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ABSTRACT: Infinite dilution diffusion and activity coef-
ficients of n-hexane, n-heptane, and n-decane in polypro-
pylene were measured from 373.15 to 393.15 K by inverse
gas chromatography. The influences of small molecule sol-
vent and temperature on the infinite dilution diffusion and
activity coefficients were investigated. The results showed
that the infinite dilution diffusion coefficient decreased but
the infinite dilution activity coefficient increased with an
increasing number of CH2 group in the aliphatic solvents.
The temperature increase resulted in the increase in the
infinite dilution diffusion coefficient and the decrease in the
infinite dilution activity coefficient. The graphs plotted ac-
cording to the results of the infinite dilution diffusion coef-
ficient versus temperature were in agreement with the Ar-

rhenius equation. Diffusion constant and activation energy
were obtained from the Arrhenius equation. Also, the inter-
dependence on the infinite dilute activity coefficient and
temperature accorded with Gibbs-Helmholtz equation.
From the temperature dependence of the limiting activity
coefficients partial molar excess enthalpy at infinite dilution
HE,� was obtained. © 2006 Wiley Periodicals, Inc. J Appl Polym Sci
101: 1925–1930, 2006
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INTRODUCTION

The molecular transport of small moleculars in poly-
mer sheet membranes is of considerable importance in
a wide variety of manufacturing operations of poly-
mers.1,2 Accurate measurements of the activity coeffi-
cients and diffusivities for small molecules in poly-
mers have been a very difficult but important issue for
many years. Conventional methods for measuring
them rely on bulk equilibration and gravimetric sorp-
tion/desorption experiments.3–6 These techniques,
however, become very difficult to apply to the poly-
mer–solvent systems when the solvent is present in
vanishingly small amounts. Recently, the inverse gas
chromatography (IGC) technique is a fast and reliable

technique for measurement of the diffusion and activ-
ity coefficients at infinite dilution.7–9

Polypropylene (PP) has been widely used in ap-
parel, upholstery, hygiene medical, car industry, au-
tomotive textiles, membrane preparation, wall-cover-
ings, and so on.10 However, there has been little ex-
perimental data reported for the infinite dilute
diffusion and activity coefficient of solvent in PP. In
this work, the infinite dilution diffusion and activity
coefficients of n-hexane, n-heptane, and n-decane in
PP at different temperatures were obtained by IGC.
The results are beneficial to the prediction of small
solvent transport in polymer and the design of mem-
brane material.

EXPERIMENTAL

Materials

PP was purchased from Beijing Yanshan Petrochemi-
cal, People’s Republic of China. n-Hexane, n-heptane,
and n-decane were obtained as analytical reagents
from Beijing Chemistry Industry, People’s Republic of
China.

Preparation of packed column

Chromosorb-G, whose size is of 60–80 mesh, was
purchased from Shanghai first reagent manufactory of
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People’s Republic of China. The PP was dissolved in
dimethylbenzene and coated onto the Chromosorb-G
by vibrating and slow evaporation of the solvent to get
a uniform polymer coating. The coated particles were
then dried under vacuum to constant weight and
placed in a solvent-washed 190 cm long, 3 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 conditioning is listed in
Table I.

IGC procedure

The gas chromatograph was SP-6800A (Shandong Lu-
nan’s Ruihong Chem. of People’s Republic of China),
equipped with a thermal conductivity detector. Hy-
drogen was used as the carrier gas in all experiments.
The temperatures of the injection block and the detec-
tor were set about 50 K above the column temperature
to avoid condensation in the injector and detector.
Small amounts of solvent (0.4 �L) were injected in the
column using a 1 �L syringe, while about 40 �L of air
were injected as an inlet component along with the
liquid samples to determine the average velocity of
carrier gas in the column. The output from the thermal
conductivity detector was fed to a chromatographic
workstation for further analysis of the peaks.

The flow rate of carrier gas was measured by means
of a soap bubble flowmeter. Measurements were pre-
formed over a wide range of flow rate at each temper-
ature. In addition, replicate experiments were done at
each flow rate to ensure that the results were repro-
ducible at each fixed set of conditions. The pressure
drop across the column was measured using a highly
accurate manometer at each flow rate, and then the
column was set to the next flow rate.

