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Abstract

Inthe present work, the novel methodology of the inverse gas chromatographic technique of reversed-flow gas chromatography (RF-GC) was
applied to the well-studied catalytic oxidation of carbon monoxide over silica supported Pt, Rh and Pt—Rh alloy catalysts. Adsorption energies,
local isotherms, local monolayer capacities, surface diffusion coefficients, lateral interaction energies and energy distribution functions are
simultaneously determined in a single experiment. The variation of the determined physicochemical parameters against the nature of the studied
catalysts (Pt content) is consistent with the observed catalytic activity. The energy distribution functions, estimated by means of RF-GC, give
useful information about thedpography” and the nature of the active sites on the catalyst surface, similar to those of experimental techniques,
such as Thermal Desorption Spectroscopy studies of the adsorption of CO on group VIII noble metal surfaces. The experimentally found
results explain the superior activity ofght + Rhg 75 alloy, in comparison to that of the pure Pt and Rh catalysts.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Any two of the functions® (experimental adsorption
isotherm),6 (unknown local isotherm) anf{e) (unknown
Adsorption of gases on heterogeneous surfaces has beedistribution function of the adsorption energyare needed
extensively investigated in the last decades by complimen-to calculate the remaining orj#,2]. The methods available
tary studies of theoretical models and experimental systemsfor the evaluation of energy distribution functiof(s) and
[1,2]. The nature of the active sites is one of the pervasive consecutively for the surfacetdpography” fall into two
problems in heterogeneous catalysis as well as in chromatog-main groups: those in which a general analytical form of
raphy. Particularly, in chromatography, the most important the distribution function is postulated and the parameters
property of a site is the average time that the site holds thedescribing it are calculated from the experimental data and
molecule. In the case of a real solid the information on the those in which no a priori assumption is made about the
heterogeneity of the surface is given by a distribution of the shape of the distribution.
site energies. The formal statement of the adsorption func- According to Adamsori3] there is no exact solution to

tion becomes: Eq. (1) the reasons being: (&(p, T) is an experimental
o function and will have an experimental error, @gp, T, ¢) is
O, 1 = f b(e, p, T) f(e) de 1) taken from some model or other and will not be an exactly
0 correct function because of the limitations of the model, and

(c) itis doubtful whethef(e), as a one-dimensional distribu-

tion function, can fully represent the true picture of surface

* Corresponding author. Tek30 2610 997144; heterogene!ty. Itis therefore m|slead|n.g to talk about a “true”
fax: +30 2610 997144, f(¢). Any pair off(e) andd(p, T, ¢) functions that reproduce
E-mail address: d.gavril@upatras.gr (D. Gavril). O(p, T) within the experimental error must be acceptable.
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Inverse gas chromatography has been utilized for the es-2. Experimental
timation of surface heterogeneity. This is based either on a
combination of the net retention volunvg, with the crude 2.1. General
CA (condensation approximation) or on a more exact solu-
tion by the so-called ACCA (asymptotically correct conden-  Conventional GC involves the flow of a gaseous mobile
sation approximation) method. It is based on replacing the phase in a defined direction over a stationary phase or pack-

true kerneb(e, p, T) of the integraEq. (1) by the combina-  ing that results in the selective retention of solute compo-
tion of a Henry and step isotherm. In terms\6§, the final nents. In RF-GC the system is modified; another column
solution takes the form: (diffusion column) is placed perpendicularly in the center of
the chromatographic column (sampling column). The car-

j P2 [V rier gas flows continuously through the sampling column,

facca(e) = — <N_m> (k_T) ($> 2) while it is stagnant into the diffusion column, as it is shown

in Fig. 1 In contrast with conventional GC, where the mo-
bile phase is the center of interest, in RF-GC the solid or

wherej is the James—Martin compressibility factor axg liquid substance placed into the diffusion column is under
the monolayer capacity of the surface. Other improvementsinvestigation. Thus RF-GC can be assumed as an inverse gas
of facca(e) are also presented in Ré¢1]. chromatographic method.

From all the above and other literature dfa5] one Another peculiarity of RF-GC is the sampling procedure

may easily come to the conclusion that the estimation of of the physicochemical phenomenon, which happens into
energy distribution functiof(¢) has been based on the fun- the diffusion column. Carrier gas flow reversals are done for
damental integrakEq. (1) In the present work a different a short time by using a four-port valve and then the flow is
solution forf(¢) other than the integratq. (1) is used. It restored in its original direction. The above-mentioned flow
uses experimental chromatographic data, obtained by an inreversals procedure results in a short enrichment of the so-
verse gas chromatographic method known as reversed-flomute quantity into the carrier gas and extra chromatographic
gas chromatography (RF-GC), under one single assump-peaks are created on the continuous concentration—time
tion that of a non-linear local isotherm model. Thus, a curve (chromatogram). The extra peaks are symmetrical
new gas chromatographic methodology has been devel-and their height or area is proportional to the concentration
oped to measure directly (adsorption, desorption and sur-of the solute in the junction of the diffusion and sampling
face reaction) rate constants, adsorption energiegcal columns, resulting in a higher sensitivity and accuracy of
adsorption isothermg(p, T, €), adsorption energy distri- RF-GCJ[11].

bution functions,f(¢) [6], surface diffusion coefficients,

Ds [7], and lateral interaction energies,[8], on hetero- 2.2 Materials
geneous surfaces circumventing altogether the integral
Eq. (1) The catalysts studied were pure Pt and Rh, as well as

