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Abstract

This literature review of the fundamental developments in gas—solid adsorption isotherms includes articles published from 1933 until
now. Analytical and numerical methods used for calculating the adsorption energy distribution function, as a quantitative measure of surface
heterogeneity, are included. Special attention is paid to inverse gas chromatography (IGC) and more precisely to a new version of IGC
known as reversed-flow gas chromatography (RF-IGC or RF-GC). RF-GC is presented as a quick, precise and effective method to investigate
physicochemical properties of different kinds of adsorbents, through adsorption isotherms and related energetic parameter determinations.
Advantages of the RF-GC method over traditional chromatographic methods are discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Fundamentals of adsorption —xory

0
Thermodynamics of surfaces had been studied by Butler
[1] and Guggenheirf?], but no clear thermodynamic treat- @)
ment of the physical adsorption of gases by solids was made

until the 1940s. In the next two decades the work of Hill
[3,4] and Everet{5] is the most important, while more re- o l

cently Rusano\6], Jovanovic[7], Everett[8], Steele[9],
Rudzinski and SokolowsKiLO] have contributed in this in-
vestigation. Steele and Rudzinski among others have studiec | -
the effects of intermolecular forces at low surface coverage.
A potential functionU(x, y, z) can describe the interaction
energy of an isolated adsorbed molecule with the adsorbent,
wherex, y, z are the Cartesian coordinates of the adsorbed =
molecule. The form of this(x, y, 2) function characterize a B }W /\/\/\/\/\/ Tt ©
surface Fig. 1, that it is from Ref[11], shows all the cases T
with a theoretical or practical interest. Thud(x, y, 2) is 0

constant for a homogeneous surface Ef. 13, while in 0
the case of a heterogeneous surface a series of minima an 2
maxima (cf.Fig. 1d-), are appeared. The differences be- : /\/\/\/\/\/ (d)

tween the energy of the minima and the average energy of
molecules in the equilibrium is (are) the “energy (ies) of site 0
(es) adsorption”. This energy is denoteddy®. In the case

of a constant value of the local mininbhy, the surface is “a

homogeneous site surface”(€fig. 1. If the oscillations in y \/\/\/\/V\,\/\/\/\ ©
U are much less thakT, the surface may be described as

“a homogeneous periodic surface”(€fig. 1. In the case 0 :

where oscillations irJ greatly exceedT the localUy, are
the “adsorption sites or adsorption centres”. If a periodic- ")
ity exists which is characterized by minima with different v W
values ofUp, the surface may be called “a heterogeneous
periodic surface”(cfFig. 1d). In many real surfaces with de-

fects of various kinds distributed at random the surface is “a 7'9; 1- (@) Perfectly homogeneous surface; (b) homogeneous periodic
surface; (c) homogeneous site surface; (d) heterogeneous periodic surface;

random heterogeneous surface”, since the potential funCtior"(e) random heterogeneous surface; (f) patch-wise heterogeneous surface
U(x, ¥, 2) is no longer periodic (cfFig. 16§. Moreover, “a corresponding to (a). From RefL1] with permission.
patch-wise heterogeneous surface” &fy. 11). is appeared
in the case of different crystal faces, each of which is a ho- The adsorption sites exhibiting various values of ad-
mogeneous site surface. The energy barrier between sitessorption energies are distributed over the solid surface.
which controls lateral diffusion, is called the activation en- This distribution is called “topography of the surface”.
ergy for the surface diffusion \VP. This dispersion of adsorption energy is the so-called sur-
A high adsorption energy corresponds to a large negativeface heterogeneitjl1]. Its measure is the distribution of
value of AU, since the adsorption energies are convention- adsorption energy or probability density function for the
ally given a positive sign. adsorption energies. The studies of the effect of adsorption
On the other hand, experimental adsorption isotherms energy dispersion on the behavior of adsorption system
O(T, p) represents an average over all values of the adsorp-have constituted one of the most dynamic world trends in
tion energies existing on the gas—solid interface, while the the research on adsorption for the last few decades.
function 6(e, T, p) is traditionally called “local adsorption There are some scientific efforts for the study of ad-
isotherm”. sorption on homogeneous surfaces based on localized and
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mobile adsorption. There are two comprehensive works in 3. Adsorption integral isotherms

the literature with detailed reviews concerning the theories

of localized adsorption written by Donjb2] and Clari{13]. One of the main objectives of much of the earlier work was

As regards the mobile adsorption the first treatment was to examine the possibility of providing a theoretical basis

Devonshire’s theory14]. A great number of new theories for some of the empirical equations by assuming that the

have appeared from 1970 til now. The basic assumption surface heterogeneity could be characterized by a particular

of the theoretical models is that the molecules interact via mathematical form of the distribution of adsorption energies

a potential, which is a function of the intermolecular dis- among adsorption sites. The inverse process of deducing

tance, taking into account the repulsive interactions. The information on the nature of surface heterogeneity, i.e. of

Van der Waals model simplifies the solution under cer- retrieving the adsorption energy distribution, from measured

tain conditions. Finally, the related isotherm equation is adsorption isotherms was initiated by Drain and Morrisson

found. and co-worker$18-22] Adamson and Ling23], and Ross
and co-worker$22,24,25] This aspect is still a very active
area of research.

2. Topography of surfaces There is a large and growing literature on the numeri-
cal solution of integral equations, among which are several

Three models of topography of surfaces were consideredMonographg26-28] One reason for the sheer volume of
in the studies of adsorption on heterogeneous surfaces. Thusactivity is that there are many different kinds of equations,
when the adsorption energy distribution, that is the way in €ach with many different algorithms have been proposed to
which the adsorption centres of various energies are dis-deal with a single case. Although, while composing a new
tributed on the solid surface, as well as the interactions be-2algorithm, authors usually have taken into consideration the

tween the adsorbing molecules, are taken into account threeShortcomings of the previous ones, an ultimate procedure
types can be seen: for the solution of the linear Fredholm integral equation of

the first kind,Eq. (1) has not been elaborated yet.
(a) the patch-wise type (cEig. 2A);
(b) the random (cfFig. 2B); and fK(x, V) dy = gx) Q)
(c) the intermediate (cfrig. 20.
) ] ) Thus, new efforts are needed to improve the methods of anal-

The patch-wise type was for the first time used by Ross ygis of this problem. First, the new proposed method should
and Olivier[15]. In this the adsorption centres of the same pe faster than those previously proposed and should enable
properties are grouped in patches. These patches are sgne 1o attain approximately the same accuracy. Second, that
large that they constitute independent thermodynamic ad-formuylation of a minimization problem should exclude an
sorption parameters. For instance, in the case of crystals,nphysical value of unknown and evaluated function (i.e.
with a few crystallographic planes this model is the most giyong oscillations, a negative value of a probabilistic distri-
suitable. _ bution function, and so on). Moreover, the program code of

The random model was used by Hjll6]. This model  he algorithm should be simple, short, and easy for applica-
assumes that the adsorption sites of various adsorptionjon for the wide group of scientisf&6].
energies are distributed on the surface in a random way. The analysis of physical adsorption data has become a
Amorphous samples are representative examples of solidsiangard method of assessment of the energetic and struc-
compounds where this random model is justified. These arey 4| heterogeneity of solid adsorbefi2§,29-36] The the-
two boundary cases. The surfaces are commonly characteryetical description of adsorption on heterogeneous solids is
ized by the intermediate surface topograjphy]. usually interpreted by the superposition of adsorption on in-
dependent homogeneous sorption sites and/or in pores with
the same widths. In the past 25 years considerable progress
in the analysis of these quantities has been achieved due to
the appearance of advanced numerical methods for solving
the unstable linear Fredholm integral equation of the first
kind.

A universal procedure for the characterization of solid
adsorbents connected with choosing numerical methods for
the evaluation of structural and geometric heterogeneity
does not exist. A comprehensive review of different methods
of the solution of the integral equation (the condensation
Fig. 2. Diagram concerning the topography of the surface of the adsorbent. approximation, regularization methods and non-negative

(A) The patch-wise type; (B) the random type and (C) the intermediate l€ast-squares methods) can be found for example, in three
type. From Ref[17] with permission. basic monographd.1,35,36] On the other hand, estimating
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the distribution function fromEq. (1) is a well-known adsorption and adsorption isotherms at very low surface
ill-posed (incorrect) problem, which is manifested by the coverage, a region of concentrations very important in char-
fact that there exists an infinitely large set of possible solu- acterizing the structure of the solid surface. Such physic-
tions, all satisfyingeq. (1) with the accuracy of the experi-  ochemical measurements have been described in detail in
mental error. In other words, all solutions may have arbitrary three bookg62—64]
large deviations from each other (and from the true solu- Dynamic measurements by means of gas adsorption
tion) but they can fit the experimental data well at the same chromatography have become a very popular and powerful
time. method of investigating adsorption phenomena. Kiselev and

To select a meaningful solution of the unstable linear Fred- Yashin [62] have shown that in a case of heterogeneous
holm integral equation of the first kind from a set of all pos- surfaces (where the elution peak is strongly asymmetrical),
sible solutions, a number of the most famous and successfulthe pressure dependence of the net retention volume can be
algorithms have been described by different authors: measured easily.

Adsorption isotherms by gas chromatography until 1976
were mostly determined by using frontal analysis (FA),
frontal analysis by characteristic point (FACP) and elution

(a) Heterogeneity investigated at loughborough by dis-
tribution analysis (HILDA), the Jaycock and House

method[37]. o ; : .
(b) Adamson—Ling distribution analysis (ALINDA) by charactherlstlc point (ECrI]D). DetallsdcanI be four:]ddm two
[23,38,39] monograph$63,64] Later, the step and pulse method com-

bined the frontal analysis and the elution method. It carries
out conventional gas chromatographic measurements of
retention times, using as carrier gas a mixture of an in-
ert gas and the vapor of the compound under study. The
vapor concentration is constant during an experiment and
adjusted between measurements to scan the desired range.
This constant concentration measurement isstiep Very
small pulsesof vapor or perturbation are injected, and their
retention times are observed. The relation of the retention
time of the pulses with the isotherm sought has been de-
rived in detail[65,66] The method does not give directly
an independent experimental isotherm. However, a signifi-
cant advantage of determining the adsorption isotherm by
a chromatographic method is its sensitivity to the slope of
the adsorption isotherm and thus the ability of the chro-
matographic method to determine the slope with a constant
precision over the whole range of the surface coverage.
This is important in modelling the adsorption behavior.

On the other hand, adsorption energy distribution of solute
probes on heterogeneous surfaces has been determined from
their nonlinear chromatographic band profiles for the last 30
years by Inverse Chromatography. The general problem of

It is very interesting that the majority of the above men- obtaining distribution functions from adsorption isotherms
tioned methods have been proposed for the evaluation ofdata has proceeded for a substantially longer period of time.
the energy distribution functions. The INTEG algorithm The basic fundamental hurdle is centered around the solution
and the CONTIN package are two methods also being suc-of the linear Fredholm integral of the first kind:
cessfully used for the estimation of the pore size distribu- &£ max
tion of adsorbents. The main assumptions of the last meth-Q(p) = / O(ep) f(e) de (2)
ods are described in RdR6]. Further investigations have
been made recently through some new wgBds-57]and a whereQ(p) is the experimentally measured global adsorp-
Polish—Japanese cooperat{®3—61] tion isotherm as a function of the solute partial presspre,
O(ep) is the local model of adsorption for each adsorption site
of energy,e; andf(e) is the distribution function of interest.

(c) Computed adsorption energy distribution in the mono-
layer (CAEDMON), the Ross and Morrison method
[22,40]

(d) Computed adsorption energies using singular value de-
compositions analysis result (CAESAR3B,41]

(e) Energy distribution computation from adsorption
isotherms utilizing the smoothing spline functions (ED-
CAIS) [42].

() REMEDI is essentially similar to the regularization
method proposed by Hou$é3].

(g) Solution of adsorption integral equation using splines
(SAIEUS)[44].

(h) Solution of adsorption integral equation (INTE[35].

(i) Improved regularization algorithm (IRAX6].

() Expectation maximization (EMM7].

(k) CONTIN [48-50]

() REG[51].

(m) Methods based on Stielties and Laplace transforms
(MEBSLT) [11].

(n) Methods based on Fourier transform (MEBFT),52].

