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Abstract

Pd membranes are often used to remove th@iddduced in dehydrogenation reactions, thereby relieving the equilibrium
limitations on the product yield. These processes, however, can still be limited by the slow kinetics of the dehydrogenation
reaction. If Q is added to the system, the reaction proceeds through both the very fast oxidative dehydrogenation route as
well as the dehydrogenation route. Thus, the addition,of& suppress a kinetic limitation, while the removal efthfough
the Pd membrane can alleviate the equilibrium limitation imposed on the system by the dehydrogenation route. In this study,
we have examined the oxidative dehydrogenation of isobutane in a Pd membrane reactone#&r@t/and Rhi-Al,03
monoliths and PY-Al,0s3 pellets. We have examing@,H1o: O, ratios of 1.0 to 2.0, resulting in operating temperatures
ranging from 400 to 70CC. While most of this heat is generated by the exothermicity of the reaction, some additional heating
was used to boost conversions. Typical contact times ranged from 0.04 to 0.25 s. By continuously removimydileited,
isobutylene yields increased. Yield improvements depended strongly on the balance of reaction timerefittoval time
and the importance of the dehydrogenation in the overall reaction scheme. ©2000 Elsevier Science B.V. All rights reserved.
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1. Introduction ply, and the development of additional, efficient meth-

ods of producing isobutylene has become necessary.
The US government passed several amendments The typical method of producing isobutylene indus-

to the Clean Air Act in November 1990 in an effort trially from isobutane involves dehydrogenation over

to curb automotive air pollution. The amendments a CrO3/Al>03 catalyst at~650°C [3].

require that gasoline be reformulated to contain at

least 2.7% oxygen by weight, while the fraction iCaHio=iCsHg+Hz AH? =+118kymol (1)

of high-octane aromatics is limited to 25% by vol- ) _ ) ) )

ume [1]. In response to these requirements, methyl A.Iarge h.eat input is requwed to dr_lve this endother-

tert-butyl ether (MTBE) has emerged as a promising, MiC reaction and maintain the reaction temperature. In

high-octane, oxygen-rich gasoline additive [2]. Since addition, carbon deposmlon can qwckly dea_lctlvate the

isobutylene is a precursor of MTBE, demand for Catalyst [4,5]. Under typical partially deactivated op-

isobutylene has increased beyond its traditional sup- €rating conditions, isobutylene yields ar0% [6].
Industrial processes overcome catalyst deactivation by

* Corresponding author. Teks1-302-831-6327: alternatm_g reaction steps and comp]ex re_generauon
fax: +1-302-831-2085. steps. With these novel process designs, isobutylene
E-mail addresshuff@che.udel.edu (M.C. Huff). yields approaching 50% have been reported [7,8].
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However, the attainable yield of isobutylene is still
limited by thermodynamic equilibrium.
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genation and cracking) become increasingly important
once Q is depleted. Note that, in Fig. 1, isobutylene

Therefore researchers have proposed conductingis generated by both, the oxidative and non-oxidative

dehydrogenation reactions imptéelective membrane
reactors, where the removal of co-produceg &-
leviates the thermodynamic limitation and increases
product yield [3,9-24]. In such processes; li
selectively removed through a membrane (often
Pd or Pd allay), resulting in an equilibrium shift of
the dehydrogenation reaction toward products. Im-
provements of 50 to 400% in isobutylene yield have
been achieved by using a membrane reactor [3,18].

dehydrogenation routes. The dehydrogenation route
(in the absence of §) is thermodynamically limited,
and this limitation is affected by the co-production of
isobutylene and blvia oxidative routes.

In Fig. 2, we show equilibrium values of isobutane
conversion and isobutylene selectivity at various
iC4H10: O2 ratios and isothermal operating tempera-
tures. Although not shown, £onversion is complete
under all conditions. For all calculations, there is

However, many of these membrane reactors operate10% N, in the feed. The data in Fig. 2 were obtained

under a kinetic limitation, since the dehydrogenation
reaction is inherently slow [25].