The most studied reaction in the field of heterogeneous 25% Pt+ 75% Rh alloy, all supported on silica gel 60
catalysis, oxidation of carbon monoxide was used in order

to investigate the nature of the active sites of silica sup- cartier gas four-port
ported Pt, Rh and Pt—Rh alloy catalysts. Carbon monoxide =0 pop  mlet gy valve

oxidation over Group VIII metals has been extensively stud- oYy {
ied due to its practical importance for the control of hazard :

emissions. In addition, selective catalytic oxidation of CO sampling column

in a hydrogen-rich atmosphere has attracted new interest Da Dy

due to its possible use in fuel cell applicatiof®§. Most diffusion

of the catalysts used for the control of automotive emis- column - 7

sion (three-way catalysts) contain platinum or palladium z catalyst geparation '
to catalyze the oxidation of carbon monoxide and hydro- bed  oolumn %= £
carbons to carbon dioxide as well as rhodium to promote l

the reduction of nitric oxide to nitrogefl0]. Supported P

bimetallic catalysts often exhibit certain desirable proper- ¥ Detoctor
ties (e.g. improved activity and selectivity, thermal stability, y=L 4

poison resistance, etc.), which are absent in the individual t

metals. Furthermore, Rh and Pt are by far from the most adsorbate

expensive precious metals. The utilisation of bimetallic cat- mmector

aIySts can be advantageous, resultlng in a drastic deCI’easgig. 1. Experimental setup used for the investigation of the surface hetero-

in Pt or Rh usage (e.g. by alloying Pt or Rh with another geneity of solids, from reversed-flow version of inverse gas chromatog-
metal). raphy.
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(3%, wiw), of Merck (Darmstadt, Germany) < 0.063 mm, excess over the other reactant (CO), as a carrier gas mix-
70—230 mesh ASTM. The method of preparation and the sur-ture component (93%, viv, He 7%, v/v, ), while carbon
face characterization as well as the activity of the catalysts monoxide was not retained on the catalytic bed for a long
have been presented previougly—14] time, but it was eluted with the produced carbon dioxide.
Hydrogen, from Linde (Patras, Greece) (99.999% pure) After 5min, a continuous concentration—time curve for to
was used for the reduction of the catalysts. A mixture of both reactant (CO) and product (gQwas established and
93% (v/v) helium (99.999% pure) and 7% oxygen (99.999% recorded. During this period flow reversals of carrier gas di-
pure), from B.O.C. Gases (Athens, Greece) was used agection, for 5s, were made and then the gas was again turned
carrier gas. to its original direction, simply by switching the four-port
Carbon monoxide from B.O.C. Gases (99.97% pure) was valve from one position to the other and vice-versa. This
used as reactant, while the product (F@vas identified time period was shorter than the gas hold-up time in column
using carbon dioxide from Matheson Gas Products (Athens, sectiond’, | andL’. When the gas flow was restored to its
Greece) (99.97% pure). original direction, two sample peaks were recorded, such as
Silica gel (80—-100 mesh) from Supelco (Bellfonte, PA, those shown in Fig. 2 of Ref17].
USA) was used as chromatographic material for the separa- The first peak belongs to the reactant CO and the sec-

tion of carbon monoxide and carbon dioxide. ond to the product C® Repeating the above reversal pro-
cedure for many times at each temperature, two series of
2.3. Apparatus and procedure sample peaks were recorded; each pair of them corresponds

to a different time from reactant injection. The working tem-

The experimental setup for the application of the RF-GC perature range was 553-748K, for the catalyst while, for
technique has been presented elsewliebe-18] and it is the chromatographic material it was kept constant at 358 K.
also shown inFig. 1 It comprises: (a) A conventional gas The variation in the temperature along the catalytic bed was
chromatograph equipped with the appropriate detector. Themeasured by a digital thermometer (Fluke 2190A) and was
separation columt’, filled with the chromatographic mate- smaller than 1 K. The volumetric carrier gas flow rate, at am-
rial, is also incorporated in the GC oven. (b) Therhpling bient temperature was 1.0 és 1. The pressure drop along
cell”, formed by the sampling columi+ and the diffusion the whole system was 0.33 atm.
columnL, connected perpendicularly to the middle point of
the sampling column, is also putted in the chromatographic
oven. 3. Theoretical

Both columns were from stainless steel and free of any
material except for a short length (1cm) at the top of dif- 3.1. Mathematical model
fusion columnL, that contained the catalyst bed and was
heated to the same temperature. The stainless-steel separa- The sampling peaks are predicted theoretically by the
tion columnL’, 45cm length, filled with silica gel, for the  “chromatographic sampling equation”, describing the
separation of the reactant CO, from its productC®as in- concentration—time curve of the sampling peaks created by
corporated in a commercial gas chromatograph, Shimadzuthe flow reversals. The area or the heightof the sampling
GC-8A, equipped with a thermal conductivity detector for peaks is proportional to the concentration of the substance
the reactant CO and the product £Ohe stainless-steel  under study, at the junction,= /', of the sampling cell, at
“sampling cell” was also incorporated into the gas chromato- time,t, from the beginning of the experimefitl]. If In H is
graphic oven. The length$ and| of the sampling column  plotted against timet, for each substance, a so calledif*

were 38cm each (4 mm i.d.), while the lengdtlof the dif- fusion band”, is obtained. An example is shown in Fig. 3
fusion column was 117.6cm (4 mm i.d.). The catalytic bed of Ref.[18].
(0.09-018 g) was put at the top of diffusion columrSam- The calculations based on the following mathematical

pling cell ends were connected through a four-port valve, to model: (a) two mass balance equations for the gaseous con-
the carrier gas inlet and the detector, as shown in Fig. 1 of centrationsc, (molcm3) andc, (molcm™3) of CO in the

