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ABSTRACT: The measurements of the diffusion coefficients of trace amounts of three
solvents, benzene, toluene, and ethylbenzene, in polyisobutylene (PIB) were performed
at elevated temperatures by inverse gas chromatography. A packed chromatographic
column was used. The Hadj-Romdhane-Danner mathematical model to describe the
chromatographic process and the corresponding moment analysis were adopted to
determine the diffusion coefficients. The goodness of fit of the experimental diffusion
coefficient data to the Vrentas-Duda free-volume relationship indicates that the free-
volume theory is a very good description of the relationship of the observed solvent
diffusion coefficient with temperature. Furthermore, the solvent diffusivity data were
compared, by using the free-volume theory, with those determined by nuclear magnetic
resonance method for the systems of PIB/benzene and PIB/ toluene. The good agree-
ments show that these diffusivity data obtained by inverse gas chromatography mea-
surement are reliable. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 80: 529-538, 2001
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INTRODUCTION

Most of the available diffusion coefficient data’?
of small weight molecules in polymers were ob-
tained by sorption experiments. However, the
sorption experiments become difficult to use in a
polymer-solvent system in the case of very small
amounts of solvent. Therefore, only a few data for
highly concentrated polymer solutions can be
found in the literature. However, such data are
very important to chemical engineers and of par-
ticular interest in production and applications of
polymer membranes. In the last twenty years,

Correspondence to: W. H. Jiang (Jiang-wenhua@263.net).
Contract grant sponsor: National Natural Science Founda-
tion of China; contract grant numbers: 29736170 and 20076038.

Journal of Applied Polymer Science, Vol. 80, 529-538 (2001)
© 2001 John Wiley & Sons, Inc.

inverse gas chromatographic (IGC) techniques
have been developed to measure rapidly the dif-
fusion coefficient of trace amounts of small-
weight molecules in polymer. Previously, a
packed-column IGC was usually used and diffu-
sion coefficient estimation was extracted from the
elution curve data by using the van Deemter
equation.> ¢ Recently, the IGC method for the
measurement of diffusivity has been developed by
several different researchers. Pawlisch et al.” pre-
sented a significant improvement where capillary
chromatographic columns with highly uniform
coatings of polymer were used instead of packed
columns, and a new mathematical model was es-
tablished to describe capillary column IGC.
Meanwhile, a moment analysis procedure was
proposed to analyze the chromatographic eluting
curves and correct the asymmetry of the chro-
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matographic peaks. Therefore, the measurement
accuracy is greatly improved. Hadj-Romdhane
and Danner® proposed a new mathematical model
to describe the chromatographic process in a
packed column where the diffusions of solvent
both in polymer and gas phase were considered,
and a moment analysis procedure was developed
from this model. In the moment analysis proce-
dure, the asymmetry of chromatographic peaks
was accounted for. This improvement overcomes
the two main defects in the established mathe-
matical model on which the van Deemter equa-
tion is based. One is that the diffusion of solvent
molecules in the gas phase is neglected, and the
other is that the asymmetry of the chromato-
graphic peaks eluting from the packed column is
not considered. Therefore, the diffusion coeffi-
cients obtained have a better accuracy than those
determined from the van Deemter equation. In
this work, the diffusion coefficient of trace
amounts of three solvents (benzene, toluene, and
ethylbenzene) in polyisobutylene (PIB) at ele-
vated temperatures were measured by using the
Hadj-Romdhane-Danner model to analyze the
chromatographic data in the packed column. Be-
cause the film thickness coated on particles in the
packed column has great influence on the mea-
surement accuracy of the diffusion coefficient, the
method, which was proposed by Braun and Guil-
let? to accurately determine the film thickness,
was adopted. In addition, the experimental data
were analyzed using the Vrentas-Duda free-vol-
ume relationship and compared with the data
determined from the nuclear magnetic resonance
(NMR) method.

EXPERIMENTAL

Materials

The sample of PIB (M, = 1.2 X 10°) was pur-
chased from Aldrich Chemical Co. Benzene, tolu-
ene, ethylbenzene, and propione were of analyti-
cal grade reagents, and they were all rectified
before use.

