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Use of inverse gas chromatography to account for the pervaporation
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Abstract

Mass transfer phenomenon that occurs in the pervaporation process when applied to the microemulsion breakdown, was confirmed by
the results of inverse gas chromatography. The stationary phase for this study was polydimethylsiloxane (PDMS), a hydrophobic polymer
employed as a membrane in the pervaporation technique. The retention times of the different molecule probes (toluene, cyclohexane, and
n e molecules
w ic and the
c
r rane in the
p
©

K

1

s
o
o
a
a
i
a
o
a
c

m

f

from
vac-

iquid

ndu-
tion
, the
thin
pho-
its
, the
to

ure.
per-

ers,
t of
ere
icity
ng

0
d

-butanol) gave an insight into the extent of the interactions between each of these molecules and the stationary phase; thes
ere the components of the two microemulsions in study. The infinite dilution conditions allowed to determine the thermodynam
hromatographic parametersγ∞ (the infinite dilution activity coefficient), the Flory-Huggins parameter interactionsχ∞

12, andV 0
g (the specific

etention volume), respectively. The magnitudes of the latter parameters threw some light on the permselectivity of the memb
ervaporation operation.
2005 Elsevier B.V. All rights reserved.

eywords: Inverse gas chromatography; Interaction parameters; Pervaporation; Microemulsion; PDMS membrane

. Introduction

Pervaporation has been vastly recognized as an energy-
aving process to separate organic components from aque-
us or organic mixtures[1,2]. In this line, the recovery of
rganic compounds from wastewater has gained a special
ttention[3]. Lately, we applied this technique to break down
microemulsion, a highly ordered system[4–6], to mon-

tor the oxidation of primary alcohols[7], and to separate
zeotropic mixtures[8]. Its use to control some equilibrated
rganic reactions was claimed[9]. In the pervaporation oper-
tion, as depicted inFig. 1, the feed mixture is maintained in
ontact with the upstream side of a dense membrane and the

� Paper presented to the “1er Colloque Franco-Alǵerien Sur la Chro-
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permeate (or the pervaporate) is continuously removed
the downstream side of the membrane in vapor state by a
uum pump. The used membrane would alter the vapor–l
equilibrium (VLE).

As unanimously believed, the membrane remains i
bitably the basic key component for the pervapora
performance. Of the aspects of the membrane integrity
chemical nature in terms of organic functional groups wi
the backbone or as pendent moieties, hence hydro
bicity and hydrophilicity and in-between, determines
effectiveness in the pervaporation process; for example
polyvinylalcohol membranes are more hydrophilic due
the hydroxyl groups (OH) present in the polymer struct
The design of a separative membrane destined to the
vaporation process includes: slightly crosslinked polym
polymer blends, interpenetrating networks, and bes
all chemically modified polymers. The latter ones w
conveniently made to increase either the hydrophob
or the hydrophilicity with regard to the aim at applyi

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Basic principles of the pervaporation technique.

the pervaporation. The existing or deliberately introduced
functional groups within the membrane will selectively
interact with the molecules to be separated.

In the goal of providing a better understanding of
the pervaporation performance when operating for the
microemulsion breakdown, the extents of the infinite dilu-
tion activity coefficientγ∞ and the interaction parameters of
Flory-Huggins,χ∞

12, were thought to give a better insight. To
measure these interaction parameters, the inverse gas chro-
matography (IGC) was employed because it is a reliable tool
for quantifying the extent of interactions. According to the
value of the interaction parameter, one can select among
others the appropriate membrane for a pervaporation work.
One of the many uses of inverse gas chromatography is
its application in polymers-related phenomena. In fact, it
has been applied to determine the solubility parameters of
polymers and oligomers[10,11], the diffusion coefficients
in crosslinked polymers[12], the polymer–polymer interac-
tion parameters[13], and the characterization of conducting
polymers[14,15].