Refs.[15,16] regionsy andz of the diffusion column, respectively; (b) the
Before use, the catalysts were reduced at 628 K for 10 hrate of change of the adsorbed concentratiofmol g=1);
in flowing hydrogen, at a flow rate of 1.0 . Then, and (c) the isotherm for the local adsorbed equilibrium con-

the whole system was conditioned by heating “in situ” the centrationcg (molg~1) of CO on the solid, at timé. The
catalyst bed at 743K and the chromatographic material atterm “local” for ¢ means with respect to tintei.e. involv-

the separation column at 423 K, both for 20 h, under carrier ing not all adsorption energy sites, but only those active at
gas flowing. Some preliminary injections of the reactant car- time t. The expression “equilibrium concentration” fof

bon monoxide were made to stabilize the catalytic behav- means microscopically reversible, not a statical one. The so-
ior. Then, 1.0 cr of CO, under atmospheric pressure was lution of this mathematical model under given initial con-
rapidly introduced, with a gas-tight syringe, at the top of the ditions leads to the following relation for the peak height
diffusion columnL. The reactant oxygen was used in great H.
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4
HYM =" A; exp(Bit) (3)

i=1

where H is the height of the experimentally obtained
chromatographic peaksM the response factor of the
detector andt the time. The gaseous concentration
above the solid aty =0 of the solid bed and the lo-
cal adsorbed equilibrium concentration;, of the ab-
sorbate as a function of timd, are given as follows

[7]:

4
UL]_
cy = — ) A;exp(Bit) 4
: 9'31?:1:’ B, (4)
ay vli A
* Yy i
= —k1—— ) —[exp(B;t) — 1 5
¢t = kg ) g e — 1] (5)

i=1

whereD; is the diffusion coefficient of CO into the carrier
gas,v the corrected linear flow velocity of the carrier ghs,
the lengthz of the diffusion columna, the cross-sectional
area of the void space in the solid bagthe amount of solid
per unit length of bed (gcmt) andk; (s™1) the adsorp-
tion rate constant of CO on the surface. All above quantities
(exceptM, v, L1, &, as) contained in the above equations,
including the pre-exponential functions;, the coefficients
of time, B;, the effective diffusion coefficient of CO in the
solid bedD,, the desorptiork_1 (s 1) and surface reaction
ko (s71) rate constants are calculated by non-linear regres-
sion analysis with a GW-BASIC PC programrfig from
the experimental paird, t.

A non-linear local isotherm model, going to the Langmuir
isotherm in middle pressures and to a linear form at low
pressures, was selected:

0(p, T, &) = 1— exp(—Kp) (6)

whereK is the local Langmuir’'s constant.

The final equations giving local isothernggp, T, ¢), ad-
sorption energies;, local monolayer capacities;,,, [19],
energy distribution functions for adsorptiap(e; t) [6], sur-
face diffusion coefficienDs [7], and lateral interaction en-

ergy 8 [8], are:

¢ = RT[IN(KRT) — In(RT) — InK?] (7)
act/o
Chra = ¢ + ot ®)
01— 1 9c§/ocy )
ctax KRT
) = 1 | KRT(acg/an ¥2ct [ dcydt - ¥ct/acy
1 =& | akrn/ar T akRD/ar  KRT
(10)
ple; 1) = 92(8) (12)

max
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D1e2, — D, 13
Ds= —="——— - 12
ST KO(1—p) EXp( RT) (12)
1 [expKRTcy) =1 ¢
p= cy [ KRT Cz] (13)

where gy is the macro void fraction in the be&RT as
function of time from the experimental sample pe#&kst
has been described in detail elsewhige8]. The result is:

| |

(14)
Other unknowns on the right-hand sidekgs. (8)-(10) and
(13) are the derivativesct/dc,, dci/at and 82c§/8cy8t,
being functions of the coefficients of timeB;, and
pro-exponential coefficients);, of Eq. (3) of the rate con-
stants k1, k_1 andkp), of the corrected linear flow velocity
of the carrier gasy, of the diffusion coefficient of CO into
the carrier gas, and of geometrical characteristics of the
diffusion column,L (ay, as, L1) [6-8].

The majority of IGC measurements require infinite di-
lution and fast equilibration of the injected solute between
the stationary and mobile phase. These demands are also
achieved by using reversed-flow IGC methodology. How-
ever, the usual inverse gas chromatography, in which the sta-
tionary phase is the main object of investigation, is a classical
elution method that it neglects the mass transfer phenomena
and it does not take into account the sorption effect. In con-
trast to that integration method, the novel methodology of
reversed-flow gas chromatography (RF-GC), although being
an inverse gas chromatographic technique, it is a differen-
tial method not depending either on retention times and net
retention volumesyy, or on broadening factors and statis-
tical moments of the elution bands. The results of the new
methodology of RF-GC are based on a non-linear adsorption
isotherm model and rate measurements over an extended pe-
riod of time. Thus, RF-GC is a time-resolved chromatogra-
phy, exhibiting different behavior with sampling tini@,7].

> AiB? exp(B;1) 1
[Y, AiBiexp(Bin]? Y., Ai exp(Bi)

_9Dg

KRT =
vy

3.2. Calculations

The narrow fairly symmetricalsample peaks’ created by
the flow reversals were recorded and their heigHtsyere
measured, together with the corresponding tim&hese
pairsH, t of experimental values are the variable€of (3)

By introducing them into the data lines of the GWBASIC
program given in the Supporting Information of RET],
together with other quantities required by the input lines
190-350, the physicochemical parameters and functions de-
fined byEgs. (4), (5) and (7)-(133re calculated.

