Available online at www.sciencedirect.com

SCIENCE@DIREGT° JOURNAL OF
CHROMATOGRAPHY A

ELSEVIER Journal of Chromatography A, 1037 (2004) 115-123

www.elsevier.com/locate/chroma

Review

Introduction into the characterisation of porous materials
by inverse gas chromatography

Frank Thielmanh

Surface Measurement Systems Ltd., 3 Warple Mews, Warple Way, London W3 ORF, UK

Abstract

Modern methods for the characterisation of porous materials are probably as numerous and divers as applications of porous solids. In recent
years interest has grown in a deeper understanding of surface phenomena beyond the usual description of surface area and adsorption isotherr
This has lead to an introduction of more sophisticated approaches, which allow for a study of thermodynamic and kinetic information. One
technique, which has been shown to be very valuable is inverse gas chromatography (IGC). Due to its increasing application in industry it is
the intention of this short review to introduce the principals as well as the more common applications of IGC. The methods and parameters to
be discussed include isotherm determination, the measurement of surface and free energy as well as the calculation of acid—base parameter:
Further, the determination of the surface heterogeneity and heat of sorption is shown. The measurement and calculation of diffusion parameters
is also briefly described. It is also the intention of this paper to discuss experimental aspects and common misconceptions.
© 2004 Elsevier B.V. All rights reserved.
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means the roles of the phases are inverted and this is where
the name inverse chromatography comes from. An empty
column is filled with the (porous) material under investiga-

Inverse chromatography can be considered as a dynamicﬂon _(adsorbent) and the probe molecule (adsorbate) in the
sorption technique. Unlike in analytical chromatography the mobile phase probes the surface of th_e ad;orbent.
stationary phase is the sample under investigation while a Nverse chromatography can be utilised in the gas phase

substance in the mobile phase acts as a probe molecule. Thi€S Well as in the liquid phase. Although there is a significant
interest in the field of inverse liquid chromatography (ILC)

only little work was done so far compared to the numerous
* Tel.: +44-20-8749-4900; faxi-44-20-8749-6749. publications on inverse gas chromatography (IGC) found in
E-mail address: fthielmann@smsuk.co.uk (F. Thielmann). literature.

1. Introduction
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It is for this reason that this paper will entirely focus on

IGC. Readers interested in ILC applications in the field of Eartor Gas | Cotumn
porous materials can find a good introduction in réfs2]. |
IGC is usually used as gas—solid chromatography (in older 1]
literature often referred to as GSC), meaning the probe Loop
is a gas or a vapour interacting with the solid sample. A Generation
less frequently-used but also interesting variation of IGC is | oven
gas-liquid chromatography (in older literature often referred v
to as GLC) where the probe is again a gas or a vapour but <J
the stationary phase is a liquid. Of course only liquids with
a considerable viscosity, which have been “coated” on an rig. 1. schematic diagram of an IGC experimental set-up for pulse
inert carrier material can be investigaté. chromatography with headspace injection via a probe vapour loop.