In our previous work [4–6], polydimethylsiloxane
(PDMS) was evaluated as a membrane in the pervapora-
tion for the microemulsion breakdown. For a matter of a
better understanding of the results obtained in the pervapo-
ration, PDMS was examined as a sorbent (or solvent) in the
inverse gas chromatography study. The molecule probes were
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sorbent (the membrane). Yet, the values are but indicative as
the IGC does not really reconstitute the pervaporation process
because, in this process, the molecules (probes) are in liquid
form in contact with the membrane, but, they are in gas phase
in IGC. The PDMS used as a solvent in IGC is in rubbery
form (Tg =−123◦C). Also, the thermodynamic parameters,
�Ha and�Ga, provided by IGC study would give an insight
into the pervaporation performance as the absorption of the
molecules in study by the PDMS membrane is an impor-
tant step. Indeed, the composition of the pervaporate depends
mostly on the absorption extents of the different components
in the feed.

2. Experimental

2.1. Chemicals

Rhodorsil (PDMS/crosslinking agent system, 2% by
weight of crosslinking agent) was provided by Rhodia (ex-
Rhône-Poulenc). Toluene, cyclohexane,n-butanol were sup-
plied by Prolabo, Fluka, and Aldrich, respectively, and were
99% purity (no further purification was done). Water was
bidistilled before use. Sodium dodecylsulfate (SDS) was pro-
vided from Prolabo and purified by recrystallization from
absolute ethanol.

2

2
revi-

o a
s
v aps;
a

2
over

a riate
oluene, cyclohexane, andn-butanol, which were the ingred
nts of the microemulsions to be collapsed by pervapor

echnique. Therefore, the dilution activity coefficientγ∞, the
nteraction parametersχ∞

12 and the thermodynamic facto
ere experimentally determined by IGC. The results w
iscussed in light of those of the PDMS swelling and
ervaporation parameters, the total flux and the enrich

actor. In the pervaporation process, the permselectiv
inked to the extent of the interactions of the permea
pecies with the pervaporative membrane. Such interac
ay be indirectly quantified via the magnitudes of the infi
ilution activity coefficients of the sorbates vis-à-vis to the
.2. Pervaporation technique

.2.1. Apparatus
The pervaporation apparatus used in this work was p

usly described[8]. It is comprised of the following parts:
tainless steel pervaporation cell (capacity of 125 cm3); a per-
aporation pyrex-made receiving set fitted with vapor tr
primary vacuum pump (10−1 mmHg), Trivac type.

.2.2. Membrane preparation
A suitable amount of Rhodorsil was spread evenly
clean teflon-plate surface by means of an approp
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Table 1
Compositions of the microemulsions (wt.%)

System Cyclohexane Toluene Water n-Butanol SDS

I 87 – 1 8 4
II – 80 2 12 6

applicator. A transparent film was obtained after drying for
24 h at room temperature followed by an annealing at temper-
ature of 50◦C for an additional 8 h. The membrane thickness
(20�m) was measured with a micrometer (Micro-Italiana).

2.2.3. Membrane/pervaporation parameters
The compositions of the two microemulsions to be broken

down by the pervaporation technique are compiled inTable 1.
The swelling degrees of the membranes with toluene,

cyclohexane,n-butanol, and water were determined by the
following equation, Eq.(1):

S (%) =
[
w− w0

w0

]
× 100 (1)

wherew0 andw are the sample weight before and after
swelling. The total mass fluxJwas provided by the following
equation, Eq.(2):

J (kg/h m2) = W

tA
(2)

whereW is the weight of the condensate (kg),t the trapping
time (h) andA the surface area of the membrane (m2); the
surface area of the membrane was 26.62 cm2.