The dead volume of the system (columns, valve, detector,
etc.) does not affect the results of RF-GC. The geometric
characteristics of sectionlsy andL, (empty volumes and
lengths) of the diffusion column are only necessary for the



D. Gavril, B.E. Nieuwenhuys/J. Chromatogr. A 1045 (2004) 161-172 165

estimations, which can easily and accurately be measured2CQg) — Cadg + COz(g) (16)

e.g. by measuring the mass of the respective section of the

diffusion column, having filled it by water at a fixed tem- (c) The bimetallic catalysts exhibit higher catalytic activity
perature. The quantities ci,.,, 6, cZ, ¢(s; 1), Ds and 8 are at lower temperatures in comparison to pure Pt and Rh
estimated and saved in a simple data file. Importing theseones. Other workers have also observed this synergism for
data in usual PC software like Origin, curves of pairs of the Pt—Rh bimetallic catalysfd2-14] (d) It has been observed

above mentioned quantities are constructed @@ against that the diffusion of CO into the catalyst pores is the rate
e, ¢(€) againste, etc.). determining step at temperatures below the temperature of

maximum catalytic activityTmax [17,18]
In addition, there is a lot of information concerning the
4. Results and discussion nature and the different groups of the active sites concern-
ing carbon monoxide oxidation over Group VIII metals.
The adsorption of diatomic molecules, such as CO, on For these reasons we selected to present the various ad-
a metal surface can be considered as competition betweersorption parameters related with the oxidation of carbon
molecular and dissociative adsorptifird]: monoxide over the silica supported platinum, rhodium and
Pl25—R alloy catalysts, in the temperatures of maxi-
COg < COds — Crads + Oads (15) mr(L)J?r? catglﬁic ac};ivity. Y P
Molecular adsorption of CO is relatively strong on many  The physicochemical parameters determined by RF-GC,
noble metal surfaces. Consequently, CO may undergo bothrelated with the investigation of the surface heterogeneity
dissociative and molecular adsorption on the same surfaceare the local energy of adsorptioa, the local isotherm,
depending on experimental conditions. It is often observed ¢, the local maximum monolayer capacity,,,, the local
that molecular adsorption prevails at lower temperatures andadsorbed equilibrium concentration of C€, the energy
dissociative adsorption occurs at higher temperatures. Thisdistribution functiong(e; t), as well as the surface diffusion
pattern may be caused by kinetics; the activation energy for coefficient,Ds and the lateral interaction energy,
dissociative adsorption is too high at lower temperatures. The variation of the local isotherr against the local
There may be a thermodynamic reason; if the number of adsorption energy is shown inFig. 2
surface sites at which adsorption can take place is equal for These plots can be compared with the plots constructed
molecular and dissociative adsorption, the surface can ac-by the method of Adamson and Ling as shown in Ref.
commodate twice as many molecules in the molecular as in([1], p. 430). The shapes of the curvesFaf. 2 resemble
the dissociated state. Hence, molecular adsorption will pre-those given by Adamson and Ling at temperatures above
valil if the heat of dissociative adsorption is not much greater the critical temperature. Our experiments were carried out
than the heat of molecular adsorption. The entropy changein & temperature range (280—-4380) much higher than the
for adsorption is negative and, consequently, at sufficiently critical temperature of CO—-140°C). All isotherms of
higher temperatures desorption will occur. In the case con- Fig. 2have an inflection point arourét= 0.5, which corre-
sidered previously, only half the number of molecules can be
adsorbed in the dissociative state in comparison with those
in the molecular one. As a result, the entropy of the system
will be lower for molecular adsorption and dissociation can
occur at higher temperatures. 0.8
Carbon monoxide dissociative adsorptif20], carbon
monoxide, oxygen and carbon dioxide adsorpf{ib®y, car-
bon monoxide oxidatiofil5] over various silica supported
Pt, Rh, and Pt-Rh alloys catalysts have been studied by®  {- s .
utilizing RF-GC methodologies. As result, kinetic param- 0.4- iBj B
eters as rate constants, activation energies, fractional con-
versions[17,18], surface diffusion coefficients have been
determined. The main conclusions of these studies are: (a) 02
There is a characteristic temperature of maximum catalytic (Il) : 75% Rh+25% Pt}
activity, Tmax, for every catalyst. The temperatures found 00 AR (1): Pt
by RF-GC are equal to those found by other workers, for T P N N R Y
the same catalysts, using other techniqu&s-14] (b) The
experimental data for carbon monoxide adsorption over the
studied catalysts (in the absence of oxygen in the carrier _ . ; .
. adsorption of carbon monoxide on: (I) pure Rh, at 4@5 (1) bimetallic
gas), at. temperatu'res h'gher .th"fm 300 suggest tha_t the Pto.os—Rhy 75, at 390°C, and (lll) pure Pt catalysts, at 426. Groups A,
adsorption of CO is a dissociative process, following the p and c indicate the three different kinds of active sites corresponding
Boudouard reactiofil6,18,20] to different surface coverage.

1.0 1 1 1 n 1 1 1 N 1 1 N 1 " 1

(mn

() :Rh

£/kJmol’

Fig. 2. Plots of local isotherm& vs. the local adsorption energyfor the
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sponds to different adsorption energies for the three studied Another surface parameter estimated by the presented
catalysts in the differentynax temperatures. Parts A and C methodology, giving a quantitative description of carbon
do not deviate energetically much from the main curve B, monoxide adsorption on the different studied heterogeneous
but as it will be shown these parts reveal interesting infor- surfaces is the local maximum monolayer capacify,,.
mation about the tbpography” of the active sites on the  Bearingin mind that a heterogeneous surface includes active
heterogeneous surface. Similar curves have also been caleenters of different adsorption energy (Efg. 2), different
culated theoretically through Monte Carlo simulations for values ofcy, 4, COrresponding to the active sites of different
adsorption on randomly heterogeneous surfaces. The differ- are reasonable. Semi logarithmic plots of the local maxi-
ent parts of their plots have been attributed to areas of themum monolayer capacities;,,,, against the corresponding
surface characterized by different degrees of heterogeneityenergies of adsorptiorns, for the adsorption of CO on the
[21]. studied catalysts, are given kfg. 3.

