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Abstract

Polydimethylsiloxane (PDMS) pervaporation membranes were employed to remove benzene from aqueous solution. A predictive model \
proposed based on solution-diffusion mechanism to predict mass transfer during pervaporation process. The solubility of components in
membrane was described by UNIFAC-FV model, and the diffusion coefficients in polymeric membrane were calculated by free volume theo
The effects of feed concentration and operating temperature on pervaporation properties were investigated to validate the model. It has sk
that the proposed model can be applied to select membrane materials and predict the permeation flux and selectivity of components throug
polymeric membrane.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction most widely used in describing pervaporation transport includ-
ing preferential sorption, diffusion and evaporation steps. In
Pervaporation has become one of the most promising candiecent years, considerable attention has been focused on the
dates for low-cost and environment-benign separation processiass transfer behavior because of its vital role for optimizing
especially for separation of azeotropic or close-boiling liquidpervaporation process.
mixtures. Its application fields can be found in: (a) dehydration For modeling pervaporation transport, the permeation flux,
of organic/water mixtures, (b) removal or recovery of organicwhich depends on the solubility and diffusivity of components
components from water and (c) separation of organic/organim the membrane, should be obtained first. Traditionally, the sol-
mixtures. ubility was calculated according to the Flory—Huggins theory.
There are two crucial issues for industrial application ofHowever, the interaction parametgiwith strong temperature
pervaporation process. The first is developing membrane matend concentration dependence had to be determined through
rial and tailoring membrane structure to obtain high per-experiments, which limited its predictive capability. Recently,
vaporation properties. The second is modeling pervaporagroup contribution methods had been successfully applied to
tion transport to better understand of the above-mentionegredict activity coefficients in polymer solution. Fredenslund
structure—pervaporation relationship. et al.[9] developed the UNIFAC model to calculate VLE for
The molecule transport through the membrane has been studermal fluid systems. Oishi and Prausnjif] proposed the
ied quite extensivelfl]. Many models were proposed to predict UNIFAC-FV model by adding a free volume term into the
the mass transfer process, such as solution-diffusion ni@el UNIFAC model, which could be used to both the polymer and
thermodynamics of irreversible proced, Maxwell-Stefan  polymer solutions. For the diffusivity, the predictive methods of
theory[4], pore flow mode[5], pseudo phase change solution- component diffusion in polymer solution had been commonly
diffusion model[6], resistance-in-series mod&l and molec- studied11]. And the free volume theoif{1 2] was often used to
ular simulation[8]. Among them, solution-diffusion model is describe the diffusion process of penetrants in polymer above
the glass transition temperature.
In this study, a predictive model is established based on
* Corresponding author. Tel.: +86 22 27892143; fax: +86 22 27892143,  UNIFAC-FV model and free volume theory to predict the per-
E-mail address: zhyjiang@tju.edu.cn (Z. Jiang). vaporation properties of polymeric membrane simply using the
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Nomenclature

Aq

free volume parameters

Aun Apn the group interaction parameters

did

dih

r®

activity of component

activity of component from combinatorial con-
tribution

activity of componeni from combinatorial con-
tribution including free volume contribution
activity of component from free volume contri-
bution

activity of componentfrom residual contribution
activity of component in the feed

activity of component in the feed side surf ace
of the membrane

free volume parameters

concentration of feed (g benzene/g water)
thermodynamic diffusion coefficient of compo
nenti (m?s 1)

diffusion coefficient of componeritfm—2s1)
fractional free volume of component
permeation flux of componen(g m? h—1)
monomer number in a chain molecule

relative surface parameter of componént

gas constant (Jmot K—1)

volume parameter for the monomer

relative volume parameter of component
temperature (K)

glass transition temperature (K)

molar volume of componeritm? mol—1)

mole fraction of componerit

co-ordination number UNIFAC (commonly
Z=10)

separation factor

proportional constant of component
dispersion-forces component

polar component

hydrogen-bonding component

the density of componeit

crystallinity of polymer

volume fraction term of componehin UNIFAC
model

volume fraction term of componehin modified
UNIFAC model

specific volume of component

specific volume of componenat zero (K)
surface fraction of component

number of grougk in moleculari

interaction activity of group £ in the
penetrant—polymer mixture

interaction activity of groug in pure component
l

chemical structure and physical property parameters of poly-
mer. In addition, the effects of feed concentration and operating
temperature on permeation flux and selectivity through poly-
dimethylsiloxane (PDMS) membrane were investigated to vali-
date the model.

