
Chapter 16
Characterisation of Catalysts and Adsorbents
by Inverse Gas Chromatography

Eva Díaz and Salvador Ordóñez

Abstract Inverse Gas Chromatography (IGC), in contrast to analytical chromatog-
raphy, consists on adsorption of a known solute on an adsorbent whose properties
are to be determined. The shape and positions of the peaks supply information about
the nature and reactivity of the solid surface. If different probe molecules are used
(i.e. polar and apolar molecules, molecules with acid/base properties), it is possible
to study the specificity of these interactions. Therefore, IGC can be used both as a
tool for both characterizing the adsorption of a given compound on a given solid or
for studying the nature (in terms of acid-base properties, polar or apolar interactions,
etc.) of the active sites of a certain catalyst.

16.1 Introduction

Sorption measurements are a useful method in the characterization of solid materials.
From these data, it is possible to obtain information about the capacity of adsorption,
but also thermodynamic properties—enthalpies of adsorption, surface energy—as
well as kinetic information, such as diffusion rates. Sorption measurements can
be obtained either by static or dynamic methods. Static methods carried out the
adsorption measurements under vacuum, after a pre-treatment at high temperature
in order to clean the material surface. Dynamic methods use a flowing gas device.
Inverse gas chromatography (IGC) is a dynamic method. In comparison to static
adsorption systems, dynamic sorption techniques show shorter measurement time,
and a wider range of experimental possibilities.

In contrast to analytical chromatography, the stationary phase is the sample under
investigation, and the mobile phase acts as probe molecule. Thus, the roles of the
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phases are inverted and hence, the name of “inverse” gas chromatography. This
technique involves injecting a series of volatile probes and measuring their reten-
tion volumes. Retention volume is related to the interaction parameters between the
probes and the solid and can be converted into a number of surface thermodynamic
properties. Through an adequate choice of the probe molecules to be adsorbed, it is
possible to obtain information about the surface structure and/or surface functional-
ity of adsorbents. After the introduction of the technique and subsequent theoretical
developments, the application of IGC in the materials sciences has developed fast [1].
IGC has been used for the characterization of polymers, copolymers, polymer bends,
biopolymers, industrial fibers, wood and pulp fibers, composites, coatings, pigments,
catalysts, glass beads, coal, chemicals, and steel tubing [2].

Inverse chromatography can be used in the gas phase as well as in the liquid phase.
Although there is some interest in the research of the solid in liquid phase, a vast
literature has done o gas phase (IGC), thus this chapter will be centred in IGC.

16.2 Experimental

IGC measurements can be carried out using a pulse or continuous technique. The
pulse of probe molecule is introduced into the carrier gas stream. This pulse is
transported by the carrier gas through the system to the column with the solid sample.
On the stationary phase, adsorption and desorption occur and the result is a peak in
the chromatogram. The ratio of adsorption/desorption is governed by the partition
coefficient. At fixed conditions of temperature and flow rate, the time of retention of
a compound is characteristic of the system. An alternative is the frontal technique.
This is carried out by injection into the carrier gas stream of a continuous stream of
the probe molecule. When the sample enters into the column, there is a distribution
between phases, and the concentration profiles takes the shape of a plateau, preceded
by a breakthrough curve. The shape of this curve is characteristic of each system [3].
The benefit of the frontal technique is that equilibrium can be always established
due to its continuous nature while pulse chromatography requires the assumption of
a fast equilibration of the probe molecule adsorption on the surface. Between both
techniques, the main part of publications describes pulse experiences, since they are
faster, easier to control and more accurate, especially if interactions between probe
molecules and the adsorbent are weak.

The experimental set-up for the pulse chromatographic experiments consists of
a column inside an oven, with an inlet of the carrier gas with the probe molecule,
and the detector at the exit of the column. The pure carrier gas is introduced into the
column (packed with the material under study). The injection of the sample takes
place prior the oven of the chromatograph and it can be done by different methods [4]:

• by a syringe via the manual injector port of the chromatographic device, consisting
of vapor or liquid;
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• by a vapour headspace system, in this case a carrier gas is passed through a reservoir
containing the prove molecule in its liquid form. The gas is saturated with the
prove molecule and then flowing through the injection loop. Concentration can be
controlled by the temperature in the reservoir and the loop volume. This saturated
carrier gas is injected into another pure carrier gas stream.

