
Use of Inverse Gas Chromatography
(IGC) to Determine the Surface
Energy and Surface Area of
Powdered Materials

Dear Editor:
The paper published by Cline and Dalby (1) claims to

have established a “convincing relationship between the sur-
face energy and area parameters derived from IGC and dry
powder inhaler performance.” As experienced users of IGC
for material characterization, we deem it appropriate to high-
light several inaccuracies (both technical and fundamental) in
this paper, which appear serious enough to require reassess-
ment of the published work. The errors are discussed below.

Surface Energy Determination

The major error made by Cline and Dalby is that they
substituted surface tension, as used by van Oss (2), with the
free energy of adsorption (denoted by KA and KB for specific
acidic and basic interactions, respectively, in the paper) in the
calculation of the so-called surface energy interaction (abbre-
viated by SEI). This is evident from the way by which the KA

and KB parameters are derived. These parameters reflect es-
sentially the free energy of adsorption of a solvent probe on
a solid surface and comprise interaction energies contributed
by both the probe and the solid surface. In contrast, the �S

D

value (for dispersive forces) in Eq. 1 of the paper is the true
surface tension (or the surface free energy) of the solid, be-
cause the algorithm used to derive the equation distinctly
discriminates between the surface tension of the material
(�S

D) under investigation and that of the solvent probe (�L
D)

and allows calculation of �S
D from the free energy of adsorp-

tion (�GA). Accordingly, �S
D can be computed using Eq. 1*

(shown below) from the linear incremental change in �GA

per unit surface area of each (essentially nonpolar) probe in
the alkane series (3) (i.e., from the slope of the linear plot
obtained for the nonpolar probes).

−�GA
CH2

NaCH2
= 2��S

D�1�2��L
D�1�2 (1*)

where �GA
CH2 and aCH2 are the free energy of adsorption

and surface area per methylene group, respectively; N is the
Avogadro’s number; and �S

D and �L
D are the dispersive com-

ponents of the surface tensions of the solid and the liquid
probe, respectively.

To adopt a similar approach for the calculation of �S for
the polar specific interactions, one would need to “create” an
incremental change in the surface area of the polar part of the
polar probe and measure the associated change in surface free
energy of adsorption. This would require a series of polar
probes with similar structures for incremental polar contribu-
tion, as in the case with the nonpolar probes. It would be
erroneous to calculate the �S for polar interactions simply by
dividing the �GA

SP obtained for a particular polar probe by
the probe’s surface area, primarily because the probe mol-
ecule is composed of both polar and nonpolar parts, and only
the polar part contributes to the �GA

SP value. Since only two
polar probes were used and their structures are dissimilar, it

is difficult to envisage the surface area of the polar part of the
probe was derived by the authors to calculate �S for the chlo-
roform (acidic) and tetrahydrofuran (basic) probes.

Specific Surface Area Determination

The specific surface areas reported were calculated from
the IGC data using an erroneous equation, that is, Eq. 1 in
(1). The error lies in the intercept term (4, 5).

The correct equation should be:

RT lnVN = 2N��S
D�1�2���L

D�1�2 + RT ln�S � g�0

P0
� (2*)

where R is the gas constant; T is the absolute temperature; VN

is the net retention volume; P0 is the partial pressure of the
solute; �0 is the bidimensional spreading pressure of the ad-
sorbed film to a reference gas phase state; a is the surface area
of the probe; S and g are, respectively, the specific surface
area and weight of the sample; and �S

D and �L
D are as de-

fined before.
Comparison of Eq. 2* with the one given below, that is,

Equation 1 in (1), clearly shows that the intercept term is in
error.

RT lnVN = 2N��S
D�1�2 ���L

D�1�2 + RT ln� �0

S � gP0
� Eq. 1 in �1�

Though it appears theoretically feasible to calculate the sur-
face area of the powders from the intercept term using the
correct form of Eq. 1 (i.e., Eq. 2*), such an approach is subject
to error as the intercept value is obtained by linear extrapo-
lation down to the y-axis over at least five carbons, which can
introduce significant errors in its estimation. In other words, a
small change in the slope of the plot will cause a substantial
difference in the intercept value. In addition, such extrapola-
tion assumes linearity of the relationship in the extrapolated
region (i.e., C0–C5) as well, which may not be valid. Another
possible source of error is the surface heterogeneity of the
materials. Because IGC analysis at infinite dilution probes
only the most energetic sites at the surface, the slope (�S

D)
and hence the intercept (i.e., surface area) will vary with the
surface heterogeneity of the powder. That is to say, the ap-
proach can yield widely different surface area values for
samples of supposedly equivalent surface area, depending on
the presence of such high-energy sites. The choice of the ref-
erence state (P0 and �0) and the presence of other unknown
experimental factors will also have an important bearing on
the intercept value and hence on the reliability of the esti-
mated surface area. To illustrate this point, we have per-
formed the following surface area calculations based on our
published (6) and unreported IGC data and compared them
with those measured by the BET nitrogen adsorption tech-
nique (see the table).