A route to isobutylene which may alleviate this
kinetic limitation is the oxidative dehydrogenation
of isobutane.

iCgqH10 + %02 — iC4Hg + H2O

AH? = —124kymol 2

In contrast to the previous reaction system, Eq. (1),
oxidative dehydrogenation is an exothermic reaction
with very fast kinetics. Higher yields of isobutylene
can be obtained over a Pt&Ds catalyst at shorter
contact times and with much less heat input [26,27].
Fig. 1 shows a schematic of the primary reactions in
the oxidative dehydrogenation of isobutane. In these
experiments, @is the limiting reactant and is usually
consumed very quickly after initial contact with the
catalyst. Therefore, while oxidative reactions (such
as oxidative dehydrogenation, partial oxidation to
syngas, and combustion to G@nd HO) dominate
initially, non-oxidative reactions (such as dehydro-

CO, Cco
H,0 H,
0,
i CHyo Therm.OAd ynamie
Equilibrium
0,
C;H, i C4Hyg
CH, H,0

Fig. 1. Schematic of the oxidative dehydrogenation of isobutane
reaction system.

by using theHYSYS simulation package to deter-

mine the set of products which minimizes the overall
Gibbs’ free energy at a given feed composition and
operating temperature [28]. The allowable products
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Fig. 2. Calculated (a) equilibrium isobutane conversion, and (b)

isobutylene selectivity as a function of temperature i@yH1o : Oz
ratio at 10% N dilution.
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were limited toiC4Hg, CO, CQ, Hy, and HO. In catalysts in a stainless-steel flow reactor with a Pd-foil
the low-temperature limit of Fig. 2, deep oxidation membrane for Hiremoval, as illustrated in Fig. 3. The
of iC4H19 to CO, and HO dominates, so that the reactor is separated into an upper reaction side and a
isobutylene selectivity and the isobutane conversion lower sweep side by the Pd membrane, which is sealed
are very low. The isobutane conversion is low because by compression between two copper gaskets. The re-
the & supply is quickly depleted in forming Gand actor is 1.6 cm in diameter and each chamberis 7.6 cm
H>0. As the temperature increases, dehydrogenationin depth. Reactants are premixed, enter the reaction
becomes increasingly important, and partial oxidation side near the axis, contact the catalyst and membrane,
to CO and H becomes more favorable than deep and react to form products which exit through an axial
oxidation. In the high-temperature limit, both partial tube. Hydrogen also exits the reaction side by diffus-
oxidation and dehydrogenation compete, while deep ing across the Pd membrane to the sweep side. On the
oxidation is not significant. In this limit, the relative sweep side, N enters axially, sweeps away the per-
importance of partial oxidation and dehydrogenation meating H, and then exits. The reactor is externally

depends on the amount of,@ed. When little Q is
available (highiC4H1g: O ratios), dehydrogenation
dominates, isobutane conversion is lower, and selec-
tivity to isobutylene is higher; when more,0s fed
(low iC4H10:O> ratios), partial oxidation becomes
dominant, conversion increases slightly, and isobutyl-
ene selectivity suffers. Although conversion does in-
crease at these lowe€4H10: Oz ratios and higher
temperatures, Fig. 2 clearly shows that isobutane con-
version is still equilibrium-limited. Since £s always

heated and the entire module is insulated. Temperature
is measured by two type K (Chromel/Alumel) thermo-
couples located on the Pd-foil surface on the sweep
side and at the top of the catalyst bed on the reaction
side. Both the thermocouples are placed 0.5cm from
the centerline.

