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Prediction of mutual diffusion coefficient in polymer solution
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Abstract

The solvent chemical potential derivative (i.ep{/dwq)rpis derived from the thermodynamic relation and mutual diffusion coefficients
(D) are calculated with original UNIFAC-FV (Model 1) and the modified UNIFAC-FV (Model 2) without any assumption or simplification.
Model 1&2 proposed in this work well correlate the experimental data of mutual diffusion coefficients in PIB/solvent systems and PMS-BR
copolymer/solvent systems. It is shown that Model 1&2 are alternative tools to Flory—Huggins method for predicting mutual diffusion
coefficients in polymer/solvent systems over wide ranges of temperature and concentration without any assb2@@0EIsevier Science
Ltd. All rights reserved.
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1. Introduction given by Egs. (1) and (2), respectively

—-E

Polymer processing is often concerned with polymer D1 = Do eXP<fT)
solutions. As the transport phenomena of solvents in poly-
mer solutions affect the polymerization, curing, polymer

devolatilization, plasticization, pigment stability, prepara- xexp % —(Vy + “’25\}22')

tion of polymer membranes, and other properties of wl(i)(Kﬂ — T+ T+ wz(ﬁ)(Kzz —Tp+T)
polymer solution systems, the estimation method of solvent Y Y

diffusion in polymer solutions has been extensively studied D
[1,2]. The solvent diffusion behavior in polymer matrix is

also important to membrane separation processes such aB = Di(1 — b (1 — 2x¢1) (2

pervaporation for the separation of volatile organic
compounds (VOCSs).

Reliable estimates of solvent diffusivity in polymer solu-
tions has been required, and various diffusion models base
on free-volume concept has been proposed [1,3,4]. Vrentas,
and Duda use the Flory—Huggins thermodynamic model in
their free volume diffusion theory to describe the polymer- enthalpy change on mixing is zero. The polymer/solvent

solvent enthalpic and entropic interactions. This model can interaction parameter has been written as a sum of entropic

describe athermal polymer/solvent systems fairly well [5]. 4 enthalpic components. Both the enthalpic term and the
For the estimates of solvent diffusion coefficient in polymer ¢ \olume term are positive, but the enthalpic term

solution systems, free-volume parameters for the both poly- yecreases with temperature while the free volume term

mer and solvent must be available [1,3,6-9]. The free- j,rea5es with temperaturg. should exhibit a minimum
volume diffusion model developed by the Vrentas-Duda 55 5 fynction of temperature due to these two competing
describes the solvent self-diffusion coefficiebBy) and the effects [5]. Nakajima et al. [10] have shown that is

polymer/solvent binary mutual diffusion coefficierd)(as concentration dependent for some poly(vinyl acetate)
systems. Kokes et al. [11] have shown tlas temperature

* Corresponding author. Tel.+ 82-361-250-6332: fax-+ 82-361-251-  dependent for poly(vinyl acetate) systems [5].
3658. To predict D without any adjustable parameter from

E-mail addresskrlee@cc.kangwon.ac.kr (K.R. Lee). experiment, new prediction method has been needed. We

As shown above, Eg. (2) contains Flory—Huggins inter-
action parametey. y is usually assumed to be constant,
although it has been found to be a function of temperature
nd concentration. The derivative in Eq. (2) is basedyon
eing constant. The assumption gf being constant is
approximately correct for athermal systems where the
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Nomenclature