(o) Rudzinski-Jagiello method (MEBR[I)1,53]

ming

4. Determination of adsorption isotherms and In order to accelerate research in this area chromatographic
related energetic parameters using nonlinear retention volumes may be used to obtain the adsorption
inverse chromatography isotherm. Stanley and Guiochon have dealt with the estima-

tion of adsorption energy distribution from nonlinear chro-
Non-linear non-ideal gas—solid chromatography offers a matographic datd67] from theoretical and experimental
unigue means of studying thermodynamics parameters ofpoint of view. The experimental data was obtained on silica
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samples. While the theoretical models of adsorption studiedthe same aims, but as it is a classical chromatographic elu-
were the Langmuir, Jovanovic, Fowler—-Guggenheim (both tion method, it has several weak points.
random and patch-wise) and Brunnauer—Emmett—Teller lo- It does not take into account the sorption effect, it neglects
cal isotherms. the mass-transfer phenomena taking place, and also it is
In another work [68] Guiochon proposed a new influenced by the carrier gas flow.
Jovanovic—Freundlich isotherm model for describing single- The RF-GC method takes into account all the above and
component adsorption equilibria on heterogeneous surfaceseven more, the desorption stage, which is often neglected.
The equation reduces to the Jovanovic equation whenThus, with the use of suitable personal computer programs,
the surface becomes homogeneous. At low pressures, thg¢84,86]the study of the absorption/desorption phenomena of
equation reduces to the Freundlich isotherm but at high many gases on many solids become possible by the RF-GC
pressures, a monolayer coverage is achieved. The fit of themethod without specifying a priori an adsorption isotherm
experimental data to the new model described is shown toequation. Two significant advantages of this method are sim-
be better than the comparable fits to classical isothermsplicity and low cost in relation to the time required.
used for heterogeneous surfaces. The energy distribution The physicochemical study {79] is a case study, which
function corresponding to the model for Langmuir local focuses on the experimental examination of some powders
adsorption behavior was based on the Sips procedure. that are used in the processing of paint and ceramic in-
Rubio et al. have studied the energy distribution functions dustry as well as in catalyst preparation and utilization. In
corresponding to the adsorption of several molecular probescontrast to the work accomplished with the same RF-GC
on four sodium silicoborates. These have been obtained frommethod based on a linear mod&l7], this study is based
their adsorption isotherms through a frontal analysj. on a non-linear-adsorption isotherm modi@B,86], which
Bakaev et al. used the inverse gas chromatography for theis the appropriate for studying oxides and generally materi-
study of the heterogeneity of E-glass fibers through adsorp-als other than metals. The failure of a linear model in this
tion measuremen{g0]. case is attributed to surface heterogeneity of these substances
Some other chromatographic methods relating to adsorp-[88].
tion isotherms may be found in the literatyil—78} As adsorption of mixture of gases and vapors on solids
Recently, a new chromatographic perturbation method is of significant interest in many diverse areas of Chem-
is used by Kalogirou et al79] for studying adsorption— istry various forms of perturbation chromatography have
desorption equilibrium in various gas/solid heterogeneous been used to measure pure-component isotherms and in
systems. It is the reversed-flow one giving accurate and few cases even binary isotherms. A systematic study of two
precise values of many physicochemical constants, amongbinary systems: gHg—NO, and GHs5CHs—NO, on five
which the basic and necessary adsorption isotherm values ar@dsorbents including ZnO, &P3, TiO2, PbO, FeOs, is
included. For four inorganic oxides, namely,,Og, FeOs, presented by Roubani-Kalantzopoul@9]. Determination
TiO, and PbO, and two aromatic hydrocarbons, (benzene,of these binary isotherms on well-characterized adsorbents
toluene) these adsorption isotherms have been determinedvill provide the data base needed for the development of
through a non-linear model. the models to analyze and interpret such data. In an anal-
ogous publicatiof90] RF-GC has been used to measure
physicochemical constants among which binary isotherms

5. Experimental adsorption isotherms in and adsorption—desorption as well as reaction rate constants
gas—solid systems determined by reversed-flow gas of 21 heterogeneous systems including Ji@r PbO or
chromatography Fe03), as a solid and a binary gas system. The last one is

comprised of N@ and an aliphatic or aromatic hydrocar-
Progress in many areas of material science and engi-bon: GHg, CoHg, CoH2, C3Hg, 1-C4Hg,CsHg,CsHsCHs.

neering requires the development of new advanced meth-The precision and accuracy of the method are discussed.
ods for studying processes taking place at phase-boundaries. Similarly, RF-GC was used to study the kinetics of the
That is the case of the reversed-flow gas chromatographicaction of five hydrocarbons namely, ethane, ethene, ethyne,
(RF-GC) technique, which is a tool for studying gas—solid propene and butene and of the nitrogen dioxide, on three
interfaced80—84] Ref.[81] is an interesting book by Kat-  known and widely used pigments, the white one Ji@nd
sanos (the pioneer of this chromatographic method) describ-the yellows CdS and PbCrJ91]. The calculation of ki-
ing the RF-GC method in detail. From this point of view the netic parameters and mass transfer coefficients is based on
RF-GC method differs from the classical chromatographic an experimental adsorption isotherm. All these calculations
methods, being interested in the stationary phase propertiesare based on a non linear adsorption isotherm model as it
rather than the solute ones. Thus, it provides information is well accepted that the linear one is inadequate for inor-
about the material surface nature and behavior in variousganic substances like these mentioned in this work. The in-
environments, including individual material properties and adequacy is mainly attributed to the non-uniformity of the
air pollution influence on them. From another point of view, solid surface. Five physicochemical parameters have been
traditional inverse gas—solid chromatograp8y] has about ~ obtained for each of the twenty heterogeneous reactions
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inlet of x=0 x=I" x=|"+l
carrier gas f—— | ———|
sampling column ~ }—
reference 72=0
injector e
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restrictor or z=L,
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v %
gas
detector injector

Fig. 3. The experimental set-up of RF-GC for studying adsorption
isotherms. From Ref4109,110]with permission.
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neous solid surfaces. All these calculations are based on a
non-linear adsorption isotherm model as it is well accepted
that the linear one is inadequate for substances with hetero-
geneous surface. Thus, some new important physicochem-
ical parameters have been obtained experimentally for the
characterization of the heterogeneous systems studied. As a
case study here the adsorption of many significant hydrocar-
bons was investigated. With these systematic experiments
under conditions similar to the atmospheric ones, an extrap-
olation of the results obtained to “real” atmospheres with a
high degree of confidence is possible. Many recent publica-
tions may be found in the literature concerning these objec-
tives[108-113] while Refs.[114,115]are two previous re-
views concerning models, mechanisms and applications of
the RF-GC method.

studied. Some of the calculations were based on the linear

model for comparison.
In parallel, in[92] a physicochemical study of the in-

6. The reversed-flow gas chromatography method

fluence of ethene and ethyne on various Greek marbles is6.1. Theoretical analysis of adsorption isotherms

presented, in terms of adsorption isotherms and kinetic con-

stants. All these works as well as some other$98s-95]
have been done with the same experimental set-up (cf.
Fig. 3), while in some previous works, which have been
summarized in a revie\®6] the RF-GC technique was used
in connection with diffusion denuder tubes (Eig. 4).

Thus, a contribution to environmental catalysis is done

determination

The theoretical analysis dealing with physicochemical
parameters determination under non-steady-state condi-
tions, has been published elsewhf¥¢,114,115] Only the
absolutely necessary mathematical equations are quoted
here to help the reader understand how the parameters in

by RF-GC, through measurements, mechanism and modelsTables 1-10and Figs. 6-16published in this review were

[89-96]

With the same methodology another scientific group have
published interesting results concerning diffusion and catal-
ysis [97-107] More precisely, the adsorption of gases on
Pt—Rh bimetallic catalysts, as well as the kinetics for the
oxidation of carbon monoxide in the presence of excess of

oxygen over Pt—Rh alloy catalysts was studied among othersWh

using the RF-GC.

RF-GC is extended recently to the measurements of the

probability density function for the adsorption energies as
well as the differential energies of adsorption due to lateral
interactions of molecules adsorbed on different heteroge-

. Xx—>
inlet of x=0 x=l" x=|"+
carrier gas <—I'—j<—| —
sampling column
reference 7=0|
injector tube axis|
=R ] L (r=0)
restrictor or z
four-port z?)rl)l?rn?ﬂ . denl_Jder
coating
valve
z=L
pollutant
injector

Fig. 4. Experimental set-up of RF-IGC combined with a denuder tube for
environmental studies. From Rd84] with permission.

extracted from the experimental data.
First, the local adsorption isotherm of the gas adsorbate

studied:
t
/ cy(ndr
0

erecg is the equilibrium adsorbed concentration of the
gas adsorbate at tirgmol g~1), ms the initially adsorbed
amount of this gas adsorbate (may, the amount of solid
material per unit length of column bed (gth), §(y — L»)
the Dirac’s delta function for the initial condition of the
bed, when the gas adsorbate is introduced as an instanta-
neous pulse at the point= L, (cm™1), y the length coor-
dinate along sectioh, (cm), a, the cross-sectional area of
the void space in regiop (cm?), k1 the local adsorption pa-
rameter (1), ¢, the gaseous concentration of the adsorbate
as a function of timd¢ and coordinatey along the column
(mol cm3) andt the dummy variable for time.

Second, the mass balance equation for the gas adsorbate
in the gaseous regianof the diffusion column:

m
C§=a—s~5(y—L2)+
S

(3)

a

y
2k
ag

8202

0z2

302

— =D —k . 4

ot 1 appfz ( )
wherec; is the gaseous concentration of the gas adsorbate
as a function of time and length coordinate along the
column (molcnt3), D; the diffusion coefficient of this gas

adsorbate into the carrier gas &s11) andkappthe apparent
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Table 1
Sample isotherms for the adsorption of benzene and toluene on PbO at

197

363.2 and 393.2K, respectively

Dummy Benzene on PbO Toluene on PbO

variable (min)

(dckdcg) (cmPgh) & (molg™) ce (molcm3) (dcgdeg) (cmPgh) ¢t (molg™) ce (molcm3)
20 0.9176 1.034x 1078 2.229x 1078 —0.5548 6.957x 1079 2.983x 1078
25 0.3086 9.543¢ 1079 2.046 x 1078 0.3660 6.218x 10°° 2.932x 1078
30 0.2359 8.830x 10°° 1.775x 108 0.1899 5.525x 1079 2.648x 1078
35 0.2159 8.220« 1079 1.503x 1078 0.1484 4.914x 1079 2.279x 1078
40 0.2151 7.70% 10°° 1.263x 108 0.1322 4.397x 1079 1.907 x 108
45 0.2261 7.274¢ 1079 1.066 x 1078 0.1257 3.967x 1079 1.573x 1078
50 0.2474 6.90% 1079 9.111x 10°° 0.1248 3.614x 1079 1.290x 108
55 0.2792 6.591x 1079 7.904x 10°° 0.1278 3.324x 1079 1.060 x 1078
60 0.3225 6.315¢< 1079 6.980x 1079 0.1344 3.085x 1079 8.778 x 1079
65 0.3781 6.06% 10°° 6.273x 10°° 0.1448 2.886x 1079 7.349x 10°°
70 0.4463 5.846¢ 1079 5.729x 1079 0.1594 2.719x 1079 6.243x 10°°

From Ref.[79] with permission.

rate constant of a first-order or pseudofirst-order reaction of
the gas adsorbate in the gas phasé)s

Next, the mass balance equation of the same gas adsorbate—

in regiony of the diffusion column, filled with the solid
material under study:
Bzcy

dy?

dcy
ot

as
—k_1—
ay

= D> (C;< —cs) — kappr (5)
whereD> is the diffusion coefficient of this gas adsorbate
into the gas phase in sectigr(cn?s™1), k_1 the rate con-

stant for desorption of the solute from the solid bulk(s

and cs the concentration of the gas adsorbate adsorbed on

the solid at timet (molg1).

Table 2

Sample isotherms at 323.2 K for the adsorption of 3 einene on Penteli
marble,wherédcy/dcr (cm*/g=1) is the differential isothermg% (mol/g—1)

is the integrated isotherm armg (mol/cni~3) is the gaseous concentration
at r=R, of Fig. 4

Reversal dc/dcr acg Cr
timet (min)  (cmfg1) (x107"molg™)  (x10~8molcm3)
5 3.9213 8.7489 9.8201

10 6.5105 7.3758 7.0595
15 9.0767 6.3239 5.7004
20 10.5784 5.4522 4.8182
25 11.1889 4.7086 4.1376
30 11.3866 4.0681 3.5711
35 11.4347 3.5149 3.0865
40 11.4349 3.0366 2.6684
45 11.4222 2.6232 2.3066
50 11.4077 2.2659 1.9936
55 11.3946 1.9570 1.7227
60 11.3836 1.6902 1.4884
65 11.3746 1.4596 1.2858
70 11.3673 1.2605 1.1107
75 11.3614 1.0885 0.9593
80 11.3566 0.9399 0.8285
85 11.3528 0.8116 0.7155
90 11.3497 0.7008 0.6179
95 11.3472 0.6051 0.5336

100 11.3452 0.5225

From Ref.[92] with permission.

Finally, the rate of change of the adsorbed concentration:

” (6)

where k, is the rate constant of a possible first-order or
pseludofirst-order surface reaction of the adsorbed solute
(s7).

With the initial conditionscy (0, y) = (m/ay) - 8(y — L2),
and ¢s(0, y) = 0, m being the amount (mol) of the gas
adsorbate introduced as a pulseyat L», the solution of
the system of differentigtgs. (3)—(6)eads to the function:

8 S
s = k—l(Cz —cs) — kacs

4
HYM = gc(l', 1) = ZAi exp(Bi1)
i=1

(7)

whereH is the height of sample peaks resulting from the
flow reversal (cm)M the response factor of the detector

Table 3
The dependence of deposition velocitid4 ) and reaction probabilities
(y) on the gaseous pollutant, the marble and the working temperature

Gas-—solid system TK) Vg (x107ms1) 1%
C,H,—CaCQ 313.2 3.0+ 0.8 2.4+ 0.7
CoH,—CaCQ 323.2 3.504+ 0.20 2.734+ 0.15
C,H,—CaCQ 333.2 5.9+ 1.9 45+ 1.5
CyHo—Karistos marble 313.2 2207 1.7+ 0.6
C,Hy—Karistos marble 323.2 3.4 0.7 2.8+ 0.5
CyHo—Karistos marble 333.2 5% 19 4.4+ 15
C,H>—Kavala marble 313.2 4.6 1.6 3.2+ 1.3
CyHo—Kavala marble 333.2 7.8 3.0 5.9+ 2.3
CyHo—Penteli marble 313.2 58 23 4.0+ 1.8
C,Ho—Penteli marble 323.2 6.& 2.5 53+ 14
C,yHy—Karistos marble 313.2 2% 05 1.9+ 04
CyHs—Karistos marble 323.2 6.8 0.6 49+ 0.5
C,oHs—Karistos marble 333.2 1738 6.2 13.08+ 0.13
CyHs—Kavala marble 313.2 4% 2.3 3.44+ 0.9
CyHs—Kavala marble 323.2 5% 05 444 0.9
CyH4—Penteli marble 2.6 1.0 2.1+ 0.9

From Ref.[92] with permission.



