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ABSTRACT: For the separation of methyl tert-butyl ether (MTBE) and methanol mix-
tures, we investigated the pervaporation performance of a blend membrane made from
cellulose acetate and cellulose acetate hydrogen phthalate. At first the influence of the
blend composition was studied with a certain feed mixture. We found that all the
tested membranes permeate methanol preferentially. The selectivity increases and
the permeation rate decreases with increasing cellulose acetate content in the blend.
Therefore, an optimal blend composition of 30 wt % in cellulose acetate was chosen to
evaluate the influence of the feed composition and the experimental temperature on
the pervaporation performance. When the feed temperature or the methanol content
in the feed increases, the permeation rates are greatly enhanced and the selectivity
decreases. However, the temperature effect is more significant at low methanol content
in the feed and becomes negligible at high methanol content in the feed where plasticity
effects prevail. A comparison, carried out with all the membranes until now used for the
separation of MTBE/methanol mixtures, showed that the blended membrane studied in
this present work presents good permselective properties. © 1997 John Wiley & Sons, Inc.
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INTRODUCTION

The phase-out of lead antiknock compounds in
gasoline has given great interest to the use of
some petrochemical products such as benzene, tol-
uene, xylenes, and ethers as alternative octane
enhancers for lead-free motor oil. Among them,
methyl tert-butyl ether (MTBE) quickly appears
to be both a good octane enhancer and an excellent
oxygenated fuel additive needed to reformulate
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gasoline so that it meets the Clean Air Act re-
quirements. For this reason this product has been
one of the fastest growing chemicals of the 1980s
and it likely will continue to be that way through-
out the 1990s.*> MTBE is produced by react-
ing methanol with isobutylene from a mixed-C,
stream in the liquid phase over an acidic ion-ex-
change resin catalyst. Although rapid and selec-
tive, the reaction is limited by the equilibrium.
Therefore, an excess of methanol is needed in or-
der to improve the reaction conversion. But unfor-
tunately the unreacted methanol forms azeotrope
mixtures with both MTBE at 14.3 wt % methanol
at 760 mmHg and with the butenes, which are
difficult to separate by distillation. In the conven-
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tional process scheme, the azeotropic mixture is
taken to a butanizer to produce a MTBE bottom
product and a binary methanol/C, azeotrope over-
head. This stream is then washed with water to
remove the excess methanol from C, and the wa-
ter/methanol mixture is distilled to recover the
methanol for recycling.® Unfortunately, the con-
ventional method is both expensive and energy-
intensive.*

Pervaporation is proven to present a high po-
tential separation alternative because it is less
energy-consuming than distillation.® According to
recent patents of Air Products and UBE Indus-
tries, the combination of distillation and perva-
poration to separate MeOH from C, hydrocarbons
exhibits cost savings as high as 20%.*%" Earlier
studies in the pervaporation separation of MTBE
are related to Chen and coworkers, who investi-
gated cellulose acetate membranes for the separa-
tion of alcohols from ethers.*” Farnand and Noh
tested the nafion membrane to separate MeOH
from C, hydrocarbons.® The use of polyvinylalco-
hol (PVA) was introduced by Cen and colleagues
for the separation of MeOH/MTBE mixtures® and
by Pasternak and associates for the separation
of MeOH from organic oxygenates.'®" The more
recent studies in this field are from Nakagawa
and Matsuo, who reported a polyimide membrane
for the separation of MeOH from C4 hydrocarbons
in the synthesis of MTBE.® Chen and Martin pro-
posed the use of a thin film of polystyrenesulfo-
nate across the surface of a microporous alumina
support membrane.'? Finally, van Gemert and
Cuperus™ and Sano and colleagues'* introduced,
respectively, the potential of a newly developed
ceramic silica membrane and a silicalite mem-
brane in the separation of organic compounds. De-
spite all these efforts, the permselective charac-
teristics of these membranes remain insufficient
for a large-scale pervaporation application. Thus
our task in the present work is the synthesis of
and pervaporation experiments on new cellulose
acetate (CA) and cellulose acetate hydrogen
phthalate (CAHP) polymer blend membranes
allowing selectivity and permeation rate improve-
ments. Park and associates'® have applied and
proven the advantages of the polymer blend con-
cept by using a PVA and a polyacrylic acid (PAA)
membrane blend for the separation of MTBE and
methanol, but the permeation rate and the selec-
tivity obtained are low; therefore, we extensively
investigated the effect of the experimental tem-
perature and the feed methanol content on the
permselective properties. Moreover, a comparison

is carried out with the best of the currently pro-
posed membranes at the same separation and op-
erating conditions.

