, but remain disguised in
the classic sense by diffusion limitations. The results there-
fore suggest that the carbon exerts a significant amount of
reactant shape selectivity, and this is consistent with the find-
ings of other studies involving nanoporous carbon catalysts
(Schmitt and Walker, 1971a,b; Trimm and Cooper, 1973;
Lafyatis and Foley, 1990).

The idea of critical pathways dominating the reaction and
transport through the membrane is not unlike the case of
silicalite-1 and other zeolite-based nanoporous membranes
where crystal growth produces distinct grain boundaries. Flow
through these membrane defects occurs in parallel with ad-
sorption and transport onto the nanoporosity of the medium
(van de Graaf et al., 1999d). In this way, a zeolite-based cat-
alytic membrane is expected to demonstrate similar apparent
kinetic behavior to that observed in this work. For the case of
nanoporous carbon, a natural consequence of this concept is
that there exists considerable opportunity to improve the se-
lectivities of these types of catalytic membranes as new syn-
thesis approaches are developed, leading to fewer defect
pathways.

Conclusions

A method for the synthesis of novel supported catalytic
nanoporous carbon membranes was presented for use as a
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Figure 16. Intrinsic hydrogenation rate constants vs.
temperature from model regression.

permselective catalytic membrane reactor (CMR). The
method produces selective thin carbon films with the cat-
alytic metal dispersed within the membrane layer. Scanning
electron micrographs reveal that the membrane structure ex-
ists both within and external to the macroporosity of the
stainless-steel support. The effective thickness of these mem-
branes from He permeation measurements is ~12.5 um. The
Pt metal dispersion as estimated via TEM on membrane ma-

terial was observed to have a volume-averaged metal diame-
ter of 7.1 nm. Selective hydrogenation of monoolefins
demonstrated the utility of the selective transport porosity of
the membrane as well as the shape-selective catalytic effects.

The catalytic membranes demonstrated good selectivity in
the hydrogenation of olefins, as measured as a ratio of prod-
uct fluxes with 28.9:3.2:1 for propane:n-butane:isobutane at
125°C. The ratios of observed hydrogenation rate constants
measured for this system are larger than expected based on
intrinsic rates determined for other Pt catalysts: 62.8 and 5.3
for propylene/isobutylene and 1-butene/isobutylene. These
results can be rationalized in terms of the anisotropic nature
of the membrane material. One consequence of this observa-
tion is that there exists considerable opportunity to improve
the selectivities of these types of catalytic membranes as new
synthesis approaches are developed, leading to membranes
with fewer defect pathways.
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Notation

A =area of membrane, m”
A iane = alkane chromatography peak area
A gerin =o0lefin chromatography peak area
b; = Langmuir parameter for species i for adsorption on a car-
bon membrane Pa~!

Homogeneous Transport and Reaction

Parallel Transport and Reaction

Nanoscale Pore

— Knudsen Defect Pathway

. Pt Active Site

Figure 17. Homogeneous and isotropic pore structures leading to differences in ordering reaction and transport

within the membrane.
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b/ =Langmuir parameter preexponential factor, 1/Pa
D =intrinsic or Stefan-Maxwell diffusivity matrix, m%/
D" = Fickian transport matrix, m%/
D, =Stefan-Maxwell pure-component surface diffusivity of
species i, m%/s
D{ = Stefan-Maxwell pure-component surface diffusivity preex-
ponential factor of species i, m?/s
E, ,; =activation energy for pseudo-first-order hydrogenation rate
constant, kJ/mol
E,,,; =activation energy for surface diffusion on membrane sur-
face, klJ/mol
k =pseudo-tirst-order, hydrogenation rate constant, molAg Pt
+s+Pa)
N, =observed steady-state flux of species i, molAm>-s)
N,kane = Observed steady-state flux of product alkane, mol/m?-s)
P, =upstream volume partial pressure of olefin i, Pa
p1; =permeate volume partial pressure of olefin i, Pa
p, =constant pressure loading applied to the boundary of a
membrane at t =0, Pa
plt) =transient pressure rise of the permeate chamber, Pa
Ping =Ppressure in the permeate chamber at ¢ = (), Pa
q,,, =saturation uptake of adsorbate, mol/kg
r; =rate of hydrogenation of olefin i, molAg Pt-Pa-s)
R =ideal-gas constant, JAmol-K)
t =time of permeation, s
T =temperature of permeation, K
V,. = volume of the permeate chamber, m
w =metal loading of the membrane, kg Pt/kg
z =diffusional coordinate, m

3

Greek letters

AH,y, ; =heat of physical adsorption on membrane surface, kJ/mol
& = carbon film thickness, um
€ = carbon membrane porosity, m” void space/m® membrane
material
I' = thermodynamic tensor
7 = dimensionless diffusional coordinate
7 =time axis intercept of the integral molar flux, s
p =carbon density, kg/m?
6; = adsorbed species i on nanoporous carbon membrane
6, , = fractional loading of species i at Z = 0 boundary
T =time-axis intercept of the integral molar flux, s

Subscripts

h =upstream membrane boundary (n = 0)
[ =permeate volume boundary (n=1)
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