The enrichment factorβ (in a separation of a mixture by
pervaporation, the selectivity or the separation factor,α, is
more suited) is estimated from the following relation, Eq.(3)

β

w en-
t .
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c com-
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Fig. 2. Variations of the sorption of the PDMS membrane with time by:
(�) cyclohexane; (�) toluene; (�) n-butanol and (�) water. The working
temperature was 40◦C.

n-butanol, toluene andn-butanol) in ratios based on the com-
positions given inTable 1were prepared and injected. These
two mixtures are herein designated MCB and MTB, respec-
tively. The injection- and detector-port temperatures were set
at 180◦C. The column was prepared as follows:

1. Chromosorb W was employed as a stationary phase solid
support (80 mesh, specific area of 1 m2/g). Prior to use,
it was deactivated with an acidic washing followed by a
treatment with dimethyldichlorosilane (DMCS).

2. Impregnation of the solid support: Approximately 0.2 g
of polymer (the PDMS employed was the non-crosslinked
one) was dissolved in 30 mL of ethyl acetate, and the solu-
tion was placed into a 250 mL round-bottomed flask. After
addition of 2 g of the solid support, the slurry was well

F
m ion
t

= Ci (pervaporate)

Ci (retentate)
(3)

hereCi is the weight concentration (wt.%) of the prefer
ially permeating componenti, in the pervaporate mixture

Figs. 2–4present the swelling extent of PDMS by the d
erent components of the microemulsions, the variation
he total fluxJ, and the variations of the enrichment fact
, respectively. The enrichment factors given are thos
yclohexane and toluene, the preferentially transported
onents in Systems I and II.

.3. Inverse gas chromatography technique

.3.1. Equipment preparation
Gas chromatography used in this work was the typ

ewlet Packard 5730A fitted with a FID detector and c
led to a Perkin-Elmer integrator (Model LG-100); N2 was
carrier gas flowing at 3 mL/min and a soap-film meter
mployed to measure the gas flow rates. For binary

ems, the molecule probes were injected individually w
10�L Hamilton syringe. Also, to assess the effect on-

utanol, the co-surfactant, on the activities of cyclohex
nd toluene, the mixtures of two probes (cyclohexane
ig. 3. Variations of the total fluxJ as a function of temperature: (�) the
icroemulsion system I and (�) the microemulsion system II. The operat

ime was 3 h; the membrane thickness was 20�m.
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Fig. 4. Variations of the enrichment factor as a function of temperature:
(�) cyclohexane in the microemulsion system I and (�) toluene in the
microemulsion system II. The operation time was 3 h; the membrane thick-
ness was 20�m.

swirled before evaporation of the solvent to dryness by
means of a rota-evaporator. Afterwards, the impregnated
support was further dried in vacuo in a drying-oven for
48 h. The dried solid was then sieved before the following
step.

3. Column packing: A 1 m× 4.4 mm stainless steel column
was thoroughly filled with the impregnated solid support.
To ensure a homogeneous packing, the filling operation
was secured with an electric vibrator.

4. Column conditioning: After the packing process, the col-
umn was subjected to heat at a temperature of 200◦C for
48 h under a gas carrier flow rate of 3 mL/min.

2.3.2. Inverse gas chromatography parameters
The specific retention volumeV 0

g , the normalized vol-
ume of the carrier gas necessary to elute the molecule probe
(solute)i out of the column, was calculated using the follow-
ing equation, Eqs.(4) and(5):

V 0
g = jF (ti − ta)

Ws

273.15

Tc
(4)

j = 3

2

(Pin/Pou)2 − 1

(Pin/Pou)3 − 1
(5)

whereti is the measured retention time at maximum peak of
t ter-
a ion;
F -
t tlet,
r

e
d

a
b

r the
r

Fig. 5. Variations of lnV 0
g = f (1/T ): (�) cyclohexane in a binary system

and (�) cyclohexane in the MCB/PDMS system, the cyclohexane/n-butanol
mixture.

The infinite dilution activity coefficient of the molecule
probei, γ∞

i , was estimated from the solute retention volume
using the following equation[16], Eq.(6):

ln(γ∞
i ) = ln

(
273.15R

MsP
s
i V

0
g

)
− Ps

i (Bii − Vi)
RT

(6)

whereR is the universal gas constant,Ms the molar volume
of the solutei; Ps

i the saturation pressure of solutei at tem-
peratureT; Bii the second virial coefficient of the probe, its
values at the different temperatures were taken from[17].