2. Theory
2.1. Modeling of solution

Based on the solution-diffusion model, it is assumed that
swelling equilibrium is reached at the interface between the feed
mixture and the polymeric membrane. The volume fraction of
component in the membrane can be obtained according to the
chemical potential equilibrium.

The chemical potential at a given temperature and pressure
can be expressed as the function of activity

i — ud = RT Ing 1)

There are thermodynamic phase equilibrium between the
feed mixture and the polymeric membrane, which indicate that
the chemical potential in both phases for componénequal.

Based on Eq(1), the equality of chemical potential can be
expressed by activity equilibrium.

a; = af 2
2.1.1. Calculation of the activity of components in the feed

UNIFAC group contribution method is introduced to calcu-
late the activity of componeriin the feed mixturg9], which is
described as the sum of a combinatorial pal?'o @nd aresidual
part R).

Ing; =Ina® +INa =InyC +InyR+Inx; (3)

The combinatorial part can be calculated by

b zqi b o
Z
I = E(”i —qi)—(ri—1) %)

whereZ is the coordination number and usually taken equally
taken equal to 10.(013,14] ¢; and#; are the volume fraction
and the surface fraction of componéntespectively.

riXi

P = 6

S JTi%i ©
qiXi

0; = 7

Zﬂjxj ")

where the parametersandg; can be found in the reference or
calculated through group contribution method.
The residual part of the activity [45]

InyR =" ri —in ) ®)
k
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The residual part is calculated by the method of solubility

Wherev,(ci) is the number of groug in component, F,((i) the - : .
parameter described by Vicente and Gottifridd].

interaction activity of groug in pure componentand/ is the

interaction activity of group in the penetrant—polymer mixture. St — 52 4 (S — 82 4 (S — & )2
I'x can be expressed by Inal = "v¢? [Gia = 850)" + Gip RT]p) + (o = 8]

Om Umk i (17)
NIy = Qk [1—1In OmVmk | — (mm) 9)

zm: zm: Zﬁn%m
whereg,, is the surface area parameter for gréuy, the surface According to the theory of solubility parameter, the residual
area fraction of group:, v¥,,,, andy,,,, are given by the group part of the feed mixture containing polar components can be
interaction parametet,,,, andA,,,,. calculated by Eqq18) and(19).
81d — 83d)? + (To/ T)((81p — 83p)> + (81n — 83n)?
Ina® = V12 | (81d — 83d)* + (To/ T)((81p — 83p)° + (81n — 83n)%) |
RT
82d — 83d)* + (To/ T)((82p — 83p)? + (82h — 83n)?
Vaonoa 2+ T/ (o= B + A g

| (824 — 83a)? + (To/ T)((82p — 83p)? + (82n — 831))

InaR = Vog?
2 = Vb3 RT
81d — 83d)* + (To/ T)((81p — 83p)? + (81 — 83n)?
Voo )+ (To/ T)((31p — 33p) + it RS
RT
Amn .
Ymn = XP <— T ) (10) Therefore, the volume fraction of components at the upstream
side surface of the membrane could be obtained from the activity
Anm equilibrium with the feed.
Yun = €Xp| — T (11)

