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ABSTRACT: Styrene–butadiene rubber membranes with
methylene bridges, stemming from the concomitant in situ
Friedel–Crafts alkylation during a chloromethylation reac-
tion, were prepared and used in the pervaporative separa-
tion of benzene/cyclohexane mixtures. A set of four
membranes with different crosslinking extents was
achieved by the variation of the [Trimethylchlorosilane
(TMCS)]/[Paraformaldehyde (PF)] molar ratios with
respect to the styrene (St) unit. Study of the swelling of
membranes by the mixture components individually and
by their feed mixture compositions, 1 : 1 and 1 : 9, was

conducted. The total flux (J) and the separation factor (a)
were assessed as a function of the feed composition, tem-
perature, and [St unit]/[TMCS]/[PF] molar ratios. The
highest J and a measured in this study were 1401 g m�2

h�1 and 28.50, respectively. The diffusion selectivity was
found to depend on the crosslinking extent of the mem-
brane. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 123: 1455–
1467, 2012
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INTRODUCTION

The separation of liquid organics having close boil-
ing points, or being azeotropic mixtures, isomers, or
heat-sensitive mixtures, is better performed by the
pervaporation technique, mainly because of its sim-
plicity and cost effectiveness. Not only has pervapo-
ration been a convenient process for the separation
of mixtures, but its performance also has been
extended to other undertakings such as the control
of organic reactions1–5 and the breakdown of microe-
mulsions.6–8 That pervaporation has gained a
weighty foothold in separation processes on a labo-
ratory scale is owed to the diversity of membrane
types, which, in turn, is due to the availability of
polymeric materials.9 A membrane is selected for the
separation of binary mixtures according to its solu-
bility parameter (dm) vis-à-vis that of one of the two
components (di); that is, the closer dm is to di, the
more selective the membrane will be for component
i, and the better the separation will be.10 Other crite-
ria with respect to the membrane should also be
taken into account: (1) membranes should not swell
substantially as the selectivity decreases drastically,
(2) low swelling will result in low flux, and (3)

crosslinking may reduce the excessive swelling, but
it will negatively affect the permeation rate.
In the membrane-separative processes, the chemi-

cal nature of the membrane, among other aforemen-
tioned considerations, greatly affects the separation
performance. According to the extent of organophi-
licity (or hydrophilicity), the membrane is selected
for a particular application. Thus, the choice of a
membrane has been always a central preoccupation
when separation is intended. In this preoccupation,
that is, the separation of a benzene (Bz)–cyclohexane
(Cx) mixture by pervaporation, we were interested
in styrene–butadiene rubber (SBR) material as a
membrane for such a goal.
Membranes made exclusively with polystyrene

(PS), a plastic material, or with polybutadiene
(PB), an elastomeric material, have been scarcely
employed in pervaporative separation.11,12 However,
copolymers of styrene (St) and 1,3-butadiene, namely
SBR, have been evaluated as pervaporative mem-
branes for the separation of a few mixtures.13–15 The
employed SBRs usually underwent conventional vul-
canization with sulfur to yield crosslinked mem-
branes, and the crosslinking occurred within the bu-
tadiene units of the polymeric chains. It is worth
pointing out the importance of solvent–polymeric
membrane interaction for understanding the separa-
tive capacity of the membrane.16,17

Of the innumerable binary mixtures whose separa-
tions were studied by pervaporation for a matter of
purification of one of the components, in Bz/Cx, Bz
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is industrially converted to Cx by catalytic hydro-
genation, and therefore, its purification by separa-
tion is thus required. The intensive research on the
pervaporative separation of this system18–43 wit-
nesses to its peculiarity, which lies mainly on the
very close boiling points of the components,
80.103�C for Bz versus 80.738�C for Cx, and on the
fact that it is an azeotropic mixture.