Table 4

The differential isotherms for the adsorption of five aliphatic hydrocarbons on PbO at 323.2K

Dummy C,Hg—NO,—PbO GH4—NO,—PbO GH,—NO,—PbO GHe—NO,—PbO 1-GHg—NO,—PbO
variable (min) . 3 . 3 s 3 N 3 N 3
(3cg/dca) cg (molcm) (3cg/dcc) cg (molcm™) (3cg/dca) cg (molcm2) (3cg/dca) cg (molcm) (3cg/dca) cg (molcm™)
(cm*g™ (cm*g™ (cm*g™ (cm*g™h (cm*g™
15 6.298 2.493x 1078 6.921x 1072 2.637x 108 0.6736 3.033x 108 —0.3597 1.947x 1078 —2.171 1.779x 1078
20 2.268 2.383x 1078 5.246 x 102 2.438x 1078 0.4761 2.779x 1078 0.4083 1.942x 1078 1.918 1.767x 1078
25 1.769 2.216x 1078 4.870x 102 2.227x 10°8 0.4236 2.496x 1078 0.2205 1.860x 1078 1.102 1.686x 1078
30 1.609 2.036x 1078 4.753 x 1072 2.025x 1078 0.4044 2.223x 1078 0.1847 1.753x 1078 0.9422 1.582x 1078
35 1.546 1.861x 1078 4.715x 1072 1.839x 1078 0.3974 1.973x 10°8 0.1726 1.641x 1078 0.8960 1.476x 108
40 1.521 1.696x 1078 4702 x 1072 1.670x 1078 0.3957 1.750x 1078 0.1677 1.531x 1078 0.8874 1.374x 1078
45 1.512 1.545«< 1078 4.699 x 102 1.515x 1078 0.3964 1.551x 1078 0.1656 1.426x 1078 0.8947 1.279x 108
50 1.511 1.406x 1078 4.698 x 1072 1.375x 1078 0.3982 1.375x 1078 0.1647 1.328x 1078 0.9094 1.192x 1078
55 1.512 1.280x 1078 4.699 x 102 1.248 x 1078 0.4005 1.220x 10°8 0.1642 1.236x 1078 0.9277 1.112x 10°8
60 1.514 1.166x 1078 4.701 x 1072 1.133x 1078 0.4030 1.084x 1078 0.1638 1.151x 1078 0.9476 1.039x 1078
65 1.517 1.062« 1078 4.703x 1072 1.028 x 1078 0.4055 9.632x 10°° 0.1635 1.071x 10°8 0.9680 9.727x 10°°
70 1.519 9.671x 10°° 4.705x 1072 9.336 x 1079 0.4080 8.566x 1079 0.1632 9.963x 1079 0.9883 9.115x 10°°
75 1.521 8.809x 1079 4.707 x 1072 8.475x 10°° 0.4103 7.623x 10°° 0.1628 9.268x 1079 1.008 8.553x 107°
80 1.523 8.026x 10°° 4710 x 1072 7.694 x 1079 0.4126 6.788x 1079 0.1623 8.620x 1079 1.027 8.035x 1079
85 1.525 7.313x 10°° 4.712 x 1072 6.985x 10°° 0.4147 6.049x 10°° 0.1617 8.016x 10°° 1.044 7.556x 1072
90 1.527 6.664x 10° 4.715x 1072 6.341x 1079 0.4167 5.393x 1079 0.1610 7.452x 1079 1.061 7.113x 10°°
95 1.528 6.034x 10°° 4.718 x 1072 5.758 x 1079 0.4186 4.811x 10°° 0.1600 6.925x 1079 1.076 6.702x 107°°

From Ref.[90] with permission.
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Table 5
Simple and binary adsorption isotherms for three oxides. The influence efidN&pparent

Gases FgO3 PbO TiQ

Minimum ¢ x 10°°  Maximum ¢ x 107°  Minimum ¢ x 107° Maximum ¢ x 102 Minimum ¢ x 107° Maximum ¢ x 107°

CoHe 19.86 98.89 2.70 11.98 0.10 0.51

CoHg—NO, 4.23 22.05 8.48 44.39 9.18 45.27

CoHy 0.02 0.13 26.63 157.30 1558.92 8539.29
CoHs—NO, 6.55 40.74 0.28 1.40 109.31 643.65
CoHz 17.35 116.45 918.55 6665.51 8.37 54.39
CoH-NO, 10.38 72.41 2.06 14.33 2707.20 17818.23
C3He 0.02 0.07 2.23 7.77 242439.70 793575.20
C3Hg—NO, 0.61 211 1.17 3.82 43716.16 147538.50
1-C4Hs 9.23 24.30 2.88 6.34 18.31 41.32

1-C4Hg—NO, 487.73 1236.85 7.73 20.75 45.53 107.50

From Ref.[90] with permission.

Table 6

Dynamic adsorption rate constantg)( desorption rate constantk_¢), surface reaction rate constants)( of five aliphatic hydrocarbons interacting

with TiO3 in the presence of NDat 323.2 K. The goodness of curve fitting is given by the squared correlation coefficient for both the four exponential
and the three exponential functiong,(r3)

Heterogeneous System ki (s ko1 (s ko (571 r2 2

CoHg—NO,-TiO» 1.30 x 1073 5.49 x 1073 8.11x 10°° 0.9994 0.9994
CoHs—NO,-TiO, 3.86 x 102 1.36 x 1073 3.47 x 1074 0.9994 0.9994
CoHo—NO,-TiO» 7.31x 101 2.19x 107 1.41x 1074 0.9995 0.9995
C3Hg—NO,—TiO» 1.43 6.30x 1077 1.46 x 1073 0.9986 0.9976
1-C4Hg—NO»—TiO» 3.13x 104 1.33x 102 1.97 x 1073 0.9979 0.9974

From Refs.[90,91] with permission.

(dimensionless)g the calibration factor of the detector , kiay 2
(cmmoltcm?) and ¢(/', 1) the sampling concentration of S = ga ZAieXp(Bﬂ)/B" (10)
the gas adsorbate measured (motéjn i=1

The explicit calculation of the isotherm can be carried 1 A
out as described elsewhef@3]. However, the following cG=—- ZAi exp(B;) (12)
equations are improved 14], as they are based dty. (7) i=1

rather than orq. (8) as was done originall{3]. where ¢; is the gaseous concentration of the probe gas

(molcm3), and A; and B; are the pre-exponential factors

3
HYM — gc(l, 1) = Z A; eXp(Bit) (8) and the exponential coefficientsiB§. (7) One can consider
i1 T in the above equations as a dummy independent variable
and calculate, for chosen arbitrary values pboth the dif-
act . ayZ?:]_ A; exp(B;7) © feren(tjial isotlherm)c§ /|83ch and cg‘; together* with the c?rre-
oL — k- sponding values od;. Plottingdcs/dcs or c& againstcg for
dce a; > | A;B; exp(BiT) ponding o 9dcs/deg Of 5 againsts

Table 7

Dynamic adsorption rate constankg) desorption rate constants_¢), surface reaction rate constanks)( of CsHg or CsHsCHs (3.2 x 10-3 mol dn3),
interacting with the surface of three oxides at 363.2 and 393.2 K, respectively. The goodness of curve fitting is given by the squared corretagion coeffi
for both the four exponential and the three exponential functiefis%)

Heterogeneous system ki (s71) k_q (s ko (s71) 2 2

CgHe—NO,—Fe03 6.81x 104 1.30 x 102 7.15x 1074 0.9974 0.9910
CgHsCH3—NO,—Fe 03 439 x 104 4.65x 1073 1.07 x 1073 0.9994 0.9620
CgHg—NO,—PbO 4.28x 1074 5.72 x 1072 1.31x 1073 0.9990 0.9989
CgHsCH3—NO,—PbO 2.82x 10°* 9.87 x 1074 3.64 x 103 0.9996 0.9889
CsHg—NO,—TiO» 7.99 x 104 4.33x 1073 1.00 x 1073 0.9985 0.9423
CgH5CH3—NO,—TiO, 9.03 x 104 2.16 x 1073 1.19x 1073 0.9926 0.8890

From Refs.[90,93] with permission.
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Table 8 400 400
Mean values for the systems:ls—NO,—TiOp, CyHa—NO,—TiO,,
CoHo—NO-TiOo 350 350
CzHe—NOg—TiOz In A1 10.94+ 0.04 300] 300
= —0.0190+ 0.0003
In Ay 72404 » o
B, —0.029+ 0.005 :
InAg 11.219+ 0.019 . | .
Bs —0.1730+ 0.0025 v *
CoH4—NO-TIO; InA; 11.057+ 0.008 wo| 150
B1 —0.02108+ 0.00008 i
InA; 10.8+ 0.5 100 i l ‘ | | 100
B> —0.157+ 0.019 V\]L, J“u[‘[; 1l \M ‘\ l
In Ag 10.35+ 0.09 % [ HH‘ HiH| f V‘ W & ; | “HH }H s
Bs —0.249+ 0.013 ‘ ;,4} I ‘“ h it "u‘\ ! \M«(' , l }
ARt “umv ittt
CoH-NO,~TiO2 In Ay 11.354+ 0.015 o1 ’ ‘ I ” T,
B1 —0.02150+ 0.00014 .
InAy 10.7+ 0.5
2] —0.072+ 0.012 Fig. 5. Sample peaks obtained by RF-GC. From REZ5] with permis-
InAg 12.00+ 0.13 sion.
Bs —0.157+ 0.007
From Ref.[90] with permission. The mass balance equation for the same analyte in the region

y of the diffusion column, filled with the solid material under

each chosen, independent experimental isotherms are ob- StUdy:
tained. dcy P ey

5 = Do . & 2 —k_1- —y(Cs —cs) — kappey (15)

6.2. Theoretical analysis of energetic physicochemical _
quantities The rate of change of the adsorbed concentration on the

heterogeneous solid surface:

The RF-GC method does not depend on analytical or nu- jc; .
merical solutions of the classical integiad;. (12) [36] but ~ —, = k-1(cs — ¢s) — kacs (16)
on a time function of the extra chromatographic peaks (cf.

Fig. 5 obtained by short flow-reversals of the carrier gas, The local adsorption isotherm of the analyte is:

asEg. (13)shows[86,92,114,115] . !
cg=—-8(y — L) + — k1/ cy(D)dr a7
00 ds 0
O(p, T = 0i(p, T, d 12
(p.D /0 (p. T. &) fle) de (12) The Eqgs. (14)—(17)are the same akgs. (3)—(6)and the
. symbols have been determinedSection 6.1
In addition, the overall deposition velocityy (cms™?)
M _ . .
HY™ = ZAI exp(Bit) (13) and the reaction probability of the analyte on the solid
i=1 material under study, have been defined ea[$&r114,115]
isotherm, 6(p,T,¢) the local isothermf(c) the probabil-  Of & chax 0i, ¢(¢) and g from Eq. (13) for the adsorption
ity density function for the adsorption energids,is the of gases on heterogeneous surfaces as a function of time,

pre-exponential factors, ar the exponential coefficients ~ isotherm model:
of time t, when flow reversals are made. _ 0(p, T, e) = 1 — exp(—Kp) (18)
The main equation of the experimental technique as well
as of the corresponding model 3. (13) The calcula- where
tion of A; andB; values from the experimental poiritf t, 0 €
=K exp( =— 19
and their physical content have been reported many times D p( ) (19)
[86,114,115] The relevant mathematical model was based p being the gas constant, and
on the following four equations:

The mass balance equation for the analyte in the gaseousg 0 _ h3 _ us(7) (20)
regionz of the diffusion column: (27m)3/2(KT)>/2  by(T)
dc; 3¢, Here,K is the Boltzmann'’s constant) the molecular mass

— =Dq-

o 922 — kapye: (14) of the adsorbateh the Planck’s constant and the ratio
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Time distribution of adsorption energy, local monolayer capacity;;,,,. local adsorption isotherms;, energy distribution functiong(e; t) lateral
molecular interactiong and gas equilibrium concentratiary, for C;Hg on CaO at 323.2K

t (min) e Chnax 0 o(e; 1) B Cy
(kImol1) (wmolg1) (cmolkJ 1 mol~1) (nmol crm3)
4 88.51 0.174 0.572 9.111 1.665 2.657
6 88.98 0.252 0.215 6.287 0.210 4.307
8 90.33 0.540 0.481 9.290 0.011 5.152
10 92.24 0.793 0.621 8.761 -0.071 5.581
12 95.24 0.976 0.755 6.883 —0.046 5.783
14 102.7 1.065 0.927 2.503 —0.015 5.854
16 98.92 1.433 0.865 4.337 0.039 5.844
18 94.04 2.057 0.725 7.424 0.121 5.781
20 91.56 2.768 0.628 8.698 0.236 5.781
22 89.91 3.561 0.556 9.188 0.389 5.683
24 88.66 4.435 0.500 9.304 0.968 5.559
26 87.64 5.401 0.453 9.221 1.161 5.419
28 86.78 6.479 0.412 9.015 1.149 5.267
30 86.02 7.698 0.375 8.721 1.204 5.108
32 85.32 9.097 0.340 8.353 1.282 4.944
34 84.66 10.74 0.307 7.919 1.380 4.779
36 84.03 12.69 0.275 7.422 1.498 4.613
38 83.40 15.09 0.244 6.863 1.609 4.449
40 82.77 18.11 0.213 6.244 1.714 4.288
42 82.11 22.03 0.183 5.568 1.817 4.130
44 81.41 27.37 0.154 4.838 1.918 3.976
46 80.64 35.03 0.125 4.059 2.019 3.826
48 79.75 46.94 0.096 3.239 2.119 3.681
50 78.68 67.87 0.069 2.385 2.220 3.540
52 77.21 113.9 0.042 1.507 2.322 3.405
54 74.59 293.6 0.017 0.617 2.426 3.274
56 72.19 708.9 0.007 0.265 2.531 3.148
58 75.87 184.2 0.028 1.023 2.637 3.027
60 77.19 115.0 0.046 1.647 2.745 2.911
62 77.95 88.09 0.062 2.161 2.854 2.799
64 78.46 74.12 0.075 2.585 2.966 2.692
66 78.82 65.78 0.086 2.934 3.081 2.589
68 79.08 60.41 0.096 3.221 3.199 2.490
70 79.27 56.82 0.104 3.454 3.320 2.395
72 79.42 54.39 0.110 3.642 3.446 2.304
74 79.52 52.75 0.115 3.791 3.575 2.216
76 79.59 51.72 0.119 3.907 3.709 2.132
78 79.63 51.13 0.122 3.993 3.848 2.051
80 79.66 50.91 0.124 4.054 3.992 1.974
82 79.66 50.99 0.126 4.092 4.142 1.899
84 79.65 51.33 0.126 4111 4.296 1.828
86 79.63 51.89 0.127 4.113 4.457 1.759
88 79.59 52.67 0.126 4.099 4.624 1.693
90 79.54 53.64 0.125 4.071 4.797 1.629
92 79.48 54.79 0.124 4.031 4.976 1.568
94 79.42 56.12 0.122 3.981 5.163 1.510
96 79.34 57.62 0.120 3.921 5.356 1.453
98 79.26 59.30 0.117 3.853 5.557 1.399
100 79.17 61.15 0.115 3.778 5.766 1.347
102 79.08 63.19 0.112 3.697 5.983 1.297
104 78.98 65.40 0.109 3.610 6.208 1.249
106 78.88 67.81 0.106 3.519 6.442 1.202
108 78.77 70.42 0.103 3.425 6.684 1.158
110 78.66 73.23 0.099 3.327 6.937 1.115
112 78.54 76.26 0.096 3.226 7.198 1.074
114 78.42 79.51 0.093 3.124 7.470 1.034
116 78.29 83.01 0.089 3.021 7.753 0.996
118 78.17 86.76 0.086 2.917 8.046 0.923
120 78.04 90.78 0.082 2.813 8.351 0.889
122 77.90 95.08 0.079 2.709 8.667 0.857
124 77.77 99.68 0.076 2.606 8.996 0.825
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Table 9 Continued

t (min) € Chnax 0 o(e; 1) B Cy
(kI mol 1) (wmolg™1) (cmolkJ 1 mol~1) (wmol cn3)