Greek letters

activity of solvent

geometric factor

external degrees of freedom per solve
molecule

self diffusion coefficient of component
(cm?/s)

constant pre-exponential factor (&is)

critical energy which a molecule must posse
to overcome the attractive forces holding it t
its neighbors (cal/mol)

solvent free-volume parameter (Cgy/K)
solvent free-volume parameter (K)

polymer free-volume parameter (Gy/K)
polymer free-volume parameter (K)
molecular weight of componeit

molecular weight of groupn

pure component parameter

gas constant

group parameter

group area parameter per gram
temperatureK)

partial specific volume of component

specific critical hole free-volume of compot

nenti required for jump (criyg)
weight fraction of groupm in the mixture
coordination number

area fraction of the groum

surface fraction of component

group residual activity

group residual activity of groug in a refer-
ence solution containing only molecules g
typei

volume per gram of component
number of groups of typk in moleculei
reduced volume for the solvent
reduced volume for the mixture
segment fraction of component
volume fraction of componerit
chemical potential of component
chemical potential of pure
Flory—Huggins polymer/solvent interaction
parameter

mass density of component

weight fraction of componerit

ratio of critical molar volume of solvent jump-|
ing unit to that of polymer jumping unit
overlap factor which is introduced because tf
same free volume is available to more thg
one molecule

group interaction parameter

O

=

N

ne

can describe chemical potential term from the thermody-
namic relation instead of Flory—Huggins and calculate
with UNIFAC theories. It is known that UNIFAC, one of
the group contribution methods, has lots of accumulated
parameters and is widely used for estimating vapor—Iliquid
equilibrium (VLE) and liquid—liquid equilibrium (LLE)
system. In this work, we propose two models, which do
not contain Flory—Huggins interaction parameteand do

not include experimentally adjustable parameters. For the
prediction of mutual diffusion coefficientD(, the deriva-
tives of solvent chemical potential (i.61u,/0w;)Tp) Were
derived and calculated with original UNIFAC-FV (Model 1)
and the modified UNIFAC-FV (Model 2) without any
assumption or simplification. The results predicted by
Model 1&2 were also compared with experimental data.

2. Theory

Since mutual diffusion coefficientD) is useful for
analyzing actual mass transfer phenomena, self-diffusion
coefficient O,) must be related to the binary mutual diffu-
sion coefficient D). Vrentas-Duda [1] proposed the rela-
tionship betweem® andD, as follows:

b [ P2V2piD1 (%) =(D1x2)( o )
RT dap1 /1P RT alnx, J1p

Dy 3#1)
= 1_ ——
( RT >( wl)(awl e

For relatingD; to D as shown in Eq. (3), derivative of
solvent chemical potential (third term of the right hand side,
i.e. (du1/9wy)T p) Must be obtained. The chemical potential
derivative represents the effects of thermodynamic changes
on the diffusion coefficient. Vrentas-Duda obtained the deri-
vative of chemical potential (i.e(du,/dw;)7p) from the
Flory—Huggins equation (Eqg. (4)) under the assumption of
constanty

p1 = p + RTINQL — ) + x5 + ¢l (4)

The models proposed in this work, however, derive the
chemical potential derivative (i.€du,/d0w;)7p) from the
thermodynamic relation and calculate with original/modi-
fied UNIFAC-FV.

(©)

2.1. Model 1

As shown in Eq. (3), derivative of solvent chemical
potential (i.e(du,/dw1)7 p) iS NECESSaAry to calculate mutual
diffusion coefficient D). Derivative of solvent chemical
potential (i.e.(du/dwy)tp) is derived and calculated with
original UNIFAC-FV instead of Flory—Huggins equation.
Derivative of solvent chemical potential can be thermody-
namically described with solvent activity as Eq. (5)