We present in this article the use of SBR mem-
branes crosslinked by chloromethylation in the sepa-
ration of Bz/Cx mixtures. A survey of literature on
this issue revealed that such an application of SBR
membranes has not been reported yet. Earlier, how-
ever, SBR membranes have been employed for the
pervaporation separation of Bz/n-heptane mix-
tures.44,45 Also, the impact of the chloromethylation
reaction as a new method of crosslinking SBR on the
pervaporation performance is herein reported. In
contrast to the vulcanization with sulfur, the cross-
linking took places on St units of the polymeric
chains via a methylene bridge.

EXPERIMENTAL

Materials

Bz, Cx, chloroform, chlorotrimethylsilane (99% pu-
rity), and stannic chloride were purchased from Pan-
reac Quimica (Spain), Merck (Germany), and Fluka
(Germany), and were used without further purifica-
tion. Paraformaldehyde (PF) and SBR containing 45 wt
% St were supplied by Aldrich Chemical Co. (France).

Membrane preparation

In a 250-mL, three-necked round-bottom flask fitted
with a condenser, a thermometer, and a magnetic
bar, we prepared a 2 wt % solution of SBR in chloro-
form by stirring a quantity of SBR in an appropriate
volume of chloroform. To this solution was added a
mixture of PF and trimethylchlorosilane (TMCS), and
as soon as the PF was dissolved in the system, a vol-
ume of 100 lL of stannic chloride was added. The
system was then heated at 40�C until gelatinous mass
was formed. The time of the gel onset depended on
the [St]/[TMCS]/[PF] molar ratio; for molar ratios of
1 : 1 : 1, 1 : 1.5 : 1.5, 1 : 2 : 2, and 1 : 2.5 : 2.5, the times
were 15, 8, 4, and 2 min, respectively. As soon as this
mass was produced, the mixture was instantaneously
poured onto a glass plate and spread evenly over a
clean Teflon-plate surface by means of an appropriate
applicator. A transparent film was obtained after dry-
ing for 24 h at room temperature. The thickness of
the membrane (l) was estimated to be 130 6 1 lm
with a micrometer (Micro-Italiana, Italy). Chlorome-
thylation was carried out for the previous [St]/
[TMCS]/[PF] molar ratios. Thus, four membranes

were evaluated in this study; they were, respectively,
SBR1, SBR1.5, SBR2, and SBR2.5.

Membrane characterization

The membranes were characterized by their insolu-
bility and by infrared spectroscopy in the form of
thin films (Shimadzu, Japan FTIR-8900; Fig. 1). Scan-
ning electron microscopy (SEM) images of the SBR
membranes [Figs. 2(a–e)] were taken at CRNA (Nu-
clear Research Center of Algiers, Algiers) with an
environmental scanning electron microscope (Philips
XL30 ESEM–FEG (environmental scanning electron
microscope-field emission gun)).
The mechanical properties, tensile strength (r),

and elongation at break (eB) of the different mem-
branes were measured (Table I) by an Instron INS-
TRON 3345 instrument (France), according to the
European norm EN 455-2 : 2000.

Estimation of the crosslinking density (v)

v was computed from the Flory–Rehner equation:46

v ¼ 1

Vs

ln 1� vrð Þ þ vr þ vv2r
v
1=3
r � 1

2 vr

" #
(1)

where Vs is the molecular volume of the swelling
solvent, vr is the volume fraction of the polymer
measured at the swelling equilibrium state, and v is
the Flory–Huggins interaction parameter. v and vr
were estimated from eqs. (2) and (3), respectively:

v ¼ bþ Vs

RT
ds � dp
� �2

(2)

vr ¼
Adq�1

p

Adq�1
p þ Asq�1

s

(3)

where b is the entropic factor, taken as 0.34,47 ds is
the solubility parameter of the solvent, dp is the

Figure 1 FTIR spectra: (a) noncrosslinked SBR, (b) SBR1,
(c) SBR1.5, (d) SBR2, and (e) SBR2.5. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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solubility parameter of the polymer, R is the gas
constant, T is the temperature (K), Ad is the weight
of the dry sample after swelling, rhop and rhos are
the densities of the polymer and the solvent, respec-
tively and As is the weight of the absorbed solvent.

