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a b s t r a c t

Inverse gas chromatography (IGC) is an important technique for the characterization of surface properties
of solid materials. A standard method of surface characterization is that the surface dispersive free energy
of the solid stationary phase is firstly determined by using a series of linear alkane liquids as molecular
probes, and then the acid–base parameters are calculated from the dispersive parameters. However,
for the calculation of surface dispersive free energy, generally, two different methods are used, which
eywords:
nverse gas chromatography
ispersive free energy
urface tension

are Dorris–Gray method and Schultz method. In this paper, the results calculated from Dorris–Gray
method and Schultz method are compared through calculating their ratio with their basic equations
and parameters. It can be concluded that the dispersive parameters calculated with Dorris–Gray method
will always be larger than the data calculated with Schultz method. When the measuring temperature
increases, the ratio increases large. Compared with the parameters in solvents handbook, it seems that
the traditional surface free energy parameters of n-alkanes listed in the papers using Schultz method are

ch ca
not enough accurate, whi

. Introduction

Inverse gas chromatography (IGC) is an important technique for
he characterization of surface properties of solid materials, espe-
ially powder materials. Generally, surface dispersive free energy
nd acid–base properties can be determined above room temper-
ture [1]. A standard method of surface characterization is that the
urface dispersive free energy (or named London force) of the solid
tationary phase is firstly determined by using a series of linear
lkane liquids (n-alkanes) as molecular probes. Then, the acid–base
arameters can be calculated from the dispersive parameters with
ome acid–base liquid probes. However, for the calculation of sur-
ace dispersive free energy, generally, two different methods are
ow used, which are Dorris–Gray method [2] and Schultz method
3].

Until now, several hundreds of research papers on surface char-
cterization with IGC have been published. Since 2000, 13 papers
4–16] using Dorris–Gray method have been published on the Jour-
al of Chromatography A. At the same time, 12 papers [17–28] using

chultz method and four papers using both of the two methods
ave been published [29–32]. According to these papers, it can
e found that at the same measuring conditions, the dispersive
esults calculated from Dorris–Gray method and Schultz method
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n be proved with a published IGC experimental result.
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were generally different. Some data from Dorris–Gray method were
larger than the data from Schultz method, but some results were
opposite. Although the difference was not large (several mJ/m2),
it still induced some difficult when comparing with the results or
researching the law of surface dispersive properties of materials.
Consequently, estimating which results are more reasonable is a
necessary work for the development of inverse gas chromatog-
raphy technique. In this paper, the comparison of Dorris–Gray
and Schultz methods for the calculation of surface dispersive free
energy is analyzed with their basic equations and parameters.

2. Discussion

2.1. Dorris–Gray method

The basic principle of Dorris–Gray method is [4–16]: when a
series of liquid n-alkanes are used as probes, the adsorption disper-
sive free energy of one methylene group �GCH2 , can be calculated
from the slope of a line achieved by plotting the adsorption free
energy of the probes −�Gads versus the carbon number n. The
equation for calculating �GCH2 is:

CH2

(
VN,n+1

)

�G = −RT · ln

VN,n
(1)

where R is the gas constant, T is the temperature (K), VN,n is the net
retention volume of the n-alkane probe with the carbon number n.
According to the Fowkes relation for the work of adhesion (Wa) by
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Table 1
Parameters of liquid n-alkanes for Schultz method [33,34].

Name �d
l

(mJ/m2) a (Å2) a · (�d
l

)
0.5

(Å2 (mJ/m2)0.5)

n-C6 18.4 51.5 220.9
n-C7 20.3 57.0 256.8
n-C8 21.3 63.0 290.8
n-C9 22.7 69.0 328.8
n-C10 23.4 75.0 362.8

Table 2
Calculated middle parameters for Eq. (13).

the standard deviation in Table 5, 0.411, is smaller. Table 6 lists the
ratio values calculated with the “new” parameters and a set of ratio
values calculated directly from an IGC experiment. It shows that the
analyzed results absolutely equal to the experimental data. There-
fore, the “new” surface dispersive free energy parameters listed in

Table 3
B. Shi et al. / J. Chromat

ispersive free energy between two phases [29], for one methylene
roup, the work of adhesion is:

aCH2 = 2
√

�d
s · �d

CH2
(2)

here �d
s is the surface dispersive free energy of the solid sta-

ionary phase, and �CH2 is the surface dispersive free energy of a
olid material only constituted by methylene groups, such as linear
olyethylene. The common relation between dispersive free energy
nd temperature for polyethylene is:

CH2 = 35.6 − 0.058t (3)

here t is the measuring temperature in ◦C. According to the fol-
owing equation:

�GCH2 = N · aCH2 · WaCH2 (4)

here N is the Avogadro’s number, aCH2 is the cross sectional area

f an adsorbed methylene group, 6 ´̊A2. The surface dispersive free
nergy of the solid stationary phase can be obtained by:

d
s = 1

4�CH2

(
−�GCH2

N · aCH2

)2

(5)

When combining Eq. (1) with Eq. (5), we can obtain:

d
s = 1

4�CH2

⎛
⎝RT · ln

(
VN,n+1

VN,n

)
N · aCH2

⎞
⎠

2

(6)

.2. Schultz method

The basic principle of Schultz method is [17–28]: when a series
f liquid n-alkanes are used as probes, the adsorption dispersive
ree energy �Gads of a probe with the carbon number n is:

Gads = −RT · ln(VN,n) + C (7)

here the constant C depends on the reference state. According to
he Fowkes relation for the work of adhesion (Wa) by dispersive
ree energy between two phases, the work of adhesion of the probe
s [29]:

a = 2
√

�d
s · �d

l
(8)

here �d
s is the surface dispersive free energy of the solid stationary

hase, and �d
l

is the surface dispersive free energy of the liquid
lkane (probe). According to the following equation:

�Gads = N · a · Wa (9)

here a is the cross section area of the alkane molecule, which can
e calculated from the following equation:

= 1.09 × 1014 ·
(

M

� · N

)2/3
(10)

here M is the molar mass, and � is the density. After combining
qs. (7) and (8) with Eq. (9), the following equation can be obtained:

T · ln(VN,n) = 2N · a · (�d
l )

0.5 · (�d
s )

0.5 + C (11)
When plotting RT · ln(VN,n) versus a · (�d
l

)
0.5

for the series of liq-
id n-alkanes, a line can be obtained. Then, the dispersive free
nergy of the solid stationary phase can be calculated from the slope
f the line.
Carbon number n 6 7 8 9 Average Standard deviation

an+1�0.5
l,n+1

− an�0.5
l,n

35.9 34.0 37.2 34.0 35.3 1.565

2.3. Comparison of the two methods

In order to find the difference between the results from the two
methods, the ratio between �d

s,Dorris−Gray and �d
s,Schultz will be cal-

culated. Firstly, for the Schultz method, when two adjacent alkanes
(carbon number is n and n + 1) are used as probes, according to Eq.
(11), the dispersive free energy of the solid stationary phase can be
calculated from the slope as:

�d
s = 1

4

⎛
⎝ RT · ln

(
VN,n+1

VN,n

)
N · (an+1�0.5

l,n+1 − an�0.5
l,n

)

⎞
⎠

2

(12)

When combining Eq. (6) with Eq. (12), for the same measuring
conditions, the ratio of the two different methods is:

�d
s,Dorris−Gray

�d
s,Schultz

=
(an+1�0.5

l,n+1 − an�0.5
l,n

)
2

�CH2 · a2
CH2

(13)

The common parameters of liquid n-alkanes (probes) for Schultz
method are listed in Table 1. Table 2 lists the calculated middle
parameter of an+1�0.5

l,n+1 − an�0.5
l,n

. The average value 35.5, is used to
calculate the ratio. Table 3 lists the final calculated ratio at three
temperatures, 30 ◦C, 40 ◦C, and 50 ◦C. The ratio values mean that
the dispersive free energy calculated with Dorris–Gray method will
always be larger than the data calculated with Schultz method.
When the measuring temperature increases, the ratio increases.

Contact angle (CA) measurement is a technique for charac-
terizing the surface free energy of smooth materials at room
temperature. For the surface dispersive free energy measurements,
some authors found that there was a good correlation between the
results of CA and IGC methods [35–37]. However, we find that for
the basic data of surface dispersive free energy of liquid n-alkanes,
there is a slight difference between the papers using the traditional
Schultz method and some handbooks for liquid solvents. Table 4
lists the surface dispersive free energy of liquid n-alkanes chosen
from a handbook [38], which are used in CA measurement. The cal-
culated “new” middle parameters of an+1�0.5

l,n+1 − an�0.5
l,n

are listed
in Table 5. Compared with the standard deviation 1.355 in Table 2,
Ratio of �d
s,Dorris−Gray

/�d
s,Schultz

calculated from Eq. (13).

Temperature (◦C) 30 40 50

�CH2 (mJ/m2) 33.86 33.28 32.70
Ratio 1.02 1.04 1.06



862 B. Shi et al. / J. Chromatogr. A

Table 4
“New” parameters of liquid n-alkanes.

Name �d
l

(mJ/m2)a a (Å2) a · (�d
l

)
0.5

(Å2 (mJ/m2)0.5)

n-C6 17.90 51.5 217.9
n-C7 19.80 57.0 253.6
n-C8 21.14 63.0 289.7
n-C9 22.38 69.0 326.4
n-C10 23.37 75.0 362.6

a Data are taken from Ref. [38].

Table 5
Calculated “new” middle parameters for Eq. (13).

Carbon number n 6 7 8 9 Average Standard deviation

an+1�0.5
l,n+1

− an�0.5
l,n

35.7 36.1 36.7 36.2 36.2 0.411

Table 6
“New” ratio of �d

s,Dorris−Gray
/�d

s,Schultz
.

Temperature (◦C) 30 40 50

T
T

3

D
c
c
D
w
t
h
e
n
e

A

R

[
[
[
[
[

[

[

[
[
[

[
[
[

[

[
[

[

[

[
[
[

[
[
[
[
[
[

Pharm. 387 (2010) 79.
[37] S.K. Papadopoulou, G. Dritsas, I. Karapanagiotis, I. Zuburtikudis, C. Panayiotou,
Calculated with “new” surface free energy
of n-alkanes listed in Table 4

1.07 1.09 1.11

Calculated directly from experimental data
in Table 2 of Ref. [39]

1.07 1.09 1.11

able 4 should be better than the traditional parameters listed in
able 1.

. Conclusions

In this paper, the surface dispersive free energy calculated from
orris–Gray method and Schultz method is compared through cal-
ulating their ratio with their basic equations and parameters. It
an be concluded that the dispersive parameters calculated with
orris–Gray method will always be larger than the data calculated
ith Schultz method. When the measuring temperature increases,

he ratio increases. Compared with the parameters in solvents
andbook, it seems that the traditional surface free energy param-
ters of n-alkanes listed in the papers using Schultz method are
ot enough accurate, which can be proved with a published IGC
xperimental result.
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