() (222
dwy /TP dJwy Jtp

)
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Table 1
Parameter used in correlations of diffusion coefficients [7]
System Parameter
Vi vz Ky Ky Kn-Tg Ko-Te x & Do E
(cm®g) (cm®g)  (cmg/K) (ecm®g/K) (K) (K) (cm?s) (cal/mol)
PIB/cyclohexane 1.008 1.005 .®@x10"% 316x10* -157.81 —117.93 055 0.44 04x10°° 2630
PIB/n-pentane 1.158 1.005 @4x10°% 316x10°* -38.39  —117.93 0.77 0.43 32x10' 9950
PIB/toluene 0.917 1.005 . 20x10° 316x10*  -102.72  —117.93 1.17 053 42x10°% 1070
PIB/chloroform 0.510 1.005  .12x10*  316x107* -29.43  —117.93 1.09 0.35 92x107° 3780
PMS-BR(2%)h-hexane 1.133 1.002 1.9610°  313x107° —41.08 —118.10 0.69 0.65 43x10' 4870
PMS-BR(7%)h-pentane 1.158 0994 2x10° 306x10°* —-38.39  —119.39 0.60 0.40 32x1072 5280
PMS-BR(7%)h-hexane 1.133 0.994 96x10°  3.06x10°* —41.08  —119.39 0.50 0.45 48x10° 3320
PMS-BR(15%h-pentane  1.158 0.981 2.410° 295x107* -38.39  —120.56 0.62 0.46 29x10" 9230
PMS-BR(15%)h-hexane 1.133 0.981  96x10° 2.95x 104 -41.08  —120.56 0.71 0.64 36x10' 7920
PMS-BR(15%)/cyclohexane 1.008 0.981 .03x10° 295x10%  -157.81  —120.56 0.72 0.48 Z2x1072 4840
As the solvent activity in polymer solution [12] is where
expressed by
— C R FV

Ina; =Inay +Inaj +Inaj (6) 9 Inl MO -1 le 6.

. . . .. . = NIk kK| &

We can obtain the derivative of solvent activity by differ- o1 J1p Z 0V l% ™\ oo TP

entiating Eq. (6)

( dlna; )
dw; J1p

3 Inaf dInaf dIna;’
_ 1 + 1 + 1 @
dor Jrp dor Jrp dor J1p

Derivatives of combinatorial, residual, and free-volume (12
terms in Eq. (7) result in the following expressions for
solvent activity AW, Z o ( AW, )
(alnaf) _(a¢’1) (1 _1) (ae;n) _ o (awl)Tp_W = <N Gy Jrp
-\ 5 YA oo — Xm m
dor J1p dor J7p\ 1 doy J1p ZQ/an (Z "W 2
n n'%n
7 00 0. — d’l n
+ vl 222 1 1
> 1CI1[( PN )TP< 9/12 (13
Py 1 1 ( aW”ll) _ GCMumm (14
+ 9% - - = (8) dwy JTp Mz
awl TP 0’1 d)ll
where (%) _ _ GMumm (15
dwy J1p Myz

01\ _ 910>
awl TP (qllwl + (:1,2('02)2

©) alnafy

dop  Jrp
2! rirh
—] == — 10 OV m
dwy TP (r 101 + rza)z) =Ci| —

dwy JTp

9 Inaff T (amrk) aInlY where,

= V —_— _— —_
(:)a)l TP K k 60)1 TP a(l)l TP

o[ (9 Inl
=y yf(')[(—a k) ] (12)
K W JTP

o -
52— Vol (o= 020 ] (19

<8f1m> _ virh — vor)
dwy Jrp  15.170(r\wy + rhwy)?

17

Substituting Egs. (8), (11), and (16) into Eq. (7), derivative
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Table 2
Comparison of calculated and experimental data