Thermal analyses

Thermogravimetric analysis (TGA) thermograms (Fig.
3) of the different crosslinked SBRs were recorded
with a TGA Q50 version 20.2 Build 27 apparatus (Eng-

land) under an argon atmosphere in the temperature
range 0–700�C at a rate of 20�C/min. Differential
scanning calorimetry (DSC) thermograms (Fig. 4)

Figure 2 SEM micrographs: (a) noncrosslinked SBR, (b) SBR1, (c) SBR1.5, (d) SBR2, and (e) SBR2.5.

TABLE I
Mechanical Properties of the Membranes

Membrane eB (%) r (MPa)

SBR1 369 2.81
SBR1.5 209 4.68
SBR2 140 6.23
SBR2.5 198 6.60

SBR MEMBRANES FOR SEPARATION 1457

Journal of Applied Polymer Science DOI 10.1002/app



were recorded with a DSC Q100 version 9.8 Build 296
apparatus (England) in the temperature range �80 to
80�C at a rate of 10�C/min.

Membrane sorption

The swelling degrees (S values) of the membranes
with Cx and Bz and with 1 : 9 and 1 : 1 v/v Bz/Cx
mixtures were determined by eq. (4):

Sð%Þ ¼ w� w0

w0

� �
� 100 (4)

where w0 and w are the sample weights before and
after swelling, respectively. Before weighing and af-
ter the swelling operation, the membrane was rap-
idly wiped off in a cold area to prevent the loss of
the swelling probe.

Sorption selectivity (aS)

A membrane sample of known weight was immersed
into the liquid (Bz, Cx, or mixtures of Bz and Cx), and
the whole system was allowed to stand for 48 h at
30�C to reach an equilibrated state. The sample was
then drawn out, and the liquid droplets on the surface
were rapidly wiped off, as described previously. The
sorbed sample was weighed and then placed in one
tube of a two-tube device, where the other tube, con-
stituting a cold trap, was immersed into a liquid nitro-
gen container. The first tube, containing the sorbed
membrane, was heated at 30�C in vacuo (with a vac-
uum pump), and the sorbing liquid was collected in
the cold trap. The collected liquid was analyzed by
gas chromatography under the chromatographic con-
ditions described later. aS and the diffusion selectivity
(aD) were computed from

aD ¼ a=aS

where a is the separation factor and aS was esti-
mated by eq. (5)

aS ¼ MBz=MCx

FBz=FCx
(5)

where MBz and MCx are the weight fractions of ben-
zene and cyclohexane, respectively, in the membrane
and FBz and FCx are the weight fractions of benzene
and cyclohexane, respectively, in the feed.

Pervaporation technique

The pervaporation apparatus used in this study was
described previously.1,2,4–6 It comprised the follow-
ing parts: a stainless steel pervaporation cell
(capacity ¼ 125 cm3), a pervaporation Pyrex-made
receiving set fitted with vapor traps, and primary
vacuum pump (160 Pa), Alcatel 2010 (France). The
condensation of the pervaporate was done by means
of liquid nitrogen.
The liquid permeate was analyzed by gas chroma-

tography with a Shimadzu GC-17A with the follow-
ing parts: an flame ionization detector (FID) detector,
nitrogen as a carrier gas, and a capillary column
OV-1701 (25 m in length). The injection-port temper-
ature was 220�C, the column temperature was 40�C,
and the detector temperature was 200�C.
The total mass flux rate or permeate flux (J ¼ JBz

þ JCx, where J is the total flux) was provided by eq.
(6):

Jðgh�1m�2Þ ¼ W

tA
(6)

where W is the weight of the condensate, t is the
trapping time (h), and A is the surface area of the
membrane (m2). The surface area of membrane was

Figure 3 TGA thermograms of the crosslinked SBRs.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 4 DSC thermograms of the crosslinked SBRs.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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25.0 cm2. a was estimated from the following rela-
tion:

a ¼ YBz=YCxð Þ= XBz=XCxð Þ (7)

where X and Y were the weight fractions of the
components in the feed and the permeate,
respectively.

