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Abstract 
Inverse gas chromatography at infinite dilution is a powerful technique that 
can be advantageously used to characterize the surface physicochemical 
properties of solid substrates as oxides and polymers in both forms of powder 
or fibres. In the case of polymer, this technique can be used to determine the 
second order transition phenomena temperatures. This paper was devoted to 
the determination of the glass transition temperature of polylactide polymer. 
The dispersive component of the surface energy d

Sγ  of polylactides was de-
termined by inverse gas chromatography at infinite dilution. Various theo-
retical models were used to deduce the dispersive component of the surface 
energy of the solid substrates. These models are based on the calculation of 
the molecular areas of adsorbed molecules on the polymer surface: geome-
trical model, cylindrical molecular model, liquid density model, BET method, 
Kiselev results and the two-dimensional Van der Waals and Redlich-Kwong 
equations. The curves relative to the variation of d

Sγ  as a function of the 

temperature showed a specific graph with a maximum value of d
Sγ  at a cer-

tain particular temperature characteristic to the investigated polylactide po-
lymer. In fact, the maxima of d

Sγ  indicated the presence of glass transition 
temperature Tg of polylactide whatever the molecular model used. This study 
showed a glass transition temperature equal to 64˚C confirming that obtained 
by other studies. 
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Equations of State 

 

1. Introduction 

The inverse gas chromatography (IGC) at infinite dilution was proved to be an 
important technique to determine the surface properties of solid materials [1] 
[2] [3] [4]. This technique was used for more than thirty years to determine the 
physico-chemical surface properties of solid materials or nanomaterials, poly-
mers, oxides or polymers adsorbed on oxides. One of the interesting properties 
is the dispersive component of the surface energy of solid materials that can be 
determined as a function of the temperature. 

In the IGC technique at infinite dilution, model organic molecules of known 
properties are injected in the column containing the solid. The retention times 
tn of these molecules, measured at infinite dilution, allow us to determine reten-
tion volume Vn and therefore the interactions between the model polar or 
non-polar molecules and the solid substrates, by supposing that there is no later-
al interaction between the probe molecules themselves. Measurements can be 
carried out with a GC FID chromatograph equipped with a flame ionization de-
tector of high sensitivity. The data retention can be obtained with a stainless steel 
column with specific dimensions packed with 1 - 2 g of solids in powder forms. 

The dispersive component of the surface energy of solids d
Sγ  can be in gen-

eral calculated using the equation of the dispersive free energy of adsorption ΔGd 
given as a function of the geometric mean of the dispersive components (expo-
nent d) of the surface energy of the probe d

lγ  and the solid d
Sγ : 

( )1 2
2d d d

a l sG RTlnVn C aW a γ γ∆ = + = =              (1) 

where R is the ideal gas constant, T the absolute temperature and C a constant 
depending on the reference state of adsorption, Wa is the energy of adhesion, 𝒩𝒩 
is Avogadro’s number and a the surface area of one adsorbed molecule of the 
probe. 

By plotting RTlnVn as a function of ( )1 2d
la γ  of n-alkanes, it is possible to 

deduce, from the slope of the straight line, the value of dispersive component 
d
Sγ  of the surface energy of the solid material. 
However, the values of the surface area of organic molecules adsorbed on a 

solid substrate are not known with a good accuracy, especially because of the 
change of molecule positions when approaching a solid surface at a certain tem-
perature. The problem will be more complicated when the temperature increas-
es; in such case, we cannot neglect the effect of the thermal agitation on the sur-
face areas of adsorbed molecules. In a previous study, Hamieh et al. [5] proved 
the effect of the temperature on the surface area of n-alkanes and polar mole-
cules. In this study, we proposed various theoretical models giving the molecular 
areas of n-alkanes: geometrical model, cylindrical molecular model, liquid den-
sity model, BET method, Kiselev results and the two-dimensional Van der Waals 
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model by using its constant b that depends on the critical temperature and pres-
sure of the liquid. The Redlich-Kwong equation transposed from  
three-dimensional space to two-dimensional space [6] [7] [8] was also used to 
calculate the areas of organic molecules. Table 1 summarizes the different sur-
face area values for the used n-alkanes using the various molecular models. 

Hamieh et al. [5] showed the areas a(T) of molecules adsorbed on Polytetraf-
luoroethylene (PTFE), linearly depend of the temperature. The following rela-
tion was proved: 

( ) 0a T a T= −Ω                        (2) 

with Ω the slope of the straight line depending on the nature of the adsorbed 
molecule and solid substrate, a(T) the surface area at temperature T and a0 the 
molecule area extrapolated at 0 K. 