The found local adsorption energies,denoted as well The following conclusions can be drawn from the curves
as—AUO, are defined as the difference between the energy of Fig. 3 describing the variation af; . values against: (i)
of the minima known as adsorption sites and the averageThey consist of two linear parts; The second part, which cor-
energy of the molecules in the equilibrium bulk state. Their responds to an almost constant value;pf,, in high values
values are relatively high, covering a range from 140 to of adsorption energy (adsorption on the minima of poten-
280kJmot? (33-67 kcalmotl). Such values indicate a tial energy of the surface) and the first part, corresponding
strong interaction between CO and the catalyst surface andto smaller values of, in which thec},,, values seem to in-
they are typically of the studied catalysts and the high tem- crease with decreasing However, the latter does not mean
peratures (390, 425 and 446, much above the critical that the active sites of smaller adsorption energy can adsorb
temperature of carbon monoxide) at which the kinetic tests such large amounts of CO. These rather high values of max-
were carried out. Bearing in mind, the high values of the imum local concentration are apparent ones corresponding
found adsorption energies and the experimental conditionsto a theoretical monolayer of CO adsorbed molecules. The
(T > 390°C andP = 1.33atm), the found adsorption en- product of the local isothergand the maximum monolayer
ergies are reasonable for the cleavage of C—O bond of thecapacitycy,,x gives the true quantity of adsorbed CO. (ii)
adsorbed state of CQLO]. The experimentally measured From the second linear part &fig. 3 curves, correspond-
temperatures may reflect more that of the gas phase tharing to CO strong chemisorption on the minima of potential
of the solid bulk phase. Consequently, it is doubtful that energy of the surface, the maximum monolayer adsorbed
the surface is truly isothermal under high CO conversions. concentration of carbon monoxide can be estimated. These
However, qualitative information concerning the various values are referred ifable 2 and they are different for ev-
groups of active sites can be derived. ery catalystc),,, values increase with the content of Pt in

Coming back to the isotherms Big. 2, one can also note:  the catalyst. This is consistent with the general observation
(i) First, carbon monoxide molecules are initially absorbed that CO is mainly adsorbed on Pt sites and oxygen on Rh
on high adsorption energy sites in the minimum of potential
energy of the surface (part A of the isotherm) and, finally,
on sites of lower adsorption energy (part C). Part B of the 10° —t I(I) “Rh
|so§herm covers the whole spegtrum of local adsorption en- (Il) : 75% Rh+25% Pt[
ergies¢g and surface coverage, (i) Second, the same value () (Ill): Pt
of surface coverage), e.g. the inflection point &8 = 0.5
is observed for different values of adsorption energy for the _
three studied catalysts. The values of adsorption enesgies
ated = 0.5 are summarized ifable 1 It is obvious that the

tion energy for the most active bimetallic catalyst, according *

to the observed catalytic activity and the known synergism 107

between Pt and Rfi2-14] o R /K :
10" 3

oo (k N—0f

Table 1 10° — T A ——T7
Adsorption energies (kJmol1) at the inflection pointd = 0.5), in the 120 140 160 180 200 220 240 260 280 300
temperatures of maximum catalytic activity, for the adsorption of CO over elkJmol”’

the studied silica supported Pt—Rh bimetallic and pure Pt and Rh catalysts
Fig. 3. Semi logarithmic plots of maximum local monolayer capacities

Catalyst T(°C) & (kImot?) ckax @gainst the corresponding energies of adsorptiomt the temper-
Rh 445 206 atures of maximum catalytic activity, for carbon monoxide’s adsorption
Pio25—Rhy75 390 183 over silica supported: (I) rhodium, (Il) #45—Rhy 75 alloy, and (lll) plat-
Pt ' 425 195 inum catalysts. Symbols A, B and C indicate the three different groups

of active sites corresponding to different monolayer capacities.
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Table 2
Maximum local monolayer adsorbed concentrations of carbon monoxide
on the minima of potential energy of the surfaefon° (wmolgt), for

the pure Pt, Rh and the Pt-Rh alloy catalysts, at the temperature of
maximum catalytic activity

Catalyst T(°C)

Rh 445

Pl.25—-Rhy.75 390
Pt 425

con® (wmol gt

7.00
42.89
46.03

#etemolkd ' min™

sites[12-14] (iii) Only parts A (corresponding to the ini-
tial gaseous concentratian) of the ascending branch af
versus,t) are shown in the plots ofig. 3 while C ones
(corresponding to the final gaseous concentratipnof the
descending branch of K versust) are identified with the
rest of the plot.

The question naturally arising is how the energy distri-
bution function, ¢(e; t) is distributed over thes values.
This distribution is usually described as thepography”
of the surface. Such distributions for the adsorption of car-
bon monoxide over the three studied catalysts are shown
in Fig. 4 In all cases, the curves have a purely Gaussian _
shape. This finding is an experimental fact and not an as-.
sumption for the distribution function, as made several times -
in the past, e.g. by Stee]22] and Jagielld23]. However, it
should be noted that a proper comparison between the dis-
tribution functions obtained by RF-GC, for the interaction
of CO with Pt—Rh alloy catalysts, which are described here,
and those determined through the intedtql (1) for differ-
ent adsorbate-adsorbent systems, at different experimenta
conditions is not possible.

The plots ofgp(e; t) againste, can also be normalized to
unity with respect to the energy of adsorption. The total area
under the curve must be:

&2
[ pe)de =1

1

min

Het)ecmolkd

17)

This is easily achieved by calculating the areas under the
curves ofFig. 4 between the extreme values and e, of
the experimentally found. Division of the integral in the
left side of the previous equation by a normalizing factor
like the zeroth moment of the distribution with respectto
satisfies equality to ong4].