126 77.63 104.6 0.073 2.503 9.337 0.794
128 77.49 109.9 0.069 2.402 9.691 0.765
130 77.35 115.5 0.066 2.302 10.06 0.737
132 77.20 1215 0.063 2.204 10.44 0.710
134 77.06 128.0 0.060 2.108 10.84 0.684
136 76.91 134.8 0.057 2.014 11.25 0.659
138 76.76 142.2 0.055 1.923 11.68 0.634
140 76.61 150.0 0.052 1.834 12.12 0.611
142 76.45 158.4 0.049 1.747 12.58 0.588
144 76.30 167.3 0.047 1.664 13.06 0.567
146 76.14 176.9 0.045 1.583 13.56 0.546
148 75.99 187.1 0.042 1.504 14.07 0.526
150 75.83 198.0 0.040 1.429 14.61 0.507

From Ref.[113] with permission.

us(T) /bg(T) of two partition functions, namely, that of the
adsorbed moleculeys(T), and that for rotations—vibrations
in the gas phasly(T). This ratio is taken as unity, approxi-
mately.

All parameters required refer to the valuescp(0, t), i.e.
the concentration of the gaseous analyte at O:

vL 4
L3 A exp(B;)
<=1

L
¢y0.0) = =2 c(l'.1) =

aD. (21)

wherev is the linear velocity of the carrier gas (cm'$ in

the sampling columrl, 1 the length of the diffusion column
(cm) andD, the diffusion coefficient of each gaseous analyte
into the nitrogen carrier gas (&a1). From this, the value

of the adsorbed concentratiof is calculated

oy
C;( ==k
s
Table 10

4
vl

gD,

i=1 "

Z%[exp(&r) —1]

(22)

Standard errors of the pre-exponential factorgylrand the exponential
coefficientsB; printed by the Lat-PC program for the systemHg—CaO

Values Standard errors r2
In Ay 12.61 +0.03 0.999
In Ay 13.4 +0.9
In Az 13.086 +0.010
In Ay 12.88 +0.04
InAs 12.656 +0.005 0.999
InAg 12.3 +0.6
In A7 12.32 +0.11
By —0.01872 +2.4 x 1074 0.999
B, —8.6 x 1072 +1.0 x 102
B3 —7.232x 1072 +25x 1074
Bs —0.3826 +4 x 1073
Bs —1.909 x 1072 +5 x 1073 0.999
Be —0.162 +2.2 x 1072
By —0.276 +1.5x 1072

From Ref.[113] with permission.

where the first fraction corresponds to the ratio of the
cross-sectional area of the void diffusion column o
the amount of solid under study per unit length of the same
column (gcnt?l), ky is the local adsorption coefficient, and
the rest of the symbols have been explained dtgr(13)

The local adsorption isotherm is given by

%
Cs

6 = (23)

*
Cmax

where ¢, 1S the local monolayer capacity, given by
Eqg. (24) andc is given byEg. (22)
ac /ey

KRT

Thus, for thecf,, determination the derivativéc? /oc, and
KRT from Egs. (25) and (26)espectively, are needed:

x %
Cmax = Cs

(24)

4
s _ by, %leAi exp(Bif) (25)
aCy as Zi:]_AiBi exp(B;t)
D
KRT = 2
vlq
4
S 1AiBi? exp(Bit) 1 26)

[Z?:lAiBi EXp(B,-t)]2 B Z?:lAieXF(Bit)

In all the above equatio®s andB; are the pre-exponential
factors and the exponential coefficientskxf. (13)

More precisely, the relations for calculatingkJ mol1),
i ax (Molg™1) andé; from experimental data are given by
Egs. (27)—(29)

¢ = RTIN(KRT) — In(RT) — In K°] 27)
ok 1 0o
cmax - CS + KRT acy (28)
1 1 ack
=1 — .08 (29)

chax KRT dcy
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The probability density functiof(e) of Eq. (12) on the other the present purpose the analysis was based on the solution
hand, describing the adsorption energy distribution, is de- of a system of partial differential equations comprising: (1)
fined as the derivative of the number of adsorption sites with the mass balance equation for the gaseous analyte being
respect to the adsorption energyl,36] Since the number  studied in the gaseous regiamf the diffusion column (cf.

of adsorption sites is proportional to the local monolayer Fig. 3); (2) the mass balance equation of A in regjofilled

capacitycp,,y of Eq. (28) f(¢) may be defined as: with the solid under study; (3) the rate of change of the
e ack /ot concentration of the analyte A adsorbed on the solid surface;

fle) = —Dax _ _max (30) (4) the definition of the local adsorbtion isotherm, describing

o de /ot the relation between gaseous and adsorbed concentration
Finally one obtain$110]: of A in regiony. This general definition of the isotherm
equation suffices, so that the real experimental isotherm is
1 | KRT(dc5/01) + Fct/dcydt dct/dcy automatically incorporated into the final calculations.
fle) = RT’ I(KRT) /ot T TKRT The auxiliary parametep$, Y, Z andW are first calculated
(31) [94]:

and from this the modified functiop(¢) produced by mul- X =@2(1+ V1) + 2kapp+ k-1 + k2

tiplication of f(¢) with 0 followed by a division bycj,.x =—(B1+ B2+ B3+ By) (36)

[111,112]

(e 1) = @ (32) Y =[a2(1 4 V1) + 2kappl (k—1 + k2) + az02 + k1k_1

Cmax + kflper a2(1+ Vi)kapp

As regards the lateral interactions of the adsorbed = BiB>+ B1B3+ B1Bs+ B2B3+ BoBa+ B3By (37)
molecules, the dimensionless paramefefl112] can be

Obta';a?d: Z =ag0(k_1 + ko) + aaVikik_1 + kik_1ko
P=rq (33) +az2(1+ Vi) (k-1 + k2)kapp+ k1k_1kapp

2
o being the lateral interaction energy amdhe number + kapp(k—1 + k2)
of neighbors for each adsorption site. Thus, éze is the = —(B1B2B3 + B1B2B4 + B1B3B4 + BoB3By) (38)
added toe differential energy of adsorption due to lateral
Interactions. W = (a2V1 + kappkak—1k2 = B1B2B3Ba (39)
6.3. Theoretical analysis of kinetic physicochemical whereBs, Bz, Bg andBy are the exponential coefficients of
quantities time inEq. (34) by means of which the auxiliary parameters

X, Y, ZandW are calculated. The physicochemical parame-

It is well known that the calculation of physicochemical terski, k_1, ko andkapp, appearing irEgs. (36)—(39are de-
parameters by the RF-GC method is based on a theoreticafined as followsk; is the local adsorbtion parameter for the
analysis of the diffusion band, obtained by plotting/ or analyte pollutant A (st); k_; the desorption rate constant
(1/M) InH against, whereH is the height or the area under of A from the solid surface (3); k, the rate constant of
the curve of the sample peald,the response factor of the a possible first- or pseudofirst-order surface reaction of the
detector (1 for FID) and the time when the respective flow adsorbed analyte A (2); kapp the apparent first-order rate
reversal was made. The theoretical analysis depends eacleonstant of a chemical reaction of A with another substance
time on the phenomena being studied and the mathematicaB in the gaseous phase above the selid= 2D1/L§(s*1),
model employed. In most cases it leads to the sum (or dif- D; being the diffusion coefficient (cfis™1) in sectionz,
ference) of four, three or two exponential functions of time, anda, = 2D2/L§(s—1), D, being the diffusion coefficient

describing the diffusion bands, i.e. (cn? s~ in sectiony; and the dimensionless volurivg by:
HYM — Ay exp(Bit) + Ap exp(Baf) + A3 exp(Bai) y, = 2VeEmptye a1 (40)
+ A exp(Bat) (34) Ve @2

1u L1 andLy being the lengths of the sectiomsandy of the
H™™ = As exp(Bst) + Ag exp(Bst) + A7exp(B7t)  (35) diffusion column, respectively/s andV{ their gaseous vol-
umes ancd the external porosity of the solid bed.

A steady-state assumption for the adsorbed concentrations
leads toEq. (35) Instead ofEgs. (36)—(39)the following
relations are valid:

The physical content of the pre-exponential facthrs A,

Az, As4, As, Ag andA7 and the exponential coefficients of time
B1, B2, B3, Bs, Bs, Bg andB7, however is different each time,
depending on the mathematical model used, which in turn
depends on the physicochemical quantities being sought. ForXy = a2(1 + V1) + 2kapp = —(Bs + Bg + B7) (41)
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kik_1k> 2
Y1 = _ 1+ Vk k
1=aiaz + k1t +a2(1+ VDkapp+ kapp
= BsBg + BsB7 + BgB7 (42)
(a2 V1 + kappk1k—1k2
Zy= app) = —(BsBgB7) (43)

k_1+ ko

Using non-linear regression analysis personal computer pro-
grammes available from the authors, one can calculate the

exponential coefficients of timBy, By, B3, B4, Bs, Bg and

B7, and from them the auxiliary parametetsyY, Z, W, X1,

Y1 andZ;. Through these, with the help &qs. (36)—(43)
k1,k_1, k2, kappanday are computed. The, value is calcu-
lated in another experiment, using only A in the absence of
a second substance B, whig, = 0 in all Egs. (36)—(43)
Finally, the overall deposition velocityg (cms™1) and the
reaction probabilityy of the analyte A on the solid material
under study are found by the relations

k1V¢ (emptye ko
Vg = : 44
‘ As k1 + k2 (44)
1 (R N\ 1 1 (45)
y  \2rMgp Va 2

whereA is the total surface area of solid (E)nRg the ideal
gas constant (J& mol~1), Mg the molar mass of analyte
A (kg mol~1) andT the absolute temperature, K.

6.4. Experimental section for the reversed-flow gas
chromatography method

The RF-GC technique involves a flow-rate pertubation of
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Adsorbents were packed in columns made from Pyrex
glass. Before the adsorption experiments, the column with
the adsorbate was conditioned at 473 K for 24 h under a flow
of nitrogen, followed every time by the adjustment of the
working temperature. The flow-rate measured at the outlet of
the column was constant and equal to about 28min—?.

The conditioning of the solid bed by heating it at 473K
for 24 h under a continuous carrier gas flow is a necessary
work. After that the bed was cooled to the working temper-
ature. Then 1 crhfor example of hydrocarbon was intro-
duced through the injector at = L,. In the experiments
with Oz or NO,, 0.2 cn? of O3 (NO,) was injected after the
injection of 0.5cm of hydrocarbon and after that another
0.5 cn? of the hydrocarbon was introduced into the system.

As regards the experiments with liquids, a small quan-
tity of the liquid (e.g. 4x 10~3cm® benzene or toluene)
was injected through the end of colunia with 0.2 cn?
of O3 or gaseous nitrogen dioxide at atmospheric pres-
sure, and, after the appearance of the continuously rising
concentration—time curve, the reversing procedure for the ni-
trogen carrier gas flow started, each reversal lasting always
10s. This is shorter than the gas hold-up time in sedtion
andl’ of the sampling column.

Repeated flow reversals of the carrier gas flowing only
through the sampling column can be made, by means of
the four port-valve. The narrow fairly symmetrical sample
peaks (cfFig. 5 created by the flow reversals, were recorded
and their height was printed as a function of timeThis
procedure was done automatically by using an electronic
valve. The narrow fairly symmetrical sample peaks created
by the flow reversals were stored in a personal computer by
using the CLASS VP chromatography data system. Finally,

the carrier gas which is achieved experimentally simply by they were printed, by using an ink-jet printer. This was done
using a four- or six-port gas sampling valve and reversing first for the gas (hydrocarbon) only and secondly for any
the direction of flow of the carrier gas, usually for a short binary system (hydrocarbons

time interval. If pure carrier gas passes through the sampling The plot of InH versus experimental time is the diffusion
column, nothing happens on reversing the flow. If a solute band (cf.Fig. 6). Through the slope of these diffusion bands

comes out of the diffusion column at= 0 (cf. Fig. 3) as
the result of its diffusion into the carrier gas, filling the col-
umnzand also running along the sampling column, the flow

reversal records the concentration of the solute at the junc-

tion of the sampling column with that of the diffusion one,
at the moment of the reversal. This concentration recording

all the physicochemical quantities required are determined.

6.5. Experimental results and discussion of single gas
adsorption isotherms

In Table 1the differential isotherms and the integrated

has the form of extra chromatographic peaks superimposedones for PbO and two aromatic hydrocarbons are shown,

on the otherwise continuous detector signal kadi. 5). The
moment of injection is the time 0.

