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Abstract

Selective CO oxidation (SCO) has attracted scientific and technological interest due to its application to the operation of proton electrolyte
membrane fuel cells (PEM-FCs). CO adsorption, being an elementary step of SCO, is studied over silica supported monometallic Rh an
Rhy 50+ Pty 50 alloy catalysts, under various hydrogen atmospheres, namely: 2507%% He, 50% H+50% He and 75% kH 25% He
carrier gas mixture compositions. The investigation of CO adsorption is done by utilizing reversed-flow gas chromatography (RF-GC). As
a result rate constants for the adsorpti&p),(desorption K_;) and irreversible CO bindingkf) over the studied catalysts as well as the
respective activation energies are determined. The variation of the rate constants and the activation energies against the nature of the us
catalyst (monometalic or alloy) and the amount of hydrogen in the carrier gas gives useful information for the selectivity as well as the activity
of CO oxidation over group VIl noble metals. At low temperatures and undeidi conditions compatible with the operation of PEM fuel
cells the activity of the monometallic and the alloy catalysts is expected to be similar, however the selectivityaffRiso alloy catalyst is
expected to be higher, making Pt—Rh alloy catalyst as a better candidate for CO preferential oxidation (PROX). The low energy barrier values
found in the present work, most likely are referred to high surface amounts of CO. The desorption barriers determined are in any case muc
lower than the respective activation energies found for CO desorption in the absence of hydrogen indicaiimduaétl desorption, which
can explain the observed in the literature rate enhancement of SCO oxidation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction well as potential for low cost make proton exchange mem-
brane (PEM) fuel cells leading candidates for mobile power
Fuel cells are developed as a viable alternative for clean and/or for small power units’ applications.
energy generation. Fuel cell technology applications vary  The rational operation of the fuel cell units is closely re-
from portable/micro power and transportation through to sta- lated to the development of very active poison-resistant and
tionary power for buildings and distributed generation. Vari- selective catalysts, which result in small catalytic volumes,
ous fuel cells applications operating at different temperaturesdurability under steady-state and transient conditions, low
have been developétl]. A series of advantages such as: low cost and versatility to variations in fuel/feed composition.
operating temperature (343-373K), low weight, compact-  Pure hydrogen is the ideal fuel for the PEM fuel cell.
ness, long stack life, suitability to discontinuous operation as However, there is no available technology for safely storing
enough hydrogen to give a PEM fuel cell powered vehicle
mﬁed atthe 25 ISC, Paris, October 4-8, 2004. acceptable range. PEM .fueI c.eIIs utilize the hydroge.n pro-
* Corresponding author. Fax: +30 2610997144, duced by external reforming using steam, air or a combination
E-mail addressd.gavril@upatras.gr (D. Gavril). of both. Steam reforming, catalytic partial oxidation and au-
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tothermal reforming are used for reforming fuels and produce as various Pt based alloys have been proposed to alleviate
syngas (a mixture of carbon monoxide and hydrogen) as well CO inhibition problem due to their CO tolerance. In that case
as water—gas shift reaction consumes carbon monoxide andalloying may change the chemical properties of the Pt atoms
water vapours to produce more hydrogen and carbon dioxide.in the surface (ligand effect), resulting in a weaker CO bind-
The resulting hydrogen-rich stream gas mixture containing ing and consequently smaller CO coverage and weaker CO
40-75% k, 15-25% CQ, 15-30% HO and 0—-25% M itis poisoning effec{4].
however contaminated with 0.5-1% of CO. Trace amountsof  The comparison of the physicochemical quantities of the
carbon monoxide in the hydrogen-rich stream deteriorate the present work determined in the absence of oxygen with those
efficiency of the PEM fuel cell by poisoning the platinum (or of SCO in the presence of oxygen is utilized from the ob-
Pt—Ru) anode, accelerated at CO levels higher than 50 ppmserved CO inhibitive (or poisoning/covering) effect. Thus,
Selective carbon monoxide oxidation (SCO) also referred asat low temperatures compatible with the operation of proton
preferential oxidation (PROX), is considered to be the most electrolyte membrane fuel cells, hydrogen oxidation (unde-
promising and lowest cost approach without excessive hy- sirable) and CO oxidation (desirable) are inhibited in a differ-
drogen consumptiof]. ent degree due to the fact that sufficient amounts of oxygen

