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ABSTRACT: Inverse gas chromatography (IGC) studies
on the surface of polyethylene (PE) particles grafted with
acrylic acid and acryl amide have been reported. Surface
properties of the virgin and grafting-modified PE were com-
pared by IGC. The dispersive contributions of the surface
free energy gds and the KA and KB parameters expressing
the ability of the stationary phase to act as Lewis acid or
Lewis base were calculated. The results showed that the gds
value increased significantly after grafting. The PE samples

grafted with acrylic acid and acrylamide showed a predom-
inantly basic character while the virgin PE was acidic. All
of these suggested that the surface of PE has been modified
through the grafting reaction, and thus is expected to
improve its adhesions with other polymers. � 2008 Wiley
Periodicals, Inc. J Appl Polym Sci 109: 4049–4053, 2008
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INTRODUCTION

Polyethylene (PE) has some excellent properties,
which is advantageous for their technical applica-
tion,1 but the nonpolar surfaces characteristic limited
its field of use. To make blends and composites or to
improve the adhesion of PE, it is necessary to intro-
duce polar groups into the surface of PE.

The mechanical properties of materials with two or
more components are strongly influenced by the
properties of the interface or interphase upon the
other. In case where there is no chemical bonding
between the components and the surface of the mate-
rial is smooth, the interaction between the compo-
nents is of physical nature and the strength of the dis-
persive and acid-base interaction forces is essential
for the adhesion between the components and there-
fore for the properties of the material. For a specific
design of interfaces (and interphases), it is essential to
know the surface thermodynamics of the components.
Inverse gas chromatography (IGC) at infinite dilution
is a straightforward and very sensitive technique for
the characterization of polymer systems.2,3 The IGC is
based on interactions of known probe molecules with
an unknown sample that serves as stationary phase
of a chromatographic column. From these interac-
tions, sample properties can be concluded. In recent

years, numerous parameters such as degree of crystal-
linity,4 glass transition and melting temperature,5 so-
lution parameters,6 enthalpy of mixing, enthalpy of
adsorption,7 and interaction parameters of polymer–
polymer systems8 had been determined by IGC. IGC
was also successfully used to evaluate the dispersive
and acid-base surface characteristics of polymers.9–11

KA and KB parameters reflecting the ability of the
examined surface to act as an electron acceptor and
donor (respectively) were calculated using the specific
interaction contribution to the adsorption enthalpy of
the selected probe molecules.12 Of all the methods
available for investigating the surfaces of polymers,
IGC has been useful for this type of work.13

This study compared the surface properties of PE
before and after grafting modification by IGC. The
properties of the polymers were compared by means
of dispersive contributions of the surface free energy,
which is a measurement of dispersive interactions,
as well as the KA and KB values, which describe the
ability of a polymer surface to act as electron
acceptor or donor. The results showed that the dis-
persive contributions of the surface free energy gds
increased after grafting, and the grafted PE showed
a predominantly basic surface though the virgin PE
surface exhibits an acidic character.

EXPERIMENTS

Materials

Acrylamide (AAm) was purchased from Tianjin Si
Tong chemical company (Tianjin, China); hydrogen
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peroxide, hexane, heptane, trichloromethane, and
benzene were purchased from Xi’an Chemical Rea-
gent (Shaanxi, China); pentane, acrylic acid (AA), oc-
tane, nonane, o-methoxy–phenol, pyridine, and 1,4-
dioxane were purchased from Shanghai Chemical
Reagent; acetone was purchased from Tianjin Chem-
ical Reagent (Tianjin, China). Tetrahydrofuran was
purchased from Tianjin Bodi Chemical (Tianjin,
China). All the solvents used are of analysis grade.

Powders of PE purchased from Yang Zi Chemical
(Nanjing, China) were modified by AAm and
AA with horseradish peroxidase as previously
reported.14 The diameter of the actual particles of PE
is 300 lm, which is determined by Fluorescence
Microscope IBE-2003 purchased from Chongqing
Photoelectric (Chongqing, China) with object glass
LPL4/0.10-160/1.5. The particle size of the powders
was not changed during the modification procedure.

IGC measurement

Adsorption properties of the prepared polymer sam-
ples were examined using a Hewlett–Packard 6890
gas chromatography, with a flame ionization detec-
tor (FID) maintained at 1508C. The detector was
operated in its maximum sensitivity mode and Hew-
lett–Packard Chemstation software was employed to
collect the data. To ensure flash vaporization of the
adsorbate vapor, the injector was set at 1508C. Dry
nitrogen at a flow rate in the range from 15 to
18 cm3/min was used as the carrier gas, whereas
methane as an unretained compound was used to
determine the dead volume.