2.2. Membrane

Two thicknesses (25 and 7n) of 99.9% Pd foil

completely consumed, the data also imply that the were obtained from Alfa Aesar and used as membranes

equilibrium limitation on the system is imposed by
the dehydrogenation reaction. If this limitation can be
relieved, the overall isobutylene yield will increase.
Our goal, then, is to combine the advantages of
oxidative dehydrogenation (fast kinetics) and dehydro-
genation in a membrane reactor (relief of the thermo-

in these experiments, each with an area of 2.8.cm
Pure Pd was chosen over the more permeable Pd/Ag
alloy, since it was more readily available and had a
lower fabrication cost. A B-permeability study of the
fresh 75upm membrane was conducted in an empty
reactor over a range of temperatures (1502€90and

dynamic limitation) by using a Pd membrane reactor the results are presented in Fig. 4. As expected, the

in an oxidative dehydrogenation reaction system. We permeability coefficientRy,) could be described by

show that isobutylene yield is indeed improved by the the Arrhenius expression, since permeation through

removal of H through a Pd membrane. The extent of Pd is an activated process:

isobutylene yield improvement depends primarily on E

the balance between catalyst contact time and the char-Pm = Pmo [exp (——p)}

s . : RT

acteristic time for H diffusion across the membrane.

However, the relative importance of the dehydrogena- In addition, the obtained activation enerdsy & 18.6

tion route in the overall reaction scheme is also an kJ/mol) and preexponential factoPo= 0.353 mol/

important issue. m/h/atn-5) of the permeability coefficient compare
favorably with previously determined values [29-33].

For example, Itoh, et al. [19] measured &g of
18.5kJ/mol and ®o of 0.370 mol/m/h/atfh®.

®3)

2. Experimental
2.1. Membrane reactor configuration 2.3. Reaction conditions

The oxidative dehydrogenation of isobutane is car-  The feed to the reaction sideiG4H19 (Matheson,
ried out over both the supported-Pt and supported-Rh 99.5%), Q@ (BOC 99.6%), and i (BOC, 99.99%)
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Reaction Side
Thermocouple

99.9% Pd Membrane
Monolith or

Pellet Catalyst

Supplemental

Sweep Side Heating

Thermocouple

N,

Fig. 3. Sketch of the Pd membrane reactor used in this investigation.

diluent. In all experiments, the diluent is 10% of the 0.5wt.% Pt4-Al,O3 eggshell-coated pellets. The
total flow. The feed to the sweep side i KBOC, monoliths are composed of 92%Al,03 and 8%
99.998%). The flow rates of all these species are con- SiO,. Pt and Rh are deposited separately on the two
trolled by Brooks 5850E mass flow controllers. Pre- monoliths by wet impregnation of the support with
cise control of the reactants is essential to ensure thateither a saturated aqueous solution ofPtCl or a

the reactor is always operated outside the flamma- saturated solution of [Rh(C&ZHz)2]2 in acetone,
bility region. Fig. 5 shows the experimental operat-

ing conditions and the flammability region f€4H10 6
in a mixture of N and @. We examindC4H1g: O2 i
ratios between 1.080.05 and 2.0&-0.10 at total I P 1 = 0:353 mol/m/hr/atm®*
reaction side flow rates of 0.390.02 and 0.8 0.02 5[ E, = 18.6 ky/mol
SLPM. The reactions occur at 400-7Q@) resulting I
in temperature adjusted catalyst contact times ranging
from 0.04 to 0.25s. The sweep side flow rate is main-
tained at four times the total flow rate to the reaction
side. The total pressure on the reaction side is 1.5 psig,
while the total pressure on the sweep side is 0.5 psig. sl

...... I S s S S S S S s S s s

In (Permeability)

2.4. Catalyst

Three catalysts are considered in this study: (1)
0.45wt.% Pt on an 80 ppi (pores per linear inch) ce-
ramic foam monolith, (2) 0.45wt.% Rh on an 80ppi Fig. 4. Temperature effect on permeability coefficient
ceramic foam monolith, and (3) a bed of 3.2mm, (10 molim/h/atn?5) for the fresh, 75.m, 99.9% Pd membrane.