Estimation of the diffusion coefficients (Ds)

The Fickian Ds of Bz and Cx through the SBR mem-
branes were estimated from the following well-
known esquation:48

DSt
DS1

¼ 1�
X1
n¼0

8

2nþ 1ð Þ2p2 exp
�D 2nþ 1ð Þ2p2s

l2

" #
(8)

where s is time, DSt and DS1 are the equilibrium
sorption amounts of Bz (or Cx) per unit mass of the
dried membrane (g of Bz or Cx/g of membrane) at
time t and infinity, respectively, and l is the thickness
of the dried membrane with a weight of m.

At shorter times (DSt/DS1 � 0,4), eq. (4) can be
rewritten as in eq. (9):

DSt
DS1

¼ 4
Ds
pl2

� �1=2

(9)

The latter equation can be rearranged to the fol-
lowing form:

D ¼ p
16

DSt=DS1ffiffiffi
s

p
=l

� �
(10)

Providing the initial slope (tan y) of the straight
line of the curve DSt/DS1 ¼ f(s1/2/l), D can be
deduced from the following relation:

D ¼ p
16

tan hð Þ2 (11)

RESULTS AND DISCUSSION

Preparation and characterization of the SBR
membranes

The SBR membrane was subjected to the conditions
of chloromethylation described in literature (Scheme
1).49–51 By now, it is common knowledge to polymer
researchers that the chloromethylation of polystyr-
enics is hampered by the concomitant crosslinking
via methylene bridging. The latter, considered a side
reaction, can be ensued by in situ intermolecular and
intramolecular Friedel–Crafts alkylations, and this
fact can be monitored by many factors, such as the
concentration of the chloromethylating agent, the
time, and the temperature.49,52 It was reported ear-
lier that such a side reaction was advantageous for
the realization of soluble poly(3,4-dimethoxy-o-tolyl-
ene) and poly(2,5-dimethoxy-p-tolylene), valuable re-
dox polymer precursors.53,54

Instead of being interested in linear chloromethy-
lated polystyrenics, we herein rather exploited this
ensuing in situ crosslinking for making crosslinked
SBR membrane, as illustrated in Scheme 1. Chloro-
methylation by the (CH2O)n//Me3SiCl system
occurred on the phenyl groups of styrenic units,

Scheme 1 Chloromethylation of SBR

SBR MEMBRANES FOR SEPARATION 1459

Journal of Applied Polymer Science DOI 10.1002/app



followed by Friedel–Crafts alkylation; this gave rise
to crosslinked SBR. All of the SBRs obtained defied
insolubility in common organic solvents, which was
evidence of the occurrence of crosslinking; they
swelled in chloroform, tetrahydrofuran, dimethyl
sulfoxide, Bz, and Cx and were insoluble in metha-
nol and acetone. Figure 1 shows the FTIR spectra of
the bare SBR and the cured SBRs. New bands in the
spectra of the latter compared to that of the former
suggested a successful modification. In Figure 1(a),
the bands at 1253 and 844 cm�1 were assigned to
the residual chloromethyl groups (CH2Cl),

49 and the
band at 1110 cm�1 was attributed to the crosslinking
methylene group (between the two phenyl groups).
It was observed that increases in the TMCS and PF
concentrations led to a higher degree of chlorome-
thylation, as evidenced by IR analysis. Thus, the real
chemical structure of the crosslinked SBR was a mix-
ture of styrenic units, chloromethylated styrenic
units, butadiene units, and 4,40-disubstitued diphe-
nylmethane units from the crosslinking reaction.

The extent of crosslinking of the different mem-
branes are given in terms of v, which was estimated
chemically with Flory–Rehner theory. The values of
v are compiled in Table II. v was found to increase
with increasing [St]/[TMCS]/[PF] ratio; those values
of SBR2.5 and SBR2 were nearly five-fold and three-
and-a-half-fold that of SBR1. Such curing raised the
glass-transition temperature stemming from the
restrictions of the polymeric matrices. Indeed, as
seen in Figure 4, the glass-transition temperatures of
the cured SBRs were in the range of �30�C, with
values higher than that of pristine SBR (�55�C).