Preparation of Packed Columns

Two packed columns were prepared; one was a
Chromosorb-W column that was used to measure
the diffusion coefficient, and the other was a
glass-bead column that was used in the determi-
nation of absorption parameters of the probe mol-

Table I Column Characteristics

Support Type L/cm W, /g Wp/(grb
Chromosorb-W 198 5.8067 0.3015
Glass bead 198 17.4438 0.1480

2 Weight of support.
b Weight of polymer.

ecule in polymer. Samples of Chromosorb-W and
glass bead, of mesh size 60/80, were obtained from
Shanghai No. 1 Reagent Manufactory of China
and the Center of Measurement and Test of
Tongji University of China, respectively. The PIB
was coated onto these two particles by solvent
evaporation. A solution of the polymer in benzene
was mixed with the solid support and solvent was
removed by slow evaporation; the particles were
then dried under vacuum to constant weight. The
coated Chromosorb-W and glass beads were then
placed in solvent-washed 195-cm-long, 5-mm i.d.
stainless steel tubes with the aid of a mechanical
vibrator. The ends of the tubes were loosely
plugged with steel wool. The column characteris-
tics are shown in Table 1.

Apparatus and Procedure

The gas chromatograph used was the HPSF1490
(HP-Shanghai Analytical Instrument Limited
Co.) equipped with a thermal conductivity detec-
tor. Hydrogen was used as the carrier gas in all
experiments. The temperature of injection block
and the detector were set about 40 K above the
column temperature to avoid condensation. Small
amounts of solvent (0.4 uL) were injected through
a silicone rubber septum using a 10-uL syringe.
Usually, about 6 uL of air were injected along
with the liquid samples as the inlet component to
determine the average velocity of carrier gas in
the column. The output from the thermal conduc-
tivity detector was fed to a chromatographic
workstation for further analysis of the chromato-
graphic peaks. The carrier gas flow rate was mea-
sured by means of a soap-bubble flowmeter. At
each temperature, measurements were made
over a wide range of flow rates. In addition, rep-
licate experiments were done at each flow rate to
ensure that the results were reproducible at a
fixed set of conditions. After each flow-rate study,
the pressure drop across the column was measure
by a highly accurate manometer and the column
set to the next flow rate.
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CALCULATIONS

Determination of the Thickness of Polymer Film on
the Particles Chromosorb-W

The method proposed by Braun and Guillet® was
applied to evaluate the film thickness d, on the
particles Chromosorb-W. Here, propione, a non-
solvent for PIB, was used as a probe molecule on
a polymeric stationary phase with support parti-
cles of glass beads. The propione was used to
obtain the retention volume in a glass-bead col-
umn at temperatures ranging from 318.2 to 341.2
K under a constant carrier gas velocity of 50 cm/
min. An average value of 1.26 X 10~ was ob-
tained for the absorption constant K,, and a
value of —27.78 kJ - mol ! for the absorption heat,
AH. Then, the specific surface area of Chro-
mosorb-W accessible to PIB was available from
the retention volume of probe molecules in the
packed column of Chromosorb-W. An averaged
value of 4.98 X 10 °cm was obtained for the film
thickness d;in the Chromosorb-W column used in
this work.

Diffusion Equation of the Solvent in a Packed
Column

Hadj-Romdhane and Danner® had derived the
solvent diffusion equation in a packed column
from their model as:

Huv=Cl+cC, 1)

where j is the James-Martin compressibility fac-
tor, f is the compressibility factor of Giddings et
al.,® and v is the average value of the velocity of
the carrier gas. C, and C,, are the resistance to
mass transfer in the polymer and the gas phase,
respectively. H g is defined as:

*.
waJj . By,
Hy=L' 53— Aj~ " (2)
1

where A, the multi-path factor, is equal to 2 \d,,
A is a packing characterization factor, and d,, is
the particle diameter. L is the length of the col-
umn. B, the longitudinal diffusion term, is equal
to 2 1D,,,, where 7 is the tortuosity factor that
takes into account the irregular pattern along the
particles, and has a value in the range of 0.6
~ 1.0.1° D, , is the value of the molecular diffu-

sion coefficient evaluated at the outlet pressure,
P,. Luy/u3 is the theoretical plate height, where
W, is the first temporal moment or the mean res-
idence time and p, is the second central moment
or variance of the concentration distribution,
which are defined as:

1y = j tC(t) dt/j C(t) dt (3)
0 0

ph = f ) (¢t — n)?C(t) dt/ f ) Ct)dt (4

0 0

where C(¢) is the eluting concentration of solvent
at the moment of ¢.

Determination of Solvent Diffusion Coefficient

The left-hand side of eq. (1), H /v, vs j/f should

yield a straight line with a slope C,, and an inter-

cept C,o. According to the definitions of C, and
8.

g0°
o 2 bk d
»=3(1+k?2D, 5)
o _2 k KRy (R)-RI ]
©TZ3T+R ky | R )

If the capacity ratio £ and the film thickness d
are evaluated, the diffusion coefficient of solvent
in polymer D; will be obtained from C,. Here, % is
equal to Ke,/e, where K is the equilibrium parti-
tion coefficient and €, and ¢, are fractional vol-
umes of polymer and gas phases, respectively. R,
and R, are the radius of the support particles and
the polymer film. k4, is the value of external fluid-
film mass-transfer coefficient evaluated at the
outlet pressure.

Two parameters of the diffusion model, A and
By, should be determined before linear regress of
eq. (1) in H g/v vs j/f. Here, assuming the value of
7 to be unity in all case, the values of B, can be
evaluated by calculation of D,,, from the Fuller-
Schettler-Giddings equation'! at any tempera-
ture. At high velocity of the carrier gas, eq. (1) can

be simplified to be:

LuSui=Af+cv (7
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Table II Diffusion Coefficients of Trace Amounts of Benzene, Toluene, and Ethylbenzene in
Polyisobutylene and the Corresponding Parameters of the Diffusion Model

D, X 10° Cp

T (K) (cm?/s) (s) k In D, 10%/T + Kyy — Ty In DA 1/Tge
Benzene

323.2 0.75 0.293 5.33 —-21.01 5.30 —23.85 2.98
341.2 2.05 0.138 3.57 -20.01 4.84 —22.84 2.72
348.2 3.05 0.101 3.08 -19.62 4.68 —22.45 2.63
356.2 3.34 0.075 2.68 -19.25 4.51 —22.36 2.54
363.2 6.27 0.054 2.44 —18.88 4.37 -21.73 2.46
373.2 8.99 0.038 2.15 —18.48 4.19 -21.37 2.36
Toluene

323.2 0.35 0.310 13.19 —21.77 5.30 —24.62 3.14
341.2 1.59 0.150 7.09 —20.55 4.84 -23.11 2.86
348.2 1.92 0.125 6.17 —20.26 4.68 —22.92 2.77
356.2 2.35 0.098 4.92 —19.86 4.51 —22.72 2.67
363.2 3.03 0.080 4.38 —19.58 4.37 —22.46 2.59
373.2 4.24 0.050 3.53 —18.98 4.19 -22.13 2.48
Ethylbenzene

341.2 1.01 0.135 15.36 —21.08 4.84 —23.57 2.49
348.2 1.39 0.103 11.97 —20.59 4.68 —23.25 2.89
356.2 1.79 0.083 9.08 -20.15 4.51 —23.00 2.79
363.2 2.28 0.073 7.60 —19.88 4.37 —22.76 2.70

Therefore, the value of A can be obtained from
high-velocity data by linear regression. To deter-
mine the diffusion coefficient of solvent D, from
the regressed value of C,,, the capacity ratio £ and
the film thickness d, must first be evaluated.