Therefore, to have the behavior of the dispersive component of the surface 
energy of any solid material, we need to apply the above theoretical models, giv-
en the different surface areas of the adsorbed molecules. Consequently, it will be 
possible to determine different values of d

Sγ  of the same solid at a fixed tem-
perature depending on the model used. 

Knowing that there is an important effect of the temperature on the polymer 
properties. This can induce modifications in the chain segment mobility of po-
lymers. These changes in mobility arising at the glass transition temperatures 
(Tg) of bulk polymers can be determined by using the thermal methods, like 
differential thermal analysis or differential scanning calorimetry. 

However, for smaller quantities of polymer, the glass transitions of polymers 
could not be detected by these previous thermal methods. To remediate this 
problem, we used the inverse gas chromatography at infinite dilution to obtain 
more precise information on the transition phenomenon temperatures. 

In this paper, we propose to use the inverse gas chromatography at infinite 
dilution to determine the glass transition temperature of polylactide polymer. 
This technique will allow to determine the dispersive component of the surface 
energy of polylactide polymer (PLA) that has been playing a major role in many 
applications such as medical science, biotechnology and food science due to 
their biocompatibility and biodegradability [9]. These polymers can be obtained 
 
Table 1. Surface areas of various molecules (in Å2) obtained from the various models of 
Van der Waals (VDW), Redlich-Kwong (R-K), Kiselev, geometric, cylindrical or spherical 
models. 

Molecule VDW Kiselev Cylindrical R-K Spherical Geometric 

C5H12 47.0 45 39.3 36.8 36.4 32.9 

C6H14 52.7 51.5 45.5 41.3 39.6 40.7 

C7H16 59.2 57 51.8 46.4 42.7 48.5 

C8H18 64.9 63 58.1 50.8 45.7 56.2 

C9H20 69.6 69 64.4 54.5 48.7 64.0 
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from a renewable agricultural source such as corn or starch, they provide signif-
icant energy savings, they are recyclable and compostable and they have the abil-
ity to decompose into naturally occurring metabolites via hydrolysis or enzy-
matic processes [10] [11]. 

The determination of the dispersive component of the surface energy of poly-
lactide polymer against the temperature will allow to evaluate the glass transition 
temperature of the polymer. In the next section we develop the experimental 
part necessary to quantify the surface properties of PLA polymer. 

2. Experimental Part 
2.1. Retention Volume 

The net retention volume Vn represents the volume of carrier gas through the 
column since the introduction of the probe until the output of the maximum of 
the peak of the inferred methane retention volume V0. It is influenced by the re-
tention time according to the following relation: 

( )0c RVn jD t t= −                           (3) 

where tR is the retention time of the probe, t0 the zero retention reference time 
measured with a non-adsorbing probe such as methane, Dc the flow rate and j a 
correction factor taking into account the compression of the gas [12]. Dc and j 
are respectively given by the following expressions: 

( )
( )

cc
c m

a a

TT
D D

T T
η
η

=                           (4) 

and 
2

0

0
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0

0

1
3
2
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P P
P

j
P P
P

 ∆ +
− 

 =
 ∆ +

− 
 

                        (5) 

where Dm is the measured flow rate, Tc the column temperature, Ta the room 
temperature, ( )Tη  the gas viscosity at temperature T, P0 the atmospheric 
pressure and ΔP the pressure variation. 

2.2. Materials 

PLA polymers used in the storage of olive oils were procured directly from Le-
banese markets. The packaging polymer samples were cut into small rectangular 
pieces with scissors and using cotton gloves to avoid contamination of the plastic 
samples. The area of each test specimen was equal to 10 cm2. The polymer pieces 
were then grinded to obtain a size range of PLA particles between 100 and 250 
μm. Particles of the correct size were introduced into a stainless steel column, 
which was 30 cm long and had an internal diameter of 2 mm. A mass of 1 g of 
PLA was used to fill the chromatographic column. The column filled with the 
sample was conditioned at 120˚C for 12 h to remove any impurities. 
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The measurements of retention time were done by using the IGC technique. 
The column was then attached to the gas chromatograph, fitted with a flame io-
nization detector. Helium was used as carrier gas; its flow-rate was equal to 
about 20 mL∙min−1. IGC measurements at infinite dilution were done by varying 
the temperature from 40˚C to 100˚C. 

Chromatographic injections were made using Hamilton microsyringes. We 
used the inverse gas chromatography technique at infinite dilution for the phy-
sicochemical characterization of different materials. Measurements were carried 
out with a DELSI GC121 FB Chromatograph equipped with a flame ionization 
detector of high sensitivity. 

Classical organic probes as n-alkanes with highly pure grade (Aldrich, i.e., 
99%) were used for IGC measurements. The probes used were n-alkanes such as 
pentane, hexane, heptane, octane, and nonane. 