TGA thermograms (Fig. 3) revealed the thermal sta-
bility of the cured SBRs up to 400�C. Yet, a degrada-
tion starting at 90�C and finishing at 200�C were
noticed and were probably due to dechloromethyla-
tion of the residual chloromethyl groups.
Figures 2(a–e) exhibit the surface morphologies of

pristine and crosslinked SBR membranes upon their
examination with SEM. A difference in the surface
morphology was noticed between the noncros-
slinked and crosslinked SBR membranes. Although
that of bare SBR was almost plain, even, continuous
and smooth, those of the crosslinked SBRs were
rough, coarse, and in some cases, discontinuous;
generally, the higher the [St]/[TMCS]/[PF] molar ra-
tio was, the coarser the morphology was. Interesting
was the surface morphology of the SBR2.5; a distinct
uniform globular pattern was created.
The membranes were also characterized by their

mechanical strengths. As compiled in Table I, r rose
and eB generally dropped with increasing [St]/
[TMCS]/[PF] ratio. A higher crosslinking would
induce a stiffer material, requiring larger stress to
break and a reduction of its elastomeric properties.

TABLE II
v Values of the SBR Membranes

SBR1 SBR1.5 SBR2 SBR2.5

v � 105 (Bz) 6.1157 9.1580 21.505 29.197

Figure 5 Plots of the variations of swelling of the differ-
ent membranes by Bz at 30�C as a function of time.

Figure 6 Plots of the variations of swelling of the differ-
ent membranes by Cx at 30�C as a function of time.

Figure 7 Plots of the variations of swelling of the differ-
ent membranes by the 1 : 9 Bz/Cx mixture at 30�C as a
function of time.
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Sorption and diffusion study

Sorption

The swelling capacities of the different SBR mem-
branes were tested in Bz, Cx, and 1 : 1 and 1 : 9 v/v
Bz/Cx mixtures as a function of time (Figs. 5–9) at
30�C. It could be seen that the maximum sorption
for all systems was completed in relatively shorter
times, nearly less than 30 min, and was in the range
280–500%. This may have stemmed from the great
chemical affinities of the components toward St and
butadiene units of SBR, being all hydrocarbons. The
swelling capacity (Fig. 9) decreased with increasing
[St]/[TMCS]/[PF] molar ratio; the higher the ratio
was, the tighter the crosslinking was and the
tougher the SBR membrane was. This fact thus low-
ered the swelling process. Overall, the SBR mem-
branes showed greater swelling in Bz and Bz-con-
taining mixtures than in Cx. Also, as expected, the
lesser the crosslinking was (SBR1 with a v of 6.116,
as shown in Table II), the higher the sorption was.
The sorption results were in a good agreement with
the theory of Hansen solubility parameters (dHSP’s);
indeed, the rule stating that the smaller the Ddij is,
the greater the affinity between two substances i and
j are, was well verified. According to Table III, the
Dd values for Bz with SBR, PB, and PS were 0.48,
0.52, and 4, respectively, against 1.82, 1.78, and 6.3
for Cx. Both units of SBR comprised unsaturations
(p bonds), which made them more vulnerable to the

interaction with Bz molecules (with six p electrons)
than Cx, a saturated molecule. Therefore, in every
respect, the sorption of Bz by SBR was expected to
be greater than that of Cx.

D values

The different curves of DSt/DS1 ¼ f(s1/2/L) for Bz
and Cx and for the four membranes in study are
shown in Figure 10. The results of the D values of
Bz and Cx at 30�C are compiled in Table IV. As
shown, the D values of Bz through the SBR mem-
branes were generally higher than those for Cx.
These results further endorse the observation of the
larger sorption of Bz by SBR membranes compared
with that of Cx. aD (diffusion coefficient of Bz
(DBz)/diffusion coefficient of Cx (DCx)) was in the
range of 1.54, 1.67, and 1.53 for SBR1, SBR1.5, and
SBR2, respectively. More conspicuously was the aD
(DBz/DCx) for SBR2.5, that is, D of Bz in the case of
this membrane was nearly three-fold that of Cx. The
latter finding suggested that the tighter the cross-
linking was, the higher aD was.