Concerning the carrier gas, helium or nitrogen, the most important requirement
is to ensure its purity and dryness, since some adsorption processes are highly sen-
sitive to traces of impurities, in particular moisture. Add to the retention time of the
probe molecule, it is necessary also to know the dead-time of the system—time that
the probe molecule would require travelling along the column without any interac-
tion. Obviously, this dead-time can not be measured using the probe molecule since
interactions will be always present. Thus, another molecule, knows as tracer, with
negligible interactions with both the adsorbents and the column walls is employed.
Usual tracers molecules are methane, hydrogen, nitrogen, or even air. The retention
time, as well as the area under the peak, is measured by flame ionisation (FID) or
thermal conductivity (TCD) detector. The FID has the benefit of the sensitive, but
it is limited to organic samples, while TCD is more versatile. Occasionally mass
spectrometric detectors are also used. This is particularly interesting for experiments
where two o more probe molecules are injected.

As far as columns are concerned, they are constructed from glass or metal tubes.
Furthermore, in the case of metals, they are usually stainless steel column, with
passivated inner walls to avoid interactions. In the literature, there is a wide variety
about column lengths and diameters for different applications. The main criteria for
selecting column dimensions are the following [4, 5]:

• Small column diameter, in order to keep gas-phase diffusion effects to minimum.
• Ratio between the column diameter and the particle diameter:

Din/dp > 10 (16.1)

This ratio between both diameters ensures minimization of the effect of channelling
at the wall.

• Ratio between the column length and the particle diameter:

L/dp > 50 (16.2)

This ratio minimizes the axial dispersion. The column length is not so crucial as the
bed length of the packed stationary phase. Usually packed beds are supported on a
porous filter or hold in place with glass wool plugs. For this reason, the column can
be longer than the packing. To avoid additional peak broadening is recommended
to pack the free place with inert material of the same particle size (glass), Fig. 16.1.
The length of the packing depends on the uptake capacity of the sample and the
amount of probe injected. It must be sure that the retention is strong enough (good
separation between probe and tracer peak) to obtain reproducible and accurate
results. This can be checked by repeating the column with different masses. If the
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Fig. 16.1 Scheme of column packing and inert material disposition

measured parameters are independent of mass of the adsorbent, enough amount
of packing is used.

• Particle size should be selected to minimize the effects of intraparticular diffusion.

Concerning the flow rate, it is supposed that the lower the flow rate the more likely
the equilibrium of a system is reached. However, low flow rates mean longer exper-
imental times and broader peaks, thus accuracy in the retention time determination
is decreased. A chromatographic column can be considered as a sum of discrete but
contiguous narrow layers, or plates. At each plate, equilibration of the solute between
the mobile and stationary phase was assumed to take place. Movement of the solute
down the column was then treated as a stepwise transfer of equilibrated mobile phase
from one plate to the next. So, a chromatographic column is constituted by a number
of steps, N , with a length, L . Efficiency studies of a chromatographic column have
generally been carried out by determining H as a function of mobile-phase velocity
u, according to the van Deemter equation (Eq. 16.3) [6]:

H = A + B

u
+ Cu = A + B

u
+ (CS + CM)u (16.3)

where H is the plate height in centimeters; u, the linear velocity of the mobile phase
in centimeters per second; and the quantities A, B, and C are coefficients related
to the phenomena of multiple flow paths, longitudinal diffusion, and mass transfer
between phases, respectively. The C coefficient can be divided into two coefficients,
one related to the stationary phase (Cs) and one related to the mobile phase (CM ). The
van Deemter equation contains terms linearly and inversely proportional to, as well as
independent of, the mobile phase velocity. Taking into account these considerations,
it is recommended to repeat the experiment at different flow rates and determine the
optimum (minimum H ) via van Deemter equation, Fig. 16.2a.
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Fig. 16.2 a Plot of the plate height versus the mobile phase velocity; b Calculation of plate height

The plate height, H , is given by, Eq. (16.4):

H = σ 2

L
(16.4)

Thus, the plate height can be obtained from the length of column that contains a
fraction of the probe molecule that lies between L − σ and L (Fig. 16.2b). Because
the area under a normal error curve bounded by σ is about 68 % of the total area, the
plate height, as defined, contains approximately 34 % of the probe molecule.

Once the plate height is known, the number of plates of the column is obtained
directly from the length of the chromatographic column (N = L/H).

Taking into consideration the aforementioned points related to both the column
dimensions and packing and the gas flow rate, and working at very low concentra-
tions of adsorbate, symmetric peaks are obtained for many materials. Under these
conditions, the hypothesis of infinite dilution can be considered. Due to several both
experimental conditions and instrumental problems, broadening of the peaks can be
observed—avoiding the use of the Gaussian peak, explained later. Some of these
causes are:

• Inadequate column dimensions, amount of stationary phase or gas flow rate, thus
axial dispersion could be the responsible of the broadening.

• Large volume of adsorbate injections.
• Dead volumes in detector or injector.
• Imperfect column packing.