Applying moment analysis of the eluting curve
of the concentration time, the value of 2 can ob-
tained from linear regression in p; vs the time of
the carrier gas passing the column to need, L/v,
with the moment equation:

L
M:;(l—i-k) (8)

Here, no interaction between air and polymer is
assumed, so the retention time of air, ¢,, is iden-
tical to L/v. From the slopes of the linear plots of
wy vs t,, the values of the capacity ratio k2 at
different temperatures for three solvents (ben-
zene, toluene, and ethylbenzene) were deter-
mined. These values are listed in Table II.

RESULTS AND DISCUSSION

The theoretical plate height in eq. (2), Luy/u?, can
be determined either according to eqs. (3) and (4)
or directly from the rentention time at peak max-

imum and the peak width at half-height, as sug-
gested by Conder and Young'?

*
Mo L Wi
LM%‘5.54( £, ) ©®

where W, is the peak width at half-height and ¢,
is the retention time of solvent obtained at the
maximum of the peak. These two approaches
have no significant difference. The latter was ap-
plied in this work. Thus, using eq. (2), H 4 can be
calculated from the values of the model parame-
ters, A and B,, and chromatographic data Lu/
u3at different inlet pressures of the Chromosorb-
W column that correspond to velocity of carrier
gas, v. The plots of H /v vs j/f were prepared at
different temperatures for benzene, toluene, and
ethylbenzene. As shown in Figure 1, the data are
in good agreement with eq. (1). The value of the
parameter C, at each temperature was obtained
by linear regression in H /v vs j/f.

According to the definition of C,, the diffusion
coefficients, D4, of trace amounts of benzene, tol-
uene, and ethylbenzene in PIB were determined
combining the capacity ratio £ and the film thick-
ness dy. The results of C, and D, are all listed in
Table II.
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Figure 1 Estimation of D; for benzene, toluene, and
ethylbenzene in PIB (A) benzene in PIB, (B) toluene in
PIB, (C) ethylbenzene in PIB.

Test of the Vrentas-Duda Free-Volume Theory

For a polymer-solvent system, the concentration
or temperature dependence of solvent diffusion
coefficient D, can be expressed using the Vrentas-
Duda'®1* free-volume equation:

E*
D, = DOlexp[ - RT] exp

_(w1v>l1< + wzvgf)
wl(Ku/V)(Km - Tgl + T)
+ wz(Km/V)(Km - ng +T)

(10)

where Vis the specific critical hole-free volume of
component i required for a jumping (i can be 1 or 2;
1 for solvent and 2 for polymer), y is an overlap
factor, K;; and K, are the free-volume parameters
for the solvent, whereas K;, and K,, for the poly-
mer, T, is the glass transition temperature of com-
ponent i, w; is the mass fraction of component i, D,
is a pre-exponential factor which is assumed to be
independent of temperature, and ¢ is the ratio of
molar volume of the solvent jumping unit to the
molar volume of the polymer jumping unit. E* is the
energy per mol that a molecule needs to overcome
attractive forces from neighboring molecules. There
are nine independent parameters that need to be
determined in eq. (10): Dy, E*, & K;1/v, Koy — Ty,
Koy, Ky — Tys, V7 and V,. However, most of
them can conceivably be set from other data than
diffusion data. For example, K;5/y and Ky; — Ty
can be estimated from zero shear rate viscosity or
indirectly from the tabulated values of the Wil-
liams-Landel-Ferry (WLF) constant.'® The two
critical volumes V; and V, can be estimated as
the specific volume of the solvent and polymer at
temperature T' = OK from established group con-
tribution methods.'® For the systems under study,
PIB and its solvents (benzene, toluene, and eth-
ylbenzene), the values of parameters K,,/y, Ky
— T,y and V, for PIB and V; for solvents are
collected from Refs. 17 and 18, and they are listed
in Table III. Usually, the term of E* is set to zero
because the solvent diffusion is dominated by free
volume rather than by energy effects.'®

In various versions of the Vrentas-Duda pre-
dictive theory, the free-volume parameters D,,
K;i1/y, and Ky, — Ty, are evaluated by combining
the expression developed by Dullien'® for self-
diffusion D  of pure solvents:

771D(1)