Solvent (1) Polymer (2) Temp.  Average error oD Average error oD Average error oD Remark
(°C) using original using modified using Flory—
UNIFAC-FV (%) UNIFAC-FV (%) Huggins (%)
Cyclohexane PIB 75 18.99 18.92 18.68
88 3.62 3.57 3.69
100 4.41 4.36 4.29
n-Pentane PIB 50 7.97 7.77 7.83
65 10.63 10.95 11.90
75 12.94 12.95 12.89
Toluene PIB 75 11.31 11.30 16.80
88 8.59 8.52 11.43 Error &P~ 109
110 4.95 5.07 4.00 exp
Chloroform PIB 75 0.98 0.85 2.16
88 3.39 3.65 4.08
100 248 2.82 3.38
n-Hexane PIB-BR (7%) 75 11.27 10.99 10.83 PIB: polyisobutylene
100 214 2.73 4.32
125 12.28 11.96 11.24
175 9.43 9.59 9.71
n-Pentane PIB-BR (7%) 75 9.03 8.92 8.66 PMS: poly(p-methylstyrene
100 3.36 3.39 3.42
n-Hexane PIB-BR (2%) 50 3.07 4.03 4.30
75 6.84 8.43 4.09
n-Hexane PIB-BR (15%) 50 6.49 18.74 6.09
75 10.53 13.89 5.38 Constant density of PMS
Cyclohexane PIB-BR (15%) 50 8.73 8.69 9.14
75 19.82 20.69 17.99
100 11.42 11.84 7.77
n-Pentane PIB-BR (15%) 50 11.41 10.60 9.59
65 3.32 4.06 451
75 11.20 10.60 9.95
of solvent chemical potential can be obtained. Therefore, we where
can calculate mutual diffusion coefficiem@) with the origi- s
nal UNIFAC-FV. / o 1 0)
bi=<—3 =g 2wk 19
Z ol M %
k
2.2. Model 2

Derivative of combinatorial term results in the following
UNIFAC-FV was modified by Larsen et al. [13], which is  expression for solvent activity
called modified UNIFAC-FV. Two changes are introduced

in modified UNIFAC-FV: (1) the group-interaction para- ( 9Inaf (1 _4 I 20)
meters have been made temperature-dependent; and (2) dw; J;p ol do1 )1p

the combinatorial term is slightly modified [13]. The modi-

fied UNIFAC-FV has the same form with original UNIFAC-  where

FV except the combinatorial term. For the mutual diffusion

coefficient of solvent, derivative of solvent chemical poten- 8;4‘)'1 _ (rir))?? 1)
tial (i.e. (Au1/dw1)7p) Was derived and calculated with the \ dw; T’P_ (w123 + wyr?3)?

modified UNIFAC-FV instead of original UNIFAC-FV.

Combinatorial term is given by Substituting Egs. (8), (11), and (20) into Eq. (7), deriva-
tive of solvent chemical potential can be obtained. There-
fore, we can calculate mutual diffusion coefficieD¥) {with
the modified UNIFAC-FV.

!
Inaf=|n¢/l+1—%=lnqb/l+¢/2 (18
1
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Fig. 1. Experimental data and theoretical correlations for PIB/cyclohexane Fig. 3. Experimental data and theoretical correlations for PIB/toluene

mutual diffusion.
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Fig. 2. Experimental data and theoretical correlations for fR{intane

mutual diffusion.

mutual diffusion.

3. Results and discussion

The mutual diffusion coefficients of polymer/solvent and
copolymer/solvent system are obtained by Model 1&2 and
Vrentas-Duda’s. Parameters [7] used for the estimate of
mutual diffusion coefficient are provided in Table 1.
Predicted values and the experimental data [7] of mutual
diffusion coefficient are provided and compared in Table 2.

3.1. PIB/solvent systems

Mutual diffusion coefficients ) of PIB(polyisobuty-
lene)/solvent (cyclohexane;pentane, toluene, chloroform)
systems are represented in Figs. 1-4. For all the solvents
investigated, the diffusion coefficient depends on both
concentration and temperature. In rather higher range of
solvent concentration, the values predicted by Model 1&2
are greater than those by Vrentas-Duda'’s. For the solvent of
cyclohexane, n-pentane, andn-hexane, Model 1&2
proposed in this work well correlate with the experimental
data at various temperatures and concentrations.