Aumn @ndA,,, are obtained from phase equilibrium data for mix- 2.2. Modeling of diffusion in polymer

ture containing various functional groups. o . -~ e
9 group Free volume theory is widely used in predicting diffusion

coefficients of small molecule through polymers. Diffusivity

2.1.2. Activi ts in th b .
ctivity of components in the membrane can be expressed by the following equatjb].

According to the UNIFAC-FV model, the activity of compo-

nents in the membrane can be affected by three contributions: — By
combinatorial-entropy, residual-enthalpy and free volume. D1 = RTAqexp <f(1—¢c)> (20)
—1n,C R FV

Ina; =Ina;i +Ina;’ +Ing; (12)  \whereAq and Bq are the parameters related to the shape and

The combinatorial part can be calculated by the modificatiorpize of the diffusing molecule. The fractional free volufie a
form of Kikic et al.[16]. function of volume fraction of componeittp;) and temperature

(7), ¢¢ is the crystallinity of the polymer.
CH+FV R

Ina; =Ina; ™ +1Ing; (13) A generalized paramet@ris defined by

The part of the combination of combinatorial-entropy and — By
free volume is calculated by B=_—— (21)

(1—¢c)
;i 2qi Pi i
In aic+|:v =Ing, — L +1— ?' {m (;) 41— 9’} (14) Therefore, the Eq(20) can be expressed to
Xi i i
. B

The method of Zhong et gl17] is used to calculate the vol- Dt = RTAq4 exp() (22)

ume fractionp; ande;. f
, Xiti 15 The fractional free volume of the binary system can be deter-

¢i = X171 + x2r2 + xp[0.65831r(1)] (15) " mined by the following equatiof20].
" i ae) S 1) = FO.1) + (D (23)

= ar + xoro 4+ xp[nr(l
e+ xzrz - xplnr(L)] wheref(0,7) is the fractional free volume of the pure polymer

wherex, x2 andxp are the mole fractions of the components jself, which can be determined 0]
and polymerri, rp andr(1) are the volume parameter for the
solvents and monomer of the polymer. f(0,T) = 0.025+ a(T — Ty) (24)
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The parametes can be set to 4.8 10 K~ whenT< Ty, The separation facter can be calculated by
and 4.8x 10~4K~1 whenT>Ty. A(T) is the proportional con- 1)
stant which can be determined from the fractional free volumer = (32)
of pure liquid.

Wheng; =1, Eq. (22) becomes: whereJ; andJ> are the partial pervaporation permeation flux of

benzene and water, g/&h) andc is the concentration of feed,

f@,T)= £, T)+ Bi(T) (25) g (benzene)/g (water).

The fractional free volume in liquif(1,7), can be calculated 3, Experimental
by the equation proposed by Doollif21].

v/ — 0 3.1. Materials and membrane preparation
f(,T)= - (26)
! The PDMS prepolymer (the average molecular weight is

wherev ; is the specific volume of the liquid at some temperature39700) was purchased from Beijing Chemical Co. Ltd. Methyl-
and g is the specific volume of the liquid extrapolated to the triethoxysilane prepolymer, dibutyltin diacetate, heptane and
temperaturd at zero K without a phase change in the form of benzene were of analytical grade, and they were purchased from
a density function. Tianjin Kewei Chemical Co. and used without further purifica-
The diffusion coefficient of componeritin j at infinite ~ tion. ' .
dilution of i (D?) can be calculated by Wike-Chang method ~The PDMS membrane is prepared by phase inver-

[22]. sion approach, dissolving the PDMS prepolymer, methyl-
triethoxysilane prepolymer (curing agent) and dibutyltin diac-
DO 7.4 x 1078(¢; M ;)Y2T @7 etate (catalyst) im-heptane (solvent) in a certain proportion.
i~ n; /0.6 Thenthe solutionis cast on an organic glass plate and the solvent
J

is evaporated at room temperature for 48 h. Finally, the mem-
Wheng, =0, Eq.(19) becomes brane is peeled off from the organic glass plate. The thickness
of the resultant membranes is about 140-260

(28)

B
D? = RTAq exp()
f(O,7) 3.2. Pervaporation experimental

The free volume parametesg and By can be obtained by
the Eqs{(27) and(28).