EXPERIMENTAL

Materials

Cellulose acetate (CA; 39.6% acetyl content, aver-
age M,, = 50,000) and CAHP (1.2 wt % free acid,
3.5 wt % combined phthalate, 20.7 wt % acetyl
content) were purchased from Sigma Aldrich
Chemical Company (France). Methanol is 99.8%
(chromanorm grade) and the MTBE was kindly
offered by ARCO Chemical Company (France). All
these products were used directly with no further
purification.

Membrane Preparation

Polymer blending was performed by a solution
method. CA and CAHP were dissolved in acetone
and mixed at various blend compositions. The
polymer solution was homogeneous, and was cast
on a plate surface of PVC film. The solvent was
quickly removed by evaporation at room tempera-
ture. The average thickness of all membranes pre-
pared was in the range of 20 to 30 ym.

Pervaporation Experiments

Figure 1 shows the experimental setup used for
the pervaporation measurements. Membranes
with an effective area of 22.8 cm? were installed
in a two-compartment stainless-steel cell. About
200 mL of feed mixture were introduced in the
upstream compartment, kept at a constant op-
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Figurel Schematicdiagram of experimental appara-
tus.



erating temperature by circulating water in a
thermostatted bath. The membrane upstream
side was maintained at atmospheric pressure and
the downstream pressure kept to less than 1 mbar
by a vacuum pump. The permeate vapor was col-
lected at the membrane downstream side in cold
traps which were cooled by liquid nitrogen. Two
traps can be used alternatively, allowing the per-
meate stream to be sampled continuously without
interrupting the operation of the unit. All perme-
ate samples were taken when steady-state condi-
tions were reached: the liquid permeate collected
in the cold traps was warmed to near room tem-
perature and its composition was analyzed by a
gas chromatograph with a 0.7-m long Porapak Q
packed column heated at 180°C and equipped
with a thermal conductivity detector. Hydrogen
was used as gas carrier.

The permselective performance of pervapora-
tion was evaluated in terms of two criteria: the
permeate flux and selectivity. The permeate
fluxes were determined by measuring the weight
of liquid permeate collected in cold traps during
a certain time at steady-state conditions. The per-
meation rates of the different membranes were
normalized to a membrane at 5-ym thickness, as-
suming a proportionality between the total flux
and the reciprocal membrane thickness. The per-
vaporation selectivity is expressed by the separa-
tion factor @ which is defined by

o = (y1/y2)
(21/22)

where x and y represent the concentrations in the
feed and the permeate, respectively. Indices 1 and 2
refer to the more permeable component (methanol)
and the less permeable one (MTBE), respectively.

The experiments were repeated at least 2 to 3
times, giving a deviation from the average of less
than 10%.

CHOICE OF THE OPTIMUM BLEND
MEMBRANE

CA is very selective for separating methanol from
ethers. Indeed, in the permeation of the mixtures
of MTBE and methanol through CA membrane,
chemical interactions are preferentially between
the membrane and methanol through hydrogen
bonding and CA is hardly swollen by MTBE.
Therefore, the permeate leads to nearly 100%
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methanol, but unfortunately the permeation
fluxes are very low (700 to 900 gh 'm 2 at 40°C).
This membrane was already represented by Air
Products to be very stable even at high tempera-
ture and over the range of all wt % methanol in
the feed.

