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ABSTRACT: The separation of ethanol/ethyl-tertiobu-
tylether mixtures by pervaporation was studied with new
membranes prepared from N-vinyl-pyrrolidinone (NVP) and
N-[3-(trimethylamoniopropyl)]methacrylamidemethylsulfate)
(TMA). The pervaporation results showed that highly EtOH
selective membranes could be obtained from PVP blends and
from pyrrolidinone-based crosslinked copolymers. The influ-
ences of the polymer blend composition and the role of the
polymer microstructures on the membrane properties were
investigated. Whatever the exact NVP/TMA composition
used, the membranes strongly favored the pervaporation of
ethanol. The ethanol selectivity was higher for the lower PVP/
TMA ratio. On the one hand, these results were ascribed to the
high pyrrolidinone residues content, which is responsible of
the enhanced EtOH sorption affinity. The observed permeation

selectivity was in agreement with the swelling data also re-
corded with the different polymers, showing higher affinity for
ethanol with PVP-enriched materials compared with TMA
ones. This is a direct consequence of the Lewis base feature of
pyrrolidinone sites towards EtOH molecules. On the other
hand, the TMA residues improved the overall stability and
selectivity of the membranes thanks to crosslinking reactions,
which were induced by thermal treatment. A close comparison
made between polymer blend and copolymer pervaporation
results helped to clarify the TMA role of the membrane trans-
port properties. © 2006 Wiley Periodicals, Inc. J Appl Polym Sci 99:
3622–3630, 2006
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INTRODUCTION

During the last fifteen years, the environmental pollu-
tion effects due to human activities have become a
major concern all around the earth. Under the pres-
sure of states and public opinion, stringent regulations
have been set up to force industries to reduce the
environmental impact of their activities (i.e., Kyoto
protocol, Clean air act) and to produce more environ-
mental friendly products. Unleaded fuels belong to
this category and new octane enhancers have been
gradually introduced in fuels to avoid lead dissemi-
nation due to automotive transportation1 and to limit
as well the amount of aromatic chemicals in gasoline.2

Tert-butylethers, i.e., methyl tert-butyl ether (MTBE;
2-methoxy-2-methyl-propane) and ethyl tert-butyl
ether (ETBE; 2-ethoxy-2-methy-propane), are known
to be powerful octane enhancers. Thus, their low cost
production has become a challenge in petrochemis-
try.3,4 Indeed, since the ban of tetraalkyl lead com-
pounds, the worldwide production of these ethers has
increased to such an extent that MTBE, for instance, is
one of the major organic chemicals produced. In the

US, MTBE is now the most oxygenated octane en-
hancer used.

But MTBE has been detected throughout the hydro-
logic cycle as a persistent contaminant and then iden-
tified as responsible of high-level groundwater con-
tamination.5 Taking into account MTBE persistence
and toxicity, it is expected that ETBE demand will
increase in the next future. In addition, a recent study
has shown that ETBE has better antiknock properties
than MTBE.6 Thus, there is a need for improved pro-
cesses to get purified ETBE at reasonable costs.

The ETBE purification problem is directly linked to
its synthesis route shown here:

As the isobutene feedstock is limited from refinery
cracking operations, bulky tertiary ethers are pro-
duced with the addition of an excess of alcohol (i.e.,
EtOH for ETBE production) to ensure a high isobutene
conversion.7 The obtained alcohol/ether mixtures are
difficult to separate by conventional technologies like
distillation because of azeotrope formation. Ternary
distillation is an efficient mean to break azeotropes but
it is also very expensive.8 Hence, new technologies
able to improve tert-butylether purification are cur-
rently under investigation.