1000/T (1/K)
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Operating
Conditions

Flammability 7)

Fig. 5. Flammability region foiC4H10-O2-N2 mixtures, with ex-
perimental operating compositions shown.

iC4H;g O,

followed by calcination in air and reduction inoH
The pellet catalyst is supplied by Alfa Aesar. The
reactor side is either loaded with one monolith weigh-
ing 1.45g, with a N BET surface area of 0.2%fy, or
4.09g of the pellet catalyst, which has a surface area
of 89 /g [34].

2.5. Product analysis

The effluent compositions from both the reaction

side and the sweep side are determined using an

on-line HP 6890 gas chromatograph equipped with
both flame ionization (FID) and thermal conductivity
(TCD) detectors. The measurement of tdncentra-
tion in both the FID and TCD, and the measurement
of the inert N concentration in the TCD serve as
internal standards. The concentrations of all compo-
nents except b are measured relative to calibration
standards. The concentration ob®l is determined
by an oxygen atom balance. The remaining atom bal-
ances (carbon and hydrogen) close to within 10%. For
all the results presented below, selectiviti&) for

39
2.6. Typical operation

Before each experimental trial, the reactor is heated
to 250°C with inert flow. This heat input is maintained
after the introduction of the reactants and for the du-
ration of the experimental trial. The net reaction is
exothermic, so reaction initiation produces an abrupt
temperature rise in the reactor. Afterl h, the reac-
tor reaches a steady state operating temperature. The
reactor temperature ranges from 400 to “00de-
pending on theéC4H19: Oy ratio, total flow rate, and
the catalyst. All data is collected at steady state, 1 h
after reaction initiation. After each trial at a specific
iC4H10: O2 ratio, the reaction is extinguished by re-
placing reactants with Nat the same flow rate. The
flow of Oz is removed first to prevent flammability.
After the reactor cools, the process is repeated for a
differentiC4H1g: O> ratio.

In order to conduct experiments withoutoH
removal, the lower copper gasket used to seal the
membrane in the reactor module is replaced with a
solid copper disk. The disk prevents any lftom
being removed to the sweep side. The Pd foil is
still present in these experiments, to account for any
catalysis occurring on the Pd surface.

3. Results
3.1. Catalyst behavior in the absence of lemoval

In Fig. 6, typical conversions, selectivities, and
reaction-side temperatures at vario@gHip: O> ra-
tios are reported for reaction over the Pt-monolith,
Rh-monolith, and Pt-pellet catalysts. These data were
acquired without H separation at a total flow rate of
0.85 SLPM. Oxygen conversion is >98% for all exper-

carbon-containing species are calculated on a carbonimental trials. Fig. 6a shows that both the autothermal

atom basis:
Si = e x 100 @)
jCiYi

wherec; is the number of carbon atoms in spedigs
andy; represents the moles of specie§he summa-
tion is carried out over all the species. Selectivities for
H> and HO are calculated similarly on a hydrogen
atom basis.

reaction temperature and the isobutane conversion
decrease as tH€4H10: Oy ratio increases away from
the upper flammability limitiC4H10: O2 ~0.9). This
behavior is typical of an exothermic oxidative dehy-
drogenation system operating with a constant heat
input, and is observed for all three catalyst systems
[35,36]. Fig. 6a also shows that the Pt pellets exhibit
a reaction temperature higher than that of the other
catalysts. This is due to increased £&rmation
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Fig. 6. (a) Isobutane conversion and reaction temperature, (b) C
atom selectivities, and (c) H atom selectivities for Pt monolith,
Rh monolith, and Pt pellets catalysts as a functionGHo: Oz

ratio at 0.85 SLPM for trials without FHremoval.

over the Pt-pellet catalyst, which causes the overall
reaction to become more exothermic.

Fig. 6b,c show the selectivity for all carbon and
hydrogen containing species. The Pt-monolith data
confirm many of the trends observed previously for
the oxidative dehydrogenation system [27]. At higher
iC4H10: O2 ratios, which correspond more closely to
the stoichiometric ratio for oxidative dehydrogena-
tion (iC4H10:02=2.0), selectivity to isobutylene
increases. At loweriC4H1p: Oz ratios, which ap-
proach the stoichiometric composition for syngas
production {C4H10: 02=0.5), selectivities to CO
and H increase. In all cases, substantial cracking of
iC4H10 to C3Hg and CH, occurs.