Before packing, the columns were weighed. The sta-
tionary phase was introduced via a funnel, small
additions being made alternately to each end of the
column. The column was then tapped gently for sev-
eral minutes to allow the polymers to achieve even
packing, following each addition of the stationary
phase. This procedure was continued until the column
was filled within 26 mm of the ends. The stationary
phase was then retained in the column by the intro-
duction of small plugs of silanized wool. The column
was then reweighed and the mass of the support con-
tained in the column was obtained by the difference.
After that, the column was conditioned overnight at
1508C before measurement. A homologous series of n-
alkanes was used to investigate dispersive interactions
of the polymer surfaces. Chloroform, benzene, THF,
dioxane, and pyridine were all used as polar probes.

RESULTS AND DISCUSSION

Enthalpy and entropy of adsorption

The primary measurement in IGC is the net reten-
tion volume Vn. The standard free energy change of
adsorption, DG�

a , is related to Vn by:

DG�
a ¼ �RTLnVn þ C (1)

where C is a constant depends on the standard states
chosen for the free energy. The approach of de
Boer15 is commonly adopted and hence, DG�

a can be
calculated over a series of temperature from mea-
surement of Vn allowing the calculation of the en-
thalpy of adsorption.

DG�
a ¼ DH�

a � TDS�a (2)

Thus, if DG�
a is plotted versus T, DH�

a can be calcu-
lated from the intercept and DS�a the slope, with the
assumption that both parameters do not depend on
temperature over the range investigated.

The plots of DG�
a versus temperature for a series of

alkane probes on the 20% AA-g-PE (acrylic acid
grafted on PE) are shown in Figure 1, the enthalpies
of adsorption for the probes were determined and
given in Table I. It can be seen that the DG�

a values
decreases with the increasing temperature for all
alkane probes used. And the DH�

a values of the vir-
gin polymer were large, whereas after grafting, the
DH�

a values decreased significantly. The degree of
surface modification of PE by IGC had been val-
uated, and the strong correlation between the degree
of coating and adsorption enthalpy also had been
found.12 Thus we may conclude that the decrease of
DH�

a is caused by the grafting reaction, which
changed the surface polarity of PE.

Determination of the dispersive component
of the surface free energies

For a given adsorbate, the standard free energy
change of adsorption (DG�

a) is the sum of energies of
adsorption attributed to dispersive and specific inter-

Figure 1 The plots of DG
�
a versus temperature for a series

of alkene probes on the 20% AA-g-PE, hexane probes &,
heptane probes n, octane probes ~, nonane probes 3.
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actions. Adsorption of nonpolar adsorbates, such as
n-alkanes, is caused by dispersive interactions,
whereas for polar adsorbates both London and acid-
base interactions contribute to DG�

a :

DG�
a ¼ DGd

a þ DGs
a (3)

where DGd
a and DGs

a are the dispersive and the spe-
cific components of standard free energy change of
adsorption, respectively.

The DG�
a result is equal to the DGd

a result for n-
alkanes and it changes with the number of carbon
atoms in the molecules. The increment of adsorption
energy corresponding to the methylene group may
be calculated from DGCH2 5 2RTLn (VN,n/VN,n11),
where VN,n and VN,n11 are the net retention vol-
ume of two consecutive n-alkanes having n and
(n 1 1) carbon atoms, respectively. This parameter
is independent of the chosen state of the adsorbed
molecule. Therefore, gds can then be calculated from

gds ¼
ð�DGCH2Þ2

4N2a2
CH2gCH2

(4)

where N is Avogadro’s number; gCH2 is the surface
tension of a hypothetical surface containing only
methylene groups (gCH2 5 36.8–0.058 T (8C) mJ/m2)
and aCH2 is the cross-sectional area of methylene
groups (� 0.06 nm2).3 Thus at constant temperature,

for a series of alkane probes, a plot RTLnVn versus
the number of carbon atoms should give a straight
line from which DGCH2 can be obtained.

The plot of 2DG�
a versus carbon number of alkane

probes at 363 and 383 K on 10% AAm-g-PE (acryl-
amide grafted on PE) is shown in Figure 2. The rela-
tionships between the gds value and the temperature
on all the polymer samples were determined; the
results are shown in Table II. For all the samples,
the gds values of the grafted PE obviously increased
compares to the virgin PE. That is because the sur-
face of the AA-g-PE and the AAm-g-PE were
changed to be rough after modification. The gds val-
ues also gradually decreased with increasing temper-
ature, which is in consistent with the literature.16 In
our experiment, the gds values of grafting-modified
PE increased significantly when compared with the
virgin PE. These changes may be caused by the
introduction of stronger polar groups such as ��CO
and NH2. In addition, there is little different between
the AA-g-PE and the AAm-g-PE in the table. That is
because the nonpolar groups in the two molecular
formulas are the same.