Pervaporation study

Effect of crosslinking

J and a were measured at 30�C as a function of the
extent of crosslinking of the membrane or the [St]/
[TMCS]/[PF] molar ratio for systems 1 : 1 and 1 : 9

Figure 8 Plots of the variations of swelling of the differ-
ent membranes by the 1 : 1 Bz/Cx mixture at 30�C as a
function of time.

Figure 9 Maximum sorption of the different systems as a
function of the [St]/[TMCS]/[PF] molar ratio.

TABLE III
Some Parameters of Bz, Cx, PS, PB, and SBR

Diffusional cross
section (Å2)42

Molar volume
(cm3/mol)55

Collision
diameter (nm)55

dHSP

(MPa1/2)

Bz 24.80 89.40 0.526 18.5056

Cx 31.30 108.70 0.606 16.2056

PS — — — 22.5056

PB — — — 17.9856

SBR — — — 18.0257
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(Figs. 11 and 12). In Figure 11, it can be noticed that
as the molar ratio increased, the flux for the 1 : 1
and 1 : 9 mixtures decreased. However, that of the
first mixture was generally higher than that of the
second one. This finding was in accord with the fact
that the tighter the network was, the more onerous
the permeation experienced by the components was.
A relatively facile transport of Bz through the mem-
brane due to its greater sorption as discussed above
occurred, as shown in Figure 11. Also, with a Bz-
rich mixture (1 : 1), the polymeric network would

have expanded substantially because the membrane
swelled distinctly in Bz, thus allowing a more appre-
ciable transport. Raising the TMCS and PF by two-
and-a-half-fold provoked a decline of J by three-fold,
from nearly 1400 g m�2 h�1 to about 500 g m�2 h�1.
As shown in Table V and other reported results,31–35

the magnitudes of J were among the good ones. a,
or selectivity, for the 1 : 1 mixture was relatively low
for membranes SBR1 and SBR1.5 but slightly
increased for SBR2 and SBR2.5, not exceeding a value
of 13. With a 1 : 9 mixture, the profile of the varia-
tion of a with the extent of crosslinking was clearly
different; whereas its values were about 2.5–4 for the
first membranes; they were conspicuously higher for
the latter two membranes. Indeed, values as high as
17.5 and 28.5 were calculated. Again, the more dense
the membrane was, the more selective its behavior
was vis-à-vis the binary system. Bz was separated
preferentially because of its affinity to the membrane
(Dd ¼ 0.48) coupled with its higher sieving capacity;
that is, its diffusional cross section, molar volume,
and collision diameter were smaller than those of Cx
(Table III).
The pervaporation separation index (PSI ¼ J � a)

gives an insight into the performance of the mem-
brane in pervaporative separation; the greater PSI is,

Figure 10 Plots of the variation of DSt/DS1 as a function
of s1/2/l of the different membranes in (a) Bz and (b) Cx
(temperature ¼ 30�C).

TABLE IV
Ds of Bz and Cx at 30�C

Membrane DBz � 108 (m2/s) DCx � 108 (m2/s)

SBR1 2.45 1.59
SBR1.5 1.86 1.12
SBR2 1.23 0.80
SBR2.5 1.02 0.31

Figure 11 Plot of the variation of J as a function of the
[St]/[TMCS]/[PF] molar ratio (temperature ¼ 30�C, time ¼
1 h).

Figure 12 Plot of the variation of a as a function of the
[St]/[TMCS]/[PF] molar ratio (temperature ¼ 30�C, time ¼
1 h).
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the more performing the membrane will be. Accord-
ing to the magnitudes of PSI shown in Table VI, the
SBR membrane well suited for a good separation of
the Bz/Cx mixture was SBR2. In fact, the highest
values of PSI were 5475.74 and 8184.27 for the 1 : 1
and 1 : 9 mixtures, respectively; that is, the lower
the Bz content was, the better a was. Overall, the

first mixture was more favorable for a good separa-
tion employing an SBR membrane.