CAHP, however, presents high affinity for both
methanol and MTBE, such that the pervaporation
through CAHP membrane is not selective. In fact,
the CAHP membrane is highly swollen and even
soluble in the feed mixture of MTBE/MeOH.
Therefore, the blend of these two components may
lead to a very stable membrane whose perfor-
mance could vary between those of the pure com-
ponent polymers according to the blend composi-
tion. The influence of the blend composition in the
pervaporation of the methanol and MTBE mix-
tures is presented in Figure 2. The experiments
investigated the 20 wt % methanol feed at 40°C.
As expected, the properties of the membrane tend
toward those of the CA membrane when the
CA/CAHP ratio in the blend increases. The in-
crease of the CA content in the blend results in
a membrane less swollen and more selective for
methanol. As a consequence, the permeation
fluxes decrease and the selectivity increases when
the CA content in the blend increases (Fig. 2).
So the selectivity decreases as the permeate rate
increases. An optimum composition of the blend
is to be found according to the separation require-
ments. For the separation of the MeOH and
MTBE mixtures, a membrane assuring a selectiv-
ity of 100 and a permeation flux of 2000 gh ' m ~*
is adequate for industrial purposes. The corre-
sponding composition of the blend is 30% acetate
cellulose content and we used this membrane for
further experiments.
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Figure 2 Pervaporation characteristics of blended
membranes of CA and CAHP for a 20 wt % MeOH/
MTBE mixture feed as a function of the blend composi-
tion. Feed temperature is 40°C. Total fluxes are con-
verted to a 5-um membrane thickness.
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PERVAPORATION OF THE MeOH/MTBE
MIXTURES: RESULTS AND DISCUSSION

The transport phenomenon of pervaporation sep-
aration through a nonporous polymer membrane
is generally described by a solution-diffusion
mechanism that occurs in the following three
steps: sorption, diffusion, and desorption.'® The
desorption step of the vapor at the permeate side
is very rapid and nonselective due to the low pres-
sure at the downstream side; only the equilibrium
sorption and the transverse diffusion through the
membrane to the downstream side of the mem-
brane determine the pervaporation performance.
The characteristics of the sorption and the diffu-
sion depend on (a) the difference between the af-
finities of the components toward the polymer, (b)
the mutual interactions of the components, and
(c) the way the interactions with the polymer of
each component effect the interactions of the
other penetrant with the polymer.!” These inter-
actions are affected both by the temperature and
the feed concentration. Thus, in order to evaluate
the overall permselective properties, the influence
of the feed temperature was studied between 30
and 50°C and the effect of the feed concentration
in the range of 5 to 30 wt % MeOH. Because the
boiling point of the more volatile component,
MTBE, is 55°C, our experiments could not exceed
50°C, to avoid the partial evaporation of the mix-
ture at normal pressure.

Permeation Rate

Figure 3 represents the permeation rate as a func-
tion of the MeOH wt % in the feed. For each op-
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Figure 3 Influence of the feed MeOH wt % on the
total permeation rate for various feed temperatures.

erating temperature, the permeation flux rises
when the MeOH content of the feed increases. For
example, at 40°C, between 10 and 20 wt % MeOH,
the flux increases noticeably from 530 to 2500
gh™'m 2. The reason is that the level of the inter-
actions between the membrane and the permeat-
ing molecules is a function of different feed MeOH
contents. Indeed, previous experiments showed a
preferential and a high solvatation of MeOH; the
chemical interactions between the membrane and
MeOH are stronger than those between MTBE
and the membrane. These interactions are real-
ized by hydrogen bonds between the numerous
carbonyl functions (heterocycle and C=—O
groups) of CA and CAHP and the hydrogen of
MeOH.

Therefore, when the MeOH wt % in the feed
increases, the interactions between MeOH and
the membrane become statistically more inten-
sive and the MeOH sorption and diffusion ability
enhanced. Moreover, Figures 4 and 5 show that
MeOH permeation rates are higher than those of
MTBE.