The different curves ofig. 4 obtained for the adsorption
of CO over the studied catalysts indicate the existence of
three groups of active sites with respect to adsorption energy
¢. From this point the revelation of the physical meaning of
parts A and C begins.

Generally, the first kind of active sites (A), which cor-
respond to higher values af form a narrower distribu-
tion in comparison with the main curve B, while the third

Hst)lemolkJ ' min™
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kind of active sites (C), corresponding to lower energies
of adsorption form a very narrow abnormal distribution.
More quantitative information for the relative populations
of the different kinds of active sites with respect to energy
can be obtained from the areas below the curveg(eft)

Fig. 4. Variation of the energy distribution functias(e; t) vs. the local
adsorption energy, at the temperatures of maximum catalytic activity,
for the adsorption of carbon monoxide on: (I) &h, (II) bimetallic
Plo.2s—Rhy.75, and (lll) Ppure, Silica supported catalysts. Groups A, B
and C indicate the three different kinds of active sites corresponding to
higher, intermediate and lower energies of adsorption, respectively.
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Table 3 1.0 + s —
Percentages of the areas under the curves of the energy distribution :
function¢(e; t) against the structural parametertime from the beginning

of the experiment, corresponding to the different kinds of active sites (A, 0.8
B and C), at the temperatures of maximum activity, for CO oxidation,

over the studied catalysts

Catalyst T (°C) A (%) B (%) C (%) 06
Rh 445 20.5 30.7 48.8
Po25—Rhy75 390 9.5 37.3 53.2 0.4
Pt 425 12.0 32.4 55.5
02 9 . rn ;
against the structural parameter tinbgrecall that RF-GC {(n) : 75% Rn+25% Pt |
is a time-resolved chromatography, exhibiting different be- (n): Pt H
havior with sampling time). Such a calculation is presented ~ ©° '1 T 'C;n;x' '1'0
in Table 3 An interesting observation is the variation of the mono
percentage of the most active sites A. The percentage of the c; /umolg”

most active sites A, for CO adsorption increases with the
content of Pt in the catalyst. This is consistent with the gen- Fig. 5. Semi logarithmic plots of the local isotherngs,against the local
erl dbservalon hat CO s manly adsrbed on P Furter S, Sk e, e e et
more, in unpu.b“Shed reSUIts.Concemmg the adsorption of ) rh)c/:dium, (Ilil’Pb,zs—Rl‘ms bimetallic, and (IIIID) platinum catalystps? A,
carbon monoxide on the studied surfaces (m the absence Oé and C symbolize the three different groups of active sites corresponding
oxygen in the carrier gas) the respective percentages of ac+o different concentrations of adsorbed CO.
tive sites A have much higher values (approximately, twice
compared to those of CO oxidation). The explanation of reason is that the two limiting curves: curve (lll), corre-
the small values of the percentage of active sites A, for the sponding to Pt-Rh bimetallic catalyst, describes a kinetic
oxidation reaction in comparison with the respective val- experiment at 390C and curve (I), corresponding to pure
ues for the adsorption of CO, can be attributed to the effect Rh one, describes an experiment at 24@5It is obvious that
of chemisorbed oxygen on the minima of potential energy With increasing temperature and, consequently, adsorption
(recall that the surface is pre-exposed to oxygen, which is energy, the probability of CO adsorption on active sites of
a constitute of the carrier gas, that it is dissociatively ad- group A increases, as is expected for a specific process such
sorbed), as well as to a possible deactivation of these sitesas chemisorption. It should be noted that this is true for the
(e.g. carbon deposition due to CO dissociative adsorption). forward step of CO chemisorption. For the net adsorption

More information about the different groups of active sites result (considering desorption as well) the opposite is true.
of Fig. 4, can been extracted, from the plots of the local
isothermd and the distribution functiop(e; t), against the 5
local adsorbed equilibrium concentration of C&, in a
semi-logarithmic scale, over the studied Pt, Rh and Pt-Rh
alloy catalysts, shown ifrigs. 5 and 61t should be noted  _
that the term local means with respect to time. Thus, lo-
cal adsorption isotherms are referred to the coverage of the<™ 3
various groups of active sites corresponding to a particu-
lar adsorption energy varying with time. Local adsorption
isotherms have been preseni{ggb,19]

From the variation of the local isotherm, againstcy it
is clear that the group A active sites describe the chemisorp-
tion of CO, at high coverage values until the formation of

min~

ol t))cmol-kJ
N
1

Tm :Rrn

the monolayer. Then, larger amounts of CO are adsorbed, (1) : 75% Rh+25% Pt (\t

. (n): Pt an
less strongly, on sites of lower energy (groups B and C). 0 ——t —t
This behavior, in which lower amounts of CO are strongly 1 Coro 10 Croo 10
adsorbed on active sites of group A, is consistent with the c;/“mo|.g'1

specific nature of chemisorption.
By plotting the distribution functiong(e; t), against the  Fig. 6. Semi logarithmic plots of the energy distribution functigis;
local adsorbed concentration of CQ, the different kinds t), vs. the local equilibrium adsorbed concentratiof, of CO on: (I)
f acti it hown Fig. 6 are clearly resolved pure Rh, at 448C, (Il) Pty 25—Rhy75 allqy, gt 390°C, and (II_I) pure Et
ot active sites groups sho g.6 .y ) catalysts, at 425C. Groups A, B and C indicate the three different kinds
It can be considered, for reasons of comparison that lower of active sites shown in the plots of the energy distribution function vs.