Among them, membranes-based processes look
promising because of membrane separation features.9
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In particular, membrane processes are continuous and
environmental friendly. Moreover, they are known to
be compact technologies and easy to operate. For ex-
ample, membrane equipments can be easily imple-
mented on conventional technologies. In the specific
case of alcohol–ether purification, several membrane
methods have already been tested to break the azeo-
tropes mixtures: vapor permeation,10 reverse osmo-
sis,11 pervaporation,12 and even hybrid processes such
as pervaporation coupled with distillation.13 To be
complete, it is worth to mention the alternative routes
to the synthesis of tert-butylethers that can avoid the
formation of azeotropes mixtures. They are hybrid
processes, which integrate a separation step to the
chemical reaction. Starting from isobutyl alcohol with
methanol or ethanol, such processes allow for instance
the direct elimination of water formed during the
reaction either by reactive distillation14 or through use
of a pervaporation membrane reactor.15

All the above listed membrane processes basically
require alcohol selective dense membranes. This paper
reports the results obtained for the separation of alco-
hol–ether by pervaporation with new membranes pre-
pared from N-vinyl-pyrrolidinone (VP) based poly-
mers.16 Indeed, previous works have demonstrated
that pyrrolidinone sites have a high affinity for etha-
nol and thus can dramatically enhance the selective
permeation of alcohol from alcohol–ether mix-
tures.17,18,19,20 In the present work, particular mem-
branes containing a high amount of pyrrolidinone
sites were prepared from water-soluble polymers,
namely poly(N-vinyl-pyrrolidinone), poly(trimethyl-
methacrylamidopropyl ammonium) methylsulfate
(PTMA), and a copolymer NVP-TMA (Fig. 1). The
TMA monomer was originally chosen to ensure good
water solubility and good mechanical resistance to the
membranes in ether mixtures. Pervaporation experi-
ments were carried out with EtOH/EBTE mixtures in
the 30–50°C temperature range. The influence of the
PVP-TMA ratio used to prepare blend membranes is
reported. Finally, the transport properties of blend
and copolymer membranes, which have the same
PVP-TMA ratio, were investigated.

EXPERIMENTAL

Starting polymers

Poly(N-vinyl-pyrrolidinone) (PVP) and poly(trimeth-
ylmethacrylamidopropyl ammonium) methylsulfate
(PTMA) were synthesized from freshly purified
monomers, N-vinyl-2-pyrrolidinone (NVP) (AL-
DRICH reagent) and N-[3-(trimethylamoniopropyl)]
methacrylamidemethylsulfate) (TMA). The detailed
synthesis procedures of TMA from N-[3-(dimethyl-
amino)propyl] methacrylamide (DMA) and dimethyl
sulfate in dimethylacetamide solution are reported
elsewhere.16

The homopolymers, PVP and PTMA, and the (NVP-
TMA) copolymer were prepared in distillate water at
68°C under inert atmosphere by radical polymeriza-
tion, using 0.1% molar of recrystallised 4,4�-azobis(4-
cyanovaleric acid) (ACVA). The aqueous solutions
were poured drop wise into dry acetone and the ob-
tained polymers were purified by repeated precipita-
tion in acetone. After filtration, white powders were
isolated and dried at 60°C for 24 h under vacuum.
These polymers were found to be well soluble in
methanol or water, and their molar masses were de-
termined by size exclusion chromatography with a
multi angle laser light scattering detector (MALLS
miniDawn-Wyatt).

Membrane preparation

Two kinds of membrane were prepared: one from
homopolymer blends (PVP and PTMA) and the other
from (NVP-TMA) copolymer. Low-concentrated poly-
mer solutions (�3 wt %), either in water or methanol,
were stirred during 12 h to ensure a good homogene-
ity. Dense membranes (area � 5 � 10�3 m�2) were
then obtained from slow solvent evaporation, either at
50°C for water or room temperature for methanol
solution. After drying, a curing treatment was applied
to the films. They were heated stepwise under vac-
uum, first 1 h at 100°C and then 1.5 h at 180°C. Glassy
homogeneous films of 100 � 5 �m thickness were

Figure 1 Polymers used for the preparation of PVP-based pervaporation membranes.
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obtained and stored under dry atmosphere before per-
vaporation experiments.

Pervaporation measurement

Ethyl-tert-butyl ether (ETBE), kindly provided by In-
stitut Français du Pétrole, was distilled twice over
sodium before use. Analytical grade EtOH was used.
Particular care was taken to use anhydrous solvents.