F nd
(

he solutei; ta the retention time of methane, the non in
cting probe.J is the James-Martin pressure drop correct
the saturated carrier gas flow rate;Tc the column tempera

ure;Pin andPou are the pressures at the inlet and the ou
espectively.

The variations of lnV 0
g = f (1/T ) corresponding to th

ifferent probes are illustrated inFigs. 5–7.
�V 0

g C and �V 0
g T herein stand for�V 0

g (cyclohex-

ne)−�V 0
g (n-butanol) and�V 0

g (toluene)−�V 0
g (n-

utanol), respectively.
Methane was injected to obtain the dead volume o

eference retention time.

ig. 6. Variations of lnV 0

g = f (1/T ): (�) toluene in a binary system a
�) toluene in the MTB/PDMS system, the toluene/n-butanol mixture.
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Fig. 7. Variations of lnV 0
g = f (1/T ): (�) n-butanol in a binary system; (�)

n-butanol in the MCB/PDMS system, then-butanol/cyclohexane mixture and
(�) n-butanol in the MTB/PDMS, then-butanol/toluene mixture.

Fig. 8. Variations of the infinite dilution activity coefficients with tempera-
ture: (�) cyclohexane; (�) toluene and (�) n-butanol.

The Flory-Huggins interaction parameter,χ∞
12, was com-

puted from the following relation[18], Eq.(7):

χ∞
12 = ln γ∞

i − 1 (7)

The systems considered in this study were: the binary
cyclohexane/PDMS, toluene/PDMS, andn-butanol/PDMS;
MCB/PDMS and MTB/PDMS.

The variations ofγ∞
i for the different sorbates are pre-

sented inFig. 8.

3. Results and discussion

3.1. Sorption/pervaporation

The sorption of the different microemulsion components
by PDMS membrane is depicted inFig. 2 as a function of
time. It shows that the membrane swells far better in cyclo-
hexane and toluene, the oily components, than inn-butanol.

That is, the sorption of cyclohexane and toluene are nearly
four- and three-fold that ofn-butanol, respectively. After 8 h,
the saturation was reached and the optimal sorptions were
found to be 280, 180, and 60% for cyclohexane, toluene,
andn-butanol, respectively. These sorption differences are
in accord with the solubility parameter (δi) approach which
states that the closer the solubility parameter of a component
to that of the membrane, the better its affinity towards it or
the better is its swelling, (or utmost its solubility). Indeed, the
solubility parameter difference�δ(δPDMS− δi) are 0.9, 1.6,
and 4.1 for cyclohexane, toluene, andn-butanol, respectively.
The solubility parameters are 7.3, 8.2, 8.9, 11.4 (cal cm3)1/2

for PDMS, cyclohexane, toluene, andn-butanol, respectively
[19].

The variations of the pervaporative parameters, the total
flux Jand the enrichment factorsβ, for the breakdown of the
microemulsions I and II, are plotted inFigs. 3 and 4as a func-
tion of temperature. The pervaporation operation process was
applied after attaining the permanent regime, that is the opti-
mal sorption of the microemulsions by PDMS membrane.
It is worth indicating that the microemulsions I and II were
thermally stable at temperatures up to 80◦C, and, therefore,
their collapse is totally due to the pervaporation regime. As
can be noticed, the total flux increased with temperature for
both systems but a relatively slightly greater increase for sys-
tem I. The enrichment factorsβ declined with temperature;
y m II
t
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s both
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n
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s tion-
a
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b in
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p f
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t d
a were
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c en 40
a ine
o l
s t
n -
h sting
et, the extent of decline was more significant for syste
han for system I.