Diffusion coefficient of componenit(D;) can be related to
the thermodynamic diffusion coefficief;.

The pervaporation apparatus is showrFig. 1, where the
membrane cell is purchased from CM-Celfa AG Company,
Switzerland and the effective membrane area is 282 @ine
downstream pressure is kept about 0.2 kPa. The permeate is col-

3Ing lected by the cold trap, and then is dissolved in a specific amount
D; = (D1);(1 - </)i)(/)iT (29)  of diethyl amino. The compositions of permeate are determined
v by gas chromatography (HP 6890) equipped with a flame ion-

As mentioned above, the activity of componenin the ization detector (FID).
membrane can be calculated by UNIFAC-FV model. There-
fore, the derivative of solvent activit@% by differentiating

;
Eq.(13)is 2_\

C+FV R 3
3 Ing; _ dIng; +8|nai (30) N
0 0p; i

2.3. Calculation of permeation flux and separation factor

The permeation flux of components can be calculated with

the method described by Stern et[2B]. 4
. i .
Pi D;
=5 dep; 31
ey b (31)

whereJ; is the permeation flux of componeint the membrane

thicknessgp andgb,-p the volume fraction of componenat the Fig. 1. The schemati_c diagram of the PV experimgntal equipment: (1) electric

upstream side and downstream side membrane intefads, heater, (2) thermopair, (3) feed.tank, (4) computation pump, (5 and 7) sample
. . .. ) . . and temperature measuring point, (6) membrane cell, (8) rotor flow meter, (9)

the diffusion coefficient of componentand,oi is the denSIty of permeate collector, (10) cold trap, (11) drier, (12) buffer vessel, (13) vacuum

Component'. pump.
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3.3. Definition of permeation flux and separation factor 1000
@ Calculation

g00 | Experiment

The permeation flux is given by
At

whereJ; is the permeation flux of componeing/(n? h); m; the
weight of componentin permeate, ¢4 the effective membrane
area, M andr is the permeation time, h.

The separation factaer is defined as follows: 0 . ; . l .
200 300 400 500 600 700 800

o= y1/y2 (34) Concentration( 10 g/g)

©x1/x2
) _ Fig. 3. Effect of benzene concentration in feed on experimental and predicted
wherex; andx, are the concentration of benzene and water imux of benzene.

feed andy; andy, are the concentration of benzene and water
in the permeate. 100

(33) 600 -

i

400 |

Flux of benzene(g/m”h)

200

# Calculation

go L™ Experiment

4. Results and discussion
) ) 60 |
4.1. Effect of feed concentration on permeation flux and

selectivity 40 |

Flux of water (g/m>h)

As shownirFig. 2 the permeation flux ofthe benzene is much 20 ¢

higher than the water, which shows that the PDMS membrane

is preferentially permselectivity to benzene. And the permeate %00 300 400 500 600 700 800

permeation flux increases obviously with benzene concentra- Congentration(10° g/g)

tion mcreasmg in feed, as a consequence of the polymer matrlIé(lg. 4. Effect of benzene concentration in feed on experimental and predicted

swelling. On the other hand, this effect also causes more wat@[,y of water.

easily through the membrane, which leads to separation factor

decrease. centration of benzene, the swelling equilibrium is easy to reach;
The permeation flux of total, benzene and water, and sepgherefore, the predicted data and experimental data can be in

aration factor predicted by the proposed model are in googood agreement. And at higher concentration the degree of non-

agreement with the experimental data at low feed concentratioquilibrium becomes more pronounced, which leads to a bigger

But with the increase of the benzene concentration, the erroksalculation deviation. In addition, the concentration polarization

alsoincrease. The experimental and predicted permeation flux@sthe pervaporation membrane process, which may also bring

of benzene and water are showiirigs. 3 and 4The permeation  additional deviation, is not taken into account in this proposed

fluxes of benzene and water predicted are also higher than theodel Fig. 5).