However, sometimes, even working at very low concentrations of the probe mole-
cule and following the aforementioned recommendations, peaks with a large broad-
ening are obtained. In these cases, it can be assumed that this asymmetry is not due
to instrumental problems or experimental conditions. This effect is characteristic of
the so-called “slow kinetic process” [7], Fig. 16.3, associated with markedly ener-
getically heterogeneous surfaces containing preferential sites were desorption takes
place in a slower way. Slow kinetic process depends on the concentration of the
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Fig. 16.3 Effect of slow
kinetic process
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solute, and is attenuated when the amount of adsorptive is decreased. Moreover, they
correspond to non equilibrium situations, thus the gas flow rate have a significant
effect on it.

16.3 Adsorption Isotherms

Adsorption isotherms of gases or vapors are the basis upon which the surface char-
acteristics of adsorbents are defined. From this magnitude, specific surface area,
porosity and other properties of the solid can be obtained. Even more, using adsor-
bates with diverse physical and chemical characteristics, it is possible to define the
type of adsorbate-adsorbent interactions involved and the nature of the adsorption
in the system tested. From the chromatographic peaks, the adsorption isotherms can
be directly obtained. Figure 16.4 presents a general relation between the chromato-
graphic peak and the adsorption isotherm shape. In the case of infinite dilution, a
symmetrical (gaussian) peak is observed representing a linear Henry isotherm. At
high concentration (finite dilution) tailing or leading will occur. In the case of a type
I, II, or IV isotherm there is a tailing because adsorbent/adsorbate interactions are
much stronger than adsorbate/adsorbate interactions.

Glückauf [8, 9] develop a method for obtaining the adsorption isotherms from
chromatographic peaks in which a continuous stream of adsorbate is injected into the
column until saturation, and the adsorbed material is then eluted by a pure carrier gas
stream. The adsorption isotherm is calculated from the shape of the desorption curve.
Gregg and Stock [10, 11] demonstrated that it was possible to obtained the adsorption
isotherms from chromatographic data for all types of Brunauer isotherm. For this
purpose, high concentrations of adsorbate are applied, but the effect of gradient
pressure was neglected in most of the experimental work published before 1968 [12].
Taking into account these considerations, adsorption isotherms can be obtained either
from the ideal GC, at conditions of infinite dilution, or by non-ideal and non-linear
chromatography, at conditions of finite dilution. Ideal GC is described here, whereas
finite chromatography isotherms determination can be found in the literature [3, 12].
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Fig. 16.4 Correlation of
peak form a and adsorption
isotherm b for finite and
infinite dilution
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At conditions in a chromatographic columns which approach the requirements
of ideal IGC (minimum of van Deemter curve), the following hypothesis can be
supposed:

• Flow through the column under isothermic and isobaric conditions
• Fast fluid-solid transfer
• Negligible intraparticular diffusion
• Axial transport due to convection
• No concentration or velocity gradients in radial direction
• Reversible adsorption and instantaneous equilibrium

In this case, diffusional and kinetical broadening of the chromatographic column
is reduced, and any distortion of the chromatogram is due to the deviation of the
adsorption isotherm from the Henry’s law.

Therefore, it can be described the change in adsorbate concentration across an
increment of the chromatographic column of length dx as:

− u0v

(
∂c

∂x

)
t
= v

(
∂c

∂t

)
x
+ va

(
∂ca

∂t

)
x

(16.5)

where u0 is the lineal gas velocity; v, the gas phase volume in the column; va , the
volume of adsorbate retained on the adsorbent; c, the adsorbate concentration in gas
phase; ca , the adsorbate concentration on the adsorbent; t , the time since the injection,
and x , the length from the beginning of the column and the dx. The first part of the
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Fig. 16.5 Graphic integration
of chromatogram and deter-
mination of the adsorption
isotherm by the ECP method
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mass balance corresponds to the mass of adsorbate accumulated, whereas the second
part represents the rate of change of the amount of adsorbate in the layer dx.

By successive calculations [12], it is possible to determine the magnitude of
adsorption, a, for an equilibrium concentration of adsorbate, c, in the mobile phase:

a = 1

m

c∫
0

VRdc (16.6)

where m is the mass of adsorbent in the column, and VR , the retention volume.
The most common method of obtaining adsorption isotherms is the Elution of a

Characteristic Point (ECP) [13], which consists of obtaining the isotherm from just
one single injection. By introducing into Eq. (16.6) the magnitudes obtained from
the chromatogram, the detector constant, k, and giving the detector deflections, h,
the value of adsorption, a, is obtained:

a = ma Sads

mSpeak
(16.7)

where ma is the mass of injected adsorbate; Sads, is the area bounded by the height
h between the tracer peak and the extender profile of the chromatogram (Fig. 16.5),
and Speak , the peak area.