Evaluation of the acid-base properties

Acid-base interactions are important components of
polar forces and play a significant role in adhesion
of AA and AAm to the PE surface. The presence of
acid and base sites on the polymer surface also
enhances the possibility of specific intermolecular
interactions with solvents, other polymers or fillers,
which is of significance to the composite or blend
performance.17 In this work, the DGs

a values were
obtained by Brookman and Sawer’s method.18 Sawer
and Brookman plotted RTLnVn versus the boiling

Figure 2 The plot of 2DG
�
a versus carbon number of

alkane probes at 363 and 383 K on 10% AAm-g-PE, 383 K
n, 363 K ~.

TABLE II
The Relationships Between the cds Value and the

Temperature on the Polymer Samples

Polymer sample 353 (K) 363 (K) 373 (K) 383 (K)

Virgin PE 27.92 25.37 21.22 19.35
10% AA-g-PE 34.13 31.43 29.20 26.60
20% AA-g-PE 33.86 30.70 24.60 21.71
10% AAm-g-PE 32.12 26.42 22.73 21.88
20% AAm-g-PE 35.82 33.55 27.34 24.02

TABLE I
Enthalpies of Adsorption and Entropies of Adsorption of the Probes

on Polymer Samples

Polymer
sample

Heptane Octane Nonane

2DH�
a 2DS�a 2DH�

a 2DS�a 2DH�
a 2DS�a

Virgin PE 11,190 21.82 197,77 30.72 30,749 50.47
10% AA-g-PE 9703.2 10.33 18,945 29.66 30,030 50.47
20% AA-g-PE 8092.6 19.13 17,893 25.89 25,532 40.57
10% AAm-g-PE 10445 14.63 19,273 27.26 24,608 32.77
20% AAm-g-PE 9636.6 8.628 18,126 25.52 22,475 31.78
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temperatures of solvents. DGs
a resulted from the dis-

tance between the RTLnVn values of polar solutes
and the straight n-alkane line. From its temperature
and the enthalpy of specific interactions, DHs

a, can be
calculated from

DGs
a ¼ DHs

a � TDSsa (5)

where DSsa is the specific entropy of adsorption. DHs
a

results from the slope of the DGs
a/T versus 1/T plot.

The DHs
a value is the basis for the estimation of the

semiquantitative KA and KB parameters, which char-
acterize the Lewis-base properties of surface:

� DHs
a ¼ ANKB þDNKA (6)

DN and AN are donor and accepter number intro-
duced by Gutmann,19 which give information as to
whether a solvent is able to act as electron donor or
electron acceptor. When 2DHs

a/AN, is plotted versus
DN/AN, a straight line should be obtained. The
slope of the line gives KA and the intercept KB.

The plot of RTLnVn values versus boiling tempera-
ture of the respective solvents for 20% AA-g-PE
were plotted as shown in Figure 3, where the values
for the n-alkanes were on a straight line, and the
DGs

a values of the polar probes located above the n-
alkane line which indicated that the surfaces have
both donor and acceptor character resulting from
their specific interactions with the Lewis base (THF)
and the Lewis acid (CHCl3). To obtain the character-
istic surface parameters KA and KB, the DHs

a values
related to the donor and acceptor numbers of the
solvents according to eq. (6) and the resulting KA

and KB values which were calculated are summar-
ized in Table III. KA and KB reflect the ability of the
grafted surface to act as electron acceptors and elec-
tron donors respectively. Significant KA values reflect
strong acidity and strong electron accept abilities of

compounds. The overall acid/base character of the
polymers can be evaluated from the ratio of KB/KA

ration. For example, for KB/KA > 1, the surface is
considered to be basic, and for KB/KA < 1 acidic. It
can be seen that grafting with AA and AAm caused
basic behaviors of the PE samples. Consequently, as
seen from the data in Table III, the surface of the vir-
gin PE showed acidic character and the surface of
the grafted polymers all exhibits predominantly ba-
sic character. These changes may result from the po-
lar groups introduced by enzymatic grafting, which
may produce more active center on the polymer sur-
face, and hence changed the acid/base character of
the surface. An increasing amount of AA and AAm
causes an increasing donor character of PE surface,
subsequently an increasing of KB values. As listed in
the table, the KB values of AA increase greater than
the KB values of AM. These may caused by the two
isolated electron pairs on the oxygen atom, which
shows a stronger donor character, and the one iso-
lated electron pairs on the nitrogen atom, which
shows a relative small donor character.

CONCLUSIONS

In our previous work, PE was enzymatically grafted
with vinyl monomer in the mixed solvents of water
and dioxane.14 This study compared the surface
properties of PE before and after grafting modifica-
tion by IGC. It was shown that after grafting reac-
tion, the dispersive contributions of the surface free
energy gds increased significantly and for all the sam-
ples investigated, the gds values showed a good linear
dependence on the column temperature. KA and KB

parameters expressing the ability of the stationary
phase to act as Lewis acid or Lewis base were calcu-
lated, and the results showed that the surface of vir-
gin PE exhibits an acid character, and the surface of
the grafted PE showed its predominantly basic char-
acter.
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