2.3. GC Conditions 

The IGC measurements were performed on a commercial Shimadzu GC-14A 
gas chromatograph equipped with a flame ionization detector. Dried nitrogen 
was the carrier gas. The gas flow rate was set at 20 mL/min. The injector and de-
tector temperatures were maintained at 200˚C during the experiments. To 
achieve infinite dilution, 0.5 μL of each probe was injected with 10 μL Hamilton 
syringes, in order to approach linear condition gas chromatography. The col-
umn temperatures were 40˚C to 100˚C, varied in 5˚C to 10˚C steps. Each probe 
injection was repeated three times, and the average retention time, tR, was used 
for the calculation. The standard deviation was less than 1% in all measure-
ments. 

The columns used in this study were prepared using a stainless-steel column 
with a 5 mm inner diameter and with an approximate length of 30 cm. 

2.4. Results and Discussion 

Determination of the dispersive component of the surface energy of PLA 
We applied the different models of the surface area of n-alkanes given in Ta-

ble 1, in order to obtain qualitative results relative to the dispersive component 
of the surface energy of PLA polymer used in this study. Table 1 and Equation 
(1) allowed us to determine the variations of d

Sγ  of PLA polymer as a function 
of the temperature that can determine the glass transition temperature of PLA 
surface. 

Results obtained by this study can be gathered in Table 2. 
Using the results of Table 2, we plotted on Figure 1 the variation of the dis-

persive component of the surface energy of PLA polymer, as a function of the 
temperature. Figure 1 shows a change in the variation of d

Sγ  versus the tem-
perature. It seems that the maxima of the curves correspond to glass transition 
temperature (Tg = 337 K or 64˚C) of the polymer for all models of the surface 
area of n-alkanes. 
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Table 2. Values of d
Sγ  (mJ/m2) of PLA surface using different models of molecular 

model of surface area of n-alkanes. 

T (K) VDW Kiselev Cylindrical R-K Spherical geometric 

313 23.8 25.0 24.2 39.5 59.6 18.8 

323 20.0 20.8 20.4 33.2 52.6 14.8 

333 18.7 19.7 19.3 29.4 48.4 13.4 

335 21.8 22.6 22.2 37.4 56.9 16.8 

337 25.0 26.6 25.7 43.1 66.5 20.1 

340 21.6 23.4 22.8 36.1 55.2 16.1 

343 19.3 20.1 19.7 28.6 46.3 13.2 

353 17.6 18.7 18.6 25.1 40.5 12.9 

363 15.6 16.9 16.5 22.5 34.2 12.0 

373 14.8 15.8 15.5 20.4 30.2 11.7 

 

 
Figure 1. Evolution of the dispersive component of the surface energy of polylactide po-
lymer as a function of the temperature for different models of surface areas of n-alkanes. 

 
This result (Tg = 64˚C) confirmed that obtained in a previous study [13] on 

PLA we using the retention volume of different n-alkanes adsorbed on PLA po-
lymers. The curves plotted on Figure 2 of RTlnVn = f(1/T) of PLA for the dif-
ferent n-alkanes showed the presence of a glass transition Tg = 64˚C (on Figure 
2, 1/Tg = 0.00297 K−1). 

3. Discussion and Conclusion 

In this paper, we determined the dispersive component of the surface energy of 
polylactide polymer by using the inverse gas chromatography technique at infi-
nite dilution for different models of surface areas of n-alkanes. It is the first time  
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Figure 2. Variation of specific RTlnVn (in J/mol) of n-alkanes adsorbed on 
PLA polymer as a function of the inverse of the temperature (1/T). 

 
that we obtained the glass transition temperature (Tg = 64˚C) of PLA by using 
the evolution of d

Sγ  as a function of the temperature. This method confirmed 
the value of Tg of PLA by another study. 

The maxima of d
Sγ  indicate in Figure 1 the presence of glass transition tem-

perature. The change in retention mechanism, of the probes, at the transition 
temperature is attributed to an increased molecular mobility of the polymer 
segments, allowing for the penetration of the probes into the polymer layer. In-
deed, for polymer below Tg, the penetration of the solute molecules in the bulk 
polymer is precluded and retention proceeds only by surface adsorption. Then, 
at glass transition, the penetration of the probe molecules begins but due to an 
initially slow rate of diffusion of the solute into and out of the polymer, 
non-equilibrium conditions prevail. This can explain the decrease in the reten-
tion volume with temperature at Tg. As temperature is increased, the diffusion 
coefficient rises sharply which leads to equilibrium conditions. It can be ob-
served that the maximum of d

Sγ  corresponds to the minimum of the curves of 
the evolution of RTlnVn as a function of (1/T) as was shown in Figure 2. 
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