However, Model 1&2 predicted the experimental data
better than Vrentas-Duda's for the PIB/toluene system.
Since differences betweed values predicted by Models
1& 2 and Flory—Huggins were mainly caused by solubility,
differences from solubility estimation make difference ®of
values. Many researchers [14—16] reported that UNIFAC-
FV is a good method to predict activity or activity coeffi-
cient of solvent such ashexanen-pentane, toluene in PIB.
When we add the average errors in the three columns in
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Fig. 4. Experimental data and theoretical correlations for PIB/chloroform Fig. 6. Experimental data and theoretical correlations for PMS-BR(%%)/
mutual diffusion. pentane mutual diffusion.

Table 2 and divide by the number of systems studied, we UNIFAC-FV is more accurate than those by Flory—Huggins
end up with 8.28% error for the original UNIFAC-FV, relation in PIB/toluene system.

8.30% for the modified UNIFAC-FV, and 10.74% for the The values predicted by Model 1&2 for PIB/solvent
Flory—Huggins. It seems that the solubility estimated by systems are much comparable with each other.

-5

107° ¢ : , . ; 10
10° |
i 108
m I o
[] 1 [
& 2
c 107 . c
G ] &
o ] a
] 107 F .
F Model 1 ]
10'8 n - « — Model 2 4
3 Model 1 3 r e Vrentas-Duda ]
3 — - — Model 2 ] I 8 Exp.(75°%) ]
e Vrentas-g)uda ) Exp.(100°C)
Exp.(50°C) L & Exp.(125°%C) -
r U Exp.(75°C) 1 A Exp.(175°C)
-9 -8
1 0 . | ! 1 O 1 1 "
0 0.1 0.2 0 0.1 0.2
w W1

Fig. 5. Experimental data and theoretical correlations for PMS-BR{2%)/  Fig. 7. Experimental data and theoretical correlations for PMS-BR(¢%)/
hexane mutual diffusion. hexane mutual diffusion.
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Fig. 8. Experimental data and theoretical correlations for PMS-BR(15%)/
pentane mutual diffusion.

3.2. PMS-BR copolymer/solvent systems

Mutual diffusion coefficientsd) of PMS-BR copolymer/
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Model 1 ]
— - = Model 2
P PR P R Vrentas-Duda
| Exp.(50°C) |
U Exp.(75°C)
109 . ‘ '
0 0.1 0.2

vy

Fig. 9. Experimental data and theoretical correlations for PMS-BR(15%)/
hexane mutual diffusion.

predicting mutual diffusion coefficients in polymer/solvent
systems over wide ranges of temperature and concentration
without any assumption or simplification. There is another

solvent system were predicted and compared with the noint to be mentioned that mutual diffusion coefficients

experimental data for several organic solvemdiexane,
n-pentane, and cyclohexane in PMS-BR (ppiniethyl-

6

styrene)eo-isobutylene) containing 2, 7, 15 wt% of PMS,
respectively. As shown in Figs. 5-10, Model 1&2 proposed
in this work well correlate the experimental data at various
temperatures and concentrations. In the rather higher range
of solvent concentration, the predicted values by Model
1&2 are greater than those by Vrentas-Duda’s free volume
relation. The values predicted by Model 1&2 for PMS-BR
copolymer/solvent system are very much the same with
each other.

4. Conclusions

The solvent chemical potential derivative (i.e.
(dm1/dwy )7 p) are derived from the thermodynamic relation
and mutual diffusion coefficient®{ are calculated with the
original UNIFAC-FV (Model 1) and the modified UNIFAC-
FV (Model 2) without any assumption or simplification.
Model 1&2 well correlated the mutual diffusion coefficient
data of cyclohexanea-pentane, and-hexane in PIB(polyi-
sobutylene) andi-hexane,n-pentane, and cyclohexane in
PMS-BR (polyp-methylstyrenezo-isobutylene) systems.

It is shown that Model 1&2 proposed in this work are alter- Fig. 10. Experimental data and theoretical correlations for PMS-BR(15%)/
native tools to Flory—Huggins theory for correlating and cyclohexane mutual diffusion.
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