The equilibrium concentration of adsorbate in the mobile phase can be expressed
as:

c = mah

F Speak
(16.8)

where F is the flow rate of the carrier gas. The equilibrium pressure is determined
from the equation p = cRT. After substituting in Eq. (16.8), it is obtained the expres-
sion to calculate the equilibrium pressure:

p = mah RT

F Speak
(16.9)
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From a theoretical point of view, the method is accurate and a single elution profile
allows the determination of a complete isotherm [14]. The applicability is restricted
to very efficient columns allowing fast mass transfer, that it, columns possessing a
high plate number. Low concentration measurements allow also to determine Henry
constants, in this range the uptake is independent of the surface coverage. This regime
is ideal also for the measurement of thermodynamic parameters since they can be
obtained with the highest sensitivity. The span of the infinite dilution range depends
on the probe molecules and the heterogeneity of the material. Especially for polar
probe molecules adsorbing on very heterogeneous surface, non-symmetrical peaks
are often observed even with the smallest injection size/concentration. This suggests
that the values obtained under these conditions are not truly representing Henry
conditions; however, they are still use for practical considerations.

16.4 Thermodynamic Parameters

16.4.1 Retention Volume

Application of IGC to study the properties of a solid is based on the assumption that
the adsorbate equilibrium conditions are achieved between the mobile and stationary
phases. Thus, chromatogram should be symmetric and the maximum of the peak
must not depend on the amount of the injected adsorbate. Moreover, as the amount
of adsorbate is very small, the concentration of the adsorbate in the gas phase is
minimal and the adsorption process is conditioned by the real adsorbate-adsorbent
interactions. Under these conditions, the retention volume—key parameter in IGC-
of the solute depends on its partition between the stationary and mobile phase, and
is an indication of the interaction strength between the solute molecule and the
metal/adsorbent surface. The specific retention volume, Vg , in cm3/g, is given as:

Vg = F j
(tR − td)

m

(
p0 − pw

p0

)(
T

Tmeter

)
(16.10)

where F is the uncorrected flow rate detected by a bubble flow meter; tR is the
retention time in min; td , the hold-up time or time of a tracer compound in pass
through the column; p0, the outlet column pressure; pw, the vapor pressure of water
at the flowmeter temperature; T , the column temperature; Tmeter , the ambient tem-
perature, and j , the James-Martin compressibility factor. This parameter represents
the volume of dry gas to elute the adsorbate, corrected at 273 K and per gram of
stationary phase. Add to Vg , it is also very employed the net retention volume, VN ,
defined as the volume of dry gas to elute the adsorbate, corrected at 273 K.

In both cases, the James-Martin factor for the correction of gas compressibil-
ity under pressure difference between column inlet, pi , and column outlet, p0, is
introduced:
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Fig. 16.6 Chromatogram
presenting the Conder and
Young method to obtain the
skewness ratio (a/b) and
retention time, tR
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(16.11)

In the case of perfect symmetric peaks, the retention time can be determined
directly from the peak maximum method, which is the simplest and most common.
The peak maximum method is useful for determination of retention time if the skew-
ness ratio is 0.7–1.3 [15]. The “skewness ratio” is defined as the ratio of tangent
slope to the peak leading part and tangent slope to the peak tailing part whereas both
tangents are drawn in the inflexion points. In such cases the skewness ratio is our of
this interval, tR is obtained from the first-order moment method or the Conder and
Young method. Between these two methods, Conder and Young is recommended
[16]:

tR = (tL + tT ) /2 (16.12)

where tL and tT are the times at which the tangents drawn to the peak leading and
tailing parts in their inflexion points intersect the zero line, Fig. 16.6.

The retention volume is related to the surface area and surface energy; that is,
the higher the surface area and energy, the higher the retention time, and therefore,
retention volume.

Moreover, the VN and the slope of adsorption isotherm are related by Eq. (16.13)
for small adsorbate injections, where conditions of “infinite dilution” are achieved:

VN = KS · A = q

c
· A (16.13)

where Ks is the inclination of the isotherm at infinite dilution, that is, the Henry’s con-
stant; A, the specific surface area of the adsorbent; q, concentration of the adsorbate
in the stationary phase, and c, concentration of the adsorbate in the gas phase.