Subsequent sections will give examples of important ap-
plications and actual advances.
approach is used in several commercial instruments designed
for a fast (dynamic) determination of BET surface areas. It
2. Experimental is important to highlight that this method cannot be consid-
ered as inverse chromatography since the experiment is in-
IGC was developed in the 1950s. Early work was done dependent of the retention time. For this reason the method
in the characterisation of catalyst support materials such asshould not be discussed as IGC approach.
alumina, silica or activated carbd4y]. Classical frontal analysis on the contrary measures the
IGC measurements can be carried out using a pulse orretention behaviour and, is therefore, an IGC method. How-
frontal technique. In a pulse experiment a certain amount ever, a majority of all publications is describing pulse ex-
of the probe molecule is injected. This pulse is transported periments since they are faster, easier to control and more
by the mobile phase (carrier gas) through the system toaccurate, especially if interactions between probe and solid
the column with the solid sample. Subsequently, adsorption are rather weak. If, on the other hand “slow” equilibria are
and desorption occurs and the result is a peak in the chro-the subject of investigation the frontal method can be con-
matogram. An alternative is the frontal technique. In this sidered as a useful alternative.
case the probe molecule is added continuously to the carrier Fig. 1shows a simple schematic of an IGC experimental
gas and the chromatogram shows a breakthrough ¢8tve  set-up for pulse chromatography using a vapour headspace
The benefit of the frontal technique is that equilibrium can be injection system. In this case a carrier gas is passed through
always established due to its continuous nature while pulsea reservoir containing the probe molecule in its liquid form.
chromatography requires the assumption of a fast equilibra- This way the carrier gas is saturated with the probe molecule
tion of the probe molecule adsorbing on the surface. and then flowing through the injection loop. Concentra-
Whether or not a pulse experiment represents (quasi-tion and amount of probe molecule can be controlled via
)equilibrium values depends strongly on the carrier gas flow the temperature in the reservoir and the loop volume. This
rate. Generally it can be said that the lower the flow rate the “saturated” carrier gas stream is then injected into another,
more likely a system is in equilibriurfl3]. On the other pure carrier gas stream.
hand low flow rates mean longer experimental times and Alternatively the “saturated” carrier gas can be pre-diluted
broader peaks. The latter might reduce the accuracy of theby an additional flow of carrier gas prior injection. In some
retention time determination. For this reason it is advisable publications injections have been carrier out with a syringe
to repeat the experiment at different flow rates and determinevia the manual injector port of the chromatographic device.
the optimum via the Van Deemter equatifg9]. The sit- In that case injections can either consist out of vapour/gas
uation becomes more complex when an adsorbent exhibitsor the liquid directly. However, a headspace loop injection
more than one kinetic regime, e.g. due to different types of system delivers potentially more reproducible injection vol-
porosity. In this case experiments could be conducted underumes in the author’s experience. Typical carrier gases are
different conditions in order to investigate them individually. helium or nitrogen. In older publications other gases have
A variation of a classical frontal experiment is the contin- been used, e.g. hydrogen. However, it should be considered
uous flow method as described first by Nelsen and Egger-that some less inert gases could show significant interaction
sten[5]. In this approach the column can be separated from with the solid sample under experimental conditions. It is
the vapour generation when the concentration is altered andalso important to insure a sufficient purity and dryness of
then reconnected after the flow has been stabilised. Dependthe gas source since some adsorption processes are highly
ing on whether the new concentration is higher or lower ad- sensitive to traces of impurities, in particular moisture.
sorption or desorption will occur, which is detected as aneg-  After the injection of the probe molecule adsorption takes
ative or positive “peak”, respectively. The area under each place at the sample in the column followed by desorp-
peak is directly related the amount adsorbed/desorbed. Thigion. These interactions cause retention, similar to analytical
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chromatography. For this reason the primary information of chromatographs usually do not deliver the required accu-
an IGC experiment is the retention time, or to be more accu- racy and reproducibility without mayor modifications and
rate the gross retention time. Additionally the dead-time of improvements of the experimental set-up. Critical system
the system has to be determined. The dead-time is the timecomponents include the column oven temperature stability
the probe molecule would require to travel through the sys- and uniformity, the control of the carrier gas flow rate, the
tem without any interaction. Since this cannot be measuredinjection system (for reproducible injection quantities) as
directly the dead-time is usually determined with another well vapour generation system (temperature stability and
probe molecule of similar structure but negligible interac- accuracy). Generally it can be concluded that the more so-
tion (sometimes called “tracer”) under experimental condi- phisticated the technology the shorter the required column
tions or at least with interactions weak enough to ensure alength, and therefore, the faster the experiment without any
fast elution by the carrier gas. A popular molecule for the compromise in accuracy and reproducibility.

dead-time measurement is methane but, depending on the

detector and the adsorbent system also argon, nitrogen or

hydrogen may be used. There have also been suggestions, Methods and applications

for mathematical corrections in the literat#®,41]

The retention time is measured by typical chromato-  After the determination of gross- and dead-retention time

graphic detection methods such as flame ionisation (FID) or the net retention volum¥y can be calculated as shown in
thermal conductivity (TCD) detector. The FID has the ben- Eq. (1) [3]

efit of a higher sensitivity but is limited to mainly organics )
while the TCD is more versatile but very limited in sensitiv- v = /. 115 — 10) - Ts (1)
ity [39]. Occasionally mass spectrometric detectors are also m TRef

used. This is particularly interesting for experiments where

two or more probe molecules are injected simultaneously temperature for the flow rate determinatiom;sample mass;

(competitive adsorption). ) !
. xit flow r 1 atm and the referen mper
As far as the columns are concerned they are either gIassw’ exit flow rate at 1 atm and the reference temperatie;

or metal tubes. For some polymer studies coated capillary retention time for the adsorbing probe agds the mobile
columns have been used in the literat{B¢ but it is ob- phase hold-up time (dead-timg)is the James-Martin cor-