The effect of the experimental temperature on
the permeation rates can be seen in Figure 6. For
a given feed MeOH wt %, the total flux increases
when the feed temperature rises. In Figure 3, be-
tween 30 and 50°C, the flux can be enhanced from
1300 g h 'm ™2 to 3300 g h™*m 2 for a constant
feed concentration of 20 wt % MeOH. The reason
is that at high temperature, (a) the sorption abil-
ity is improved because the polymer chains be-
come more flexible and the intermolecular dis-
tances greater (more room inside the membrane
offered to the penetrants), and (b) the diffusion
coefficients of the components are greatly en-
hanced. Therefore, the permeation flux increases.

In Figure 6, the temperature effect for a given
feed concentration is more accentuated at low wt
% MeOH, and becomes relatively more constant
at the high feed wt % MeOH; the slopes for the
curves at 25 wt % and 30 wt % MeOH in the feed
are nearly equal. The change in the permeation
rates due to the temperature influence is the same
for all wt % feed in the range of high MeOH wt
%. So at high feed MeOH concentration, the mem-
brane plasticity effect prevails over the tempera-
ture effect.

Selectivity

Figures 7 and 8 represent the selectivity of the
blended membrane as a function of the tempera-
ture and the MeOH wt % in the feed. It appears
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Figure 4 Influence of the feed MeOH wt % on the
penetrants’ fluxes for various feed temperatures.

that the membrane is very selective for MeOH.
The MeOH wt % in the permeate is between 100%
and 95% under the experimental conditions inves-
tigated. Figure 7 shows, for a constant tempera-
ture, a rapid decrease of the MeOH wt % in the
permeate when the MeOH wt % in the feed in-
creases from 5 to 30%. At a near azeotropic feed
mixture of 14.97 wt % MeOH, the MeOH wt %
in the permeate is about 99.4% at 30°C, which
represents a separator factor « of about 940. The
selectivity decreases drastically when the temper-
ature increases (Fig. 8) or when the MeOH wt %
in the feed increases. At the high feed MeOH wt
%, the temperature hardly affects the selectivity.
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Figure 5 Influence of the feed temperature on the
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Figure 6 Influence of the feed temperature on the
total permeation rate for various MeOH wt % in the
feed.

The transport properties of the penetrants are not
influenced to the same extent by the temperature
according to the feed composition. The relative
MTBE transport improvement due to tempera-
ture increase is nearly negligible at low concentra-
tions and, on the other hand, at high MeOH wt
%, the mobility of MTBE is facilitated by the en-
hancement of the MeOH transport properties of
MeOH through the membrane.

The Arrhenius law could be fitted to predict
this effect of temperature on the permeate flux for
the high wt % MeOH feed.
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Figure 8 Influence of the MeOH wt % in the feed on
the selectivity for various feed temperatures.

and JyreE, is well represented in Figure 9, where
the total flux (Jiua) is fitted by the same linear
function of Jy.ox Wwhatever the temperature of the
feed between 30 and 50°C and for the MeOH com-
position in the feed between 10 and 30%. The
equation Ji i, = 1.0512 X Jyeon — 21.386 can be
used for rapid evaluations of the total flux.

As shown in Figure 10, the distillation and the
pervaporation performances, through the perme-
ating and the V-L equilibrium curves, are com-
pared at the same operating temperature of 30°C.
The V-L equilibrium curve was evaluated with
the UNIFAC method by using the AspenPlus Re-
lease 9.2. The great separation potential of perva-
poration is apparent because the permeate con-
centration at 30°C is much higher than the vapor
phase concentration that we obtained from the V—
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Figure 9 The relation between oJioa and Jyeon-

L equilibrium curve during distillation separa-
tion. Moreover, the azeotropic separation limita-
tion is easily overcome by the pervaporation pro-
cess.