16 Characterisation of Catalysts and Adsorbents by Inverse Gas Chromatography 531

16.4.2 Free Energy of Adsorption

Thermodynamics information of the adsorption process at infinite dilution can be
obtained from the retention volume. At infinite dilution, the standard free energy
to transfer 1 mol of adsorbate from the gas phase to the surface at standard state,
defined as the variation in the standard free energy of adsorption, �G0

ads (J/mol), can
be expressed as:

�G0
ads = −RT ln

[
PVg

π0 A

]
(16.14)

or its equivalent form:
�G0

ads = −RT ln Vg + C (16.15)

where P is the gas phase pressure, A is the specific surface area of the adsorbent, and
π0 is the spreading pressure of the adsorbed gas. Two different standard states can be
considered: in the De Boer state, the spreading pressure has a value of 338 μN/m [17]
at p0 = 1.01 kN/m2, whereas in the Kemball and Rideal state, at p0 = 1.01 kN/m2,
the spreading pressure is 0.0608 μN/m [18]. The parameter, C , is a constant related
to the standard reference states:

C = −RT ln

(
Aπ

P

)
(16.16)

16.4.3 Enthalpy and Entropy of Adsorption

When zero coverage (infinite dilution) conditions are fulfilled the standard differential
heat of adsorption, q0, is numerically equal to the opposite of the enthalpy of the
process. This value can be obtained from the variation of �G0

ads with temperature.
For an equilibrium process this variation is given by Gibbs-Helmholtz equation:

[
∂

(−�G0
ads/T

)
∂(1/T )

]
P

=
[

R
∂ (ln VN )

∂ (1/T )

]
P

= q0 (16.17)

In the Fig. 16.7 is illustrated the dependence of −�G0
ads/T as a function of 1/T

for conventional carbon fibers and carbon fibers oxidized by electrochemical proce-
dure. In the figure is illustrated the dependence of n-heptane. This behaviour, typical
of hydrocarbons, implies that �H0

ads is constant within the temperature range of
characterisation. At this point, it is important to remark that comparison of differ-
ential heats of adsorption with the heats of liquefaction is recommended, in order
to ensure the nature of the interaction. In the cases where the adsorbate-adsorbent
interactions are stronger than adsorbate-adsorbate interactions, �H0

ads is higher than
the liquefaction heat.
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Fig. 16.7 Variation of (−�G0
ads/T ) with (1/T ) for the adsorption of n-heptane on carbon fibers

(adapted from Ref. [19])

From the adsorption standard free energies and standard enthalpies, adsorption
entropies can be calculated from:

�S0
ads = −

(
q0 + �G0

ads

)
T

= �H0
ads − �G0

ads

T
(16.18)

In agreement with the linearity in the −�G0
ads/T versus 1/T , the adsorption

entropies are independent of the temperature.
Figure 16.8 shows the existence of so-called “thermodynamic compensation

effect”, i.e. a linear dependence of �H0
ads on �S0

ads. Thermodynamic compensa-
tion effect between the adsorption enthalpy and entropy was observed in different
studies for n-alkanes. It indicates that the stronger adsorption of longer n-alkanes is
accompanied by a higher loss of mobility of the molecules (it means higher inter-
action between the molecule and the surface). This type of plot is used currently
to highlight the differences in adsorbate-adsorbent interactions. A good fit of the
compensation effect data to a straight line indicates the non-specific nature of the
adsorbate-adsorbent interactions.

In the case of Fig. 16.8, three straight lines are depicted, one corresponding to the
data of HSAG-100 and HSAG-300, and two more fitting the CNTs and CNFs points.
Although the line of CNFs is clearly shifted with respect to graphites, the slope of
both lines is virtually the same and different from that of CNTs. Since the adsorbate
type is the same for both sets of data (n-alkanes), the difference in slopes can be
attributed to the existence of two different non-specific surfaces, one of the CNFs
and graphites and the other represented by the CNTs [19]. Likewise, the shift between
graphites and CNFs could be understood since HSAGs contain a large amount of
structural defects, so the interactions could be modified. It is also evident the higher
values of entropy for the nanotubes in comparison with the other materials, due to
high entropy of adsorbate located inside the tubes [21].
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Fig. 16.8 Thermodynamic
compensation effect of n-
alkanes on carbon nanotubes
(CNT), carbon nanofibers
(CNF) and high-surface-
area-graphites (HSAG)
(adapted from Ref. [20])
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16.4.4 Work of Adhesion: Dispersive and Specific Contribution

In the absence of chemisorption and interdiffusion, the work of adhesion is the sum
of the different intermolecular forces involved and can be related to the surface free
energies, where a is the compound and the superscripts D and S denote dispersive
and specific interactions:

Wa = WD
a + WS

a (16.19)

Generally, the work of adhesion is coupled to �G0
ads according to:

�Gads = −NaWa (16.20)

where N is the Avogadro’s number and a is the surface area of a single probe
molecule.