T.M. Raybold, M.C. Huff/Catalysis Today 56 (2000) 35-44

Over the Rh monolith, there is a much higher
selectivity to CO and H than over the Pt monolith
for a giveniC4H1g: O2 ratio. In addition, instead of
decreasing with increasin@4H10: O> ratio, selectiv-
ity to syngas remains fairly constant. These results are
expected, since Rh is known to be an excellent cata-
lyst for the production of syngas [26,36,37]. Cracking
products (GHg, CoHa, CHy) are still formed, but to
a lesser extent than over Pt.

In the case of Pt pellets, selectivity to g@nd
H, dominates. This difference can be attributed to
the large surface area and more acidic nature of
the y-Al203 present in the pellets, but absent in the
a-Al2,03 monolith support. High surface area cata-
lysts tend to be detrimental in catalytic systems where
the desired product is a reactive intermediate [38]. In
such systems, high surface area catalysts, particularly
noble metals, favor complete combustion products.

3.2. Isobutylene yield improvement by moval

Fig. 7 shows the effect of Fremoval on isobutylene
yield and reaction temperature at thi€gH1g: O> ra-
tios and two total flow rates over the Pt pellet cata-
lyst and the 7/m Pd membrane. At allC4H10: O2
ratios and total flow rates, Hremoval improves the
isobutylene yield. This improvement is slightly greater
at lower flow rates. Note that, with the reactor oper-
ated at a constant heat input, the removal of i
observed to lower the measured reaction temperature.
Based on the thermodynamics in Fig. 2, a lower tem-
perature should result in a lowé&€sHg yield. Thus,
the observed improvement itC4Hg yield with Hp
removal is even more significant.

In Fig. 7, largeriC4Hg yields occur at higher flows
and loweriC4H1g: O2 ratios. These yields, however,
are somewhat lower than those reported in previous
studies [27]. Unfortunately, the design of this reac-
tor leads to significant backmixing which reduces the
achievable selectivity to reactive intermediate prod-
ucts {C4Hsg) in favor of final products (cracking prod-
ucts, CO, CQ). This is especially evident at the
lower flow rates. However, this reactor design is con-
venient for the use of Pd foil as the membrane material.
Foils are relatively simple to obtain, handle, and seal,
making this a reasonable reactor design for screening
experiments.
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3.3. Effect of flow rate on Hremoval

In Table 1, the partial pressure of,Hin the

pressure of K in the reaction side effluent is also
shown. These experiments were conducted at a
iC4H10: O2 ratio of 1.0 with a 752m Pd membrane.
As Table 1 shows, the partial pressure of h the
sweep side was kept low at all times to maximize the
transmembrane driving force.

If the total reaction-side flow rate is decreased
from 0.85 to 0.30 SLPM for anon-oxidative
dehydrogenation, one would expect that both, the
reaction-side Kl partial pressure and the permeation
rate of b would be unchanged. Since, in these ex-
periments, the ratio of reaction and sweep-flow rates
is kept constant, the partial pressure of bn the
sweep side would increase by a factor-e2.8 (or
0.85/0.30). The data recorded in Table 1 indicate that
this is not at all what is observed in the oxidative
dehydrogenation system. When the flow rate is de-
creased over the Pt pellets, the partial pressureof H
in the sweep effluent only increases by a factor of
1.2, while the H partial pressure actually decreases
over the Pt monolith. This behavior occurs because
(unlike non-oxidative dehydrogenation), the partial
pressure of K driving permeation on the reaction
side substantially decreases at the lower flow rate, as
shown in Table 1. In this reaction system, the pres-
ence of Q causes an increase in the oxidation of
H, to HyO at the lower flow rate. Therefore, as flow
rate decreases (or catalyst contact time increases), the
partial pressure of Hon the reaction side decreases,
which counteracts the expected increase in the H
partial pressure in the sweep effluent. As a result of
this behavior, the increase of catalyst contact time
alone cannot substantially increase the impact of H
removal on the reaction system, as in non-oxidative
dehydrogenation systems. Instead, it must be balanced

sweep-side effluent is shown as a function of flow to allow the Pd membrane enough time to remove a
rate for the three catalysts investigated. The partial substantial fraction of the available:H/et not so long