experimental data. These errors may come from the supposed

swelling equilibrium, which maybe not reached in the experi-42, Effect of temperature on permeation flux and selectivity

ment. Therefore, the model overestimated the volume fraction

of the components on the surface of the membrane. Atlow con- The effects of operating temperature on permeation flux

of total, benzene and water when benzene concentration

1000 - 18000
# Calculation *
16000

14000

800 | ® Experiment

& 5
E 2 12000 |
& 600 3
= — 10000
= S
“_; 400 F g 8000 F i
3 £ 6000 [
a A
200 | 4000 :
# Calculation
2000 7
0 L L L 1 | 0 ) , ) .| ® Experiment
200 300 400 500 600 700 800 200 300 400 500 600 700 800
. g . 6
Concentration(10 (g/g_) Concentration( 10~ g/g)

Fig. 2. Effect of benzene concentration in feed on experimental and predictefig. 5. Effect of benzene concentration in feed on experimental and predicted
total flux. separation factor.
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400 25000
+ Calculation
—_ - B Experiment
=300 f 5 20000 . 5 HPeLL
E =
e} 5 & 15000
2 200 f 3 g
o ® a 2 L
— £ 10000 |
8 g *
£ 100 F A
4 Calculation 5000
® Experiment
0 + ; 0 L L L
300 310 320 330 340 300 310 320 130 340
Temperature(K) Temperature(K)
Fig. 6. Effect of temperature on experimental and predicted total flux.  Fig 9. Effect of temperature on experimental and predicted separation factor.
by water clustering, which diffuses not as single molecule butin
400 its dimeric or trimetric form{24]. Clustering may not decrease
@ Calculation - . . .
- _ the solubility of water in the membrane. But as its cross-section
£ 300 - Eperivnt is larger than a single molecule, it will cause a noticeable reduc-

tion in the diffusivity of water in the membrarj&5]. At lower
operating temperature, the effect of water cluster is more obvi-
ous, and the deviation is thus bigger. With operating temperature
increasing, the energy of water molecule increases and the effect
of the water clustering decreases, which lead to the predicted
separation factor by the proposed model-fitting better with the
experimental resultdg. 9).

P 200

100 |

Flux of benzene (g/m
\\

300 310 320 330 340

Temperature(K) .
5. Conclusion
Fig. 7. Effect of temperature on experimental and predicted flux of benzene.

A model to predict the permeation flux and selectivity in

in feed is 440« 1069 (benzene)lg (water) are shown in the pervaporation process for removal of benzene from aque-
Figs. 6-8 respectively. The permeation flux of total, benzene@Us solution through PDMS membrane has been developed
and water all increase with operating temperature increadased on the solution-diffusion model. In the proposed model,
ing. The predicted permeation fluxes are all higher than th&NIFAC-FV model and free volume theory are employed to
experimental values, but they have the same changing trenfl@scribe the solubility and diffusivity of components in the
The deviation may also come from the supposed S\,\,e"inénembrane. The effects of feed concentration and operating
equilibrium, which cannot actually realize in pervaporationt€mperature on the predicted permeation flux and separation
experiment. factor by this proposed model are investigated. The predicted
The separation factor predicted by the proposed model fiteérmeation fluxes and separation factor are in good agree-
well with the experimental data at higher operating temperaturdNent with experimental data at lower benzene concentration
With operating temperature decreasing, the errors between préi feed, but at higher benzene concentration, the model over-

dicted and experimental data increase. Deviation may be caus&g§timated permeation flux and separation factor. The predicted
and experimental permeation fluxes all increase with operat-

ing temperature increasing. The predicted separation factor fits

well with the experimental data at higher temperature, but at
 Calculation lower temperature, the model usually underestimated separa-
tion factor. The agreement between the predicted data and the

80

® Experiment

=60 experiment data is acceptable at higher temperature and the
Eﬁ '_4_.—4—’——‘—*"—' lower feed concentration. The model would be helpful to select
E ol the membrane materials due to its fully predictive characteris-
o .

E . tics.
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