The pervaporation apparatus consisted of a stain-
less steel round cell (useful area of 1.5 � 10�3 m2)
connected to a glass apparatus equipped with parallel
permeate traps cooled by liquid nitrogen. In the cell,
the polymer film was supported by an inorganic po-
rous support. The feed solution was continuously cir-
culated from a thermostated reservoir to the upstream
side of the membrane in the cell at the desired tem-
perature (Fig. 2). The downstream pressure was kept
at � 50 Pa. The feed and permeate concentrations,
respectively, C and C’, were easily determined by gas
phase chromatography. They are given in weight frac-
tion. The membrane properties were evaluated from
the EtOH permeate concentration (C’ in wt %) and the
total flux (J). Under steady-state conditions, the EtOH
flux, Jalcohol, was calculated from the mass of trapped
permeate as follows:

Jalcohol �
m � C� � e
A � t � 5 (1)

where m is the total amount of permeate, e is the film
of a thickness in micron, A is the effective area, and t
is the experimental trapping time. Reported EtOH
fluxes are normalized values to a thickness of 5 �m.
The normalized flux values allow an easy comparison
with data obtained from various sources.

All the given data are average of several experimen-
tal points recorded once flux and permeate concentra-
tions were stabilized. Flux measurement was less ac-

curated at low EtOH feed content; maximum flux
experimental error was evaluated to be 0.05 kg h�1

m�2.
The � membrane selectivity was calculated from the

concentrations of feed and permeate as follows:

�alcohol �
C�/C

�100 � C��/�100 � C�
(2)

where C and C� are the EtOH concentrations (wt %),
respectively, in feed and in permeate.

Note that at a fixed feed concentration (C), the vari-
ation of the membrane selectivity can also be directly
appreciated from the permeate composition (C�).

RESULTS AND DISCUSSION

To improve the separation of alcohol–ether mixtures
by pervaporation, we have prepared new membranes
from N-vinyl-pyrrolidinone (NVP) based polymers ac-
cording to two synthesis routes. The choice of the
pyrrolidinone residue as building unit for EtOH selec-
tive membranes is first explained and then the synthe-
sis routes are detailed here.

Choosing N-vinyl-pyrrolidinone as building unit
for EtOH selective membranes

Numerous papers were published on alcohol/tert-
butylether separation and a representative over-
view of the literature is shown in Table I. These
studies pointed out that good to excellent separa-
tions could be obtained with a variety of mem-
branes21,22,23,24,25,26,27,28,29,30 such as cellulose deriv-
atives, polystyrene-sulfonate, or sulfonated poly-
(ether-sulfone). Nevertheless, one can notice that
the common feature of these membranes was the
polar characteristic of the used membranes.

This qualitative observation can be easily explained
on the basis of the pervaporation transport mecha-
nism. Indeed, pervaporation is a membrane separa-
tion method, which involves the partial vaporization
of a liquid mixture through a dense active layer. Usu-
ally, the membrane upstream side is contacted with
the feed mixture under steady state conditions,
whereas the downstream side is either kept under
vacuum or continuously swept with an inert gas. It is
generally acknowledged that pervaporation mass
transport through polymer membranes is governed by
a “solution–diffusion” mechanism.31 Thus, for a given
mixture, the solution step is favored for the compo-
nent, which has the strongest affinity for the mem-
brane. In the particular case of EtOH-ETBE mixtures
in contact with polar membranes, ethanol clearly ful-
fils this condition.

On the other hand, the pervaporation diffusion step
is linked to two independent parameters, which are

Figure 2 Pervaporation apparatus: 1, circulating pump; 2,
pervaporation cell; 3, thermostated feed reservoir; 4, perme-
ate traps; 5, pressure gauge; and 6, vacuum pump.

3624 TOUCHAL, ROIZARD, AND PERRIN



first the nature of the polymer network (glassy or
rubbery) and second the size of the permeant mole-
cules. For a given liquid mixture, the diffusion selec-
tivity is fixed by the relative size of the molecules.
Thus, to improve the separation, the membrane de-
sign must focuss on the enhancement of polymer-
EtOH affinity.

In the present work, the NVP-based membrane de-
sign was done according to the above principle. In-
deed, former studies have shown the strong affinity of
EtOH for pyrrolidinone sites,17–18 which can be ex-
plained by the Lewis base interaction of the pyrrolidi-
none cyclic amide.19 Unfortunately, single use of PVP
is prevented because of the bad PVP film properties.
Thus the design of new materials containing pyrro-
lidinone sites needs to be achieved to prepare suitable
PVP-based films.

