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acid catalyst in a cellulose acetate membrane reactor
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In this study the methyl tert-butyl ether (MTBE) decomposition over H;PW1,040 was car-
ried out in a cellulose acetate membrane reactor. The permeability of methanol through the cel-
lulose acetate membrane was about 30 and 300 times higher than that of either isobutene or
MTBE, respectively. The isobutene selectivity in the fixed bed reactor was only slightly higher
than the methanol selectivity due to the side reaction. In the cellulose acetate membrane reac-
tor, however, the isobutene selectivity in the rejected stream was 68% and the methanol selectiv-
ity in the permeated stream was up to 97%. The MTBE conversion in the membrane reactor
was about 7% higher than that in the membrane-free fixed bed reactor under the same reaction
conditions. The enhanced performance of the membrane reactor in this reversible reaction
was mainly due to the selective permeation of methanol which resulted in a methanol-deficient
condition suppressing MTRE synthesis reaction.
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1. Introduction

A membrane reactor is a unit which consists of a membrane and a reactor.
Recently, the membrane reactor has been spotlighted due to its simultaneous func-
tion of chemical reaction and separation. By removing products selectively and
continuously through a membrane from the reactor, the total reaction conversion
may be improved markedly for equilibrium limited reversible reactions [1-3]. An
inert membrane reactor consists of a catalyst on the feed side and a membrane [4].
Here the membrane is inert and serves as a barrier to the reactants and some of the
products. Because of the thermal instability of the polymer membranes, the major-
ity of investigations has been concentrated on the application of inorganic mem-
brane reactors. Although inorganic membrane reactors have been mainly applied
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to decomposition reactions such as dehydrogenation [5-7], polymer membranes
have more versatile applicabilities than inorganic membranes because polymer
membranes show better diffusivity and solubility. However, not much progress has
been made in the application of polymer membrane reactors due to thermal
instability at high temperatures.

A heteropoly acid has acidic and redox catalytic properties [8]. It also shows a
characteristic adsorption behavior [9] depending on the properties of adsorbates.
Most non-polar chemicals are adsorbed only on its surface (surface area is less than
10 m?/g) whereas polar compounds mostly penetrate into its bulk. Therefore,
some reactions occur only on the surface while others mainly occur in the bulk of
heteropoly acids. It is known [10] that methyl tert-butyl ether (MTBE) decomposi-
tion mainly occurs in the bulk phase of heteropoly acids because MTBE adsorp-
tion mainly occurs in the bulk.

MTBE synthesis and decomposition have been used to yield high purity isobu-
tene from C, raffinates. When methanol reacts with C, fractions, only isobutene is
reacted to yield MTBE [11] and subsequently the MTBE is cracked to obtain equi-
molar isobutene and methanol [12]. Although MTBE synthesis is an important
process due to the increasing demand for MTBE, MTBE decomposition is also
an attractive reaction due to the potential demand for pure isobutene. It is well
known that the MTBE synthesis and the decomposition are a reversible and acid-
catalyzed reaction.

In this study the MTBE decomposition was carried out in a polymer membrane
reactor composed of a heteropoly acid catalyst and a polymer membrane. Among
the heteropoly acids, 12- tungstophosphoric acid catalyst was used due to its strong
acidic function. Cellulose acetate membrane was used as a constituent membrane
of the membrane reactor.

2. Experimental

2.1. CATALYST PREPARATION

The 12-tungstophosphoric acid (H;PW;,040) was prepared according to the
method proposed by Tsigdinous [13]. It was prepared by using NayWO4-2H;O0,
Na,HPO,4-12H,0, water and HCI as the starting materials. An IR observation
showed that the prepared catalyst kept the ‘“Keggin structure”, the characteristic
structure of heteropoly acids. HsPW;,04 was calcined at 300°C to remove the
remaining water, before it was used in the membrane reactor. The catalyst was ther-
mally stable during the reaction.

