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Abstract Inverse gas chromatography IGC was used to measure the surface tension and solubility parameter

of E51 epoxy resin in this work. By using the Schultz method decane nonane octane and heptane were cho-

sen as the neutral probes to calculate the dispersive surface tensions yD . Based on the Good-van Oss equa-

tion the specific surface tension y*"

of E51 epoxy resin was calculated with the acidic probe of dichlo-
romethane and the basic probe of toluene. The results showed that the y” and 4" of the E51 resin decreased
linearly with the increase of temperature. According to the Flory-Huggins parameters y between the resin and
a series of probes the solubility parameters § of E51 resin at different temperatures were estimated using the
method developed by DiPaola-Baranyi and Guillet. It was found that the values of § of the E51 resin were
11.78 11.57 11.48 and 11. 14 MPa"” at 30 40 50 and 60 C

and the specific component §g, of solubility parameter at different temperatures of the E51 resin were investi-

respectively. The dispersive component §,

gated according to the relationships between surface tension cohesion energy and solubility parameter. The re-
sults showed that the values of §;, were higher than those of §, for the epoxy resin and both of them decreased
with the increase of temperature.
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Epoxy resin has been widely used in adhesives
paints electronics and composite industries due
to its excellent adhesion chemical resistance
good electrical insulating and mechanical proper-
ties 1

The normal parameters including vis-
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cosity epoxy equivalent and relative molecular
mass are chosen to characterize epoxy resin.
However the existing reports on the surface ten-
sion and solubility parameter which are closely

related to the surface and interface properties of
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epoxy resin are few in the published literature.
The surface tension has been shown to be
closely connected to the wettability of epoxy res-
in and it can be thought of the sum of the disper-
sive surface tension nonpolar components and
the specific surface tension polar components .
The surface tension of typical liquid epoxy resin
can be readily measured by dynamic contact angle
DCAT

however one insuffi-

meter and tensiometer using the Wil-
helmy balance method 2
ciency of this method is that it does not allow for
the calculation of the dispersive and specific com-
ponent of surface tension. The solubility parame-
ter in conjunction with solution theory has
found many practical applications in the predic-
tion of solubility and compatibility of polymer
mixture. The polymer solubility parameter can be
generally deduced from swelling or viscosity
measurements or it can be estimated from group
additivity contribution method or computer simu-
lation 3 . After the introduction and subsequent
theoretical developments the application of in-
verse gas chromatography IGC in the material
sciences has grown rapidly. With the variety of
well characterized probes IGC can readily give
consistent and realistic estimates for surface ener-
gy solubility parameter and other properties of
materials under investigation and the reliability
of the technique has been proven by many studies
4-9 .

In this study the retention times in IGC of 8
probes including decane nonane octane hep-
tane toluene dichloromethane ethanol and ace-
tone were measured at different temperatures on
the stationary phase of passivated glass wool coa-
ted with E51 epoxy resin. And the dispersive sur-
face tensions the specific surface tensions the
Flory-Huggins parameters of the probes and
resin and the solubility parameter of E51 epoxy

resin were calculated.

1 Experimental

1.1 Materials
The sample tested in this study was bisphenol-A

epoxy resin E51 Shanghai Research Institute of

Synthetic Resins . The solvents used in IGC were
supplied by Sigma-Aldrich USA. All these adsor-
bates were high performance liquid chromato-
graphic grade or high purity solvents and were
purchased from J&K Chemical Ltd.
1.2 Apparatus and procedure

IGC experiments were carried out at infinite di-
lution using an SMS-iGC UK

probes were decane

The neutral
nonane octane and hep-
dichlo-

romethane ethanol and acetone. Data relating to

tane the polar probes included toluene

all probes are presented in Table 1. The E51 was
mass fraction
supplied by SMS

UK was immersed in the solution of E51 for 24

first dissolved in acetone 1%

and the passivated glass wool

h. And the glass wool was desiccated for 48 h in
vacuum at 60 C then packed into the SMS stand-
ard passivated glass column with an internal
diameter of 4 mm and a length of 300 mm. The
amount of the coated glass wool was 0.2 g. Meth-
ane was used as a non-interacting marker for the
measurement of dead-time. Helium was used as
the carrier gas and the flow rate was 10
mL/min. The data calculation was made by the

