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Abstract

Simulation and experimental studies on the polymer membrane reactor were examined for the vapor-phase MTBE (methyl
tert-butyl ether) decomposition. A double pipe (shell and tube type) membrane reactor comprising 12-tungstophosphoricacid
catalyst and polymer membrane was designed. The polymer membrane was coated on the porous alumina tube. Polyphenylene
oxide (PPO), polysulfone (PSF) or cellulose acetate (CA) was used as a constituent membrane material. It was observed that
permeabilities of methanol through each polymer membrane were higher than those of isobutene and MTBE regardless
of the kind of polymer membrane used. The selective permeation of methanol through each polymer membrane shifted
the chemical equilibrium toward the favorable direction in the MTBE decomposition reaction. MTBE conversions in the
membrane reactors were much enhanced compared to the equilibrium conversions. The MTBE conversions were increased
with the increase of reaction temperature and with the decrease of reaction pressure. Simulated results were in good agreement
with the experimental results. The PPO membrane reactor showed the best performance in the experimental condition. ©2000
Elsevier Science B.V. All rights reserved.
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1. Introduction An inert membrane reactor is composed of a cat-
alyst on the feed side and a membrane. The major
A membrane reactor is a unit which consists of a investigations on the inert membrane reactor have
membrane and a reactor. The membrane reactor haeen concentrated on the inorganic membrane re-
been spotlighted because of its simultaneous function actors because of their excellent thermal stability
of chemical reaction and separation. The total reaction at high reaction temperatures [4-7]. Although the
conversion in the membrane reactor can be improved applications of inorganic membrane reactors have
remarkably for the equilibrium limited reversible re- been restricted on the reactions concerned with small
actions by removing reaction products continuously molecules or decomposition reactions such as de-
from the reactor through a membrane. Therefore, the hydrogenation reactions [8-10], polymer membrane
membrane reactor has many advantages over the confeactors are more applicable than inorganic mem-
ventional chemical reactors [1-3]. brane reactors because polymer membranes have
versatile diffusivity and solubility [11]. However,
only a few works on the polymer membrane re-
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Fig. 1. Detailed structure of the double pipe (shell and tube type) polymer membrane reactor.

mer material and gas molecule. And the interaction 2. Experimental and simulation
is in turn affected by polymer properties such as
structure, polarity, hydrogen bond, binding energy, 2.1. Materials
density, chain property, chain mobility and pore char-
acteristics. Therefore, it is difficult to quantify an 12-Tungstophosphoricacid =~ §RW12040  from
individual effect of po|ymer properties on the gas Aldrich Chem) was used as an active Catalyst for
permeability. the vapor-phase MTBE decompositiongPiV;2040

In this work, experimental studies on the reactor (denoted as PW) was supported on silica (av-
performance of the inert polymer membrane reactor €rage particle size: 500-10Qfn, pore volume:
were carried out and compared with simulation results 1.15 cn¥/g) by an incipient wetness method [25]. Fi-
which was developed on the basis of solution-diffusion nal composition of the supported catalyst was 6 wt.%
model. A double p|pe (she” and tube type) mem- PW/silica. PSF (Udel 1700 from Union Carbide), PPO
brane reactor comprising heteropolyacid and poly- (Poly-2,6-dimethyl-1,4-phenylene oxide from Aldrich
mer membrane was designed for the vapor-phaseChem.) or CA (from Eastman Kodak) was used as a
MTBE decomposition. 12-Tungstophosphoricacid membrane material. Chloroform was used as a solvent

(H3PW12040) supported on silica was used as an for PSF and PPO while acetone was used as a sol-

active catalyst for the reaction. Polyphenylene oxide vent for CA. A porous double-layered alumina tube

(PPO), polysulfone (PSF) or cellulose acetate (CA) («¢-Al203 from Dongsuh Ind., I.D.: 0.74cm, O.D.:

was used as a constituent membrane material for thel.0cm, inside average pore size: 008, outside

membrane reactor. average pore size: 13n) was used as an inorganic
A heteropolyacid (HPA) has acidic and redox support for polymer membrane.