GSX stands for granular salmeterol xinafoate produced
by a patented crystallization process (7). MSX depicts mi-
cronized salmeterol xinafoate (which is prepared from GSX
by micronization). SX-I and SX-II are the form I and form II
polymorphs of salmeterol xinafoate, respectively, prepared by
the solution enhanced dispersion by supercritical fluids
(SEDS) technique. As shown in the table, there is a large
discrepancy in surface area determination between the two
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methods. Although there appears to be a parallel trend in the
surface areas determined by these two techniques, the SX-II
sample clearly shows an exception, which is likely due to its
relatively polar surface. This indicates that the nature and
strength of interactions, which govern the overall surface en-
ergy, will also influence the IGC-derived surface area. Con-
sequently, IGC analysis at infinite dilution will not be a suit-
able technique for specific surface area determination.
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The authors respond:

Surface Energy Determination

We recognized that KA and KB are not “true” (theoret-
ically complete) measurements of the acidic and basic com-
ponents of surface free energy and therefore chose to not
label them �+ and �− as in the approach of van Oss (1).
However, derivation of these parameters (KA and KB)
through the �GSP values of chloroform (electron donor, acid)

and THF (electron acceptor, base) do provide information of
the relative acidic and basic nature of the powder’s surface.
Other experienced users of IGC for material characterization
share this view. Grimsey et al. (2) used a similar concept to
probe the acidic and basic nature of the surface of mannitol,
while York et al. (3) used these same probes to examine the
surface of milled dl-propranolol hydrochloride.

Another approach used in the pharmaceutical, IGC lit-
erature (4,5) to estimate the acidic and basic nature of a sol-
id’s surface is that proposed by Shultz et al. (6). This approach
uses a series of empirically derived electron acceptor and
electron donor values (7,8) for various probe molecules to
calculate corresponding acceptor (KA) and donor (KD) val-
ues of the solid’s surface. However, it is limited by the fact
that it expresses these values as unitless numbers that do not
provide an opportunity for comparison or combination with
�D values, expressed in mJ/m2.

�GSP values for THF and chloroform have units of kJ/
mol. Our reason for converting �GSP values by dividing by
Avogadro’s number (molecule/mol) and an estimate of the
surface area of the probe (angstroms2/molecule) was to har-
monize the units, with �D values, to allow for mathematical
combinations. We made this point very clearly in the IGC
Theory section on page 1275. Such a transformation provides
a mechanism to compare the surface energy interaction (dis-
persive, acidic and basic components) of different combina-
tions of materials.

Specific Surface Area Determination

The version of Eq. 1 that we submitted was incorrect. We
inadvertently transposed the “−” sign with a “+” and included
∏0 in the numerator and Po in the denominator. However, the
data we reported was calculated with the correct equation,
using the reference states of de Boer (Po � 1.01 × 105 N/m2,
∏0 � 3.38 × 10−4 N/m). The correct equation is:

RT ln Vn = 2N��D
solid�1�2 a��D

liquid�1�2 − RT ln�P0�ASPG�0�

We thank Dr. Chow for pointing out our error.
In our manuscript, we noted that the specific surface area

(SSA) of powders we examined by IGC correlated with val-
ues calculated from particle size distribution data obtained
from laser light scattering (Malvern Mastersizer S) (see the
table below). The correlation coefficient was 0.84 when data
from similar shaped lactose monohydrate and trehalose dihy-
drate was used in the calculation.

Mannitol’s needle-like particle shape was not amenable
to laser diffraction sizing, and could not be included in the
data set. While by no means a perfect correlation, this rela-
tionship shows that IGC-derived specific surface areas rank
order powders in the same way as measurements based on an
instrument widely used in aerosol science. Though there are

Sample

Surface area (m2/g), calcu-
lated from the intercept of

the linear plot for the alkane
series at 40°C (n � 3) using

the reference state of de Boer

Surface area
(m2/g), determined
by BET nitrogen
adsorption analy-

ses (n � 3)

GSX 3.284 (0.510) 10.699 (0.016)
MSX 2.484 (0.298) 9.243 (0.002)
SX-I 1.870 (0.536) 4.449 (0.029)
SX-II 9.243 (1.569) 1.797 (0.038)

Material
Specific Surface Area

IGC (m2/g)
Specific Surface Area

Malvern (m2/g)

Trehalose 0.125 0.576
Lactose A 0.057 0.513
Lactose B 0.026 0.224
Lactose C 0.017 0.166
Lactose D 0.003 0.108
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assumptions, such as linearity when extrapolating to the y-
axis and effects due to surface heterogeneity, we continue to
believe an IGC approach to estimating specific surface area
remains a benefit of this emerging development tool. Further-
more, estimates of specific surface area for a given powder
were reproducible from one column preparation to another.

We concede that IGC is an emerging technique with po-
tential flaws and few standardized procedures. We thank Dr.
Chow for furthering the discussion on what we believe could
become a useful formulation tool.
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