Effect of the composition feed

The variations of the permselectivity parameters as a
function of the feed composition for the different

TABLE V
Comparative Results of the Pervaporative Parameters, J, and a, of the Separation of

the Bz/Cx Mixtures with Different Membranes (See the References)

Membrane
Bz in feed
(wt %)

Temperature
(�C) J (g m�2 h�1) a Reference

SBR1 10 30 901 5.78 This study
SBR1 50 30 1401 1.83 This study
P(AN-b-MA) 50 30 4200a 10.50 18
Pebax (2533) 10 30 800 2.50 19
Pebax (2533) 50 30 4250 1.80 19
PVC 50 30 60.30 9.80 20
PVC–B-10 50 30 40.40 9.43 20
PVC–RhB-10 50 30 56.00 17.38 20
PVA 50 50 21.87 16.70 22
PVA–CMS-06 50 50 59.25 23.21 22
PVA 50 50 22.40 9.60 23
CG–PVA/CS (1 : 1) 50 50 51.40 49.90 23
PU 54 25 263,600a 2.50 24
PVA–CG 10 50 40.20 344.50 25
PVA–CG 50 50 90.20 100.10 25
PMMA–Polyelect 20 50 3700 4.10 26
CA 50 70 10 65 27
CA–DNP 50 70 10 103 27
Na(I)–Neosepta 50 25 281 1.15 28
Cu(II)–Neosepta 50 25 841 3.42 28
PVC–EVA 10 30 65 15 30
PVC–EVA 50 30 158 3.2 31

PVC, poly(vinyl chloride); P(AN-b-MA), polyacrylonitrile-block-poly(methyl acrylate);
Pebax (2533), poly(ether-block-amide); PVC–B-10, PVC filled with H-b-zeolite in a mass ra-
tio of 0.10; PVC–RhB-10, PVC filled with Rh/H-b-zeolite in a mass ratio of 0.10; PVA,
poly(vinyl alcohol); PVA–CMS-06, poly(vinyl alcohol) filled with carbon molecular sieve
in a mass ratio of 0.06; CG–PVA/CS (1 : 1), blend of poly(vinyl alcohol) and chitosan filled
with carbon graphite-filled; PU, polyurethane; PVA–CG, poly(vinyl alcohol) filled with
crystalline flake graphite; PMMA–Polyelect, 1 wt % poly[methyl methacrylate-co- metha-
crylic acid(3-sulfopropyl ester) potassium salt] 7.5 : 1 and 10 wt % benzyldodecyldimethy-
lammonium chloride; CA, cellulose acetate; CA–DNP, cellulose acetate with a
dinitrophenyl group as a selective fixed carrier; Na(I)–Neosepta, Cu(II)–Neosepta, cation-
exchange membrane in Na(I) and Cu(II) forms, respectively, containing 45–65% sulfo-
nated St/divinylbenzene random copolymer and 45–55% PVC; PVC–EVA, a blend of PVC
and low-molecular-weight ethylene-co-vinyl acetate copolymer with 38 wt % VA content.

a Normalized flux (kg lm m�2 h�1).

TABLE VI
SBR Membrane Performance for the Separation of the Bz/Cx Mixture

Membrane

1 : 1 Bz/Cx mixture 1 : 9 Bz/Cx mixture

J (g m�2 h�1) a PSIas J (g/m2 h) a PSI

SBR1 1401.27 1.83 2567.12 901.13 5.78 5214.84
SBR1.5 950.23 3.58 3398.02 654.73 7.07 4627.60
SBR2 883.25 6.20 5475.74 494.90 16.54 8184.27
SBR2.5 443.64 12.26 5441.64 249.98 27.89 6972.67

Feed temperature ¼ 30�C; l ¼ 130 lm.
a PSI ¼ a � J.
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SBR membranes are illustrated in Figures 13(a–d),
14, and 15. The results were that, as often observed,
an increase in the Bz content of the feed led to an

increase in the permeation flux at the cost of a. This
fact was attributed to the membrane plasticization,
which resulted in good swelling at higher Bz levels

Figure 13 Plots of the variations of the pervaporation selectivity (a, aD, and aS) as a function of the Bz concentration in
the feed: (a) SBR1, (b) SBR1.5, (c) SBR2, and (d) SBR2.5.