Poly(trimethyl methacrylamidopropyl ammonium)
methylsulfate (PTMA) was chosen for this purpose:
like PVP, it also contains numerous amide groups
combined with methyl sulfate ammonium salt resi-
dues, which obviously reinforce the strong polar fea-
ture of the material. Thus, several blends of PVP and
PTMA were prepared in MeOH or in water solution,
and three blend membranes with a high content of

pyrrolidinone sites were finally obtained: Bl-95#1 (95
mol %), Bl-85#2 (85 mol %), Bl-75#3 (75 mol %).

In addition, a fourth membrane (noted Co-85#4)
was prepared from a NVP-TMA copolymer. The pyr-
rolidinone site content of this former membrane was
adjusted to 85 mol % to allow comparison with the
blend membrane Bl-85#2.

Curing PVP-PTMA membranes procedure

All the membranes prepared were transparent, glassy,
and slightly brittle. They were also insoluble in ETBE
and other organic solvents of low polarity. Con-
versely, they were soluble in water, methanol, and
ethanol. Hence, to prevent the extraction of PVP
chains from the blend membranes during pervapora-
tion experiments, a curing treatment was applied.

The membranes were heated at 180°C under vac-
uum for 90 min. Although this thermal treatment did
not modify the solubility of pure PVP samples, it was
shown that the membrane containing pyrrolidinone
and TMA residues were not anymore soluble in eth-
anol (Table II). The same crosslinking effect was also
obtained after curing the copolymer membrane
Co85#4. The mechanism of the crossklinking reaction

TABLE I
Literature Overview of the Purification of tert-Butyl Ethers

Feed mixtures Membrane Literature

Alcohol/ether CA, PVA, PSf Chen (1998)21

Alcohol/C4-C7 cut
MeOH/MTBE Nafion, cellulose Farnand and Noh (1989)22

MeOH/TAME
MeOH/MTBE PPO Doghieri, et al (1994)23

MeOH/MTBE Silicalite Sano, et al (1995)24

MeOH/MTBE Polystyrenesulfonate Chen and Martin (1995)25

EtOH/ETBE Polyetherurethane Jonquieres, et al (1996)26

MeOH/MTBE Na-Y zeolite Kita, et al (1997)27

EtOH/ETBE PVP-co-Vac—CA blends—blends Nguyen, et al (1997)29

MeOH/MTBE Sodium alginate/chitosan Kim, et al (2000)28

MeOH/MTBE Alumina-supported (PVAc) and (PVP) Yoshida and Cohen (2003)18

MeOH/MTBE Polyimide/sulfonated poly(ether-sulfone) Shi, et al (2004)10

MeOH/MTBE Poly(ethylene-co-vinyl acetate) Gozzelino and Malucelli (2004)30

TABLE II
Polymer and Membrane Stability Versus Solvents (Measured at Solvent Boiling Point) after Thermal Treatment

Starting materials Cured membranes

PVP PTMA Copoly(VP-TMA) 85–15 mol % Bl-95#1 Bl-85#2 Bl-75#3 Co-85#4

Water S SW SW SW SW SW SW
Methanol S SW SW SW SW SW SW
Ethanol S SW S SW SW SW SW
ETBE I I I I I I I
HCCl3 I I I I I I I
Toluene SW I I I I I I

S, soluble; I, insoluble; SW, swelling.
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induced by the curing procedure was not fully eluci-
dated. Nevertheless, it could be deduced from the
modification of the solubility properties that the chem-
ical crosslinking was induced by the presence of the
TMA residues because neither PVP nor polymethyl-
methacrylate (PMMA) alone could be crosslinked un-
der the same conditions.

Finally, a further comment can be made from Table
II: the observed difference of solubility and swelling
between EtOH and ETBE for PTMA and PVP-PTMA
underlines a stronger EtOH affinity for PVP than for
TMA, conversely to ETBE, which is a non solvent of all
samples.