.2. IGC results

The inverse gas chromatography technique was used
lternative to validate our results obtained in the microe
ion breakdown by the pervaporation technique because
echniques involve the sorption–diffusion–desorption p
omenon; yet, the overall processes are different.

The strategy of this present study was first to as
he interactions within a binary system consisting o
olute (molecule probe) and the solvent (polymeric sta
ry phase), and second to consider those within MCB/PDMS
nd MTB/PDMS systems. The working temperatures w
etween 40 and 100◦C. The different results are gathered
ables 2 and 3(only results for the lowest and highest te
eratures are given).Figs. 5–7show the different plots o

n V 0
g = f (1/T ).

The profile of the plot lnV 0
g = f (1/T ) is claimed to be

straight line with a positive slope for temperatures hig
han the glass transition temperature,Tg, of the polymer use
s a sorbent. In our case, the working temperatures
igher than theTg of PDMS (−123◦C) and the results ind
ate that expected straight lines were observed betwe
nd 60◦C. However, a slight deviation from the straight l
ccurs at temperatures higher than 80◦C for all probes in al
ystems studied. The results (Tables 2 and 3) showed tha
-butanol in MCB and MTB affects the activities of cyclo
exane and toluene but not to a great extent. It is intere
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Table 2
Thermodynamic and chromatographic results for the sorbates: cyclohexane andn-butanol

Binary system MCB/PDMS system

Cyclohexane n-Butanol Cyclohexane n-Butanol

T (◦C) 40 100 40 100 40 100 40 100
Vg (mL/g) 125.63 55.69 115.8 48.2 129.66 54.36 134.1 67.3
γ∞ 2.25 1.2 5.80 3.6 2.10 1.35 4.98 3.51
χ∞

12 −0.19 −0.81 0.75 0.28 −0.25 −0.69 0.60 0.25
�Ha (kJ/mole) −6.31 −6.31 −3.46 −3.46 −8.52 −8.52 −3.63 −3.63
�Ga (kJ/mole) −12.88 −13.37 −12.78 −12.92 −12.96 −13.30 −13.05 −13.96

to note that the retention volumesV 0
g of cyclohexane and

toluene in binary, MCB/PDMS and MTB/PDMS systems
(Figs. 5 and 6) did not vary for temperatures lower than 60◦C,
but were almost greater in binary systems than in MCB/PDMS
and MTB/PDMS for higher temperatures. Although the phe-
nomenon occurred in a gas state, it appears thatn-butanol
refrained the mobility of cyclohexane and toluene to a certain
extent. Surprisingly, the retention volume forn-butanol was
almost unaffected by their presence as shown inFig. 7. The
greater the�V 0

g , the higher is the enrichment factor. Indeed,

the∆V 0
gT was found to be greater than�V 0

g C implying that
the enrichment factor for the microemulsion of system II
would be higher than that for system I. This is in a fair
agreement with the results shown inFig. 4. Overall, the�V 0

g
decreased with increasing temperature which explains the
decline ofβ with temperature.

The variations of the infinite dilution activity coefficients
γ∞
i of the solutes were found to decrease nearly linearly with

temperature (Fig. 8) suggesting a higher diffusion at ele-
vated temperatures. This temperature dependence was also
reported by Ferreira and Focco[20]. It can be seen that
γ∞
i (cyclohexane) <γ∞

i (toluene) <γ∞
i (n-butanol) indicat-

ing an enhanced solvation of the PDMS macromolecular
chains, thus a greater penetration of cyclohexane and toluene
in the membrane. The higher diffusion at elevated tempera-
t
T
t cient
a y
r pre-
d of
t dif-
f

the better the selectivity, that is the greater the enrichment
factor of the molecule. The results of the parameter inter-
action are in a agreement with the theory which states that
χ∞

12 = V (δ1 − δ2)/RT , whereV, R, δ1, andδ2 are the solute
molar volume, the gas constant, the solubility parameters of
solute and solvent (polymer), respectively[22]. The smaller
the�δ= (δ1 − δ2), the smaller theχ∞

12, and the higher the
solvating power of the solute. Thus, the solute that gives the
smaller�δ, will have the better affinity towards the mem-
brane as mentioned above.