Figure 14 Plots of the variations of J as a function of the
Bz concentration in the feed (temperature ¼ 30�C, time ¼
1 h).

Figure 15 Plots of the variations of a as a function of the
Bz concentration in the feed (temperature ¼ 30�C, time ¼
1 h).
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in the feed. On the basis of the geometrical consider-
ations and solubility parameters (Table III), Bz was
expected to permeate more preferentially, but the
actual results (ours and others’) suggested that good
swelling of the membrane would have permitted the
transport of both components with closer rates.

In Figures 13(a–d), the different selectivities (a, aD,
and aS) are plotted against the Bz content in the feed
for each membrane. It can be noticed their variations
did not follow systematic patterns, but the general
trend was a > aD > aS; this indicated that the diffu-

sion at the bottom layer of the membrane was
mainly responsible for the pervaporation course. It
is known that aD is tightly bound to, besides the size
of the diffusing probe, the internal architecture of
the membrane; that is, the denser the membrane is,
the higher aD will be. It can be also noted that all of
sthe selectivities nearly decreased with increasing Bz
in the feed; this suggested the component size factor
did not prevail, as stated previously.

Effect of temperature

In the case of the Bz/Cx 1 : 1, the influence of tem-
perature on both J and a was obvious. As shown in
Figures 16 and 17, with increasing working tempera-
ture, J increased and a generally decreased. It
seemed that the selectivity reached its lowest value
at 50�C and remained constant beyond this tempera-
ture. However, the flux continued to augment, par-
ticularly for SBR2.
In Figures 18–20, the Arrhenius relation, Ln J ¼

f(1/T), is plotted for different SBR membranes and
for Cx, Bz, and a 1 : 1 Bz/Cx mixture. As gathered
in Table VII, the corresponding activation energies
(Ea’s) were estimated to be nearly 2–6, 7–15, and 4–8
Kcal/mol, respectively. It is clear that SBR1 favored

Figure 16 Plots of the variations of J as a function of the
temperature for the 1 : 1 system.

Figure 17 Plots of the variation of a as a function of the
temperature for the 1 : 1 system.

Figure 18 Arrhenius plot of J [Ln J ¼ f(1/T)] for the 1 : 1
system.

Figure 19 Arrhenius plot of J [Ln J ¼ f(1/T)] for Bz.

Figure 20 Arrhenius plot of J [Ln J ¼ f(1/T)] for Cx.
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the highest J, as suggested by its lowest Ea, and the
trend in the permeation capacity was generally in
line with the value of this energy. Also, it can be
remarked that Ea seemed to level off for [St]/
[TMCS]/[PF] ratios higher than 1 : 2.5 : 2.5; that is, it
became independent at higher crosslinking extents.
In other words, the pervaporative factors remained
unchanged beyond a certain crosslinking extent, a
fact that was observed earlier.1,58 Again, the higher
permeation of Bz compared with Cx was supported
by the lower Ea. It is interesting to notice that Ea for
the 1 : 1 Bz/Cx mixture was within the mean range.

CONCLUSIONS

Membranes made from a chloromethylation-pro-
moted crosslinking of SBR were efficient in the per-
vaporative separation of Bz–Cx mixtures. SBR mem-
branes crosslinked with a [St]/[TMCS]/[PF] ratio of
1 : 2 : 2 were more suited for good permselectivity
performance. The sizes of the permeating species, Bz
and Cx, had a little effect on the preferential
transport.

The authors thank Nassim Souami (CRNA, Algiers) and
Mrs. Fatima-Zohra Mouhabeddine (Laboratoire Nationale
de Contrôle des Produits Pharmaceutiques, Chéraga,
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mechanical strength testing, respectively.
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