catalytic properties at the same time. It also shows

characteristic adsorption behaviors depending on the 2 2. Design of polymer membrane reactor

properties of adsorbates [15-18]. It is well known that

HPA is an active catalyst for the MTBE synthesis and  Fig. 1 shows the details of the designed poly-

decomposition [19]. Although MTBE synthesis is an mer membrane reactor. Three polymer membrane

important chemical process, MTBE decomposition is reactors were examined with the variation of poly-

also an attractive chemical process due to the poten-mer material. The porous alumina tube was used

tial demand for pure isobutene. It is know that MTBE as an inner tube of the membrane reactor. A ho-

synthesis and decomposition are a reversible and mogeneous solution of PPO (17 wt.%)—chloroform

acid-catalyzed reaction [20—24].0ne mole of MTBE (83 wt.%) was coated on the tube (feed) side of the

decomposes into equimolar amounts of methanol and alumina tube, and subsequently it was dried at'@0

isobutene. PSF (17 wt.%)—chloroform (83 wt.%) solution or CA
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(20 wt.%)—acetone (80 wt.%) solution was also coated The permeabilities were expressed as the gas perme-
on the tube side of the alumina tube to form a cor- ation unit (GPU: 10° cm®/cm?scmHg) instead of
responding membrane reactor. The coated amount ofthe permeability coefficient (chem/cn? s cm Hg) be-
polymer membrane was in the range from 0.45 to cause, the coating thickness of the polymer membrane
0.5wt.% polymer/alumina. The effective length of the on porous alumina was not perfectly uniform through-
reactor zone was in the range from 4.0 to 4.5cm. All out the tube.
the end parts of the alumina tube were sealed with
epoxy resin. A stainless steel tube (O.D.: 2.54cm) 2.4. Simulation of polymer membrane reactor
was used as an outer shell of the membrane reactor.
PW catalyst supported on silica was packed in the A set of differential equations was derived through
tube side for the reaction. No leakage was confirmed material balance for each component.
before the reaction. ) ,

Tube side :  outlet flow rate inlet flow rate

2.3. Reaction and permeability —+permeation ratg- reaction rate= 0,

MTBE was Sufﬁcienﬂy Vaporized and fed to the Shell side : outlet flow rate- inlet flow rate
membrane reactor continuously together withdgr- +permeation rate= 0.
rier (Yn2 =0.9). Contact time\WW/Fytee) was varied )
by controlling the amounts of MTBE feed within the ~ Fortran programming and the fourth order Runge—
range from 0.001 to 0.025 MTBE-mol/h. The reactor Kutta—Verner routine were used to solve differential
performance was examined at the reaction tempera-mass balance equations with the boundary conditions.
ture of 80, 90 and 10@. The performance of the in-  Non-linear regression of permeabilities was estab-
dividual membrane reactor was also examined at the liShed with the variation of temperature and pressure
pressure ranging from 1.0 to 2.3 atm. The permeated for the computer simulation. Performances of the
stream was continuously removed by $weeping gas polymer membrane reactors were simulated ywth the
(4.0 cn®/min). The permeated and reacted (rejected) Variation of temperature, pressure, contact time and
stream were periodically sampled and analyzed with réactor length. Experimental reactor performances of
a GC (Yanaco G180). the polymer membrane reactors were compared with

MTBE conversion and isobutene selectivity in the the simulation results.

feed (tube) side were calculated as follows:
3. Results and discussion

MTBE conversion(%o)

3.1. Permeabilities and perm-selectivities of reaction
=[1- (MTBE MTBE MTBE 100,
[ ( tout + sout)/ el x components
Isobutene selectivity in the feédbe) side) (%) Fig. 2 shows the permeabilities of reaction com-
— Tout/[Tout + Moy x 100 ponents through each polymer membrane &tC90

The total permeation amounts of reaction components
where MTBE, is the amounts of MTBE in the feed through polymer membranes were in the following or-
flow, MTBE;o, the amounts of MTBE in the effluent der. PPO>CA>PSF. Except for the permeability of
flow of the tube side, MTBE:the amounts of MTBE MTBE through CA membrane, the permeability of in-
in the effluent flow of the permeation (shell) sidigy; dividual component through each polymer membrane
the amounts of isobutene in the effluent flow of the was decreased with the increase of partial pressure of
tube sideMyt the amounts of methanol in the effluent the corresponding component. It is noteworthy that the
flow of the tube side. permeability of methanol was much higher than that

Permeabilities of the reaction components through of isobutene or MTBE regardless of the kind of poly-
each polymer membrane coated on alumina tube weremer membrane used. This indicates that the perme-
also measured at the temperature of 80, 90 and@00 ated stream is methanol-rich and the reacted (rejected)
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Fig. 2. Permeabilities of reaction components through each polymer membraneCatv@ the variation of partial pressure.

stream is isobutene-rich flow. It also implies that the creased at all temperatures with the increase of the
selective removal of methanol through each polymer partial pressure of MTBE. A direct comparison of the
membrane may shift the chemical equilibrium toward results in Fig. 3 also shows that the perm-selectivities

the favorable direction in the MTBE decomposition.