. o . . . rection, which corrects the retention time for the pressure
vious that this is no appropriate way to investigate porous .
. . . ; drop in the column bed.
adsorbents on a routine basis. The literature describes a . .
The net retention volume is related to the surface area and

vast amount of different column length and diameters for : o .
. o o surface energy. Simply speaking: the higher the surface area
different applications. However, there are some criteria that . L
and energy, the higher the retention time, and therefore, the

Ciameter should be general rathor smai 1o keap gas.phacd 0N volue:
9 y pgas-p Before we investigate this relationship any closer the de-

diffusion effects to the minimum. On the other hand, it can o
termination of the key parameters surface energy and uptake

be beneficial to have wider diameters if materials with small o .
. : . . . (which is related to the surface area) should be described.
particle sizes have to be packed in order to avoid a big pres-

sure drop. The column length is not as crucial as the bed

length of the packed stationary phase. Usually packed beds>-1- 1S0therm measurements
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. However, it is advisable to keep the column
length close to the typical bed length for an application to
avoid additional peak broadening due to gas phase diffu-
sion. The length of the packed bed depends entirely on the
uptake capacity of the sample and the amount of vapour
injected. This is particularly important in the case of pulse p 1 c—1p
experiments. It must bg insured that the retention is strong n(Po—p)  Amc | Amc Po

enough (good separation between probe and tracer peak)

to obtain reproducible and accurate results. This can beThe BET equation assumes a monolayer/multilayer forma-
cross-checked by repeating the experiments with differenttion mechanism. When the partial pressure increases there
column masses. If the final results (the parameters mea-is initially adsorption predominately on the surface until the
sured) are mass-independent it can be concluded that enougfstatistical) monolayer is completed. The amount adsorbed
mass has been used in the column in relation to the amountat this point is called the monolayer capaaity. Other pa-

of probe molecule injected. The quality of the results de- rameters in the BET equation are the amount adsorbed (or
pends of course significantly on the technical sophistication desorbedh at partial pressurp, the saturation pressupg

of the apparatus used. Simple conversions of regular gasand the constart which is related to the heat of sorption.

In Eq. (1) Ts is the column temperatur@ires, reference

Most surface area measurements are based on the deter-
mination of an adsorption isotherm of a non-polar probe
molecule. Although there is a wide variety of probe vapours
and gases availab|@&] nitrogen adsorption at 77 K has been
established as a standard. Once the adsorption isotherm has
been determined the BET equatif@) can be applied:

()
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If the monolayer capacity has been determined and theisotherms are often observg86]. This corresponds to a
cross sectional area, of a probe molecule is known the tailing in the chromatogram. Since pulse chromatography is
surface area can be calcula{&ll as shown irEqg. (3} more common in literature the ECP calculation is explained
here[10,46] The peak heighh is directly related to the

Seer = amimNa 3) partial pressur@ and can be converted as showrg. (4}
whereany, andny, have the same meaning as before Aiad hgRTs
is the Avogadro constant. P= s 4)

Most commercial instruments for the determination of the
BET surface area and isotherms are either static-volumetric
deviceg7], dynamic gravimetric techniqug8] or continu-
ous flow methods as described above. Nevertheless, IGC cal
be applied for the determination of an adsorption isotherm,
too. The retention time is measured as a function of con-
centration (partial pressure). This can be done in two ways:
either a single pulse (or breakthrough curve) is injected "= lfﬂdp 5)
for each concentration and the retention time is determined mJ RTs

I_roFT egrctr;]gz:;21.?1);;?;;.é(r)]r.sbgi?la(?[:;%ﬂ?:mpp'gtt’o:]?gi?' In Eq. (5)m, VN, RandTs have the same meaning as above.
ively) ! lon ! Ju ’ In the case of a type Il or type V isotherm adsorption

e e, e e 2 caled Ston of & AIRCETS tormaton wouldbe btanet] -

istic [;oint FACP (for a frontal experiment). These methods Pulse IG.C s a discontinuous method.a_nd t.he equilibrium

rely on th,e correlation between the eluti(.)n boundary and goncentraﬂpn S aIway; lower than the .|nject|on cpnf:entra—
tion. For this reason simple pulse IGC is usually limited to

the isotherm shape, which is illustratedRig. 2for a pulse the low concentration range up to the monolayer coverage.