The chromatograph used was a Shimadzu 8A, slightly
modified, with an FID detector. The experimental arrange-
ment (cf. Fig. 3 was analogous to that used in catalytic
studies[114,126] which is very different from the others
used in the past (cfig. 4) [86,92,114,115]Here, thelL;
section (20.5-23.4 cm) did not contain any solid material,
while theL, (4.0-5.0 cm) contained the solid bed. Both sec-
tions Ly andL, were of Pyrex glass of I.D. 3.5mm. The
sampling columr’ + (40 cm+ 40 cm) was a stainless steel
chromatographic tube of 4.0 mm I.D.

while the integrated isotherms for this adsorbent as well as
for three others are plotted and shownrFig. 7.

In Table 2 the differential and the integrated isotherms
of Ethene on Penteli marble are presented. The difference
between the two Tables is that in the latter the experimental
set-up used was that Bfg. 4instead ofrig. 3corresponding
to the first case.

From these representative results, it is obvious that a
characterization of the adsorptive properties of the differ-
ent solids is possible. It is shown for example that PbO
has a much different behavior from the other oxides used
(cf. Fig. 7). That is, among Ti@, Cr,O3, Fe03, and PbO
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12.00 — covers a distance from @2x 108 to 12x 10 8molg?!
for the same hydrocarbons.

We believe that this method is to be preferred compared
to the classical inverse gas chromatographic methods, which
are elution techniques. This method has the following advan-
10,00 — tagedq83]: (1) it does not need an a priori isotherm equation;
(2) it accounts for the mass transfer phenomena; (3) it takes
into account desorption; (4) a sorption effect is absent; (5) it
b produces isotherms in the presence of a possible heteroge-
neous and also an homogeneous reaction in the gas-phase.

In addition, further advances were achieved recently: (a)
explicit calculation of the isotherms was not carried out as
described in Ref[83] but was based on further improved
| equationg79]; (b) the adsorption and kinetic measurements
were rendered independent of the diffusion coefficient of the
gas injected, which until then was determined independently,

6.00 w y w y w y w ] found in the literature or calculated theoretically, under dif-
0.00 40.00 80.00 120.00 160.00 ferent conditions, and used for the kinetic calculations; (c)
T (min) the experimental set-up does not include a denuder tube as
Fig. 6. Diffusion bands at 313.2K (from ReB4] more preciselyFig. 3 in the previous works, but a diffusion column containing the
of this with permission) of: #) Lcn? CzHy injected in ay-Al20; solid adsorbent or an ordinary catalytic bed. This arrange-
denuderl; W) 1cm? CoH injected in ay-Al203 denuder; &) 1cn? ment was first used in Reff116] but the results were based
C2Hy, injected in a void diffusion column:@) 1 cn? CyH, injected in a . .
void diffusion column. on linear isotherms. .
For all these reasons, the results based on this new ar-
rangement and the improved mathematical model of a
studied with benzene or toluene, the isotherms of the lastnon-linear adsorption isotherm are accurate. The present
oxide have the lower{ values. The shapes of all isotherms method gives accurate values of the kinetic constants stud-
remain unchanged. All the above lead to very different val- ied [94,95] because of the non-linear model isotherm
ues of the physicochemical constants determined, amongcalculation, helped by the use of a suitable personal com-
which the deposition velocity and the reaction probability puter program, as the non homogeneity of the surface of

In (cm)

8.00 —

are the highedg91,93-95] the oxides studied here does not permit a linear adsorp-
It is obvious that one can conclude safely and accurately tion isotherm model88]. A point worth mentioning is
about chemical reactivity (cflable 3. that comparison of these isotherms with others measured

An analogous behavior appears when the lead oxide isby established methods is impossible, since in the present
studied in the presence of aliphatic hydrocarbons. With the case we are dealing with local isotherms, with each value
exception of ethyne, all the other systems, i.eHg-PbO, referring to a particular adsorption energy changing with
C3Hg—PbO, 1-GHg—PbO and even £H,—PbO displaycg time, whilst those based on traditional methods are global
values up to1.2-16 x 10-8molg~1. The GH>—PbO sys- overall isotherms. Ideed, RF-GC givé8(p, T, )} while
tem exhibits much highet? values, while the iron oxide  {©(p, T)} is measured conventionally.

35 4

30 4
mg 25 A
(8]
g 20 ——toluene on TiO2
> -=—toluene on Cr203
o 15 o
= toluene on Fe203
> 10 A toluene on PhO
[&]

5 -

O T T T T T T 1

0 10 20 30 40 50 60 7O

c*/10°molg™

Fig. 7. Adsorption isotherms for PbO, £8;, TiO,, Cr,O3 with toluene. From Ref[79] with permission.
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1.0 complex chemical composition and porous structure cannot
be described by means of equations derived for homoge-
neous surfacel86]. Thus, for these more complex systems,
surface heterogeneity plays an important role and must be
taken into account in the physicochemical interpretation of
the adsorption proceg83]. Various forms of perturbation
chromatography have been used to measure pure-component
isotherms and in a few cases binary isotherms.

Gas-solid equilibrium isotherms of binary and more com-
plex systems are of significant theoretical and practical in-
terest. However, the experimental difficulties for complex
systems have led to limited data available compared to the
. - - immense amount of information data and models available

5 6 7 8 9 for single-component adsorption systefh&9].
¢/ 10*mol emy” In [89], a case study concerning binary gas—solid exper-
Fig. 8. Adsorption—desorption isotherm plots at 323.2K for the system imental adsorption isotherms are presented u;ing the te(_:h'
CsHe/PbO in a nitrogen atmosphere. Numbers in parenthesis are the Nique and the methodology of the RF-GC. This method is
energies of adsorption in kJmdl. From Ref.[109] with permission. a well known perturbation chromatographic one combin-
ing the simplicity with the accuracy used recently in study-

Furthermore, another evidence tlatrepresents a local  ing physicochemical constants in homogeneous gas phase
isotherm is its plot as a function af, in Fig. 8 It looks [120,121]and in heterogeneous as wgiH,87,94,95]
like a hysteresis loop of adsorption, but it is not, since the RF-GC is a dynamic method useful for measuring adsorp-
desorption (b) curve lies below that of adsorption (a). The tion isotherms at low concentrations. This method based

08 A

o

04

®)

0.0

latter corresponds to the ascending branckrigf 6, while on the mass—balance equations is useful for evaluating the
desorption is connected with the descending branch,of adsorption isotherms because it gives model-independent
{cf. Fig. 12cin this review, andFig. 2d in Ref. [109]}. results. The method is described and evaluated for the deter-

The separation of the desorption (b) from the adsorption (a) mination of the adsorption isotherms of two components in
curve is most probably due to irreversible adsorption of the gas—solid systems. The following adsorbents were included
adsorbate on the solid surface. The extent of irreversibly in this case study89]: iron oxide, zinc oxide, chromium
adsorbed analyte can be calculated as described elsewherexide, lead oxide and titanium oxide. The adsorption of two
[83]. The magnitude range of the adsorption energies pointssignificant aromatic hydrocarbons (benzene and toluene)
to a rather regular distribution model for the adsorption sites was investigated in the presence of an inorganic gas (nitro-
on heterogeneous surfaces, in the domain of chemisorption.gen dioxide).
The adsorption energy increasing withup to a maximum
close to unity for the latter confirms that different collections 6.7. Results and discussion of binary adsorption isotherms
of adsorption sites are involved at different times.
Usually in the studies of physical adsorption on hetero-
6.6. Gas chromatographic determination of binary geneous surfaces, the following procedure is applied: the
adsorption isotherms energy distribution function is evaluated from an overall ad-
sorption isotherm given in an analytical or tabulated form,
Gas chromatography in contrast to static methods is of from experimental adsorption d4d26]. Thus, the existence
considerable interest for studying adsorption at finite sur- of such a Table is valuable for studying the surface energy
face coverage, because it readily allows measurements ovedistribution.
a wide range of temperatufg17]. This technique provides Some representative results concerning binary adsorption
a means to determine the adsorption isotherms from whichisotherms are presented able 4 {from Ref.[90]} and
the surface area, porosity and surface en¢&%y118] are in Figs. 9 and 10{from Ref. [89]}, respectively.Table 5
determined. When adsorption takes place at finite surfacedemonstrates simple and binary adsorption isotherms for 10
coverage the isotherms are generally non-linear and henceheterogeneous systems.
retention volumes are dependent upon the adsorbate concen- The simultaneous adsorption equilibrium of a binary
tration in the gas phase. In addition, a non-linear isotherm gas mixture on a solid surface can be described by three
leads to asymmetrical peaks, the shape of which and the revariables:dc§/dcy, c§ andc, (or ¢g). Thus, two types of
tention time being dependent on the volume injected. isotherms are used for the description of adsorption equi-
The majority of papers devoted to single-gas adsorption librium: the differential and theintegral one. Both are
assumed that the surface of the adsorbent is homogeneougabulated for example ifables 2—6of Ref. [89] (first and
however, single-gas adsorption systems with adsorbatesecond column respectively) with the corresponding val-
molecules of complex chemical structure and adsorbents ofues ofc,. From these tables, it is seen that the adsorbed
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Fig. 9. Binary adsorption isotherms of pure benzene and of benzene-nitrogen dioxide on the five {$mials,Ref. [89] with permission,

Fig. 3} as follows: (GHg—NO»~ZnO, GsH—ZnO); (GsHe—NO»~Cr203, CsHg—Cra03); (CsHg—NO2—PbO, GHg—PbO); (GHg—NO,—TiOz, CsHgTiO2):
(CeHe—NO2—F&03, CeHg—Fe03).

amountcg is not a unique function of the gas phase con- time. It is a usual experimental finding fay, to increase
centrationc,, as expected from an ordinary conventional with time initially, pass over a maximum and then decrease
adsorption isotherm. It seems as that a single partial pres-exponentially with time. Two different times may exhibit
sure corresponding t@, can produce two different surface the same value foc, one in the ascending branch and the
coverage at some areas. This behavior stems from the facbther in the descending one. But these do not correspond to
that Eq. (3)does not give the total monolayer coverage of the same value for the adsorbed concentratfgrsince dif-

the entire homogeneous surface, but it itoeal adsorp- ferent kinds of adsorption sites contribute to the adsorption
tion equation for a heterogeneous surface, sweeping it overprocess in the two above cases, i.e. at two different times.
the various active sites of different adsorption energy with It follows that isotherm graphs similar to the conventional

25 +

20 +

=
6]
J
1

10 +

cs*/10° mol g'1

time/min

Fig. 10. Binary adsorption isotherms of pure toluene and of toluene—nitrogen dioxide on four §ivbds,Ref.[89] with permissionFig. 5} as follows:
(C7Hg—NO2—-Zn0O, GHg-ZnO); (GHg—NO,—Cr203, C7Hg—Cr03); (C7Hg-NO—PbO, GHg—PbO); (GHg—NO,—Fg03, C7Hs—F&03).
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ones can be obtained by plottirg as a function of time. range 0.991-0.999) presenting a remarkable goodness of fit
Figs. 9 and 1@ive some examples. for a non-linear regression analysis. Tietest of signifi-

In these figures the pure-aromatic isotherms as well as thecance for the smallest found, shows that is highly signifi-
binary aromatic hydrocarbon—nitrogen dioxide ones on the cant, with a probability to be exceeded smaller than 0.05%.
same oxides are presented. The only experimental differenceThese coefficients, which in addition to the reasons given
between pure aromatics and binary adsorptions is the presbelow, permit us to reinforce the validity of this method.
ence of nitrogen dioxide in the lattetndrocarbord UNO, = The same personal computer progr§] can also print
20). the values of the exponential coefficients together with their

In six systems: @Hg—NO,/PbO, GHg—NO,—TiOy, standard errors (cfTable §. The errors found in all runs
CsHe—NOx—Fe 03, CyHg—NO,-TiO,, CyHg—NO,—ZnO carried out in the works mentioned above are reasonable for
and GHg—NO,—CrO3, a displacement to higher adsorption physicochemical constants.
values, as compared with the respective pure aromatic com-
pounds, is noted, under the same experimental conditions.g.8. Comparison of the reversed-flow gas
In three other cases:78l3-NO;—F&03, CgHe—NO—-ZnO chromatography with other methods
and GHg—NO,—Cr,O3, the displacement is opposite, i.e.
to lower values. Finally, the systems;g—NO,—PbO and A complete statistical description of real multi-component
C7Hg—PbO show about the same adsorption isotherms.  adsorption systems is still a unsolved problem. Thus, ap-

Among TiG,, F&0s, Cr203, ZnO and PbO studied with  plications of this treatment for characterization of real
benzene or toluene in the presence of nitrogen dioxide, theadsorption systems and prediction of adsorption from multi-
isotherm of the last oxide with benzene has the smallest val-component mixtures is impossible at present; in addition,
ues ofcg, while the TiG has the highest. The shape of the the further complication introduced through the heterogene-
isotherms remains always unchanged. The maximum valuejty of the surface makes a full statistical thermodynamic
for c, corresponding to a certaiij may be due to a comple-  treatment untenablig6].
tion of a monolayer of adsorbed molecules. Further increase  Of the classical methods for measuring adsorption, only
of c¢§ can be interpreted as due to multilayer adsorption, volumetric methods have been used to measure binary ad-
causing a decrease @y [83]. All the above lead to very dif-  sorption equilibrium[122]. These methods lack the speed
ferent values of the physicochemical constants determined,precision and temperature range of the RF-GC method.
among which the deposition velocity and the reaction prob-  When using the elution method (the best one among the
ability are the highes84,94,95] older GC methods) to obtain the adsorption isotherms, the

Itis believed that RF-GC offers a simple way to draw safe sorption effect, that is to say, the change in gas flow-rate

and accurate conclusions about chemical reactivity of many caused by the sorption or desorption of the solute molecules
systems, which can be investigated with the RF-GC methodin the stationary phase causes the greatest error in the

based on these experimentally obtained isotherms.One cansotherm determinatiofl22,123]

see that the present method giVGS accurate values of the ki- |n the RF-GC method the Sorption effect is non-existent.

netic constants studied (cfables 6-J, [94,95]includinga  Besides this method has the following advantg§8s94,95,
non-linear model isotherm calculation, with a suitable per- 124,125]

sonal computer program. Non-homogeneity of the surface,
like that of the oxides studied does not permit a linear ad- (1) the diffusion and resistance to mass transfer are not ne-
sorption isotherm model. glected;
Thus, one can conclude safely and accurately about chem{2) pressure gradient is negligible along the bed;
ical reactivity and kinetic§89,90] and give correct expla-  (3) it leads directly to an experimental isotherm without
nations for the systems examined and many other based specifying a priori an isotherm equation;
on these experimentally obtained isotherms. The reason is(4) the isotherm can be determined in the presence of a
that kinetic parameters are closely related to the existing  surface reaction of the adsorbate;
adsorption isotherm, depending strongly on the adsorption—(5) it is simple and fast;
desorption phenomena. Thus, some representative kinetid6) it has an acceptable accuracy.
constants namely: the dynamic adsorption rate constants
(k1), the desorption rate constanks {), the surface reaction  6.9. Calculations of the energetic physicochemical
rate constantsg) for five aliphatic hydrocarbons inthe pres- quantities (adsorption energy, local monolayer capacity,
ence of NQ are presented iflables 6-7The two squared  c},4, lOcal adsorption isothermy,, energy distribution
correlation coefficients denoting the goodness of curve fit- function,¢(e), and lateral interaction energy3)
ting of the four and the three exponential equations of the
improved mathematical model used, are presented also. Reversed-flow gas chromatography is extended to the
In all kinetic experimental results obtained by RF-GC, measurements of the probability density function for the
which have been published the squared correlation coeffi- adsorption energies as well as the differential energies of
cientr? was in the range 0.9-0.999, (and in most cases in theadsorption due to lateral interactions of molecules adsorbed
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on different heterogeneous solid surfaces. All these calcula--,: 10
tions are based on a non-linear adsorption isotherm model a<g
it is well accepted that the linear one is inadequate for sub- =
stances such as these used in practical applications. Thusi;
some new important physicochemical parameters haveNE
been obtained for the characterization of the heterogeneouse
systems studief113,126,127] The adsorbents used were

calcium oxide, magnesium oxide or Penteli marble. The ad-
sorption of many significant hydrocarbons was investigated.