2.2, MEMBRANE PREPARATION

Cellulose acetate (denoted as CA hereafter) was purchased from Eastman
Kodak Co. To prepare the CA membrane, various solvents were tested to find a



J.K. Leeetal. / MTBE decomposition ina CA membrane reactor 243

solvent dissolving a CA. It was found that CA was highly soluble in acetone. The
CA membrane was prepared by casting the CA (15 wt%)—acetone (85 wt%) solu-
tion on a glass plate and by drying it in air for 5-6 h and subsequently under
vacuum for 2 h. It was soaked in water to separate the CA membrane from the glass
plate. Finally, the CA membrane was dried in air for 10 h and under vacuum for 2
h. The thickness of the CA membrane was 16 pm. The glass transition temperature
of CA was 125°C, and it was thermally stable during the reaction.

2.3. REACTION UNIT

Fig. 1 illustrates the detailed structure of the membrane reactor. The membrane
reactor was composed of three brass bodies, catalyst support (teflon), CA mem-
brane, and porous membrane support. A thermocouple was inserted to the catalyst
bed to control the reaction temperature. In order to prevent leakage, the constitu-
ent bodies were sealed with O-rings and tightened up with bolts-nuts. The rejected
flow was controlled by a needle valve. 1.22 cm?®/min of helium was introduced into
the membrane reactor as a carrier gas. The permeated and the rejected helium
flow rate were 0.52 and 0.7 cm?®/min, respectively. At this steady flow of helium,
MTBE was sufficiently preheated for vaporization and fed into the reactor at the
rate of W/F = 178.3 g-cat h/ MTBE mole. The total reaction pressure was 1.3 atm
(gauge pressure). The reacted stream from the catalyst bed passed through the buf-
fer zone and continuously split into two streams, a rejected stream and a perme-
ated stream. Another catalyst bed was also installed in the rejection side of the
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Fig. 1. The detailed structure of the inert membrane reactor.
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membrane reactor for further reaction of the rejected stream like a shell plus tube
type membrane reactor. The permeated stream was swept continuously by 3 cm3/
min of helium at 1 atm (absolute pressure). Helium did not permeate from the
sweeping gas phase into the reactor and this did not affect the gas composition of
the membrane reactor. The cross-sectional permeation area was 17.65 cm?. The
conventional fixed bed reactor and the membrane reactor were compared under
the same reaction conditions to investigate the performance of the two reactors.
After eliminating the membrane and blocking the permeated stream of the mem-
brane reactor, it was used as a fixed bed reactor.

In order to confirm the reversibility of the reaction and to know the extent of
reduction of product inhibition, a closed loop recycling reaction was carried out.
The recycling reaction was accomplished by manipulating the valves of the contin-
uous flow reactor. The steady state W /F was 36.38 g-cat h/MTBE mole before
the recycling. The closed loop recycling membrane reactor means that there is no
feed stream and only a rejected flow is recycled. For the comparison with the mem-
brane reactor, the outward flow of the fixed bed reactor was also recycled. The reac-
tion temperature and pressure were 100°C and 0.4 atm (gauge pressure),
respectively. The compositions of the recycled flow were measured with time on
stream.

The products were analyzed with GC using a column packed with Porapak Q.
The MTBE conversion and product selectivity (methanol or isobutene/methanol
-+ isobutene) were calculated on the basis of mole balance.

3. Results and discussion

In order to confirm the applicability of the CA membrane to the catalytic decom-
position of MTBE, the permeabilities of MTBE, methanol and isobutene were
measured with respect to reaction temperature as shown in table 1. It is essential
that more products should permeate than the reactants in order for the membrane

Table 1
Permeability of reaction component through a cellulose acetate membrane
Temperature (°C)
80 90 100 110
permeability® methanol 79.26 75.54 65.92 71.67
isobutene 2.96 2.74 2.32 2.18
MTBE 0.212 0.207 0.147 0.224
selectivity methanol/isobutene 26.7 27.5 28.4 32.8
(permeability ratio)  isobutene/MTBE 13.96 13.24 15.48 9.73
methanol/MTBE 369.1 364.8 447.6 320.1