THEORY

Diffusion coefficient

According to Van Deemter’s model,11 the infinite di-
lution diffusion coefficient can be obtained by the
following equation:

D� �
8dp

2

�2C
k

�1 � k�2 (1)

where dp is the thickness of the stationary phase and k
the so called partition ratio. The thickness of the sta-
tionary phase, dp, i.e., the polymer, is determined from
the equation:

dp �
wp�ddd

6�pwd
(2)

where wp is the weight of the PP inside the carrier; wd,
the weight of carrier; �p, the PP density; �d, the carrier
density; and dd is the carrier average diameter.

The partition ratio, k, is calculated from the equa-
tion:

k �
tr � ta

ta
(3)

where tr is the retention time of the solvent and ta is
the dead time required for an inert gas to pass through
the column.

From Plate theory,11 C in eq. (1) is related to column
characteristics by the equation:

H � A � B/u � Cu (4)

where H is the plate height equivalent to a theoretical
plate; u, the mean flow rate of the carrier gas; and A, a
constant related to eddy diffusion; B depends on the
axial diffusion in the gas phase, and C depends on,
among other things, probe diffusion in the liquid
phase.

H is calculated from the experimental eluted peak as
follows12:

H � � l
5.54�� d

tr
� 2

(5)

where l is the column length and d is the measured
peak width at half the maximum height.

The linear velocity of the carrier gas, u, is calculated
from the expression:

u �
jF

a

Tcol

Tfm
(6)

where j is the compressibility factor determined from

j �
3
2

�� Pin

Pout
�2

� 1�
�� Pin

Pout
�3

� 1�

(7)

TABLE I
The Column Conditioning of This Experimental

Polymer Polypropylene

Solvent Dimethylbenzene
Carrier 102 carrier (60–80 mesh)
Mass fraction of polymer in

stationary phase (wt %) 1.564
Column length (m) 1.9
Column inner diameter (mm) 3
The time of ageing (h) 10
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where Pin and Pout are the inlet and outlet pressures of
the column, respectively. Therefore, at each tempera-
ture and velocity of carrier gas, the compressibility
factor can be determined directly from the measured
data of Pin and Pout. Tcol and Tfm are the temperature
of the column and flow meter, respectively; a is the
volume of gas phase per unit length and is determined
by dividing the retention volume of air by the column
length; and F is the carrier gas volume flow.

These results may be used to determine diffusivity
from experimental data as follows: solute elution
curves are obtained for a range of flow rates. From
measurements of peak width, a plot of H versus u is
prepared. At sufficiently high flow rates, the term B/u
is small in relation to A � Cu, and the second term on
the right-hand side of eq. (4) becomes negligible and
the plot of H versus u should yield a straight line with
a slope C. If the partition ratio k and the film thickness
dp are determined, the infinite dilution diffusion coef-
ficient of solvent in polymer D� can be obtained from
C with eq. (1).

Activity coefficient

The generalized equations relating the measured data
to activity coefficients of solvent in polymer were
given as follows:

�1
� �

273.15R
vg

0M2

1
�1

sP1
s (8)

vg
0 �

F
	2

Pfm � Pw
s

760
273.15

Tfm

3
2

�Pin/Pout�
2 � 1

�Pin/Pout�
3) � 1


 �tr � ta� (9)

where R was the gas constant, M2 the molar mass of
polymer, w2 the mass of polymer on the inert carrier
material packed in the column, tr the retention time of
the solvent, ta the dead time required for an inert gas
to pass through the column, F the carrier gas volume
flow measured by the soap bubble flowmeter at the
pressure, Pfm and temperature, Tfm, Pw

s the saturated
vapor pressure of water at Tfm, Pin and Pout were the
column inlet and outlet pressure, respectively, and Pl

s

was the saturated vapor pressure of the pure solvent.
The saturated vapor pressures of solvents were calcu-
lated by use of Antoine constants taken from the Dort-
mund Data Bank (DDB). The saturated fugacity coef-
ficients of the solvents �1

s were calculated according to
the Soave equation of state; the necessary critical prop-
erties and acentric factors were also taken from DDB.