ch1r_ohmai:]ogrrar2. | treatment of hm rements was d However, the sensitivity and speed of IGC makes it an ideal
€ theoretcal treatment of such measurements was 0ey. | i, g region. The example iRig. 3 shows the deter-

”;’eld '1”1 p%r a:'f?' by Crerr1ner and _qubelo]dagd Rongrs],kn ,mination of a propene isotherm on a metal support catalyst
etal.[L1]. Both approaches are similar and became the most_,- ~ temperature.

applied methoq§ for the.calcullation of isotherms. In the case Another application at low concentration is the measure-
of a (non-specific) physisorption process type Il or type IV ment of Henry isotherms and constants. In this range the up-

take is independent of the surface coverage. The isotherm,
Adsorption Elution is therefore, linear and the peaks in the chromatogram are

In Eq. (4)F is the area under the peal; number of moles
probe injected;R, gas constant ands, flow rate in the
r(]:olumn.Ts has the same meaning as above.

For a tailed peak the retention volume is the first derivation
of the amount desorbeé&(. (5). Thus, integration provides
the amount desorbed and therefore, the isotherm:

Isotherm ) Chromatogram (nearly) symmetrical. This region is called the infinite di-
:fd“;‘:zéd lution range and interactions with the vapour phase probe
molecules occur predominantly via the high-energy sites of
the solid surface. This regime is ideal for the measurement
of thermodynamic parameters since they can be obtained
with the highest sensitivity. The span of the infinite dilu-
tion range depends on the probe molecule and the hetero-
partial ¢ geneity of the material. Especially for polar probe molecules
pressure adsorbing on very heterogeneous surfaces non-symmetrical
0.008
.
0.007 .
0.006 *
% 0.005 o
(=] *
g 0o .
= 0.003 .
0.002 )
0.001

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
p/po

Fig. 2. Correlation of peak form and sorption isotherm for finite and Fig. 3. Desorption isotherm of propene on a metal-support catalyst at 303K
infinite dilution. and 10 ml/min carrier gas flow rate from a peak maximum calculation.
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peaks are often observed even with the smallest injectionmethods are less appropriate for the study of these effects
size/concentration. This suggests that the values obtained18].

under these conditions are not truly representing Henry con- The most common approach for acid—base calculations
ditions[42] although they are still useful for practical con- used in IGC is the Gutmann concdf®]. Although this is

siderations. very useful for semi-quantitative studies it suffers from the
fact that the acid—base numbers obtained are dimensionless
3.2. Surface energy and free energy and can only be used for relative comparison. An alterna-