2 (cm? cm/cm? s cmHg) x 10°.
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reactor to show better performance than the fixed bed reactor. In this reaction sys-
tem, higher permeability of methanol or isobutene than of MTBE is favorable. As
shown in table 1, the permeability of methanol is greater than that of either isobu-
tene or MTBE. The reactant MTBE is the least permeable component. The perme-
ability of methanol through the CA membrane is about 30 and 300 times higher
than that of either isobutene or MTBE, respectively. This fact means that the selec-
tive permeation of methanol through the membrane may shift the chemical equili-
brium or may cause the reduction of product inhibition towards further MTBE
decomposition by making a methanol-deficient condition in this reversible reac-
tion. It also means that the permeated stream is a methanol-rich flow and the
rejected stream is an isobutene-rich flow.

It is generally believed that the permeability through a polymer membrane is
controlled by both diffusivity and solubility. Solubility decreases but diffusivity
increases with the increase of temperature. Permeability, defined as the product of
diffusivity and solubility, increases with the increase of temperature because the
increasing rate of diffusivity is generally greater than the decreasing rate of solubi-
lity [14]. However, it was found that the permeabilities of reaction components
through the CA membrane decrease with an increase in temperature. It can be
inferred from the result that the decreasing rate of the solubility of reaction compo-
nents through the CA membrane is greater than the increasing rate of the diffusiv-
ity of reaction components through the membrane.

Fig. 2 shows the steady state MTBE conversions with respect to reaction tem-
perature in two reactors, the fixed bed reactor and the CA membrane reactor. As
expected from the permeability data, the MTBE conversion over H;PW;,04 in the
CA membrane reactor was about 7% higher than that in the membrane-free fixed
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Fig. 2. MTBE conversion with respect to reaction temperature, W/F = 178.3 g-cat h/MTBE mole,
P = 1.3atm. (O) Membrane reactor, (Q) fixed bed reactor.
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bed reactor. In other words, we can reduce the reaction temperature by 10°C in
the membrane reactor to achieve the same MTBE conversion as in the fixed bed
reactor. In both cases, the reaction pressure was kept at 1.3 atm (gauge pressure)
and W /F was 178.3 g-cat h/MTBE mole. The total helium flow rate was 1.22 cm?/
min and the permeated helium flow rate in the membrane reactor was 0.52 cm3/
min. Because the sweeping helium (1 atm in absolute pressure) did not permeate
from the sweeping gas phase into the membrane reactor, the enhanced perfor-
mance of the membrane reactor was not due to dilution effect. In general, the
enhanced performance of a membrane reactor is due to a shift in equilibrium or a
reduction of product inhibition. Because the reaction conditions in this experiment
were not equilibrium conditions at that temperature and pressure, the conversions
in fig. 2 were not equilibrium conversions but steady state conversions. Therefore,
the enhanced performance of the CA membrane reactor is mainly due to the selec-
tive permeation of methanol and the rejection of MTBE through the CA membrane
causing the reduction of product inhibition rather than the shift in equilibrium.

The performance of a membrane reactor depends on not only permselectivity
but also permeation amounts. The permeation amounts are affected by permeabil-
ity and the surface area of the membrane per unit volume of the membrane. Consid-
ering the relatively small permeation area of the tested CA membrane reactor, it
is expected that the performance of the CA membrane reactor can be enhanced by
changing the membrane module to the direction of increasing membrane area per
unit volume of the membrane.