c% values correspond to highewalues and vice-versa. The  the energy of adsorption.
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Furthermore, the largest amount of CO is adsorbed on the 5 : ' : ' ' :
most active Pt—Rh bimetallic catalyst at a much lower value | Rh
of temperature and adsorption energy. On the other side, the B
probabilities of active sites of groups B and C increase with
decreasing temperature and adsorption energy. - A

Another subject of great interest in adsorption studies is
that of the motion of the adsorbed molecules on a hetero-
geneous surface. Surface diffusion provides a competitive
mechanism for the mass transport from or to the pores of
a solid. Generally, the diffusion coefficient values increase
approximately with the square of the mean free path. Bear-
ing in mind that the mean free path has a magnitude of 100 14 -
molecular diameters in the gas phase and 1 molecular di- | I
ameter in the solid phase, a difference in magnitude of 100 ()
= 10% is reasonable. L O DO A A IR

The diffusion coefficients calculated by means of
Eqg. (12)increase with increasing temperature and follow
an Arrhenius-type temperature dependence. The magnitude — 5-———sssl el cunml vl ool o
of Dg values of the present work is comparable with those | 75% Rh+25% Pt
obtained by other experimental techniques such as the chro- B
matographic method, the frequency response method and 1 B
the differential adsorption bed meth¢as-27] as well as
Monte Carlo simulationg28]. Semi-logarithmic plots of
the energy distribution functiory(e; t), versus the experi-
mentally measure®s values of CO on the various active
sites of the studied catalysts are giverfig. 7.

The following conclusions can be drawn from these
curves: (i) They have a Gaussian shape. (ii) Thevalues
obtained by RF-GC for the adsorption of CO on the studied 14 -
catalysts range from 16 to 10cnfs 1. Bearing in mind | i
that the values of the diffusion coefficient of CO in He, an
calculated by the Fuller—Schetler-Giddings equaf@®i, R DO A PR
range from 2.09 (at 390C) to 2.40cms™ ! at (445°C), 10 10 0 o 0 10 10
the experimentally foundDs values are reasonable under D, fem’s
the experimental conditions of temperature and presdure ( 5 - ; ; ; ; : :
= 390-445C and P = 1.33atm). (iii) They indicate the ]
existence of three kinds of active sites. A basic difference
between the distributions of active sites A and C is that they
correspond to lower and higher values@f respectively.

(iv) The Dg values calculated by means Bfy. (12) cover
a wide range of values and show that strong chemisorption
as well as less strong adsorption of CO molecules occur. In
the early stage of adsorption, the adsorbate mainly occupies
active sites probably in larger pores of higher mobility until
the formation of a monolayer, which occurs in smaller pores
where the mobility of CO is the lowest (A sites). Then the 14 -
adsorbate progressively occupies larger pores in larger dis- ] I
tance from the surface resulting in higher observed surface (1
diffusivity due to the lower affinity of these pores towards P ) P P PR
the adsorbate (B and C active sites). It should be noted that
at the studied temperatures of maximum catalytic activity
the reaction of carbon monoxide oxidation is kinetically Fig. 7. Semi logarithmic plots of the energy distribution functipfa; t)
and non difusion contolefls] s sy o s s b S o
It is obvious that the studied silica supported Pt—Rh alloys ) thodium. (“3)’ Pl Rite bimetallic. and (ﬁl) Diatinum, S”icapspup_

are characterized by heterogenelty. A general cause of Sur'ported catalysts. Groups A, B and C symbolize the three different kinds of

face heterogeneity is that of absorbate-absorbate interactiorciive sites corresponding to different degrees of CO molecules mobility.

Het)emolkJ 'min™
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which is associated wittsland formation. Extensive experi- 5 R'h' e
mental studies of CO oxidation on transition-metal surfaces
and simple kinetic model calculatiofi30] indicate that the B
reaction O+ CO — COy occurs at the boundary between 49 i
domains of adsorbed atomic oxygen and adsorbed CO, re- -,
spectively. |
Such kind of information is also possible by the method-
ology presented; the energy distribution functiers; t),
was plotted against the calculated product of the lateral in-
teraction energy and local surface coveragfe,as shown in
Fig. 8 From the curves dfig. 8 the following observations

“min

H=t)lemolkd™
N
1
o>
——

can be made. 1 -
First, the existence of three kinds of adsorption active

sites with respect tgo. Second, active centers A and C ] ol

form distributions at negative and positive values g#f, 0 R e e e e e e L

——T
1312 -11-10 9 8 7 6 5 4 3 2 1 0 1 2

respectively, while active sites B form narrower distribu- ) -
B 0/dimensionless

tions at values of89 near to zero. The physical meaning
of negative 86 values is that they indicate repulsive sur- 5 ' ' ! ! !
face interactions, while positivgd values are indicative |75% Rn+25% Pt B
of lateral attraction$31]. Lateralattractions, ascribable to
van der Waals forces, are relatively weak in comparison to 47 B
chemisorption energies, and it appears that in chemisorp- -
tion, repulsion effects may be more important. These can be
of two kinds: Ashort-range repulsion between the electron
clouds of adjacent CO adsorbed molecules torg-range
repulsion due to a dipole field (if adsorption bond forma-
tion polarizes the absorbate, or strongly orients an existing
dipole, the absorbate film will consist of similarly aligned
dipoles). As discussed by Fowler and Guggenh¢at]| 14 L
neighboring sites will be occupied more often than the sta- —
T

min

Het)emolkJ™”