Pervaporation results

The assessment of the PVP-based membranes separa-
tion properties was carried out in the temperature
range 30–50°C with EtOH-ETBE mixtures. EtOH mole
fractions of the mixtures were varied in a wide range
from 0.2 to 0.5. This mole fraction range was chosen
because it includes the azeotrope compositions at 30
and 40°C, corresponding to 0.2 and 0.4 EtOH mole
fraction, respectively. As EtOH-ETBE mixtures are bi-
nary systems, which deviate strongly from ideal ones,
the 0.2–0.5 mol fraction range corresponds with high
thermodynamic activities (aEtOH), which vary from
0.27 to 0.64 at 50°C.

Effect of the PVP-TMA ratio on the blend
membranes performances

The first set of results shown on the Figures 3 and 4

present the effect of the pyrrolidinone site content on
pervaporation performances for two alcohol–ether
mixtures at 50°C. With each mixture, it can be seen
that the permeate enrichment recorded are well above
90 wt % for all blend membranes (Fig. 3), the maxi-
mum enrichment recorded being 95 wt %.

It clearly demonstrates the ethanol selective feature
of the PVP-based membranes in agreement with liter-
ature.17,19 Nevertheless, it can be seen also the higher
permeate enrichment was obtained with the lowest
PVP content, not with the highest one as it could be
expected at start. Thus, we investigated the relative
role of the pyrrolidinone and TMA sites on the selec-
tivity as presented here.

Figure 4 shows that both total permeate fluxes and
partial EtOH fluxes are dramatically enlarged with the
increase of PVP membrane content, e.g., from � 3.5 to
10 kg/h m2 for a mixture containing 16 wt % of
alcohol. This means that the membrane affinity for
EtOH does not decrease when the PVP membrane
content is increased.

Therefore, the reported EtOH concentration de-
crease of the permeate versus PVP content (cf. Fig. 3)
can be ascribed to two distinct phenomena, or to their
combination: either the EtOH affinity for pyrrolidi-
none sites is lower than for TMA sites, or a plasticizing
effect is induced by the PVP content increase, leading
to a coupling transport phenomenon between the two
permeants. Indeed, the higher EtOH flux recorded
with the Bl95#1 indicates that the membrane upstream
swelling must be stronger than with Bl75#3. Thus, this
increased swelling must also favor the simultaneous
sorption of ETBE.

Effect of the feed ethanol concentration

Plots of the EtOH fraction in permeate versus the EtOH
feed concentration showed for each blend membrane

Figure 3 Effect of the PVP-TMA blend membranes ratio on
the permeate enrichment at (50°C). Feed: 16 wt % of alcohol,
i.e., aEtOH � 0.45.

Figure 4 Effect of the PVP-TMA blend membranes ratio on
the permeate fluxes at (50°C). Feed: EtOH 16 wt % at 50°C,
i.e., aEtOH � 0.45. E: Total flux; � : EtOH flux.
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a continuous increase of the permeate enrichment,
which reaches 97 wt % starting from the EtOH 20 wt
% in the feed (Fig. 5). The higher enrichments were
obtained with Bl75#3, and the lower with Bl-95#1,
which has a higher PVP content. It means that the
influence of the membrane composition (i.e., NVP/
TMA ratio) on the selectivity was the same whatever
the EtOH feed content (cf. Fig. 3).

On the other hand, a sharp alcohol flux increase
versus the EtOH feed concentration was recorded with
the three PVP-based membranes (Fig. 6), but this effect
was less pronounced with Bl75#3 than with Bl95#1.
Figure 5 also shows much lower fluxes with Bl85#2

and Bl75#3. These transport property modifications
related to the TMA content and to the EtOH feed
concentration revealed that the TMA residues act
more as crosslinking agents than as EtOH affinity
sites.

It is worth to note the variation range of the mem-
brane performances at a fixed EtOH feed concentra-
tion. For instance at EtOH 20 wt %, a permeate enrich-
ment decrease of only 4 wt % was observed from
Bl75#3 (i.e., the most selective membrane) to Bl95#1
(i.e., the less selective one), whereas the flux increase is
over 300%. Thus, the possibility to tune easily the
membrane properties looks very promising for EtOH-
EBTE separation.