SMS-iGC analysis software vl1.2.5

Table 1 Properties of the probes

Surface tension/ Cross sectional

Probe Property 3/m? ares/m’
n-Heptane neutral 0.0234 7.5%x10°"
n-Octane neutral 0.0227 6.9x10°"
n-Nonane neutral 0.0213 6.3x10°"
n-Decane neutral 0.0203 5.73x10°"
Toluene basic 0.0285 4.6x107"
Dichloromethane acidic 0.0245 2.45x107"
Ethanol acidic 0.0211 3.53x10°"
Acetone basic 0.0165 3.4x10°"

2 1IGC theory

The retention time was the primary information
10 - 13

converted into the retention volume which is di-

in gas chromatography and it can be
rectly related to the various physico-chemical
properties of the material.

The net retention volume V9, can be determined
by Equation 1

j T
w=J . p oy oy 1 1
B m B0 273,15
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where T is the column temperature m is the
sample mass F is the carrier gas flow rate ¢, is
the retention time taken for the probe and ¢, is the
dead time j is the James-Martin correction
which depends on the pressures at the column in-
let and outlet.

As described in the method of Schultz 14

RTInV) =2aN,,/y.y, + const 2
where N, is the Avogadro constant R is the gas

constant «a is the cross sectional area of the ad-
sorbate y% and y, are the surface tensions of the
adsorbent and the adsorbate respectively.

So the dispersive surface energy can be de-
rived from the slope of a series of alkanes RTInV,
plot to a yp '*

The activity coefficient {2 can be obtained from
the retention volume 15 16
273.15R  , By -V,
ym v, P RT

1" R

In2 =In 3

where p° is the saturation pressure M , is the
molecular mass B is the second virial coeffi-
cient and V| is the molecular volume of the probe
molecule at column temperature.

The Flory-Huggins parameter y can be derived

from Equation 4

=InQ+In—-[1-—! 4
g (1)

where p is the liquid density and V is the molecu-
lar volume.
Using the approach from DiPaola-Baranyi and
Guillet 5 a linear equation can be formed
5?_)(:(252)_ s _(252 _Xs) s
RT V, RT ! RT V,

where §, is the solubility parameter of the probe

molecule §, is the solubility parameter of the res-
in y is the entropic contribution to the Flory-Hug-
gins parameter and V, is the molar volume of the
probe molecule. If the left-hand side versus §,

yields §, can then be determined from the slope.
3 Results and discussion

3.1 Surface tension
The dispersive surface tension can be calculat-
ed from the measured net retention volumes of a

series of n-alkane probes according to the Schultz

method. As can be seen from Fig. 1 the values
of RTInV} at each temperature increase as the in-
crease of the probe carbon number. It should be
considered that the m-alkanes adsorption takes
place by only dispersive forces which change lin-
early with the carbon number of the n-alkanes.
The dispersive surface tensions of E51 were

32.98 30.98 29.39 and 25.71 mJ/m’ at 30 40

50 and 60 C respectively.
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Fig. 1 Dispersive surface tensions for E51
at different temperatures

The specific surface tension represents the con-
tributions of molecular forces other than the dis-
persive force which include the hydrogen polar
and acid-base interactions. The specific surface
tension can be estimated theoretically from the
specific free energy of adsorption AG® of polar
probes with different acid-base properties. The
interactions between polar probes and the sub-
strate involve both dispersive and specific interac-
tions. As proposed by Schultz RTInV; for each

2 The distance

probe plotted against it is a 7,
between each polar probe’ s point and the straight
alkanes line represents the specific interaction

AG®. The values of AG®" of the acidic probe of
dichloromethane and basic probe of toluene were
calculated and are listed in Table 2. As can be
seen from Table 2 the AG®'s for dichloromethane

and toluene decrease as the temperature increase.