RESULTS AND DISCUSSION

The IGC was used to measure the infinite dilution
diffusion and activity coefficients of n-hexane, n-hep-

tane, and n-decane in PP at different temperatures.
Measurements for each solvent–polymer pair were
obtained at several carrier flow rates. To test the ap-
plicability of the van Deemter equation, plots of plate
height, H, versus linear velocity, u, were constructed
for each solvent in PP at different temperatures. Figure
1 illustrates the linear relationships of H with u for
solvents (n-hexane, n-heptane, and n-decane) in PP

Figure 1 Relationship between the flow rate and the plate
height of different solvents in PP at various temperatures. (a)
n-hexane; (b) n-heptane; (c) n-decane.
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from 373.15 to 393.15 K. The values of the C at each
temperature were determined from the slope of the
lines. These values were then used in eq. (1) to esti-
mate the diffusion coefficient in polymer phase, D�,
and the values of the appropriate diffusion coefficients
are listed in Table II. Equations (8) and (9) were used
to estimate the activity coefficient, and the infinite
dilution activity coefficients are listed in Table III.

From an examination of the data listed in Table II it
was clear that the infinite dilution diffusion coefficient
of the aliphatic solvents, n-hexane, n-heptane, and
n-decane in PP at the same temperature decreased in
the order:

n -hexane� n -heptane � n -decane

This difference may be related to a number of factors
such as size and shape of the solvent molecule, the size
of the hole required to accommodate the molecule.
The effect of the size of the molecules of these solvents
may be investigated through knowledge of their mo-
lar volumes, which have the order:

n -decane � n -heptane � n -hexane

During diffusion the length and the size of the path
the molecule must follow the free volume available to
the polymer segment to exchange positions with the
solvent molecules. The bigger solvent molecule was
disadvantageous to diffuse in polymer. To describe

the influence of the solvent molecule on diffusion
coefficient, a plot of logarithm D� against solvent mo-
lecular weight are shown in Figure 2. From Figure 2, it
can be seen that the logarithm of the diffusion coeffi-
cients showed inverse proportionality to the size of the
solvent molecular. This result agreed well with Ein-
stein’s equation for the diffusion coefficient relating to
the chain length of the solvent which had the form:13

D� �
KT

�rA�B
(10)

where K is the Boltzmann constant, T is absolute tem-
perature, and rA is the radius of the molecule and
directly proportional to the chain length.

From Table II it can be seen that the temperature
played a very important role on the diffusion process.
In general, the temperature dependence of the diffu-
sion coefficient is given by Arrhenius equation:

D � D0e��ED/RT (11)

where D0 is the pre-exponential factor of the diffusion
process independent from the temperature and �ED is
the activation energy for a diffusant compound in a
given polymer matrix to escape from its present sur-
roundings and move into an adjacent different sur-
rounding. R is the gas constant, and T is absolute
temperature. In dilute solutions, where the diffusing
species does not often encounter a polymer molecule,
the diffusion rate is limited by the energy required for
the diffusing species to escape its present surround-
ings and move into an adjacent environment. Figure 3
indicates that the plot of versus In D� 1/T is linear
which confirms that �ED is independent of tempera-
ture in the covered range. The activation energies for
three penetrants were calculated from the fitted

TABLE II
The Infinite Dilution Diffusion Coefficients of Small

Molecule Solvents in Polyproylene
at Various Temperatures

T (K)

D� 	 1011 (m2/s)

n-Hexane n-Heptane n-Decane

373.15 1.667 0.832 0.258
378.15 2.464 1.276 0.336
383.15 3.287 1.996 0.441
388.15 4.025 2.657 0.534
393.15 4.986 3.263 0.628

TABLE III
The Infinite Dilution Activity Coefficients of Small

Molecule Solvents in Polyproylene
at Various Temperatures

T (K)

��

n-Hexane n-Heptane n-Decane

373.15 0.665 1.427 4.952
378.15 0.616 1.298 4.483
383.15 0.558 1.142 4.082
388.15 0.512 1.023 3.669
393.15 0.455 0.886 3.394

Figure 2 Relationship between the infinite dilution diffu-
sion coefficient and molecular weight of aliphatic solvents in
PP at various temperatures.
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straight lines and shown in Table IV. As shown in
Table IV, diffusion activation energy was positive, that
is to say the process of solvent molecule diffusion in
polymer was endothermic. The longer chain of solvent
molecule caused a decrease of activation energy. The
same consideration can explain the deviation for the
diffusion constant.