tive is the van Oss concefi20], which provides acid and
One of the most commonly measured parameters for thebase numbers in the same unit as the surface energy. Unfor-
description of the energetic situation on the surface of a tunately, in its original form this equation can only be used
solid is the surface energy. The surface energy is defined ador relative comparison due to inaccurate starting parame-
the energy required to form (or increase the surface by) aters leading to an overestimation of the basi¢&¥]. Della
unit surface under reversible conditions and is the analogueVolpe and Siboni21] suggested improved input parame-
to the surface tension of a liquid. This means in practical ters to overcome this problem. However, its applicability for
terms that the higher the surface energy the more reactivelGC is still under discussiof43].
the surface. This can affect for example catalytic activity = Due to the high sensitivity of IGC at infinite dilution dif-
[12] or the strength of particle—particle interactifiB]. ferences between materials can be detected which cannot be
The dispersive surface energy can be obtained from a plotidentified by any other technique, including wettability. This
of the logarithm of the retention volume of a series of alkane makes IGC anideal tool for the study of batch-to-batch varia-
probe molecules (multiplied by the column temperature and tion problems as they can occur due to processing and manu-
the gas constant) versus the product of (square root of the)facturing but also for the study of surface modifications. The
liquid tension and molecular arg4]. The resultis astraight  latter should be demonstrated by means of ion-exchanged
line and the dispersive surface ene@is calculated from MCM-41 materials (for details regarding the material see
the slope according tBq. (6) ref. [22]).
_ D\1/2 D\1/2 The MCM-41 mesoporous molecular sieve material has
RTIN Vi = 2Na(rs) ! am(10) #tc © attracted attention of researchers in academia and industry
In this equatiory? is the liquid tension of the probe molecule  because of large pore, high surface area, thermal stability
and ay, its cross sectional are& is a constant. The other and mild acidic properties. Development of proton and metal
parameters have the same meaning as above. modified mesoporous molecular sieve catalysts is important
A somewhat similar approach is the increment system in order to meet the increasing demand for processing of
first suggested by Dorris and Grg¥5]. This calculation heavy oil fractions to value added products and to synthe-
considers the contribution of a methylene group in the alkane sise fine chemicals using heterogeneous catalysts. Cu mod-
series to the free energy of (de)sorption. Schultz efldl] ified MCM-41 is a potential catalyst for the synthesis of
found similar results for both methods on carbon fibres. fine chemicals, hydrocarbon transformations and environ-
In order to obtain the specific energy contribution polar mental catalysis. In order to understand the role of Cu and
probe molecules need to be injected as well. If there is a the changes of the MCM due to ion-exchange, surface en-
considerable specific contribution points representing a polarergetics and acidic—base properties have been studied. As
probe are located above the straight line. The difference displayed inFig. 4a and 4iCu-MCM-41 catalysts show a
is equal to the specific component of the free energy of significantly increased surface energy and acid—base inter-
desorptionAGsp (Eq. (7): action compared to H-MCM-41, which agrees well with an
_ ref increased catalytic activity of the Cu-form as described in
AGsp=RTIn Vv — RTIn Vy 0 ref. [22]. The acid—base chemistry changes at the same time
Other methods use a plot BT InV versus the boiling point ~ from slightly acidic or neutral for the H-MCM-41 to signif-
[16], the vapour pressufé?7] or the polarisabilityf17]. The icantly basic for the Cu-MCM-41.
latter approach is a thermodynamically more robust method The native Na-form has the lowest energy and proton ex-
for the determination of the specific free energy and was change causes an increase in the dispersive and specific en-
found to be superior for the description of adsorption of ergy. The acid—base properties suggest a significant increase
weaker polar probes on highly energetic surfaces. Neverthe-in the base values while the acidic contribution increases
less, the former calculation by Schultz is more commonly only slightly.

applied, probably due to its simplicity. Before other IGC applications are described let’s return
From the specific free energy acid—base numbers can beto the question of the impact of particle size (change in sur-
calculated if an appropriate concept is applied. face area) on the surface energy results obtained by IGC

The study of acid—base properties by IGC has the ben-at infinite dilution. Although in many cases an increase of
efit that changes in the orientation of surface groups cansurface energy is observed when the surface area of a ma-
be studied. Those changes are not necessarily related tderial is increased (e.g. milling) this is not an intrinsic re-
variations in composition. For this reason spectroscopic lationship. A higher surface area means an increase in the
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Fig. 6. Specific free energies of interaction for three different types
of activated carbon, analysed according to the polarisation approach.
Measurements were carried out at 623 K.

atl [

0.40;
0.351 (Norit) and the STAO4 (Imperial College, London) samples.
0.30- Although not shown here a very similar trend was observed
for the BET surface areas. However, when the specific in-
0.25 ) . X . . .
0.18 teractions are considered a different picture is obtained as
0.20 === v shown mFlg 6.
0.151 11 Although the general trend in the surface chemistry seems
0.101 to be similar for all three samples it can be clearly seen
' that the STAO04 material now shows the strongest specific
0:654 interactions, followed by the ST4 and the F400 samples.
0.00- Therefore, the trend is the opposite compared to the dis-
HMCM41 NaMCM41 CuHMCM41 . . . .
(b) persive interactions. This example also demonstrates that

one must be careful in drawing conclusions regarding the
Fig. 4. (a) Dispersive surface energy values for ion-exchanged MCM-41 adsorption of highly polar molecules based on simple BET
materials. Measurements were carried out_ at 373K by injecting a §eries measurements.
of alkanes from hexane to nonane. (b) Acid—base numbers according to L . .
the Gutmann concept for ion-exchanged MCM-41 materials. Similar effects have been observed in the literature, even
when milled materials are compared. A good example is
. ) _ _ the work of Papirer et a[23]. These researchers have in-
number of units surface while an increase in the surface en-yegtigated the impact of different milling procedures on an
ergy means a change in the concentration of active sites 0f,_ajymina. They found that all milling processes caused an
even a change in their composition per unit surface. ‘increase in the dispersive surface energy but a decrease in
For this reason there are many cases where an increase ifhe gpecific interaction for acidic and basic probe molecules.

surface area is observed but a decrease in energy. A goOGrhjs was explained by amorphisation accompanied by chem-
example is the comparison of the three activated carbons inj.4 rearrangements.