RT d,

=0.124 X 1071623 (11)

with the Vrentas-Duda equation evaluated in the
pure solvent limit, i.e.,

Vi
Ki1/v1(Ky —

D¢ = D,exp 12)

T,+T)
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Table III Free-Volume Parameters of PIB, Benzene, Toluene, and Ethylbenzene

Parameter PIB/Benzene PIB/Toluene PIB/Ethylbenzene
V% (em®g) 0.901 0.917 0.946
Vi (em®/g) 1.004 1.004 1.004
K,,/y (cm®*/g-K) 5.55 X 1073 4.44 x 1073 3.28 X 103
Ky, — T,y (K) —-205.1 ~175.0 -159.1
K,./v (cm®g-K) 4.42 x 10~* 442 X 1074 442 X 1074
Ky — Tyo (K) ~134.6 ~134.6 ~134.6
T,o (K) 205 205 205
D,, (cm?/s) 1.36 X 104 142 X 1074 1.79 x 104
& 1.01 1.07 1.13
E* (J/mol) 0 0 0
o that InD,=1InD Vit (14)

nth=mnutgy—
0.124 X 10 V*RT d, (KoY (Koo = Ta )
ln< A ) =In Dy
M The parameters, D,; and & can be obtained by
V(K ily) linear regression in InD; vs (Kgy — Ty + U
T Ky — T,+T (13) The correlation, as shown in Figure 2, indicates

where d; and n; are the density and viscosity of a
pure solvent respectively, V. is the molar volume
of a solvent at its critical temperature, and M, is
the molecular weight of a solvent. In principle,
the quantities Dy, Kq1/y, and Ky, — T4 of a
solvent can be determined, from the solvent vis-
cosity and density as a function of temperature,
by using a nonlinear regression analysis based on
eq. (13). However, the fitting in this case cannot
yield a unique set of parameter values. For exam-
ple, three different sets of such parameter values
for toluene were reported in literature, although
they all are estimated from the viscosity-temper-
ature and density-temperature data, i.e.:

1. In Ref. 17: Dy, = 4.82 X 10™* cm?s, K;,/y
= 1.45 X 10"% em*(g - K) and Ky; — T,y
= —86.32 K.

2. In Ref. 18: D, = 1.87 X 10~ * em?¥s, K, /v
=220 X 107% em*(g - K) and Ky; — T,y
= —102.72 K.

3. In Ref. 20: D, = 4.17 X 10~ * em?¥s, K,/
= 1.57 X 10"% em*/(g - K) and Ky; — T,y
= —90.5 K.

In this work, the three above-mentioned pa-
rameters are evaluated by a way as follows. At
zero solvent mass fractions, if energy effect on the
diffusion is assumed to be negligible, eq. (10) can
be rewritten as:

that the temperature dependence of the solvent
diffusion coefficients obtained in this study is well
captured by the Vrentas-Duda free-volume the-
ory. The regressed values of D,; and ¢ for each
system are given in Table III.

When D, is determined from the solvent dif-
fusivity data as a function of temperature, param-
eters Ky;/y and Ky; — T}, can be estimated from
the viscosity-temperature and density-tempera-
ture data by using linear regression analysis
based on a reformed expression:

O  Benzene
©  Toluene
¢ Ethylbenzene

-19 |

20 F

In D,

21F

22 1 " 1 " ! 1 . 1 "
4.2 4.4 4.6 4.8 5.0 5.2 5.4

3
10°AT+K,, T )

Figure 2 Free-volume correlation of the diffusion co-
efficient data of benzene, toluene, and ethylbenzene in
PIB.
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{1 (0.124 X 10716Vf/3RT dl) n D }_1
" niM, 1 Ho
K, — Tgl

T
= - (15)
Vi(Enly)  V(Enly)

of eq. (13). The quantities K;,/v; and Ky, — T, for
benzene, toluene, and ethylbenzene were deter-
mined using viscosity-temperature and density-
temperature data?! of pure solvents, and they are
listed in Table III.