Table 9 shows some representative results, while in (a
Table 10the standard errors of the pre-exponential fac-
tors and the exponential coefficients responsible for the
estimation of values iTable 9are presented.

The calculations of the energetic physicochemical quan-
tities e, cj a0 Ot ¢(€) andg pertaining to heterogeneous sur-
faces, start from the diffusion bands of RF-GC experiments
(cf. Fig. 6 of this review orFig. 3 of Ref.[92]) by recording
the pairsH, t and calculating the pre-exponential factdgs
Ay, Az andA4, and the time coefficient81, By, B3 andBa.

By entering the pair values &, t into the DATA lines of a . ‘ ‘ . , ,
non-linear regression analysis GW- PC programme, togethetr 0 20 40 60 80 100 120 140 160

o(et) (1

O)O—*I\JOOA OO N O

5 70 75 80 85 90 95 100 105
& (kJ mol™)

=

—_

)

O =2 N WhHOOoO N OO

s

o(e;t) (102 mol kJ”! min

with the other unknown quantities in the INPUT lines, the (0) t(min)
physicochemical parameters and functions exposed and de
fined inSection 6.2are calculated and printed. These calcu-
lations are based on the Jovanovic local isotherm model. It _ %7
should be stressed that the relations given in3eetion 6.2 @ 06
describe all the quantities cj,4, 0t ¢(€) and g as analytic E 0,5
functions of time. g 04
Figs. 11-16plot graphicallys, 6, ¢(¢), B 6, andc,, as g 0,3
functions of time, using suitable software (e.g. Excel). Thus, g 02
a time resolved analysis was performed. All the maxima 04|
and minima observed are appeared before a steady stat 0.0 . . | . , . .
establishment. On the other hand, in the same Figyrasd o 20 40 60 80 100 120 140 160
¢(¢e) are plotted versus adsorption enetgyiore precisely, () t(min)
the six Figures mentioned above presented: Fig. 11. Plots of: (a) distribution functiop(e; ) against adsorption energy

e Fig. 11a plots of distribution functionp(e; 1) against ad-  Valuese, (b) distribution functiong(e; 1) as a function of time, and (c)
the lateral molecular interaction energly; (dimensionless) as a function

sqrption energy V.alu_es f_or C2H6’_ on CaO at 323'2}(; of time for GHg, on CaO at 323.2K. From Ref113] with permission.
e Fig. 11h plots of distribution functiom (¢; r) as a function

of time, for GHg, on CaO at 323.2K;

e Fig. 11c plots of the lateral molecular interaction energy
B0; (dimensionless) as a function of time foplds, on
CaO at 323.2K;

e Fig. 12a plots of local adsorption energy as a function
of time for GHg, on CaO at 323.2K;

e Fig. 12h plots of local adsorption isotheréhas a function
of time for GHg, on CaO at 323.2K;

depend strictly on the adsorption energy value, irrespective
of the time when this was measured. The shape of these
curves resembles that given by Adamson and I[28], as
exemplified by Rudzinski and Everrgtl]. The big differ-
ence is that in this case all the physicochemical quantities
are obtained experimentally and not analyticglly,36] As
¢ Fig. 12c plots of gaseous adsorbate concentratipas a regards.the f:omh_parisol? of dt_heBenkergy diztrsibuti;g function
function of time for GHg on CaO at 323.2K. versus time, in this work and in Bakaev and St¢&&s],one
can see a similarity with the exception that our first is an
In Figs. 13-16 an analogous behavior for two others experimental one, while that of Bakaev and Steele coming
gases, with the same adsorbent is presented. through simulation. As regards, on the other hand, the com-
Some curves show an initial and a final part which deviate parison of the energy distribution function versus energy of
from the main experimental part. Most of the experimental adsorption, the shape of the curves is always a Gaussian, also
measurements fall on the same curve, irrespective whetherexperimental.
they correspond to the ascending or the descanding branch From all figures in Ref[113], a different behavior for
of the ¢, versust curve. Thus, the local isotherm values the different heterogeneous systems is observed. Thus,
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Fig. 12. Plots of: (a) local adsorption energy (b) local adsorption
isothermd; and (c) gaseous adsorbate concentratipms a function of
time for GHg on CaO at 323.2K. From Ref113] with permission.

~ 10,
S 9
£ g
)
X 74
© )
£ 6
5]
2 4
= 31
Y
T 21
14
5 60 65 70 75 80 85 90 95 100 105
(a) £ (kJ mol?)
10,

o(et) (102mol kd'min
O FRP NWPMDMOU O N 0O

140 160

/-\
&
(=2
o
N
o
o
S
o
3
")
58
2
2
-
o
IS
[N
o
S

PR PN
o © o

B6 (dimensionless
Scoprppkrpk
OO 0O N A~

o o
(SIS

o
[=)

0 20 40 60 80 100 120 140 160
(c) t (min)

Fig. 13. Plots of: (a) distribution functiop(e; r) against adsorption energy
valuese, (b) distribution functiong(e; 1) as a function of time, and (c)

the lateral molecular interaction energly; (dimensionless) as a function
of time for GHy, on CaO at 323.2K. From Ref113] with permission.

with a simple inverse gas chromatographic technique, Somegt many efforts during the last two decades for characteriz-
very important for the surface chemistry quantities can jng heterogeneous solids by calculating adsorption energy
be determined for the solid study and characterization, gistripution functions from retention volume data. All these
especially when heterogeneous surfaces are under investiygrks offer approximate functions or values through ap-

gation. Then, all above local quantities are determined from proximate solutions without any determination of the actual
the experimentaH, t pairs by a nonlinear least-squares g|yes of adsorption parametdas].

method, through some suitable relations mentioned above o g|| the classical methods for measuring adsorption en-

in Section 6.2

6.10. Advantages of the reversed-flow gas
chromatography method

ergies, isotherms etc. none has led to local values. These
methods lack the precision and the possibility of the RF-GC
method. Difficulties like these led scientists to turn to nu-
merical solutiong85,89,117,118]

The RF-GC method has the following advantaf@3589}

Adsorption isotherms and surface energy distribution (1) it is simple and fast; (2) it is accurate; (3) the diffu-
functions on heterogeneous surfaces have been the subjedion and resistance to mass transfer are taken into account
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Fig. 15. Plots of: (a) distribution functiop(e; r) against adsorption energy
valuese, (b) distribution functiong(e; 1) as a function of time, and (c)
the lateral molecular interaction energy; (dimensionless) as a function
of time for GHz, on CaO at 323.2K. From Ref113] with permission.

Fig. 14. Plots of: (a) local adsorption energy (b) local adsorption
isothermé; and (c) gaseous adsorbate concentratipas a function of
time for GH4 on CaO at 323.2K. From Ref113] with permission.

while pressure gradient along the bed is negligible; (4) tion between the mobile and the stationery phase, nhon-sharp
it leads directly to experimental isotherm without speci- input distribution of the analyte. Also, the results of RF-GC
fying an isotherm equation a priori; (5) the isotherm can do not need extrapolation to infinite dilution and zero
be determined in the presence of a surface reaction of thecarrier gas flow-rate to approximate true physicochemical
adsorbate. parameters.

Regarding the stopped flow technique the RF-GC one Beyond that, it creates a domain of time-resolved chem-
surpasses as it does not need the continuously switch-istry for surfaces, which provides experimental local values
ing from a flow dynamic to a static system and vice of adsorption energies, adsorption isotherms, monolayer ca-
versa, by repeatedly closing and opening the carrier gaspacities, probability density functions and lateral molecular
flow. interactions. Thus, all physicochemical quantities mentioned

Moreover, RF-GC does not depend on retention times, above can be determined as functions of experimental time
broadening factors, and statistical moments of the elution by means of a simple personal computer program, the LAT
bands, due mainly to non-linear isotherms, non-negligible one[112,113]and the plots can be provided through a suit-
axial diffusion in the column, non-instantaneous equilibra- able software (e.g. Excel).
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1051 The main scope is the description and characterization of
1001 new and modified materials. Another interesting field is the
=~ 95] study of synthetic adsorbents by the IGC. Thus, IGC was

g 90 | utiIizgd to explore properties of se\_/eral materiflS0].

2 g5 Special report§132—-138]have been included among oth-

- ers in this contemporary review. In addition, a new book

80 1 .

by Poole[139] presents a comprehensive survey of modern
& chromatography. In general, the book is an excellent source
70 1 of information on all aspects of chromatography. Several
6 0 20 40 60 80 100 120 140 160 new tOp'.C s ha\{e a[s ° bgen prgsented.

@ t (min) 1_'he discussion in this s_ectlon focuses on repo_rts where
solid adsorbents are described or characterized with empha-
sis on new or modified materials. The more contemporary

1.0, and representative applications will have been presented.

g'g: The concept of Integral Adsorption Equation has been

0:74 widely used since its introduction by Ross and OlijiEs].

061 Given a local model, which expresses the adsorbed mass as
> 05/ a function of temperature and pressure on an energetically

0,4 homogeneous surface, it is possible to calculate the corre-

0,31 sponding adsorbed mass on a heterogeneous surface.

0,2 ef

0,11 m(T, P) =/ fm(T, P, &) F(¢) de (46)

00 20 40 60 80 100 130 140 160 o

(b) t (min) wherem is the adsorbed local mass$,and P the corre-
sponding temperature and pressurethe adsorption en-

16. ergy andF(e) the energy distribution function for a given
1) adsorbate—adsorbent system.

— Such a procedure has been applied to well known adsorp-

g 129 tion local models and for simple mathematical expressions

5 104 of the energy distribution function. The analytical form of

E 8 F(e) is assumed a priori. The parameters of the energy distri-

s 6 bution function are determined by minimization of the dis-

4 | crepancies between experimental and calculated isotherms.
2 Eq. (46) being solved by analytical or numerical way de-
0 ' ' ' ' ' ' ' , pending on the mathematical expressions choserFey
0 20 40 60 80 100 120 140 160 andmyecq. It is sometimes possible to determine analytically
(© t (min) F(¢) without assumption on its analytical expression using

Fig. 16. Plots of: (a) local adsorption energy (b) local adsorption & 9IVeN form forw(T, P) and Ia'SImpIe local model. For ex-
isothermé; and (c) gaseous adsorbate concentratipras a function of ample, the Freundlich, Dubinin—Radushkevich and Temkin
time for GH, on CaO at 323.2K. From Ref113] with permission. empirical overall isotherm equations can be related to the
Langmuir local model using respectively a decreasing expo-
nential, a Gaussian and a constant energy distribution func-
7. Characterization of materials through tion [140].
adsorption isotherms Some author$l41-144]have tried to correlate the en-
ergy distribution function which is characteristic of the
Gas adsorption has for a long time been a standard tech-binary system adsorbate—adsorbent to the pore volume dis-
nigue to study solid adsorbents and to characterize surfacegribution function. This correlation can be easily established
with respect to their area and porosity. Some remarkable for activated carbons. Indeed, it is commonly assumed that
reviews by Poole and co-workef$29] and Eiceman et al.  activated carbons exhibit an energetically homogeneous
[130] and a book by Poole and Schuefte31] should be surface. Their apparent heterogeneity on the energetic point
useful with a growing trend in stationary phase offerings. of view is linked to their heterogeneous geometric struc-
Discussion of methods to characterize the chromatographicture. The integral adsorption equation concept coupled to
properties of stationary phases can be found in the abovean efficient modelling of the correlation between the energy
mentioned revieWl29]. Thus, inverse gas chromatography distribution function and the pore volume distribution func-
(IGC) is a prominent method for exploring surface structure tion allow the determination of the pore volume distribution
and interactions between solid surfaces and probe solutesfunction of such solids from adsorption experimental data.
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The main advantage of such a function compared to theand utilization of so obtained synthetic spherical carbon
energy distribution function is that it can be considered as adsorbents to blood hemoperfusion, i.e. sorption of toxins
a characteristic of the adsorbent itself. directly from patient’s blood.