The variation of the membrane selectivity (i.e., �
criterion) as a function of the EtOH feed concentration
is shown in Figure 7. Despite some deviations due to
measurement accuracy, the observed trend (i.e., neg-
ative slopes) is the same for the three membranes: in
fact, the decrease of the � selectivity is mainly due to
the mathematical expression of � (cf. Eqn2) combined
with the fact that very high permeate enrichments
(�95%) are already reached at 10 wt % EtOH feed
content.

More significant, when � selectivity recorded for
different feed contents is plot versus the PVP mem-
brane content (Fig. 8), the two dashed lines drawn
from the experimental points intersect to a lower se-
lectivity range. This range corresponds with the com-
bination of the intrinsic pyrrolidinone affinity coun-
terbalanced by the maximum plasticizing effect occur-
ring at high PVP content. Conversely, for lower PVP
content, i.e., at higher TMA content, the crosslinking
effect due to the ammonium sulfate residues notably
favors the membrane selectivity.

Figure 5 Effect of the EtOH/ETBE feed composition on the
permeate enrichment at 50°C. Results for the PVP-TMA
blend membranes (PVP mol %): F, Bl-95#1; ‚, Bl-85#2; and
�, Bl-75#3.

Figure 6 Effect of the EtOH/ETBE feed composition on the
pervaporation flux at 50°C. Results for the PVP-TMA blend
membranes (PVP mol %). F, Bl-95#1; ‚, Bl-85#2; and �,
Bl-75#3.

Figure 7 Effect of the EtOH/ETBE feed composition on the
pervaporation selectivity at 50°C. Results for the PVP-TMA
blend membranes (PVP mol %): F, B1–95#1; ‚, B1–85#2; and
�, B1–75#3.
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Comparison of blend and copolymer membranes
performances: effect of the polymer network
architecture on the membrane transport

Besides the preparation of enriched pyrrolidinone
membranes prepared according to the above blending
method, we have also investigated the synthesis of
copolymers from (N-vinyl-pyrrolidinone) and (trim-
ethylmethacrylamidopropylammonium) methylsul-
fate.16 Taking into account the monomer reactivity
ratios, i.e., rNVP � 0.04 and rTMA � 4.47, particular
reaction conditions were worked out to get a copoly-
mer, which had the same pyrrolidinone/TMA ratio
than the membrane Bl85#2. Films were easily pre-
pared from water of methanol solutions and then
cured at 180° under vacuum. The observed solubility
is given in Table II.

The pervaporation results are shown in Figures 9
and 10. For the whole studied EtOH concentration
range (5–30 wt %), the fluxes recorded with the copol-
ymer membrane are two to three times lower than
with Bl-85#2 membrane, which is revealing a signifi-
cant effect of the polymer network microstructure on
the mass transfer properties.

On the other hand, only small differences in EtOH
permeate enrichment were found between these two
membranes. However, the copolymer selectivity was
clearly the highest at high EtOH feed content (Fig. 10).
As both membranes had the same bulk composition
and were prepared according to the same curing pro-
cedure, the distinct pervaporation transport properties
revealed by these experiments underlined the role of
the polymer network architecture on the separation
performances. This aspect is discussed hereafter.

The copolymer chain microstructure is closely re-
lated to the monomer reactivity ratio values and to the

VP/TMA monomer ratio used to synthesize the co-
polymer. As a consequence, the copolymer chains are
composed of short TMA sequences, induced by the
high TMA reactivity ratio, surrounded by a majority
of pyrrolidinone residues (85 mol %). Obviously, the
copolymer microenvironment is markedly different
from the blend one.

As it was previously shown that the permeate flux
amount was linked to the quantity of TMA residues
and that the flux recorded for Bl-85#2 was higher than
for copoly(NVP-TMA), it means that the crosslinking
induced by the thermal treatment is more efficient in
the copolymer structure than in the blend one. This
could be well related with the random distribution of
the TMA residues among the network that can be
better achieved with copolymer chains than with poly-

Figure 8 Effect of the PVP-TMA blend membranes ratio on
the pervaporation selectivity for EtOH/ETBE mixtures at
50°C. f, 20 wt % of alcohol and �, 16 wt % of alcohol.

Figure 9 Effect of the pyrrolidinone-TMA network archi-
tecture on the EtOH pervaporation flux at 50°C. –�, Bl-85#2
and -�, Co-85#4.