Fig. 5 These three carbons originate from different starting
materials and have different properties and applications.
The figure shows that the F400 material (Chemviron)
has the highest dispersive surface energy, followed the ST4  Green and Pust were amongst the first to give a de-
tailed explanation regarding the determination of the heat
of (ad)sorption. They conducted measurements on alumina,

3.3. Heat of sorption

£ 2801 — silica and charcodPR4].

-f: 200 14623 The principle is based on a variation of the temperature
2 125.35 over a small range. The same probe molecule is injected at
% 1501 each temperature under infinite dilution conditions. The re-
8 1001 tention volume is then plotted in its logarithmic form versus
a the inverse temperature. The value for the heat of sorption
% 501 can be obtained from the slope of the resulting straight line.
g 4l This is shown inFig. 7 for the interaction of carbon black

2 Chemviron F400 Norit SA4 ST A04 with heptane between 385 and 397 K. The heat obtained was

. . . . : _ 64.6 kd/mol.
Fig. 5. Dispersive surface energies of three different types of activated A istake in the literat is that the t
carbon. Measurements were carried out at 623K by an injection of a common mistake In the literature 1S that the temper-

series of alkanes from hexane to nonane. ature range chosen is too broad so that the assumption of
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2.5 - The adsorption potential distribution can easily be cal-
o culated from the sorption isother28]. The isotherm
2 e gy is derived from an IGC pulse or frontal measurement as
% described in an earlier section. In order to obtain the distri-
E 1.5 1 » Heptane bgtion :ynctio? tille;fartial gresstglrzes a8re converted into the
£z B o ST adsorption potentiah according toEq. (8)
PO
A =RTgln <—> (8)
0.5 -1 p
0 : : | : . wherep is the partial pressurgy, saturation pressurd,

gas constant andls the column temperature.

0.0025 0.00252 0.00254 0.00256 0.00258 0.0026 P i .
The distribution parametep represents the first deriva-

1/T (1/K) tion of the sorbed amoumtwith the adsorption potenti#
Fig. 7. Heat of sorption plot of heptane on carbon black N115. Measure- (Eq' (9))
ments were carried out at infinite dilution in a pulse experiment between dn
385 and 397K. b= TdA 9)

The original equation included another division by the

a constant heat of sorption is not valid. It should also be : . :
. monolayer capacity to normalise the equation. However,
remembered that the heat of sorption depends on both thethiS was not done in this application since many polar

probe molecule and the surface properties. For this reason robe molecules do not necessarily form a monolaver on

this parameter is less useful for the description of the ener- P y Y
SR : the surface.

getic situation on the solid surface. The surface energy con-

. ; . . As an examplgrig. 8 shows the heterogeneity profiles
cept is much more appropriate for this purpose (as descrlbedfor electrode graphite measured with hexane, ethanol and
above). However, the heat of sorption is a very useful pa- ’

rameter for the description of the interaction between cer- acetong44]. These probe molecules represent non-specific,

. acidic and basic properties.
tain vapour molecules and the surface. These numbers have . :
As can be seen in the figure hexane and acetone show

been successfully used in catalytic and adsorbent applica- - . .
: . ; : .~ two distinct peaks while ethanol show only one maximum
tions where the knowledge of these interactions is essentlalin the adsorption potential range considered. The first max-
for the understanding of the procegs]. imum of hexane and the maximum of ethanol seem to be
) located at similar adsorption potentials and might represent
3.4. Surface heterogeneity the interaction with the same or similar energy sites. The
o ) - o main acetone peak is shifted to lower adsorption poten-
Despite its huge potential IGC at infinite dilution could a5 This suggests an interaction with lower energy sites.
be criticised for the fact that only high-energy sites are con- aqgitionally, some hexane and acetone molecules seem to
sidered under these conditiof#8]. It is for example pos-  occypy even higher energy sites (second peak). The area un-
sible that in some cases the distribution of active sites is ygr the curve is related to the uptake of the different energy
more relevant for the practical properties of a material than gjtes For both acetone and hexane the lower energy sites of

the high-energy sites. The_ di'_stributi_on of th_e energy, often o graphite have a bigger population than the high-energy
called surface heterogeneity is particularly important when