If a solvent moves as a single unit, the param-
eter ¢ is defined as follows:

Vo) Vi-M,

(16)

where V9(0) and V;j are the solvent molar volume
at 0 K and the molar volume of polymer jumping
unit, whereas My; is the molar weight of the poly-
mer jumping unit. Because ¢ is one of the most
sensitive free-volume parameters, accurate esti-
mation of the £ parameter is very important. Two
kinds of empirical methods had been proposed to
estimate the £ parameter. One was developed by
Ju et al., i.e., y Vo&K;, was found to be a linear
function of the solvent molar volume at 0 K V9(0):

Wi
%, —B-Vl0) an

where B is a constant dependent on polymer and
independent of solvent. Therefore, once B is
known for a particular polymer, the value of & for
any solvent in that polymer can be determined
accurately. Recently, Bandis et al.23A found that
the linear relationship between y V,&K;, and
V9(0) is not true for some polymers such as PIB.
The other is to estimate the molar volume of the
polymer jumping unit sz from an empirical lin-
ear relationship between V;J and the glass tran-
sition temperature T, of polymer:

V% = 0.6224 - T o(K) — 86.95 (18)

However, Hong'® found that the values of \A/;j of
some polymers, such as polybutadiene, PIB, poly-
(ethylene-co-propylene) etc., have great deviations
from the above-mentioned linear relationship. Al-
though another relationship between V;j and Ty,
has been proposed by some researchers,'® the
predictive accuracy of & still cannot be ensured.

10
10° ¢
O
o 10 6
g
= o T=343.6K
107 Predicted
10* /
el n 1 1 1 L 1 1
o0 0.2 0.4 0.6 08 1.0

@

Figure 3 Concentration dependence of diffusion coef-
ficients of benzene in PIB. Lines represent theoretical
predictions and points are experimental data.??

Therefore, the regressed values of £ from the dif-
fusivity-temperature data measured in this work
were selected for further discussion.

A Comparison of the Diffusion Coefficient
Measured by the IGC Method with Those
Obtained by NMR Experiment Using the Vrentas-
Duda Theory

In previous articles,???® the diffusion coefficients
for the systems of PIB/benzene and PIB/toluene
were measured at various solvent concentrations
and temperatures by means of NMR experiment.
To verify the solvent diffusion coefficients mea-
sured in this work, a comparison was performed
using the Vrentas-Duda free-volume theory. Tem-
perature and concentration dependence of the sol-
vent diffusion coefficients for two polymer/solvent
systems: PIB/benzene and PIB/toluene were pre-
dicted by using the Vrentas-Duda free-volume
theory. These predictions are shown in Figures 3
and 4, and the parameters used to generate the
theoretical curves are provided in Table III. Two
of these parameters, Dy; and & are obtained by
regression of the diffusivity data at infinite dilu-
tion measured in this work. Figures 3 and 4 also
show a comparison of the theoretical predictions
with the experimental data reported by other re-
searchers.???3 The good agreement between the
predictions and the experimental data obtained
by NMR experiment indicate that the diffusivity
data measured in this work by the IGC method
are reliable.
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D, (cm’s)

0.0 0.2 04 0.6 0.8 1.0

@,

Figure4 Concentration dependence of diffusion coef-
ficients of toluene in PIB. Lines represent theoretical
predictions and points are experimental data.??

Calculation of Activation Energy for Diffusion

As to activation energy for diffusion AH),, an Ar-
rhenius temperature dependence was given to the
solvent diffusion coefficients:

D, = Dyexp(—AHp/RT) (19)

Here, D, is a constant for each solvent and it is
independent of temperature. Plotting InD, as a
function of 1/7 should yield a straight line. Figure
5 shows these relationships for the three PIB/
solvent systems. Table IV illustrates the values of
the activation energy regressed from the experi-
mental diffusivity data at infinite dilution mea-
sured in this work. For a comparison, the activa-

18+
o Benzene
1ok o Toluene
¢ Ethylbenzene
g 20+
=
£ ot
22 -
1 1
2.6x10° 2.8x107 3.0x107 3.2x10™

VT(K)

Figure 5 Plots of the logarithm of diffusion coeffi-
cient, In D4, vs 1/T for benzene, toluene, and ethylben-
zene in PIB.