Table 1

Effect of flow rate on partial pressure obkh the sweep- and reaction-side effluents in trials with gims-Pd membrane at a@sH1o: O2
ratio of 1.0 over the Pt-monolith, Rh-monolith and Pt-pellet catalysts

Catalyst Flow (SLPM) Catalyst contact time (s) 2 I sweep exit (Torr) H in reaction exit (Torr)
Pt pellets 0.85 0.06 0.56 188.4
0.30 0.25 0.69 63.7
Pt monolith 0.85 0.04 0.37 41.9
0.30 0.16 0.18 5.03
Rh monolith 0.85 0.04 0.61 77.9
0.30 0.16 1.25 72.9
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Table 2
Effect of flow rate and Pd membrane thickness on the partial
pressure of K (Torr) in the sweep effluent at a€4H10: O, ratio

4. Discussion

of 1.0 over the Pt-pellet catalyst 4.1. Necessary conditions for yield improvement by
Pd membrane thickness Total flow rate Ha removal

0.30 SLPM 0.85 SLPM Fig. 7 shows that removal of +through a Pd mem-
75pum 0.69 0.56 brane results in an isobutylene yield improvement for
25pm 1.99 0.73 an oxidative dehydrogenation system. The extent of

that improvement varies with flow rate, catalyst, and
membrane thickness. In previous investigations of
H>-selective membrane reactors, it has been noted that
the extent of yield improvement depends primarily on
the balance of catalyst contact time and the time for
H> removal across the membrane [13,14,18,23,41].
If the system is extremely diffusion limited (i.e. if
the catalyst contact time is much shorter than the
required time for K removal across the membrane),
H> removal has a limited impact on the product yield.
This criterion can be summarized by the following
characteristic time ratio:

a time that the available Hs completely oxidized to
H20.

Although the partial pressure ofoHn the reaction
effluent decreases dramatically over the Pt catalysts
at lower flow rates, Table 1 indicates that it only de-
creases slightly over the Rh monolith. This behavior
can be attributed to the slow kinetics ob® forma-
tion on Rh [37]. Consequently, the counteracting de-
crease in H driving force occurs to a lesser extent,
and the partial pressure of;Hn the sweep effluent
increases by a factor of 2.1, which is much closer to

the ‘expected’ behavior. Catalyst contact time txn _ vH,
H, removal time ~ tem v
3.4. Effect of membrane thickness op ldmoval [Pm][Pi(z][Am]
_ 2