composites are considered. These distribution functions are
available by IGC when measurements are carried out at finite
concentration. By increasing the concentration, an increas-  3.0E-06
ing number of less active sites is involved in the interaction _ 5 e g
with the probe molecule, depending on the heterogeneity., ™
The possibility to characterise the heterogeneity profile of Lg 2.0E-06 S Tevare
a surface by IGC was recognised in the 1970s. Several ap-5 /A ~Ethanol
proaches have been published since. A good overview carE et 3 Acetone
be found in ref[26]. < /
The energy heterogeneity can be described either by theg
adsorption energy distribution or the adsorption potential
distribution. The latter one is used here since it was found  0.0E+00
to be less affected by experimental noise and to produce
more reliable results. A good description of the calculation
of adsorption energy distribution functions is given in the Fig. 8. Heterogeneity profiles of electrode graphite at 303K for hexane,
literature[27]. acetone and ethanol (taken foi#¥4]).

E-graphite

5.0E-07

5000 10000 15000 20000 25000
A (JMol)
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sites. Similar trends were found by Papirer et4h] using Solid Surface  Knudsen Free
adsorption energy distribution functions Diffusion  (Volmer)  Diffusion (Molecular)
. . L L Diffusion Diffusion
The adsorption potential distribution, as demonstrated } vl

above, provides important information about the surface
chemistry but assumes a physisorption interaction. In some :
cases this assumption is not valid for polar probe molecules =7
due to a reversible or irreversible chemisorption. In the

case of a reversible chemisorption there is an enhanced ad

. ; : . A
sorption potential making desorption extremely slow. Thus, 0,4 4CH, 1 y
no measurable peak is obtained for an elution at measure! 10 10° 103 10* Tos [AF]
ment temperature. A solution to this problem is found in Porewidth "
o ) . 20°
a combination of IGC with thermal desorption methods. . ;s <103 102 0.1-1 %02 Tat

Coudhary and Sansaf29] used a combination of a con-

tinuous flow method and TPD. In their work a mixture of Fig. 9. Different diffusion types for gas—solid chromatography (taken from

thiophene and carrier gas was sent through a column with [33)-

copper chromite. Then they switched to pure carrier gas

and ramped the temperature with a moderate heating rate

(10 K/min). The result was a TPD spectrum, which showed

peaks for different high energy sites on the surface.
Another approach was recently by Thielmann and Baum-

garten[30]. In this work a combination of IGC and flash

Assuming the mean free path of the probe molecule
is greater than the width of any existing pore structure
of the adsorbent the diffusion is dominated by longitudi-
nal diffusion in the gas phase. Longitudinal diffusion can
thermodesorption was used to achieve a separation of mi-0€ Separated into two contributions: the free or molecu-
cropore from monolayer adsorption. Iqr dlffusmn and the Eddy diffusiofi33]. The moleculgr

In the case of irreversible chemisorption titration meth- diffusion reflects the fact that the column has a particular

ods can be applied. In a titration the same probe molecule/€Ngth and diameter. Therefore, the molecules spread in
is injected with the same concentration under identical con- POth axial and longitudinal directions. The Eddy diffusion
ditions until saturation has been reached. Initially the peak iS due to the inhomogeneous particle shape or packing
area increases due to the raising saturation of the surface! the particles in the column. Thgrefore, the velocity of
with the probe molecule. When the surface is completely molecules_through the column varies. Both effects cause
covered with the probe molecule the peaks show a constan@ Proadening of the peak. For these reasons the flow rate

peak area and the amount chemisorbed can be calculated® @0 important experimental parameter because gas phase
form the “missing” areas. diffusion becomes more significant with decreasing flow

This method was originally developed for the determi- rate: . .
nation of the metal surface area in metal/support catalysts. Diffusion processes into a pore structure are usually due
Gruber[31] was one of the first to use a chromatographic t© S0lid, surface or Knudsen diffusion.

device for this type of experiment. He analysed the degree A Simple theoretical treatment can be made by the Van
of dispersion of a platinum/alumina catalyst by using carbon D€emter equatiorgq. (10) [34], which was developed for
monoxide as a probe molecule. analytical chromatography but provides a reasonable de-