Table 2 AGS? for dichloromethane and

toluene tested on ES1 J/mol
Probe 30 C 40 C 50 C 60 C
Toluene 5197.22  5101.13  4977.03  4332.35
Dichloromethane 9241.29  8913.99  8756.41 7375. 66
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The specific surface tension can be deduced

from the Good-van Oss method 17 as can be
seen from Equation 6
AG™ =2aN, /v, vys + /vivs 6

where v, and vy, are the electron acceptor and
donor parameters of the probe molecule vy and
vs are the electron acceptor and electron donor
parameters of the stationary phase surface. The
v, of the basic probe of dichloromethane is
124.58 mJ/m’
toluene is 16.23 mJ/m’. The y, of the acidic

and the y, of the acidic probe of

probe of dichloromethane and the y,” of the basic
probe of toluene are zero. The y¢ and vy, for the
resin can be calculated from Equation 6 and
then the specific surface tension was obtained
from Equation 7 . The specific surface tensions
of E51 were 13.07 mJ/m* 12.37 mJ/m’> 11.86
mJ/m?* and 8. 69 mJ/m’ at 30 40 50 and 60 C
respectively.
vs =2 \/¥svs 7
The total surface tension 5’ of E51 can be
obtained from the sum of the dispersive surface

tension " and the specific surface tension

¥*" . As shown in Fig. 2 the total surface ten-
sions decrease linearly with the increase of tem-
perature and the dispersive surface tension and
the specific surface tension show the same tend-
ency. This phenomenon agrees with the results in
early works in which they were measured by
DCAT technique 2 The results indicated that
IGC can be used as a valuable tool for the charac-

terization of the epoxy resin surface tension.
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Fig. 2 Surface tensions for E51 at
different temperatures

3.2 Solubility parameter

The measured solubility parameters of the resin
were based on the nonane octane heptane tol-
uene ethanol and acetone probes which have
different solubility parameters. The retention vol-
ume can be converted into an activity coefficient
which is used to calculate the Flory-Huggins inter-
action parameter. The Flory-Huggins interaction
parameters between probes and resin at different
temperatures are summarized in Table 3. The Flo-
ry-Huggins interaction parameter decreases with
the increase of temperature illustrating that the in-
teraction abilities between the probes and resin

get weaker.

Table 3 Flory-Huggins interaction parameters
x between probes and resin at dif-
ferent temperatures

Adsorbate 30 C 40 C 50 C 60 C
Nonane 6.194 6.073 5.874 5.610
Octane 6.239 6.139 5.969 5.636
Heptane 6.079 5.932 5.690 5.275
Toluene 5.153 5.067 4.910 4.755
Ethanol 6.152 6.084 5.949 5.827
Acetone 5.112 5.096 4.951 4.964

As shown in Fig. 3 the solubility parameters of
E51 were calculated from Flory-Huggins interac-
tion parameters of a series of probes using the
method developed by DiPaola-Baranyi and Guil-
let. The solubility parameters of the epoxy resin

at different temperatures 30 40 50 and 60 C

were 11.78 11.57 11.48 and 11. 14 MPa'? re-
spectively.
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Fig. 3 Solubility parameters for E51 at
different temperatures
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The solubility parameter § for the polar poly-
mer is generally divided into dispersive nonpo-
lar component §, and specific polar compo-
nent &g,

8 =68) +65 8

The solubility parameter is the square root of
AE/V where AE is the cohesive energy density
and V is the molar volume of the solvent. It can
be shown that the cohesive energy density can be
divided into dispersive and specific components

AE, and AE, respectively the relationship
between the surface energy and the solubility
parameter can be described by Equation 9 and

Equation 10 2

5y |\ AE, 4° 0
(T) TAE T
6SP Z_AESP _’)/SP 10
5|  AE T 4T

The 6, and &4, of ES1 at different temperatures
were calculated from Equation 9 and Equation

10 respectively and are summarized in Table
4. The §, values of E51 were higher than those of
dsp for E51 resin.

Table 4 Dispersive specific solubility parameters of
E51 at different temperatures

Temperature/ C 8p/MPa'”? 5¢p/MPa'”?
30 9.97 6.28
40 9.78 6.18
50 9.69 6.16
60 9.63 5.60

4 Conclusions

IGC was used to characterize the dispersive
surface tensions the specific surface tensions and

the total surface tensions of epoxy resin at differ-

ent temperatures. The results showed that the
dispersive surface tension of epoxy resin was
higher than the specific surface tension and both
of them decrease with the increase of tempera-
ture. The solubility parameters of E51 decreased
little with the increase of temperature. The value
of dispersive component showed higher than that
of the specific component. This method is expec-
ted to be available for the research of wettability

and compatibility of other epoxy resins.
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