Figure 10 Effect of the pyrrolidinone-TMA network archi-
tecture on the EtOH permeate enrichment at 50°C. –�,
Bl-85#2 and -�, Co-85#4.
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mer blends. Therefore, even if the bulk pyrrolidinone-
TMA ratio is the same for the two membranes, the
resulting crosslinking effect is stronger for the copol-
ymer structure and induces much lower fluxes for
EtOH and ETBE.

Finally, these results also clarify the role of TMA
residues with respect to the membrane selectivity.
Indeed, with the same global membrane composition,
different selectivity was obtained, which means TMA
residues do not enhance membrane affinity for EtOH
directly, but limit ETBE diffusion versus EtOH.

In addition, the coupling transport phenomenon
due to the EtOH plasticizing effect was also observed
with the copolymer membrane: the higher the ethanol
feed content, the higher the ether flux (Fig. 11).

Comparison with literature results

In Figure 12, a literature overview of pervaporation
results obtained for EtOH/ETBE separation at differ-
ent temperatures is presented for comparison with
this work. Among published data only membranes
that had an � membrane selectivity higher than 76
(i.e., EtOH permeate enrichment � 95 wt % for a 20 wt
% EtOH feed concentration) and fluxes higher than 0.1
kg h�1 m�2 were selected. These data correspond with
different types of membranes, i.e., interpenetrated net-
works (IPN),17 block copolymers,19,26 polymer
blends,29,32,33 crosslinked blends [this work], and
methacrylate copolymers [this work].

Thus, it can be seen that the NVP-based membranes
results reported in our work compete well with pre-
viously reported pervaporation results. These en-
hanced membrane properties, which combine high
selectivity (76 � � � 196) with good flux (JEtOH � 1 kg
h�1 m�2), can be ascribed to the high pyrrolidinone
membrane content coupled to TMA crosslinking,
which prevent too high network swelling.

CONCLUSIONS

New EtOH selective films were prepared from poly-
mers based on pyrrolidinone (NVP) and ionic N-sub-
stituted methacrylamide (TMA) monomers. These
starting materials were easily synthesized by radical
polymerization in aqueous medium and they led to
the preparation of highly selective membranes for the
separation of EtOH-ETBE mixtures by pervaporation.
Two distinct series of glassy films were studied: the
first one was prepared from the blends of homopoly-
mers, while the other one was prepared from copoly-
mers of NVP and TMA.

Thanks to the presence of the TMA residues, the
water soluble films could be thermally crosslinked
previously to their use in pervaporation. This curing
treatment led to improved membrane stability during
the pervaporation experiments.

From the sorption and pervaporation results, the
specific roles played in the pervaporation transport by
the two NVP and TMA residues were underlined. On
the one hand, the pyrrolidinone sites were found to be
mainly responsible for strong EtOH membrane affin-
ity. As a drawback, it was shown that the EtOH flux
enhancement, due to the higher amount of pyrrolidi-
none residues, induced a coupling effect of the ETBE
pervaporation transport leading in turn to a selectivity
decrease.

On the other hand, the TMA residues were shown
to act mainly as crosslinking sites and to prevent to
some extent the membrane swelling due to ethyl al-
cohol. Thus, the higher amount of TMA in the poly-
mer structures, the lower the pervaporation flux and
the higher the membrane selectivity.

Finally, by comparison of the results gained from
blend and copolymer films having the same NVP/
TMA composition, the effect of the polymer network

Figure 12 EtOH/ETBE pervaporation (feed: EtOH 20 wt
%). Effects of temperature and of membrane type on EtOH
permeate fluxes. -�, Co-85#4; 224 , Bl-75#3; 	, block copol-
ymers;26,19 � IPN membranes;17 * Polymer blends.29,32,22,33

Figure 11 Plasticization effect on pervaporation ETBE
fluxes recorded at 50°C. -�, Bl-85#2 and -�, Co-85#4.
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microstructure was shown: in the copolymer struc-
ture, the more homogeneous distribution of the mono-
mer residues led to a limited coupling effect. As a
consequence, the copolymers film was more selective
to ethanol.
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