As shown in Table III, the �� of solvents in PP
displays an increase as the number of carbon atoms in
the molecules increases at each temperature. The rea-
son may be that the longer the alkane chain is, the
larger of the alkane molecular volume is. The larger
solvent molecule was disadvantageous to dissolve in
polymer, which resulted in the increase of infinite
dilution activity coefficient of alkane molecular in PP.
The infinite dilution activity coefficient of solvent in
PP decreases with the increase in temperature. The
temperature dependence of the activity coefficients is
presented in Figure 4. In this work, the following
simple expression is proposed to give an approximate
representation of the relation between �� and temper-
ature:

In���� � a � b 
1/�T/K�� (12)

where a and b are solvent-dependent parameters
which can be correlated with the connectivity indices
of the solvent. The coefficients a and b, the correlation
coefficients R2 are given in Table V. The quality of the

linear regression is good since the correlation coeffi-
cients lie above 0.99.

According to the Gibbs-Helmholtz equation, the
value of the partial molar excess enthalpy at infinite
dilution HE,� can be directly obtained from the slope of
a straight line derived from equation:

�In�i
�

�1/T�
p

�
Hi

E,�

R (13)

where R is the gas constant. The correlated HE,� values
for the systems discussed in this work are also listed in
Table V. As shown in Table V the values of HE,� are
positive and increase with increasing chain length of
the linear alkanes in PP.

CONCLUSIONS

In the present investigation, the infinite dilution dif-
fusion and activity coefficients of n-hexane, n-heptane,
and n-decane in PP were determined at several differ-
ent temperatures by IGC. The experimental data
showed the following relationships of the diffusion
and activity coefficients with temperature and molec-
ular size of solvent. Firstly, for a certain small mole-
cule solvent, the infinite dilution diffusion coefficient
increased but the infinite dilution activity coefficient

Figure 3 Relationship between the infinite dilution diffu-
sion coefficient and temperatures in PP.

TABLE IV
The Diffusion Activation Energy and Diffusion

Constant of Solvents in PP

n-Hexane n-Heptane n-Decane

D0 (m2/s) 3.413 3.427 	 10�1 8.271 	 10�4

�ED (KJ/mol) 80.75 75.34 60.73

Figure 4 Relationship between the infinite dilution activity
coefficient and temperature in PP.

TABLE V
Coefficients of eq. (12), Correlation Coefficient R2, and

Values of HE,� Derived from eq. (13) of Solvents
in Polypropylene

Solvents a b R2 HE,� (KJ/mol)

n-Hexane �7.8092 2766.4 0.9928 17.67
n-Heptane �8.9865 3491.9 0.9937 21.88
n-Decane �2.5039 1532.1 0.9934 22.98
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decreased with the temperature increase. Second, at
the same temperature, the infinite dilution diffusion
coefficient decreased in the order of n-hexane, n-hep-
tane, and n-decane, which were the inverse trend in
the infinite dilution activity coefficient. The observed
solvent diffusivity data for solvent/PP systems were
also correlated using Arrhenius equation, and diffu-
sion constant and activation energy were obtained.
Meanwhile, from Gibbs-Helmholtz equation the lim-
iting activity coefficients partial molar excess enthalpy
at infinite dilution HE,� was also obtained.

References

1. Kulkarni, N. V.; Rajagopalan, N.; Kale, R. P. J Appl Polym Sci
1992, 45, 915.

2. Etxabarren, C.; Iriarte, M.; Etxeberria, A. J Appl Polym Sci 2003,
89, 2216.

3. Tokarski, J. S.; Hopfinger, A. J. Comput Theor Polym Sci 1997, 7,
199.

4. Aithal, U. S.; Aminabhavi, T. M. J Chem Educ 1990, 67, 82.
5. Aminabhavi, T. M.; Naik, H. G. J Appl Polym Sci 1999, 72, 349.
6. Aminabhavi, T. M.; Naik, H. G. J Appl Polym Sci 1999, 72, 1291.
7. Pawlisch, G. A.; Macris, A.; Laurence, R. L. Macromolecules

1987, 20, 1564.
8. Tihminlioglu, F.; Surana, R. K.; Danner, R. P. J Polym Sci Part B:

Polym Phys 1997, 35, 1279.
9. Jiang, W. H.; Liu, H.; Hu, H. J. Eur Polym J 2001, 37, 1705.

10. Zhang, S.; Richard Horrocks, A. Prog Polym Sci 2003, 28, 1517.
11. Van Deemter, J. J.; Zuiderweg, F. J.; Klinkenberg, A. Chem Eng

Sci 1956, 5, 271.
12. Conder, J. R.; Young, C. L. Physichemical Measurement by Gas

Chromatography; Wiley: New York, 1979.
13. Lamb, R. W. Hydrodynamics; Dover: New York, 1965.

1930 ZHAO, LI, AND ZENG