5)
Table 2 presents the effect that membrane thickness [rm][v]
at two flow rates has on the partial pressure efikl where vy, is the volumetric flow of H across the
the sweep effluent. By decreasing the thickness of the membraney the total volumetric flow rate through the
Pd membrane from 75 to 28n at a constant flow  reaction sidePy, the permeability coefficient of the
rate, one would ideally expect to observe a factor of membranepy, the partial pressure of Hon the re-
3.0 increase in the sweep effluent plartial pressure.  action side Ay, the area of the membrane, apgthe
For low flow rates, Table 2 indicates that the partial thickness of the membrane. This expression assumes
pressure of K removed increases by a factor of 2.9, that the partial pressure of Hn the sweep side is
but at the higher flow rate, it only increases by a factor negligible, which the data in Tables 1 and 2 support.
of 1.3. The diminished effect of membrane thickness The characteristic time ratio is experimentally deter-
at the higher flow rate is probably due to the combi- mined using the ratio of volumetric flow rates, since
nation of increased carbon deposition rates and higherboth, v and vy, are measured quantities. This ratio
temperatures. Such conditions can cause the rate lim-is affected by several factors, as indicated in Eqg. (5).
iting step of the transport process to shift from bulk As the value of the characteristic time ratio increases,
diffusion to adsorption or absorption, thereby reducing the system becomes less diffusion limited, andrét
the dependence on membrane thickness. This has beemoval results in greater improvements in isobutylene
observed in other studies where poisonous species areyield.
present on the palladium surface [39,40]. There was In the absence of £ the value of the character-
no visual evidence to support other possibilities, such istic time ratio can be increased simply by lowering
as the formation of palladium oxides or inadvertent in- the reaction side volumetric flow rat®)( However,
corporation of copper from the gasket into the Pd foil, for oxidative dehydrogenation over Pt catalysts, the
both of which would result in a distinct color change partial pressure of § on the reaction side pf,)
in the metal. is strongly related to the reaction-side flow rate. A
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Fig. 8. Improvement in isobutylene yield as a function of the
characteristic time ratio over (a) Pt-monolith, (b) Pt-pellet, and (c)
Rh-monolith catalysts. Data represent experimental trials using the
75-u.m Pd membrane at 0.85 and 0.30 SLP@, (A, respectively)

and trials using the 2am Pd membrane at 0.85 and 0.30 SLPM
(O, A, respectively).

decrease in the flow rate affects the characteristic
time ratio by decreasing both in the denominator
and pn, in the numerator of Eq. (5). Therefore, in
oxidative dehydrogenation systems, the characteris-
tic time ratio cannot be substantially increased (and
may even decrease) with a decrease in total flow
rate.

4.2. Yield improvement over various catalysts

In Fig. 8, isobutylene yield improvement (defined
as the ratio of isobutylene yield withJ-separation to
the isobutylene yield without fHseparation) is plotted
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against the ratio of catalyst contact time tp tdmoval
time for the three different catalyst systems.

4.2.1. Pt monolith

Fig. 8a presents the isobutylene yield improvement
for the Pt monolith at variousC4H1g: O2 ratios and
total flow rates, using a 7am Pd membrane. In this
case, the catalyst contact time~4.000 times shorter
than the characteristic time for,Hemoval, so H
removal does not significantly improve isobutylene
yield. A comparison of the high and low flow rate data
in Fig. 8a indicates that decreasing the total flow rate
actually can lower the ratio of catalyst contact time
to Hy removal time due to a decrease i Hartial
pressure caused by oxidation te®L Manipulation of
theiC4H10: Oy ratio also influences the partial pres-
sures of H on the reaction side and affects the char-
acteristic time ratio value, with the highest time-ratio
values generally occurring at the lowe€yHig: Oz
ratios.

4.2.2. Pt pellets

In Fig. 8b, an analogous plot is made for
the Pt-pellet catalyst at different total flow rates,
iC4H10: O, ratios, and membrane thicknesses. This
system is less membrane diffusion-limited than the
Pt monolith, although catalyst contact time is still
substantially less than the time for, Hemoval. The
higher characteristic time ratios are primarily due
to the increased production ofoHn the Pt pellets.
For the thinner membrane and the lower total flow
data, the ratio approaches ) and definite yield
improvements can be observed. At lower ratio values,
however, isobutylene yield is not improved by H
separation (i.e. a ratio 0f1.0).

4.2.3. Rh monolith

The Rh monolith data are shown in Fig. 8c. Higher
selectivity to H leads to characteristic time ratios ap-
proaching 102, similar to the Pt-pellet data. However,
even at the highest ratio values, there is no indication
of isobutylene yield improvement. This suggests that
the dehydrogenation route in the Rh system is of lit-
tle importance. The dominant route fop ldroduction
over Rh is partial oxidation to syngas. The isobuty-
lene yield over Rh is not impeded by any equilibrium
constraints imposed by dehydrogenation, and so the
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removal of H has only a limited effect on the reaction

system. Fig. 8c also shows that, over this catalyst, de-
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