Another application of the titration method is for the de- scription of the above-mentioned effects in the case of IGC

termination of the uptake of polar organic probe molecules. S Well

Cavallaro et al[32] measured the ethanol chemisorption on B

alumina. H=A+ 2T Cu (10)
Since these measurements are purely based on a change in

peak area and not retention time they cannot be consideredvhereH is the theoretical plate height;, linear flow rate

as chromatographic methods even though they can be carrieéind A, B and C constantsA represents the Eddy diffusion

out by a chromatograph. and, is therefore, related to the homogeneity of the column
packing. The constar® represents the molecular diffusion
3.5. Permeability and diffusion andC is related to non-equilibrium effects such as bulk or

pore diffusion.
All measurements discussed so far provide thermo- The linear flow rate is calculated from the lendthof
dynamic parameter. But IGC also offers the possibility the packed column bed and the dead-retention tgn€he
to obtain kinetic data such as diffusion constants. The theoretical plate height can be derived from the bed length
term “diffusion” is used in literature to describe both the L, the half widthb and the gross retention tinte (Eq. (11):
gas phase and the diffusion into a partickég. 9 illus-
trates the different types of diffusion processes for porous H— L (b )2 (11)

materials. “8In2\mw



F. Thielmann/J. Chromatogr. A 1037 (2004) 115-123

Habgood and Hanlaf35] applied this approach to calculate
the micropore diffusion of nitrogen and hydrocarbons in
activated charcoal.

Assuming the micropore diffusion is the dominating pro-

123

[8] S. Brunauer, P.H. Emmett, E. Teller, J. Am. Chem. Soc. 60 (1938)
309.

[9] J. Adolphs, in: M.J. Setzer, R. Auberg, H.-J. Keck (Eds.), Frost
Resistance of Concrete, Proceedings 24, Rilem Publications, Essen,
2002, p. 45.

cess inside the particle and a uniform packing of particles [10] E. Cremer, H. Huber, Gas Chromatogr.: Int. Symp. 3 (1962) 169.

with a narrow monomodal particle size distribution with an
average diametat the constanC is directly related to the
diffusion constanDp (Eq. (12). kis the partition coefficient:

(D)) ()

(12)

This equation represents a very general description of the
relation but is applicable to various systems. More sophis-

[11] S.Z. Roginskii, M.L. Yanovskii, P.-C. Lu, Kinet. Catal. 1 (1960)
261.

[12] L. Xie, M. Bousmina, G. Xu, J. Mol. Catal. A 135 (1998) 187.

[13] P. Mukhopadhyay, H.P. Schreiber, Colloids Surf. A 100 (1995) 47.

[14] J. Schultz, L. Lavielle, C.J. Martin, Adhesion 23 (1987) 45.

[15] G.M. Dorris, P. Gray, J. Colloid Interf. Sci. 77 (1980) 353.

[16] U. Panzer, H.P. Schreiber, Macromolecules 25 (1992) 3633.

[17] J. B Donnet, S.J. Park, H. Balard, Chromatographia 31 (1991) 434.
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[19] V. Gutmann, Coord. Chem. Rev. 2 (1967) 239.

ticated equations are published in literature for particular [20] C. van Oss, R. Good, M. Chaudhury, Langmuir 4 (1988) 884.

adsorptive/adsorbent systefi3s,38]

4. Conclusions

IGC has been shown to be a versatile tool for the charac-

terisation of a variety of different properties of porous ma-
terials.

Especially the determination of surface energy parame-

ters at infinite dilution but also energy distributions at finite

[21] C. Della Volpe, S. Siboni, J. Colloid Interf. Sci. 195 (1997) 121.

[22] V. Nieminen, N. Kumar, J. Paivarinta, Microporous Mesoporous
Mater. 60 (2003) 159.

[23] E. Papirer, J.M. Perrin, B. Siffert, J. Colloid Interf. Sci. 156 (1993)
104.

[24] S.A. Green, H. Pust, J. Phys. Chem. 62 (1958) 55.

[25] J.F.M. Denayer, G.V. Baron, Adsorption 3 (1997) 251.

[26] W. Rudzinski, D.H. Everett, Adsorption of Gases on Heterogeneous
Surfaces, Academic Press, San Diego, CA, 1992.

[27] H. Balard, Langmuir 13 (1997) 1260.

[28] M. Jaroniec, K.P. Gadkarec, J. Choma, Colloids Surf. A 118 (1996)
203.

concentration have a huge potential in the future in solving [29] V. Coudhary, S.J. Sansare, Chromatography 192 (1980) 420.

manufacturing and processing related problems.
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