Table IV Activation Energy for Diffusion of
Benzene, Toluene, and Ethylbenzene in PIB at
w, =0

AH,, (kd/mol)

Solvent This Work Literature?
Benzene 51.1 —
Toluene 54.3 50.4
Ethylbenzene 56.2 —

tion energy for the PIB/toluene system at the
limit of zero toluene concentration obtained by
other researchers is also listed in Table IV. The
activation energy determined in this work is very
close to the value reported in Ref. 23.

Correlation of the Solvent Coefficients with
Temperature Using the Generalized Vrentas-Duda
Free-Volume Relationship

To make the various quantities in eq. (14) dimen-
sionless, Hu et al.’ proposed the following param-
eter A:

( Ml) 1/2

A= W (20)
where M, is the molecular weight of solvent, 7', is
the critical temperature of solvent, and V, is the
critical volume of solvent. By using the parameter
A and the critical temperature 7', of solvent, the
generalized Vrentas-Duda free-volume relation-
ship can be obtained from eq. (14).

In DA =a — b/Txgp (21)
where
a =In DA (22)
b = yV3¢/K,T, (23)
Trp = (Koo — Tyo + T)IT, (24)

Obviously, the influence of the diffusion coeffi-
cient on the size of solvent molecule is corrected in
the generalized Vrentas-Duda free-volume equa-
tion. The logarithm of the reduced diffusion coef-
ficient, In DA, is the linear function of 1/Txy.
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Figure 6 Plots of the logarithm of reduced diffusion
coefficient, 1In D, A, vs 1/Tyy for benzene, toluene, and
ethylbenzene in PIB.

Using the experimental data (as shown in Ta-
ble II) obtained in this study, plots of In (D;A) vs
1/Tgyr are presented in Figure 6. Within uncer-
tainties of experimental data, all the points of In
D\ for different solvents fall on a straight line.
By regression of the experimental data, the linear
dependence of In D;A on 1/Tgy for the PIB-solvent
system can be formulated as follows:

InDA=—-11.67 — 4.104/Tp (25)

Similar discussion of the dependence of reduced
diffusion coefficient on temperature for PS-sol-
vent and PVAc-solvent systems can be found in
other literature.® Furthermore, the slope and in-
tercept in eq. (21) are independent on solvent, so
eq. (21) can be used to predict the diffusion coef-
ficients of trace amounts of other solvents besides
the above-mentioned ones in PIB at the elevated
temperatures in the range studied in this work.

CONCLUSIONS

In the present investigation, the solvent diffusion
coefficients of trace amounts of benzene, toluene,
and ethylbenzene in PIB were measured at sev-
eral different temperatures by IGC based on the
Hadj-Romdhane-Danner model of chromato-
graphic process. These diffusivity data were cor-
related with temperature by using the Vrentas-
Duda free-volume equation in the limit of zero
solvent concentration. This good correlation
shows that the free-volume theory can well de-
scribe the temperature dependence of solvent dif-

fusion coefficient at infinite dilution. Once the
equation parameters Dy; and ¢ were determined
from the diffusivity data at zero solvent concen-
tration, the free-volume theory can be used to
predict accurately the diffusivity data at different
concentrations and temperatures. Therefore, the
solvent diffusion coefficient for the polymer/sol-
vent system can be obtained conveniently and
reliably from a few experimental solvent diffusiv-
ity data measured by using the IGC techniques.

Meanwhile, the good correlation of the experi-
mental diffusivity data with temperature using
the generalized Vrentas-Duda free-volume equa-
tion shows that this equation can be well used to
describe the relationship of reduced diffusion co-
efficient with temperature at infinite solvent con-
centration. In particular, the parameter, either a
or b, in the generalized Vrentas-Duda free-vol-
ume equation is found to be constant and inde-
pendent of the solvent. Therefore, if the values of
a and b are determined by some experimental
data of diffusion coefficient for one solvent, the
equation can be extended to predict the diffusion
coefficient for other solvents.
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