Fig. 3 shows isobutene selectivities in two reactors with respect to reaction tem-
perature. Isobutene selectivities in the permeated flow and in the rejected flow are
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Fig. 3. Isobutene and methanol selectivity of the inert membrane reactor with respect to reaction tem-
perature, W/F = 178.3 g-cat h/ MTBE mole, P = 1.3 atm. Open symbols: isobutene, closed sym-
bols: methanol. (O, @) Permeated stream, (O, M) rejected stream.
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about 3 and 68%, respectively. The isobutene selectivity in the rejected stream is
smaller than the methanol selectivity in the permeated stream. This is due to the fol-
lowing two factors. One is the small permeation area of the membrane resulting in
small amount of methanol permeation, the other is that additional equimolar
amounts of methanol and isobutene were produced due to further decomposition
of MTBE when the rejected stream flowed through another catalyst bed installed in
the rejection part.

Fig. 4 shows isobutene selectivities in two closed recycle reactors. In the closed
recycle membrane reactor, the rejected flow was continuously recycled to the reac-
tor inlet. Since the decomposition of one mole MTBE yields equimolar amounts
of isobutene and methanol, ideal selectivity of isobutene is 50%. Isobutene selectiv-
ity in the fixed bed reactor slightly increased due to the side reaction, methanol
dehydration to dimethylether, as the recycle reaction continued. The isobutene
selectivity in the membrane reactor, however, increased continuously as the recycle
continued. These results mean that the most rejected MTBE by the CA membrane
in the membrane reactor was continuously decomposed into isobutene and metha-
nol. The decomposed methanol permeates rapidly through the membrane,
whereas isobutene retains by the membrane. Moreover, the rapid permeation of
methanol in the membrane reactor has a merit such that the dehydration of metha-
nol to dimethylether can be prevented.

4. Conclusions

In this work the MTBE decomposition reaction was carried out in a CA mem-
brane reactor. The permeability of methanol through a CA membrane was about
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Fig. 4. The variation of isobutene selectivity in two closed recycle reactors at 100°C, W/F
= 36.38 g-cath/MTBE mole, P = 0.4 atm. (O) Membrane reactor, (0) fixed bed reactor.
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30 and 300 times higher than that of either isobutene or MTBE, respectively. It
was revealed that the MTBE conversion over H3PW {204 in the CA membrane
reactor was about 7% higher than that in the membrane-free fixed bed reactor. In
other words, the reaction temperature in the membrane reactor can be reduced by
10°C to achieve the same MTBE conversion as in the fixed bed reactor. The good
performance of the membrane reactor is mainly due to the selective permeation of
methanol which made a methanol-deficient phase suppressing MTBE synthesis.

Acknowledgement

The authors gratefully acknowledge the financial support of Daelim Ind. Co.
for this work.

References

[1] S.Llias and R. Gpvind, AIChEJ. 85(1989) 18.
[2] H.P. Hsieh, AIChEJ. 85(1989) 53.
[3] M.P. Harold, P. Cini and B. Patenaude, AIChE J. 85 (1989) 26.
[4] C.R.F. Lund, Catal. Lett. 13 (1992)423.
[5] W. Guther and W, Vielstick, Electrochemica Acta 27 (1982) 811.
[6] T.Kameyama,Ind. Eng. Chem. Fundam, 20 (1981)97.
[71 M. Stoukides and C. Vayenas, J. Catal. 70 (1981) 137.
[8] M. Mizono, T. Watanabe and M. Misono, J. Phys. Chem. 89 (1985) 80.
[9] M. Misono, Catal. Rev.29(1987)269.
[10] T. Okuhara, A. Kasai, N. Hayakawa, M. Misono and Y. Yoneda, Chem. Lett. (1981) 391.
[11] 1.D. Chase and B.B. Galvez, Hydrocarb. Process. 60 (1981) 89. '
[12] A.Convers, B. Juguin and B. Torck, Hydrocarb. Process. 60 (1981) 101.
[13] G.A. Tsigdinous, Ind. Eng. Chem. Prod. Res. Dev. 13 (1974) 267.
[14] H. Nishide, M. Ohyanagi, K. Suenegh and E. Tsuchida, J. Polymer Sci. 28 {1990) 3363.