The availability of such functions is very interesting. Gierak and Seredycfl54] have reviewed the methods
Indeed, the adsorptive properties of activated carbons areof preparation and modification the surface properties of
widely governed by their porous structure, which is not synthetic carbon adsorbents, obtained by carbonization of
the case for other sorbents like silica gels for which the different porous organic polymers. They paid special at-
adsorptive properties are mainly due to their surface het- tention to applications of these adsorbents to trace analysis
erogeneity. Different approaches have been used for theof organic pollutants in environmental samples. Thus, the
determination of the pore volume distribution function physicochemical properties of synthetic carbon adsorbents
of activated carbons. Huber et dll45], Dubinin [146], are superior compared to those of the “traditional” active
Jaroniec and Pietrowsh|47] have extended the basic carbon materials.

Dubinin—Radushkevich equation considering it as a local From this point of view and for that reason the con-
model in Eq. (46) They have introduced a pore volume tribution of Katsanos and Roubani-Kalantzopould5],
distribution function of the characteristic energy, which Presented at the 4th International Symposium on the Ef-
has a physical meaning similar to the adsorption energy. fects of Surface Heterogeneity in Adsorption and Cataly-
The characteristic energy has been related to the pore sizesis on Solids, in Poland, under the title “Time separation
of activated carbon§l48] so that it is possible to replace of surface heterogeneity through experimental measurement
the pore volume distribution function of this characteristic of adsorption energies, local monolayer capacities, local
energy by the corresponding pore volume distribution of isotherms and energy distribution functions by inverse gas
the pore size. This procedure is rather simple. It allows the chromatography”, seems to be an interesting one. All physic-
determination of a pore volume distribution function, which ochemical quantities mentioned above can be determined as
should be independent of the adsorbate. Thus, it should befunctions of experimental time. This creates a domain of
possible to simulate adsorption isotherms of a given adsor-time-resolved chemistry of surface, used to reach important
bate on a given carbon, using the pore volume distribution conclusions regarding adsorption sites useful for character-
function of this adsorbent predetermined from adsorption ization of new synthetic adsorbents.

data relevant to another adsorbate. Another interesting work is that from Terzyk et f156],

A third approach consists in using classical models such where different methods of the calculation of fractal dimen-
as the Langmuir, Volmer, Fowler—-Guggenheim and Hill-de sion of adsorbents are shortly reviewed. Freshly projected
Boer models as local theory Eq. (46) [144,149-151] algorithms are applied to calculal® for two systems pre-

Frere et al[140] have proposed a method for the deter- viously studied by Rudzinski et al., and the results are com-
mination of the micropore volume distribution function of pared. Further a modification of the recently derived fractal
activated carbons. This method is based on the integral ad-analogue of the Dubinin—Astakhov adsorption isotherm
sorption equation. The micropore volume distribution func- equation was proposed to take into account the effect of
tion is assumed to be a Gaussian of which the parameteramultilayer adsorption. I{157], an attempt for estimation
are unknown. These parameters are determined using adef micropore size distribution function from adsorption
sorption isotherms of carbon dioxide on a given activated isotherm of nitrogen and benzene has been done. Accord-
carbon. Several local adsorption models are used (Langmuir,ing to the “patch-wise” model of surface topography the
Volmer, Fowler—-Guggenheim, Hill-de Boer). experimental (global and not local as [it55]) adsorption

Among the numerous materials applied in adsorption, isotherm represents an average over all values of the pore
synthetic carbon adsorbents are of the most interest for theirdimension/adsorption energies existing on the gas—solid in-
unigue characteristics such as high thermal stability and terface. Such formulation of the problem leads again to the
chemical inertness as well as regulated porosity and surfacdinear Fredholm equation of the first kind.
chemistry[152,153] Synthetic carbon adsorbents are char-  Although the introduction of porous polymers in gas—solid
acterized by a high degree of purity, high thermal stability chromatography has provided a solution to many analytical
under inert atmosphere conditions and electrical conductiv- problems, there remains considerable interest in inorganic
ity, hardness and resistance to corrosion. Because of thesadsorbents. Among adsorbents, silica gel has been one of
properties they find many applications. For its application the most thoroughly researched and characterized materials,
in adsorption or in chromatography, adsorbent materials since it offers surface properties covering a wide range of
should have suitable sorption properties, and this concernsacidity, surface reactivity and pore structure. Thus, in an in-
not only the sorption capacity, but also the texture of the vestigation of Faramawy et glL58], various surface mod-
carbonized material. Unique properties of carbon obtained ified silica gels have been evaluated as stationary phase in
by carbonization of polymers permit utilize these materials gas chromatography with special emphasis on the role of
for special purposes, for which they are practically indis- surface reactivity and pore structure.
pensable. For example Gierak and Seredjths4] have Solid surfaces of practical interest are energetically het-
described the method of carbonization of organic polymers erogeneous. Silicoborate glasses are not an exception. Such
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glasses are extensively used in many material fields as fibores Phenol adsorption on carbonaceous materials, particularly
in reinforcing plastics, adsorbents, in chromatography, elec- activated porous carbons, is currently studied with respect
tronics, etc. In all these uses their surface energy and, moreto water pollution and the removal of phenol and its deriva-
exactly, the distribution of active sites on the glass surface, tives by adsorption. Thus, phenol physisorption on a series of
plays an important role. Among other techniques, gas—solid porous and non-porous amorphous carbons was studied by
adsorption is generally recognized as the most important Bertoncini et al[170]. The simulated adsorption isotherms
for studying the energetic heterogeneity of solid surfaces were compared with experimental results. Other character-
[69,159-162] Thus, Rubio et al. have studied the adsorption istics published are adsorption energy distribution functions,
isotherms of methanol on four sodium silicoborate glasses distribution of molecules according to gas—solid energy, and

as well as the adsorption isotherms of methandigxane, local isotherms.
benzene and-butylamine on SBI glasf9]. These results Evaluation of adsorption properties of low surface area
are quite similar to those obtained by Hsu et[&@b] and and comparison of experiments with a theoretical study have

Jagiello et al.[163]. In all cases the laboratory prepared been published by Kluson and Scdif&1]. More precisely,
sodium silicoborate glasses slowed the same behavior andadsorption isotherms of nitrogen, argon and methane were
in most cases the commercial E-glass did not fit the results.experimentally measured on low surface area graphitized
This led us to the conclusion that the constituents of the carbons and natural graphite.
E-glass other than Silor B,O3 (such as CaO, AD3) cre- Ribeiro Carrott et al[172] have studied the adsorption of
ate another kind of heterogeneity on the glass surface. nitrogen, neopentan@;hexane, benzene and methanol for
Bakaeva et al70], have studied the heterogeneity of the the evaluation of pore sizes in silica grades of MCM-41.
glass fiber surface from inverse gas chromatography. TheThe adsorption isotherms of all these systems have been
authors referred to some previous works emphasize that thedetermined.
calculation of the site energy distribution from adsorption A somehow different application is that concerning the
IGC data is certainly not new, as it is reviewed many times, modeling of flavor release using inverse gas chromatogra-
i.e. by Katsanos et a[114], as well as in Rudzinski and phy-mass spectrometf$73].
Everett[11], Jaronied164] and Papirer and Balard 65]. On the other hand, protein interactions with solid sur-
The new in their work is that they obtain not only the en- faces can affect the performance of many materials and
ergy but also the entropy distribution and the entropy/energy processes, in areas ranging from medicine to biochemical
relationship for sites. engineering. Particuraly, adsorption of proteins on micro-
Since polyaromatic hydrocarbons and polychlorinated spheres (monodisperse latex particles) is of great interest
compounds are important pollutants in soil, Erhey et al. for biochemical applications. Thus, Baptista et [dl74],
[166] have determined the adsorption isotherms for naphta- concluded that protein adsorption onto solid surfaces is con-
lene, phenanthrene, hexachlorobenzene, and pentaclorophdrolled by the properties of the support surface, the nature
nol as model compounds on soil using an experimental of protein molecule and the solution conditions.
technique based on frontal analysis chromatography. One of rapidly developing fields of materials chemistry
In another work[167] the effects of concentration and is synthesis, characterization and application of nanoporous
temperature of 23 volatile organic compounds on Carbo- solids. These materials exhibit remarkable structural and sur-
trap B have been determined using frontal chromatography.face properties, which make them suitable as adsorbents,
Thus, original isotherms have been produced and adsorp-chromatographic packings, catalysts and catalyst supports.
tion parameters based on the Langmuir, Freundlich, andA proper characterization of porosity and surface properties
Dubinin—Polyani adsorption models have been calculated. It plays a key role in synthesis and application. Gas adsorp-
is only recently that effects of chronic exposure to ambient tion appears to be the most suitable characterization method,
atmospheric levels of these compounds have been taken intssince it allows information to be obtained about both pore
consideration. Recently, Hsiech and CH&68] proposed size distribution and surface characteristics of the materials.
an adsorption isotherm model for two types of volatile or- From this point of view, Kruk et al[175] have published a
ganic compounds on a heterogeneous carbon surface. Theomparative analysis of simple and advanced sorption meth-
Langmuir isotherm was used as a local isotherm for describ- ods for assessment of microporosity.
ing heterogeneous surfaces to obtain the adsorption energy From another point of view a basic study of the sub-

distribution. monolayer physical adsorption through local isotherms has
Inverse gas chromatography has been used by Inel et albeen published recently by Steele and Botfni6,177]
[169] to evaluate the adsorption parametersH( AS Simulations of the adsorption of nitrogen on several model

AG) of some probes, each representing a class of organicsheterogeneous surfaces are analyzed using an alternative
(n-hexane, cycloexane and benzene) on zeolites as well aglescription in which the surface is treated as a collection
to construct the adsorption isotherms. A brief review of the of supersites, each of which can hold 5-6 molecules in
different methods used to calculate the adsorption parame-the complete monolayer. The local isotherm that is used
ters in finite concentration and infinite dilution regions was to describe the sub-monolayer adsorption on a supersite is
included. taken to be the truncated virial isotherm. The advantages
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and disadvantages of this approach are discussed and iindustry is the main industrial source of troposphere volatile
is concluded that the supersite concept is a promising ap-hydrocarbons.

proach to the description of adsorption on realistic models The more reactive hydrocarbons are expected to perform
of heterogeneous surfaces. a key role in the formation of secondary pollutants in ur-

A key ingredient in the analysis of an adsorption process is ban areas close to emissions sources. What is really impor-
the accurate and thermodynamically consistent descriptiontant is the kinetic study of interaction of these hydrocarbons
of the equilibrium behavior of the system. Apart from pro- with pigments, which consists the coloured basis of differ-
viding the limiting amount that can be adsorbed at given con- ent paints of works of art. On the other hand, it is known
ditions, the isotherm or model of the gas—solid equilibrium is that any heterogeneous reaction between a solid and a gas
important to the analysis of transport processes in the adsor-consists of the following four basic steps:

b_e ntand the ass_omated uptake dynaml_cs. Consequently con(-l) Mass tranfer of the gas reactant to the gross exterior
siderable attention has been devoted in the literature to the . .

. ) . surface of the solid material.
development of isotherm models for single and multicom- (2) Diffusional transfer of the gas in and out of the pores
ponent systems. Ding and Bhafib/8] have re-formulated

. . of the solid.
fg\?v V;ﬁ;g?;/cteh degr)éo%t/:gi?ac:tp#grr]ng\:glrjlgI;)etrhn?i t?nzsir_;cgg_n (3) Adsorption (rather activated) of the gas at the interface.

velopment of thermodynamically consistent isotherms (4) Possible surface chemical reaction of the adsorbed re-
’ actant.

Steps 1-3 can be simplified by considering two overal
8. Characterization of materials through kinetic mass transfer coefficients, one in the gas phase and one in
guantities based on experimental adsorption isotherms the solid phase. It is their ratio that gives the equilibrium
constant for the distribution of the gas between the solid and
The RF-GC method offers many possibilities for physic- gaseous phases, according to the linear isotherm model. But
ochemical measurements, as rate and distribution constantsas mentioned elsewhere, the linear model is inexact when
experimental isotherms, deposition velocities and reac- treating with inorganic oxides and sulfides. For this inade-
tion probabilities, mass transfer coefficients, all pertaining quacy the non-uniformity of the surface sites is above all the
to the mechanism of homogeneous and/or heterogeneousnore responsible. For that reason the linear model is aban-
reactions. doned and replaced by the directly measured experimental
In this section, some cases studies referring to the physic-isotherm.
ochemical behavior and characterization of some important Reversed-flow gas chromatography was used to study the
materials under different atmospheric conditions have beenkinetics of the action of five hydrocarbons namely, ethane,

collected: ethene, ethyne, propene and butene and of the nitrogen diox-
ide, on three known and widely used pigments, the white
8.1. Case study 1 one TiQ, and the yellows CdS and PbCy(®1].

The calculation of kinetic parameters and mass transfer

The surface-coating industry is indeed an ancient one. Thecoefficients is based on an experimental adsorption isotherm.
origin of paints dates back to prehistoric times. It has been in All these calculations are based on a non linear adsorption
more recent years, however, that the surface-coating industryisotherm model as it is well accepted that the linear one
has made its greatest strides, which can be attributed to thds inadequate for inorganic substances like these mentioned
results of scientific research and the application of modernin this work. The inadequacy is mainly attributed to the
engineering. Pigments are coloured, organic and inorganicnon-uniformity of the solid surface. Five physicochemical
insoluble substances, which are used widely in surface coat-parameters have been obtained for each of the twenty het-
ings. White lead, zinc oxide and zinc chromate (lithopone) erogeneous reactions studied. With these systematic experi-
were once the principal white pigments. Today titanium ox- ments under conditions which are similar to the atmospheric
ide in many varieties is almost the only white pigment used. ones, an extrapolation of the results obtained«toeats>
Coloured pigments consisted among others of lead chro-atmospheres with a high degree of confidence is possible.
mate, and cadmium sulfide. Both of them are yel[&4]. Some of the calculations were based on the linear model for

The industrialized society of the 20th Century, as it is comparison.In the present work a physicochemical study of
known, has caused a radical change in the conditions ofthe reactions between each of the three pigments and the
preservation and conservation of monuments, buildings andsix gases is carried out, according to the non-linear model,
metallic structures, and the atmospheric pollution associatedwith this new chromatographic technique known as RF-GC.
with industrialization is currently threatening extinction for Some of the calculations were based on the linear model for
both cultural heritage and nature itself. General industrial comparison.
emissions come mainly from evaporation during the storage, From all these physicochemical quantities measured un-
transportation and utilization of organic chemicals. Whilst der the same experimental conditions, it is obvious a much
emissions occur from a variety of industries, the petroleum more different behavior of the three pigments as well as
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of the six gaseous reactants. This is justified by the differ- CxHy + NO, — (CiHyNO)
ent chemical compositions of them. Among the solids,sTiO Secondary Pollutant
seems to be the most reactive and CdS the less. Among the | T 1 T l T
hydrocarbons, the unsaturated ones are more reactive than

the saturated ethane, and the hydrocarbons with the lowe

molecular weight exhibit the highest reactivity. Nitrogen (CHy) ad (NOy) ad (sec. pollutant)ad
dioxide on the other hand has a significant attack by itself
and it is possible by means of RF-GC technique to measurg )t 1 | 1
precisely its recognized attack.