Because water was also employed as one of the compo-
nents of the microemulsions, it is enlightening to recall that
theγ∞

i and theχ∞
12 for water under the same conditions were

found to be about 18–19, and 1.90, respectively, at a temper-
ature range of 100–120◦C [23]. The above findings would
account for, on the one hand, the better sorption of cyclo-
hexane and toluene thann-butanol and water as confirmed in
Fig. 2, and, on the other hand, the preferential transport of the
oily component (cyclohexane and toluene) of a microemul-
sion through the membrane in the pervaporation operation as
can be seen inFig. 4; the enrichment factorsβ in cyclohex-
ane and toluene were found greater than one for both systems
suggesting a preferential permeation of the oily components
overn-butanol and water.

Enthalpies of absorption,�Ha were calculated from the
slopes of the retention diagrams illustrated in these figures,
a

�

n in
T of

T
T e andn-butan

T 10
V 4 .4
γ 5
χ 0 8
� −3
� −12
ures would account for the increasing flux depicted inFig. 3.
he interaction parameter of Flory-Huggins,χ∞

12, varies with
emperature in the same fashion as the activity coeffi
s the equation Eq.(7) may imply. Theχ∞

12 decreased b
aising the temperature for all sorbates as the theory
icts [21]. The smaller theχ∞

12, the better the absorption
he PDMS by the probes, giving an insight into a better
usion into the membrane. In addition, the smaller theχ∞

12,

able 3
hermodynamic and chromatographic results for the sorbates: toluen

Binary system

Toluene n-Butanol

(◦C) 40 100 40

g (mL/g) 170.35 68.2 115.8
∞ 4.52 2.13 5.80
∞
12 0.5 −0.24 0.75
Ha (kJ/mole) −8.69 −8.69 −3.46
Ga (kJ/mole) −13.67 −14.00 −12.78
nd according to the following equation, Eq.(8):

Ha = −R
[
∂ lnV 0

g

∂(1/T )

]
(8)

The magnitudes of the enthalpies of absorption give
ables 2 and 3also provide an insight into the behavior

ol

MTB/PDMS system

Toluene n-Butanol

0 40 100 40 100
8.2 165.3 65.6 133.1 66

3.6 4.80 2.16 5.88 3.2
.28 0.56 −0.22 0.77 0.17

.46 −7.85 −7.85 −3.63 −3.63

.92 −13.60 −13.88 −13.03 −13.91
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the membrane towards the components of the microemulsion
in study. These values suggest the absence of the specific
interactions such as hydrogen bonding between the sorbate
and the sorbent. The enthalpies of absorption of cyclohex-
ane and toluene are lower than that ofn-butanol for the
binary, MCB/PDMS and MTB/PDMS systems. This would
explain the better sorption of the membrane by cyclohex-
ane and toluene over that byn-butanol. While in the binary
system,�Ha of cyclohexane is higher than that of toluene,
in the MCB/PDMS and MTB/PDMS systems, that of toluene
is higher. This result could be stemmed from the effect of
n-butanol. Indeed, the swelling of the membrane was more
significant by the cyclohexane-rich micromulsion than by the
toluene-borne micromulsion[6].

The free enthalpies of absorption were determined using
the following equation[24], Eq. (9) whereTc is the col-
umn temperature andρ is the density of the stationary phase;
ρPDMS= 0.98.

�Ga = −RT ln

(
V 0

gTcρ

273

)
(9)

The�Ga’s at temperatures of 40 and 100◦C for the dif-
ferent sorbates in the binary, MCB/PDMS and MTB/PDMS
systems are given inTables 2 and 3. They fluctuated between
−12.78 and−14.00 kJ/mole for all the probes and they
d rature
b

4

to a
c n by
p nite
d ion
p xane,
t on
b tudy,
a the
m ent
p
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