The selectivity of pervaporation separation can
sometimes be related to the nature of the mixture
to be separated, i.e., the possible interactions be-
tween the component molecules. In this case, the
MeOH-MTBE mixture presents a minimum-boil-
ing azeotrope (maximum azeotrope ). From a ther-
modynamic standpoint, in these mixtures the in-
tensities of the different interactions between
components MeOH/MeOH, MTBE/MTBE, and
MeOH/MTBE are such that molecules of the same
nature tend to autoassociate instead of generating
intermolecular association. It appears the perme-
ation is favorable to a high pervaporation selectiv-
ity because the transport of the permselective
component is facilitated by the spontaneous mo-
lecular segregation from the other component due
to these interactions between particles of the
same components. To the contrary, with maxi-
mum boiling azeotropes the result is traduced by
the existence of preferential interactions between
molecules of different natures and then by possi-
ble bad selectivity. Consequently the initial choice
of the membrane appears to be very important in
the separation of this minimum-boiling azeotrope
mixture. Swelling experiments, which have
shown essentially no interactions between the
blended membrane and MTBE, are a good means
of predicting high selectivity during the perva-
poration separation of MeOH and MTBE mix-
tures.

A comparison is carried out with the best mem-
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Figure 10 Comparison between the distillation and
the pervaporation performances.
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Table I Summary of Separation Performance of Various Membranes for the Separation of MTBE/

MeOH Mixtures
MeOH Separation Factor Permeation Rate Temperature
Membrane Type in Feed (wt %) «(MeOH/MTBE) (gh'm™2s (°C) Reference
PVA/PAA (20 wt % PVA
88% hydrolyzed) 20 57-65 1,440-2,054 30-50 [15]
PVA 5-30 3-4 240-320 45 [9]
Nafion 117 3.2-5.3 25 107 RT® (8]
Nafion 417 3.2-5.3 25 380 RT® (8]
35 1275 50 [8]
Polycrystalline silicalite on
porous stainless steel
support 5.3-51.6 3-8 7,300-11,000 30 [14]
Polycrystalline silicalite on
porous stainless steel
support 51.6 9-3 11,000-13,500 30-50 [14]
PSS/A1203 Na (27.5 mol %) 5-14.3 5,000-1,200 8-150 25 [12]
PSS/A1203 Mg (27.5 mol %) 5-14.3 35,000-25,000 3-55 25 [12]
Ceramic silica (silica
deposited on y-alumina
membrane) 9-15.5 18.7-5.9 40.8-37.5 35 [13]
CA/CAHP (30 wt % CA) 20 175-100 1,440-3,365 30-50 This work
CA/CAHP (30 wt % CA) 20 130 2330 40 This work
CA/CAHP (30 wt % CA) 5-20 190,000-175 51-1,440 30 This work

# All permeate rates are normalized at 5 um of membrane thickness.

> Room temperature.

branes already proposed in the literature for the
same purpose and same operating conditions, in
order to have an idea of the permselective proper-
ties we can perform with this blended membrane.
The permeating fluxes of the different membranes
were brought to a 5-um membrane thickness to
allow an objective comparison. The results col-
lected in Table I lead to the conclusion that the
selectivity and permeation rates of the blended
membrane of CA with CAHP are much better
than those of any other membrane published until
now and used for the separation of the MeOH and
MTBE mixtures.

CONCLUSIONS

The blended membrane concept is very useful be-
cause different separation requirements can eas-
ily be achieved by adjusting the blend composi-
tion. In this case, as the cellulose acetate content
in the membrane increases the selectivity in-
creases and the permeate flux decreases. The tem-
perature influence on pervaporation characteris-
tics, studied from 30 to 50°C and for various feed
concentrations from 5 to 30 wt % MeOH, shows
the decrease of the selectivity and the high in-

crease of the fluxes when the temperature in-
creases. The temperature effect is more intensive
at low MeOH content feed and becomes nearly
negligible at high MeOH content feed. It was ob-
served that the influence of the MeOH content in
the feed is very strong.

Finally, the CA/CAHP blend membrane exhib-
its real opportunities for the pervaporation sepa-
ration of the MeOH/MTBE mixtures. The permse-
lective performance of this membrane is among
the highest in comparison with those of the poly-
mers already investigated for the separation of
the MeOH/MTBE mixtures.

The authors thank the Conseil Regional de Basse Norman-
die and the Liaison Committee of Restors’ Conferences of
Europe for their financial support of our research.
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