tistical expectation if the situation is energetically favored
(B positive — “patchwise” topography). Conversely, if 0
there is lateral repulsiorB(negative), nearest neighbor sites
will be less frequently occupied than otherwise expected
(“random” topography). Consequently, adsorption of CO SA——t—t
molecules on the minima of potential energy (A sites) is
accompanied with repulsive forces, which decrease and be-
come zero when local coverage of a monolayer is achieved.
Short-range lateral interaction affects only nearest neigh- -
boring molecules, at high surface coverage valdes (1),
as if the spacing between sites is small. Long-range lateral
interaction affects carbon monoxide molecules, also at high
surface coverage but at lower valug € 1). Then, while
the larger amount of CO molecules is adsorbed on lower
energy sites, at bigger distance from the surface, their ad-
sorption is accompanied with attractive forces (B sites). The 14 L
adsorption of CO into the pores is accompanied with much
higher attractive interactions (sites C). Both B and mainly
C active sites are indicative of the formation of CO islands. Ot———T——T1T T T T T T 1
The surface of the studied catalysts is characterized by an TS 432102
intermediate surface topography. According to the observa- #0/dimensionless
tions related to the synergism between Pt and[Rh-14] Fig. 8. Variation of the energy distribution functiap(e; t) against the
the bimetallic catalyst should be characterized by a more product of the' lateral intgraction energy an'd thg.local isotheitn for
“randon’ topography, increasing the probability of finding carbon monoxide adsorption over the following silica supported catalysts:

. S () Rhpure, at 445°C, (Il) Pip2s—Rhy7s, at 390°C, and (lll) Ppyre, at
surface CO and oxygenin the vicinity of each other and lead- 425°C. A, B and C indicate the three different groups of active sites

ing to a higher catalytic activity. On the other hand, group corresponding to repulsive (A) and attractive (B and C) lateral interactions.

Hst)cmolkJ 'min
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C active sites, corresponding to higher values of lateral in-
teraction energy, are more characteristic ofpatthwise”
topography.

Finally, the different groups of active sites, estimated by
means of RF-GC are compared with thermal desorption
spectroscopy (TDS) measurements. TDS yields in a sim-
ple way information about the number of binding states and
their bond strengths with the surface. TDS of CO on group
VIII metal surfaces in general show various peaks, which
are classified into three main groups as shown schematically
in Fig. 4 of Ref.[10]:

(1) Low-temperaturey states desorbing at temperatures
much lower than room temperature.

(2) « States with a peak maximum in its TDS between 350
and 500K.

(3) Sometimes depending on the metal, its surface structure
and the experimental conditions (such as the tempera-
ture), additional state3] are observed with a maxi-
mum of approximately 900 K. Thegestates arise from
CO dissociation followed by recombination of C and O
at the desorption temperature.

Depending on the surface structure and CO coverage two
or threea peaks are usually shown. The B and C groups
of active sites shown in our plots, correspond to energies in
which a states are shown in TDS. They are rationalized on
the basis of distinct species adsorbed on different sites and in
terms of lateral interactions. They correspond to the molec-
ular adsorption of carbon monoxide. At higher coverages,
the overlayer unit cell is compressed, new surface structures
are observed and a fraction of CO molecules are forced to
move into their sites. At the highest coverage, a close-packed
overlayer is formed, which is largely determined by CO-CO
mutual repulsion and not by substrate sites. In this case CO
may acts as a bridging ligarjdiO].

B States, arising from CO dissociation are expected to be

observed at higher energies and temperatures, where disso-

ciation prevails. Active sites of group A of our plots seem to
correspond very well to thp states of TDS. This is clearly
shown in the plots of the distribution function against the
adsorbed concentration of CO, shownFig. 6. The prob-
ability of group A active sites, which correspond to higher
adsorption energies, increase with increasing temperature.
Oscillatory behavior has been reported for CO oxida-
tion on group VIII metal surfaces. However, under the
experimental conditions of our studie$ & 610K andP
= 1.33 atm) oscillatory behavior has not been reported and
does not affect our resul{82].

5. Conclusions

(i) An inverse gas chromatographic instrumentation, this
of reversed-flow gas chromatography, was used for the
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combined with a mathematical analysis that gives the
possibility for the estimation of various physicochem-
ical parameters related with the adsorption on hetero-
geneous surfaces in a simple experiment under condi-
tions compatible with the operation of real catalysts.
The found, by means of RF-GC, energy distribution
functions suggest the existence of three groups of ac-
tive sites.

(i) Group A active sites correspond to high values of cov-
erage and adsorption energy, indicating the chemisorp-
tion of CO on the minima of potential energy of the
surface. The mobility of carbon monoxide on group A
active sites is limited, as concluded by the foubg
values. The topography of these active sites is random,
as the values of the lateral interaction energyare
negative. Group A active sites correspondtatates
of TDS, arising from CO dissociative adsorption.

(iif) Groups B and C of active sites, by means of RF-GC,
correspond to the molecular adsorption of CO at sites
of lower energy and surface coverage. They are charac-
terized by positive values ¢f, which means that they
have a patchwise topography. New adsorption sites are
created by lateral interactions with already adsorbed
molecules and a fraction of CO molecules may bound
to chemisorbed CO molecules (part B). Group C ac-
tive sites correspond to highgrvalues, in comparison
with B group active sites. They are indicative of CO
island formation. The bonding of CO on these sites is
less strong and the mobility of CO molecules is much
higher. Group C active sites should be associated with
a reconstruction of the surface. The B and C groups of
active sites shown in our plots, probably correspond to
« states of TDS.

(iv) The experimentally found results explain the superior

activity of P25 + Rhy 75 alloy catalyst as result not

only of its capacity to adsorb higher amount of carbon
monoxide, at lower temperatures, but also due to the
fact that this catalyst is characterized by a more ran-
dom topography in contrast with the other studied pure

Pt and Rh catalysts. These results are also consistent

with those presented by other researchers, for the same

catalysts, using different techniques.
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