Thus, by means of the constakisk_; the reversible phe- (final product); (final product), (final product)s

nomena of adsorption—desorption, taking place in the gas-
solid boundaries, are studied in a quantitative level (order of
magnitude 103), while through thek, (order of magnitude
10-°), any irreversible phenomenon can be investigated.
Contrarily to other techniques, either chromatographic or
not, which take the adsorption phenomena as negligible, all
k_1 values provided by this one lead to more realistic models
and mechanisms. Moreover, the mass transfer coefficients re-
lated directly to the adsorption—desorption phenomena pro-the experimentally obtained deposition velocities and reac-
vide a steady scientific basis for kinetic data interpretation. tion probabilities in most cases. Among the various kinds of
Finally, the experimental data concerning diffusion coef- the hydrocarbons studied with the RF-GC technique, some
ficients, rate constants etc are in good agreement with theof them appear more reactive than the others. Obviously, to
results obtained by other scientific groups with the same or explain the influence of N@on the various physicochemical

Pigment surface

Fig. 17. Possible homogeneous and heterogeneous interactions among
pollutants and pigment surface. From RE5] with permission.

other techniques. parameters, one needs some knowledge about the detailed
mechanism of the phenomena, which almost certainly in-
8.2. Case study 2 clude blocking of adsorption active sites by N@olecules

or creation of new ones by it. The kinetic model that de-

The RF-GC method is a powerful tool for the investigation scribes these gas—solid interactions may be the following.
and study of all corrosion phenomena through some simple When the pollutants reach the pigment surface, an ad-
chromatographic experiments. Lately this method has beensorption process is possible leading to the adsorbed species
successfully applied to the study of the impact of air pol- and followed by the final products of the heterogeneous re-
lutants, organic and/or inorganic, on many solids such asactions. The product of the possible homogeneous reaction
marbles, stones, etc. The present wigk], focuses on the  may have the same behaviour. All these interactions may be
determination of kinetic quantities for about 30 heteroge- reversible (cfFig. 17).
neous reactions including three known pigments, two oxides What, in reality, will have a senior significance in the fu-
and one sulfide, and five light hydrocarbons which exist in ture is the identification of all these intermediates and final
the atmosphere in great quantities, in the presence or not ofproducts mentioned, by the appropriate techniques. But the
the corrossive pollutant NO All measurements were based present work enables us to investigate whether a synergy ex-
on the real experimental adsorption isotherms, not necessarist between these pollutants and solids and that is achieved
ily linear, which admittedly are the only correct ones for such through the calculation of the six fundamental physicochem-
studies. This type of isotherms is very rare in the literature. ical quantities pertaining to any of the 30 heterogeneous

Deposition velocitiesVy, reaction probabilitiesy and reactions. These values constitute a wealth of information
local adsorption parameterk;, describing the isotherms  showing what a simple gas chromatographic arrangement
of ethane, ethene, ethyne, propene and 1-butene onto threean offer to surface and atmospheric chemists and chemical
solid pigments (PbO, E©3, CdS) have been determined in engineers, instead of the conventional global rate constants.
the absence and in the presence ofoNtdgether with the Hence, the most important result is that the experimen-
surface reaction rate constakp, and the desorption rate tally observed values of deposition velociwy, and reac-
constantk_;. The calculations are based on experimental tion probabilityy are influenced by the presence of nitrogen
adsorption isotherms, since the linear adsorption model isdioxide. Probably, the synergistic effects between hydrocar-
not a very good approximation for inorganic solids, like bons and nitrogen dioxide lead to much greater damage and
those mentioned above. The importarnt result found is the corrosion of these pigments in some cases, and perhaps of
effect of NG on the values of the parametafg, -y, ki, k_1 many others. As these pigments have been widely used as
andk> in most cases. paints for many works of art, the significance of these re-

The catalytic effects of the nitrogen dioxide on the reac- sults is obvious. Thus the coexistance of light hydrocarbons
tions between the various hydrocarbons studied and some ofwith nitrogen dioxide on the pigments’ surface has a great
the pigments used are demonstrated by the higher values okconomic and social impact.
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8.3. Case study 3 of the mechanism of deterioration of various works of art in
museums is significant, as one can see. The five pigments
The anthropogenic sources of pollutants include combus- display a different behavior in the same polluted atmosphere.
tion and evaporation of fuels, as well as evaporation of sol-  With regard to the deposition velocity values, one can
vents. Exhaust gases are the major sources of hydrocarbonvrite the following relations:
emissions in urban areas. Aromatic hydrocarbons represent
a significant constituent of many fuels (e.g. gasoline), as well
as of automobile exhausts. Benzene (2470 ppb) and toluene Vg ppbo > Vd,zno = Vd,Fe,0; > Vd,Tio, > Vd,cr,04
(3830 ppb) are the most abundant aromatic volatile hydro-
carbons. Diurnal variations of these hydrocarbons show that
the highest concentrations are measured during the early V4 ppo>> Vitio, > Vd.Fe0; > Vd.zno > Vd.cr0
morning and late afternoon and the similarity of the profiles

suggests that the motor exhaust emissions are the dominanf, the presence of nitrogen dioxide, the above relations are
source of aromatic hydrocarbof&3]. modified respectively to:
Once released into the atmosphere, these pollutants, as

well as other organic and inorganic ones, may undergo a va- () Vapoo> VaTio, > Va.zno > VaFe0; > Va.Cro05
riety of complex interactions through physical, chemical and (i) Voppo> Vario, > VaFe,0s > Vazno > Vacr0s
photochemical processes occurring during their residenceThat is, except for gHe—ZnO and GHe—TiO2, no other
time. change has taken place.

The interaction of materials with the atmosphere has re-  For the reaction probability values, the relations are:
ceived increased attention. Moreover historical buildings and
monuments, especially in Europe, are decorated with works
of art, on their exterior surfaces suffering not only time YPbO >> ¥ZnO = YFe03 > YTiO, > YCra0s
and weather injuries but the fateful attack of air pollution
too. As for the different works of art, there is no mech-
anism of self-protection and regeneration for the materi-
als used in artistic objects, e.g. pigments as these studied
here. For instance, an important phenomenon taking place, e presence of nitrogen dioxide, the following are ex-
on r_n_onuments surfaces is t_he so called pile-up, i.e. the de'tracted, respectively:
position of exogenous chemical compounds. Unfortunately,
measurements of the deposition rate are not easy. Another@ YPbO > YTiO; > VZnO > YFe03 > VCr03
important question arises from the presence of secondary(") YPbO >> YTiO; >> VFe03 = YZnO >> YCr03
pollutants produced by chemical reactions between primary One can observe that the two physicochemical quantities
pollutants. All the above show how complicated the problem Vg andy change in the same way as far as the same hetero-
is. Given all these difficulties, it seems that the evaluation of geneous system is concerned.
many physicochemical parameters and the determination of Moreover, from all these values, one can rigorously con-
the correlation between pollutant concentration and damageclude that a synergistic effect takes place in four systems:
f[hrough a mechgnism co'nstitute'the first step for artistic her- CsHsCHs—NO»—PbO
itage conservation. The interaction of benzene and toluene CeHsCHs—NO,—TiO,
on five known pigments, namely ZnO, PbO,Bg, Cr,0Os3, CGHS—NOZ—PbO
and TiQ, has been studied, in the presence as well as in the CeHe N .

) g . i sHe—NO2—TIO2
absence of nitrogen dioxid®3]. The following physico- o - ] ]
chemical constants have been determined and therefore thd/hile, in the remaining cases, the presence of the inorganic
materials’ behavior in such a polluted atmosphere is con- Pollutant seems to minimize the attack.
cluded: (1) the dynamic adsorption rate constant of the an-  With respect to the rate constaki we observe a real
alyte pollutant, describing its experimental isotherm on the increase of this quantity in the next cases:
surface of the material varying with the time, (2) the des- CgHsCH3—NO,—-ZnO
orption rate constant of the pollutant from the solid surface, CgHsCH3—NO,—PbO (the highest)
(3) the rate constant of a possible surface reaction of the CgHg—NO,—Fe03
adsorbed analyte (first or pseudo-first-order), (4) the overall CgHg—NO,—-TiO>
deposition velocity of the pollutant, (5) the reaction proba-
bility of the pollutant on the material and (6) the apparent
rate constant of a possible chemical reaction of each aro- CeHsCH3—NO,— F&0O3
matic pollutant with nitrogen dioxide, taking place above = CeHsCH3—NO—Cr0s3
the material and simultaneously with the heterogeneous one. CeHs—NO— Cr03
The contribution of the above parameters to the elucidation CsHe—NO,—PbO

(i) Inthe case of benzene:

(i) In the case of toluene:

() In the case of benzene:

(ii) In the case of toluene:

YPbO > VTiO, > VFe03 > ¥YZnO > YCr0s

and a clear decrease in the following systems:
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Finally, the apparent rate constants of the homogeneousatom, as a hydride ligand (identified by the Zn—H stretching
reactions are of the same magnitude of order, with a meanfrequency).

value of 260x 104 s~ 1 for CgHg—NO, and 175x 10~ 4s~1 Adsorption of propene on the surface of ZnO may be ex-

for CgHsCH3—NO;. pected analogous to the ethene adsorption which is rapid and
reversible. Evidently the ethene is chemisorbed, and some

8.4. Case study 4 may be physisorbed as well. The simplest model of linear

adsorption is sometimes a good approximation for adsorp-

Ozone plays a significant role in the atmospheric chem- tion on solids with nearly uniform surfaces, it usually fails
istry. Its importance in the troposphere as well as in the to provide an accurate representation when the adsorbent is
stratosphere is particularly well document@d]. Among an inorganic solid of the kinds used as catalysts. In these
the various classes of compounds present in the tropospheregases a non-linear model is of great value. In contrast to the
unsaturated hydrocarbons are unique in exhibiting signifi- former, the latter is more precise as it accounts for the more
cant reactivity towards ozone, hydroxyl, and nitrate radicals. realistic conditions of the experiment and therefore gives
A major role of the ozone—alkene reaction has been recog-a much better representation of adsorption than the linear
nized since these reactions can provide mutual sinks for bothisotherm[180].
ozone and alkenes and serve as sources of partially oxidized When hydrogen and propene are simultaneously present
compounds, e.g. CO, aldehydes, ketones and organic acidson the surface of ZnO, they are catalytically converted into
Our present knowledge of the chemical and physical pro- propane. The chemistry is complicated at high tempera-
cesses that govern such a reaction, e.g. aerosol formation irtures, but at temperatures of about 200 Kokes and Dent
the atmosphere, is still rather limited and further studies are [181,182]found that the surface and catalytic chemistry are
needed in most of the relevant areas of research. so simple that they could use infrared spectroscopy to in-

In this work[84], the diffusion coefficients of ethene and vestigate the catalyst in the working state and to elucidate
ethyne in a mixture of nitrogen and ozone had been deter-many details of the catalysis.
mined by the RF-GC method. The next stage was the kinetic The application, of the RF-GC as a technique for mea-
study of homogeneous systemsH;—0O3 and GH4—0Os. suring physicochemical quantities, has been used in the past
Finally the initial Rk;) and the final Y4) deposition veloc-  and also recently for analogous studies. In this Wark9]
ities, the desorption rate constakt {) the reaction proba- it will be shown that a wealth of physicochemical quantities
bility as well as the first order rate constak)(for possible pertaining to heterogeneous catalysis can be determined si-
surface reaction have been determined for the heteroge-multaneously by using the above technique, which requires a
neous systems fEl,—03—y-Al203, CoHs—03—y-Al203, very simple experimental set-up, and adopting a linear and a
CoHo—y-Al 203, CoHa—y-Al203. non-linear adsorption isotherm. With a gas chromatography

Thus, using simple chromatographic arrangements which apparatus, a series of experiments was carried out, permitting
are simulating a simple model for the action of different the calculation of fundamental physicochemical quantities
gases on solids in the laboratory scale k. 17), three rate pertaining to heterogeneous catalysis. Thus, many physico-
constantsKi, k_1, k»), as well as the initialRk) and the chemical constants for the propene hydrogenation reaction
final (Vq) deposition velocities and the wall reaction prob- catalysed on zinc oxide, have been determined using a linear
ability (y), have been determined. Through those parame-and a non-linear adsorption isotherm by the RF-GC. These
ters, which constitute a wealth of information, a chemist are adsorption—desorption rate constants, surface reaction
or a chemical engineer can extract valuable results aboutrate constants, adsorption equilibrium constants for propene,
the detailed mechanism of these heterogeneous reactionsoverall mass transfer coefficients in the gas phase and in
Moreover, using this technique, it is also possible to study the solid catalyst across the phase boundary, deposition ve-
a homogeneous reaction, like those betwegra@d GH. locities and reaction probabilities of the hydrocarbon onto
or CoHg, in order to draw safer kinetic results. Finally, itis  zinc oxide. The above parameters were determined at vari-
possible to study by the same technique simultaneously twoous termperatures of the catalytic bed for the hydrogenation
reactions, one homogeneous and the other heterogeneousf propene. The results obtained can help to understand the
In every case, the RF-GC technique combined with the de- mechanism of reactions on solid semiconductor catalyst sur-
nuder devices, provides a valuable tool in a modern physical faces such as ZnO, and confirm experimentally the theoret-
chemistry laboratory. ical calculations in adsorption and heterogeneous catalysis.

8.5. Case study 5
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