For two materials interacting only via London dispersive forces across their inter-
face, Fowkes [22–24] suggested that the work of adhesion, Wa , could be described
as the geometric mean approach, where γ D

L and γ D
S are the dispersive component of

the surface energy of the liquid (the probe) and the solid, respectively:

Wa = WD
a = 2

√
γ D

L γ D
S (16.21)

For probes interacting with the solid of interest via dispersive forces, a combina-
tion of Eqs. (16.15, 16.20, 16.21) will lead to:

RT ln VN = 2N · a ·
√

γ D
L γ D

S + K (16.22)

Thus, according to this approach, developed by Schultz et al. [25], by measuring
the net retention volume for various n-alkane probes and plotting RTlnV N ver-
sus a(γ D

L )0.5, the dispersive component of the surface free energy can be determined
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from the slope of a linear fit. The surface free energy is the energy required to form
(or increase the surface by) a unit surface under reversible conditions and is the ana-
logue to the surface tension of a liquid. From the practical point of view, the higher
the surface energy, the more reactive the surface.

In the Schultz expression, it is necessary the molecular area. It can be determined
from the liquid density, ρ, assuming a spherical molecular shape in a hexagonal
close-packing configuration:

a = 1.09 · 1014
(

M
ρ N

)2/3

(16.23)

where M is the molecular weight of the probe molecule.
However, some authors have stressed the difficulties associated with the determi-

nation of the molecular area, especially for non-spherical molecules such as straight
alkanes. To avoid the problems derived from the molecular area, Dorris and Gray [26]
considered the adsorption characteristics of single methylene groups in the n-alkane
probes. By defining the increment in free energy of adsorption per – CH2- unit:

�GCH2 = −RT ln
VN(n)

VN(n+1)

(16.24)

where VN and VN+1are the retention volumes of n-alkanes with (n) and (n + 1)

carbon atoms, respectively. In this way, γ D
S can be determined from:

γ D
S = 1

4

�G2
CH2

γCH2 N2a2
CH2

(16.25)

The benefit of this approach is the fact that despite the use of various n-alkanes
probes, only methylene area, aCH2 , and surface tension, γCH2 , have to be known.
The CH2 area is takes as 0.06 nm2, based on C–C length of 0.127 nm and an average
distance of 0.47 nm for two CH2 [26]. Jacob and Berg [27] have found extraordinary
an excellent agreement between n-alkane molecular areas as determined from the
fitting of experimental adsorption isotherms to the BET model and as obtained by
simply assuming the area of 0.06 nm2 for each methylene group. The parameter
γCH2 is estimated from the surface tension of a linear polyethylene melt as function
of temperature:

γCH2(mJ/m2) = 35.6 + 0.058
(
20 − T(◦C)

)
(16.26)

The validity of this approach has established on the basis that IGC and wettability
measurements lead to approximately the same γ D

S value for poly(ethylene tereph-
thalate) [28]. Furthermore, Dorris and Gray stated that the molecular area could be
an adjustable parameter.

Once the dispersive interactions of a surface have been investigated, specific
interactions can be studied by injecting polar probes. For these probes, W S

a is usually
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Fig. 16.9 Determination
of the specific interaction
parameter, I sp , for polar
probes on Al2O3 at 250 ◦C
(adapted from Ref. [32])
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larger than zero, which leads to increased net retention volumes as compared to n-
alkanes. The adsorption of these molecules on the stationary phase is influenced,
not only be dispersive interactions, but also by additional specific contributions.
These specific contributions include dipole-dipole and acid-base interactions, the
latter involving much higher energies than the former ones [35]. In fact, it is usually
assumed that the specific contribution of the adsorption of polar probes are actually
acid-base interaction only. In this way, Fowkes, by analogy with the dispersive work
of adhesion, described the “extended Fowkes equation”:

WS
a = 2

√
γ S

L γ S
S (16.27)

However, this expression can not predict accurately the magnitude of the non
dispersive interactions, since it is wrong the assumption that the contribution to the
work of adhesion of two polar compounds could be represented by the geometric
mean value of their polar properties.

In order to quantify this specific contribution, several attempts were made. One is
relate the specific component of the surface free energy to the parameter of specific
interaction of polar solutes (I sp). This parameter involves the surface properties
in terms of potential and acid-base interactions and may be determined from the
difference of free energy of adsorption, (��G), between a polar solute and the real
or hypothetical n-alkane with the same surface area, a, (Fig. 16.9):

Isp = �(�G)

Na
= �GS

ads

Na
(16.28)

Add to the surface area as parameter of comparison, the boiling point or the
vapor pressure could also be used [29–31]. This treatment is essentially empirical,
but it allows to compare the specific interaction between the surface and the solute
molecules, based on a unified scale.

Donnet and coworkers [33, 34] obtained useless results with the above method
when analyzing material with relative high dispersive component of the surface
energy (γ D

S > 100 mJ/m2), such as carbon nanofibers or graphite powders. For
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Fig. 16.10 Graphical descrip-
tion of the method followed
to obtain the specific contri-
bution of the adsorption free
energy measured for different
polar probes (adapted from
Ref. [20])
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these materials lower (−�G0
ads) values were found for the polar probes compared to

reference n-alkanes. This problem can be encountered by plotting the free energy of
adsorption as function of the molecular polarizability of the different polar adsorbates
(Fig. 16.10):

−�G0
ads =

(
−�GD

0

)
+

(
−�GS

0

)

= kc (h υ)1/2 α0,s (h υ)1/2 α0 +
(
−�GS

0

)
(16.29)

where kc, is the constant of the chromatographic process; h, the Planck constant
(Js); υ, characteristic vibration frequency of the electron (s−1);α0, polarizability
deformation (cm2V−1).