Perm-selectivity of Methanol/Isobutene

of methanol/isobutene through PSF and CA mem-

Fig. 3 shows the perm-selectivities of methanol/ brane at a given partial pressure of MTBE were
isobutene through each polymer membrane coatedincreased with the increase of temperature while that
on alumina tube. The perm-selectivities of methanol/ through PPO membrane at a given MTBE partial
isobutene through each polymer membrane were in- pressure showed the similar value with temperature. It
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-(I;aFl’)ljJe (;as permeation unit) parameters for the non-linear regression of permeabilities
GPU=a+ b/P [atm] Temperature°C)
80 90 100
a b a b a b

GPU (1078 cmi/cn? s cm Hg)

PPO MeOH 1& 0.32 204 017 204 0.13
Isobutene 90 Q006 Q071 Q008 Q056 Qo010
MTBE 0.483 Q003 0496 Q003 Q0465 Qaoo1

PSF MeOH &6 0097 874 0066 861 0097
Isobutene ®m02 Q001 0002 Q001 —0.003 Qo001
MTBE 0.019 Q0005 0020 Q001 Q017 Q0002

CA MeOH 139 0.056 134 0.127 145 0.116
Isobutene —0.032 Q007 —0.02 0005 Q006 Q005
MTBE 0.133 —0.004 Q108 —0.001 Q137 —0.0004

was observed that PSF membrane showed the highest Fig. 4 shows the typical simulation and experimen-

perm-selectivity of methanol/isobutene at80while tal results for MTBE conversions at 2.3 atm and 0
CA membrane showed the highest value at°T0 with the variation ofW/Fytge. It is noteworthy that
the simulation results were well matched with the ex-
3.2. Comparison between simulation and perimental results. The MTBE conversions in all poly-
experimental results mer membrane reactors were higher than the equilib-

rium conversions. This is because, the selective per-
Runge—Kutta—Verner method was used for the sim- meation of methanol through each polymer membrane

ulation of the membrane reactor. The GPU parame- shifted the chemical equilibrium toward the favor-
ters which were used for the non-linear regression of a@Plé direction. Fig. 5 shows the MTBE conversions

permeabilities were listed in Table 1 and isobutene selectivities in the feed (tube) side of
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Fig. 4. Experimental and simulation results for the MTBE conversions at 2.3 atm &@iwéth the variation ofMW/Fytse.
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the polymer membrane reactors at 2.3 atm antC80
with the variation of W/Fytge. These results also
clearly show that the simulation results were in good
agreement with the experimental results within the
error of £5%. The performance of the membrane
reactor at 2.3 atm and 8C was in the following order:
PPO > CA>PSF. This trend is in good agreement with
the trend of isobutene selectivity in the feed (tube)
side and with the trend of methanol selectivity in
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The effects of temperature and pressure on the
MTBE conversions in the polymer membrane reac-
tors were demonstrated in Figs. 6 and 7. The MTBE
conversions were increased with the increase of re-
action temperature and with the decrease of reaction
pressure as expected from the thermodynamic equi-

95

librium. The MTBE conversions were also increased
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Fig. 6. Effects of temperature on the MTBE conversions in the polymer membrane reactors at 2.3 atm with the vari&tfenrest .
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with the increase of contact timéMFyrge). The a newly equipped polymer membrane is required for
simulation results were in good agreement with the the simulation of the new polymer membrane reactor.
experimental results with the variation of tempera-

ture and pressure. It is clear that the simulation pro- _ )

gram developed in this work can be used to describe 3.3. Simulation of reactor performance along the

the performance of the double pipe (shell and tube reactor length

type) polymer membrane reactor for the vapor-phase

MTBE decomposition. Only a non-linear regression  Fig. 8 shows the simulated profiles of MTBE con-
for the permeability of reaction component through versions and isobutene selectivities in the feed (tube)
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Fig. 8. Simulated profiles of the MTBE conversions and isobutene selectivities in the feed (tube) side along the reactor length at 1.6 atm
and 100C (W/Fyge = 404.7 g-PW-h/molYy2 = 0.5).
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side of the membrane reactors along the reactor in the experimental condition. Simulated results were
length at 1.6 atm and 10Q. MTBE conversions and  in good agreement with the experimental results within
isobutene selectivities in CA and PSF membrane reac- the error of+5%.

tor were increased along the reactor length. However,

PPO membrane reactor showed the maximum MTBE

conversion and isobutene selectivity. The MTBE Acknowledgements
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