Since the free energy of ad Specific interactions (−�GS
ads) are determined from

differences between (−�G0
ads) values of the polar probes and the reference line com-

posed with data obtained from the elution of n-alkanes. In this way, (−�H S
ads) can

be calculated from the variation of (−�GS
ads) versus (1/T ), as stated in Eq. (16.17).

Therefore, the standard enthalpy of adsorption of polar probes is divided into two
contributions, dispersive and specific:

�H0
ads = �H D

ads + �H S
ads (16.30)

The ability of the polar molecules to donate or accept electrons has been parameter-
ized by means of the donor (DN) and acceptor (AN) number [35]. These parameters
describe the basic and acidic nature, respectively. The DN values (kcal/mol) repre-
sent the enthalpy of formation for the adduct produced when the base in question
reacts with the reference Lewis acid SbCl5 in the 1,2-dichloromethane, as solvent.
However, for the characterization of acids, no similar reference system was found.
AN value (dimensionless) measuring the induced shift in the 31P NMR spectra of
the base Et3PO4 when this compound was dissolved in the acid under investigation.
Riddle and Fowkes [36] corrected the AN scale to the enthalpy of reaction of Et3PO4
with SbCl5. This new parameter, AN*, presents the same units as DN.
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Thus, the measured (−�H S
ads) can be correlated to the acid and base indices AN*

and DN of the solute probes [35], obtaining information about the surface acidity-
basicity:

− �H S
ads = Ka · DN + Kb · AN∗ (16.31)

where Ka and Kb are indices reflecting the acidity (electron acceptor) and basicity
(electron donor) of the solid surface. According to Eq. (16.31), a plot of versus
(DN/AN*) should yield a straight line from which Ka can be obtained from the slope
and Kb from the intercept. This equation is of empirical nature; other relationships
have been also proposed in the literature [37].

16.4.5 Surface Heterogeneity

There is an important point that must be taken into account in the IGC determined
parameters: for heterogeneous high energy surfaces, molecules will preferentially
adsorb on the highest energy sites [38]. The distribution of energetic sites is usually
called as surface heterogeneity. There exist two types of heterogeneity: structural
and energetic. A typical example of a structural heterogeneity is a wide pore size
distribution, where the geometrical effects determine the adsorption of the probe
molecules. Energetic heterogeneity occurs with a wide distribution of various surface
sites of different energetic levels. The energy heterogeneity can be described either
by the adsorption energy distribution or the adsorption potential distribution.

For the determination of the adsorption energy distribution, F(ε), from Eq. (16.32),
and assumption on the shape of the local isotherms has to be made and usually com-
plex numerical analysis is required [39, 40]:

θt(p, T ) =
ε max∫

ε min

θ1t(ε, p, T ) · F(ε) · dε (16.32)

where εmin and εmax indicate the range in potential energy of adsorption, and θt refers
to the local adsorption isotherm.

Concerning the adsorption potential distribution, it can be obtained easily form the
adsorption isotherm. Furthermore, is less affected by experimental noise and produce
reliable results. Once the adsorption isotherm is derived from IGC, the adsorption
potential, AP, is calculated according to:

AP = RT ln

(
ps

p

)
(16.33)

where p is the partial pressure, and ps , the saturation pressure.
The distribution parameter, φ, represents the first derivation of the adsorbed

amount of molecules, n, with the adsorption potential:
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Fig. 16.11 Heterogeneity
profiles of CNF (—) and
CNF-oxi (--) at 250 ◦C for
benzene (adapted from Ref.
[41])
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Figure 16.11 shows, as example, the adsorption potential distribution of benzene over
two carbon nanofibers, a parent and an oxidized one. It can be seen that there is a good
coincidence of the profiles; therefore, the adsorbates interact with the same energy
sites. It means that the treatment of the nanofiber does not create new adsorption
sites, just varying slightly the adsorption capacities (area under the curve).

16.5 Applications and Comparison to Other Techniques

Adsorption techniques have been widely applied both to know the adsorption capac-
ity of the adsorbents and to obtain thermodynamic parameter for increasing the
knowledge of the surface of the material. Static methods are, probably, the most used
for these purposes, since they are considered the most accurate. Thus, comparison
of the adsorption parameters obtained by other techniques with static methods is a
usual way to ensure the reliability of a technique. Thielmann and Baumgarten [42]
investigated the adsorption properties of four aluminas with different microporosities
by both IGC and a static method. Sorption measurements obtained form IGC gave
similar results whereas the static experiments showed differences until 37 %. This
difference can be explained by a different micropore structure of the aluminas. This
is so because one of the hypotheses assumed for obtaining adsorption data from the
IGC eluted peak is to consider instantaneous adsorption equilibrium. In the case of
microporous materials, transport of the solutes through the porous structure could
delay the equilibrium, becoming more difficult to satisfy this hypothesis. Thus, the
application of the IGC to microporous materials has been discouraged in the litera-
ture for microporous materials [4]. With the same aim of comparison between IGC
and static techniques, different ion-exchanged zeolites (microporous materials) have
been studied by gas calorimetry coupled to a volumetric line and IGC [43]. n-Hexane
was used as adsorbate and isotherms of adsorption as well as the isosteric heats of
adsorption and enthalpies of adsorption obtained, respectively, by the earlier men-
tioned methods were determined. The comparison between the volumetric adsorption
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isotherms of n-hexane at 250 ◦C obtained both by IGC and calorimetry reveals that,
at low pressures (when both techniques are applicable), the results obtained by both
techniques are very similar. Moreover, the strength of adsorption is also quantify by
the heat of adsorption (IGC) and the isosteric heat (calorimetry), obtaining deviations
among them in the range of 4–20 %, depending on the material. Thus, at very low
partial pressures, IGC could be a reliable technique even for microporous materials.

The wettability of powders is a valuable parameter in different fields such as the
pharmacy [44], the ceramic [45], polymers [46] and nanomaterials [47]. Contact
angle measurements are the most used in order to obtain information about the sur-
face, however, IGC, by the dispersive component of the surface free energy could
also offer a sensitive approach to surface characterization. In this way, comparison
of the surface components using n-alkanes over theophylline and caffeine showed
a good agreement [44]. It is important to mention that the method of calculating
the γ D

S value is applied to solid surfaces, flat at the molecular scales, presenting no
chemical, structural or energetic heterogeneities. Thus, application of the method to
other materials could give larger discordances. In this way, in a study of activated
carbons characterization by IGC, Herry et al. [48] have obtained values of γ D

S 10
times higher than the ones obtained previously by capillary wetting. This difference
was attributed to the increase in the interaction potential in micropores. The discrep-
ancy in the values obtained by the two techniques could be explained by assuming
that the treatment of the column, prior to the IGC experiments, leads to carbon sur-
faces free from adsorbed species and other possible contaminants. Besides that, the
contribution of high-energy sites will be significantly outweighed in IGC measure-
ments under infinite dilution conditions. In fact, contact angle measurements are
known to provide an average of the surface energy [49]. It is important to remark
that in these situations, the �GCH2 is more reliable, since it keeps a precise physical
meaning [50].

Inverse gas chromatography parameters can also be applied in the field of cataly-
sis. In this way, as example, parent NaX and CaA zeolites, as well as transition metal
(Co2+, Mn2+, Fe3+)-exchanged zeolites, were evaluated for the catalytic oxidation
of n-hexane. It was observed [51, 52], that although there was linear correlation
between the acidity and the adsorption enthalpy of the n-hexane, there was no rela-
tionship between the acidity and the activity for n-hexane oxidation. However, if
a reactivity parameter (such as T50, temperature at which 50 % of conversion is
attained) is plotted versus the adsorption heat, a so-called Volcano plot is obtained
(Fig. 16.12), an optimum value of (−�H0

ads) being observed, higher and lower values
yielding to worst catalytic performance.

IGC was also use to elucidate the nature of the interaction of both reactives and
products with the surface of heterogeneous catalysts in order to obtain information
for understanding the mechanism of the reaction. Xie et al. [31] proposed a mech-
anism for the partial oxidation of propylene to acrylic acid based on the adsorption
parameters of reactive and products on styrene divinylbenzene copolymer (SDB)
and Pd supported on SDB. Likewise, Díaz et al. [53] studied the performance of Fe-
ZSM-5 catalysts for benzylation of benzene with benzyl chloride in terms of their
chemical and adsorption properties.
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Fig. 16.12 Influence of
the adsorption enthalpy of
n-hexane of metal transition-
exchanged zeolites on the
T50 parameter (adapted from
Ref. [52])
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Finally, a mention to the reverse-flow (RF) GC technique, which is a variation of
IGC where the probe molecule is injected at a middle point of the column containing
the adsorbent as stationary phase, and the direction of carrier gas flow is reversed
from time to time. This creates extra chromatographic peaks on the continuous signal.
This technique allows to measured different physicochemical quantities, including
rate constant of surface and gaseous reactions, and experimental isotherms [54, 55].
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