An efficient SCO catalyst must be highly active in CO cannot be dissociatively adsorbed on the surface. Thus, con-
oxidation at temperatures compatible with the operation of sidering the simpler form of SCO, e.g. a reactant stream con-
PEM fuel cells (343-373 K) and very selective towardsyCO taining traces of CO and oxygen in excess of hydrogen over
formation. For a number of reasons these catalyst require-noble metal catalysts, the onset of selective CO oxidation is
ments, high activity in CO oxidation at the temperature controlled again by CO desorption, as in the case of CO ox-
range: 343-373 K and almost no hydrogen oxidation are hardidation. Furthermore, the comparison of our data is further
to meet because hydrogen oxidation is faster than carbonutilized from the fact that oxygen adsorption/dissociation is
monoxide oxidation on most of the noble metal catalysts, much more influenced by CO adsorption than vice-versa due
and in the relevant temperature range CO oxidation is very to CO poisoning effect.
slow on Pt and Pd (more usual active catalysts used for CO In this work the use of reversed-flow gas chromatography
oxidation) due to CO inhibitiofi3]. (RF-GC) technique is extended in adsorption studies under

While CO oxidation over group VIII noble metals is the conditions compatible with the operation of PEM fuel cells.
most studied catalytic reaction, selective oxidation of CO RF-GC is not limited to chromatographic separation, since it
in hydrogen-rich conditions is not nearly as well studied. isaccompanied by suitable mathematical analysis ofthe chro-
It has been observed that hydrogen oxidation (undesirable)matographic data which makes possible the simultaneous de-
is strongly inhibited by the presence of CO (CO inhibition) termination of various physicochemical parameters related to
in the reactant stream due to the higher sticking coefficient the kinetics of the elementary steps (adsorption, desorption,
of CO on noble metal surfaces compared to those 0b6H surface reaction) and the nature of the active $8e40].
O3 [2—4]. Similarly to that encountered during CO oxidation RF-GC methodologies have been used during the last
in the absence of #the onset of the reaction both in the decade for the investigation of the adsorption of CQ a@d
presence and absence of i the feed is controlled by CO  CO; as well as the oxidation of CO over well studied silica
desorption[2]. Moreover, it has been observed that hydro- supported Pt, Rh and Pt—Rh bimetallic catalystsl0]. The
gen and water vapors enhance CO oxidation over Pt catalystexperimental findings by means of RF-GC are in agreement
and consequently decrease the respective activation energwvith those obtained with different techniques and method-
[3]. However, the amount of hydrogen in the-Hch stream ologies, for the same catalysts ascertaining the potential of
varies from 40 to 75%. CO adsorption is a fundamental step RF-GC for reliable and accurate catalytic characterizations.
for SCO and the kinetic investigation of the effect of differ- Thus various processes and the consequent physicochem-
ent hydrogen amounts in CO adsorption rate over supportedical parameters have been successfully studied: (i) time de-
noble metal catalysts is a subject of great interest, and thependedX;, and overall X, conversions, either under steady
influence of different hydrogen compositions has never beenor non steady state conditioft 6], (ii) adsorptionk;, des-
studied, in our knowledge. orption, k_1, and surface reactiorkp, rate constants and

In the present study, CO adsorption is investigated over the respective activation energi&s, [6], (iii) local adsorp-
a monometalic silica supported rhodium and a bimetal- tion energiesg, local adsorption isotherm8&(p, T, ¢), local
lic Rhg s0+ Pl 50 catalysts, under various hydrogen atmo- monolayer capacities;,,,, and adsorption energy distribu-
spheres, namely: 25-75%HRh/SiG catalyst selected since  tion functionsf(¢), for the adsorption of gases on heteroge-
supported Rh has been found to combine high CO selectivity neous surfacgg—9], (iv) the energy of the lateral molecular
and satisfactory activity compared to a supported Pt catalyst,interactions on heterogeneous surfaces in atime resolved pro-
in conditions compatible with the operation of PEM fuel cells cedure as well as surface diffusion coefficients for physically
[2]. On the other hand bimetallic BBo+ P.50/SiO, cata- adsorbed or chemisorbed species on heterogeneous surfaces
lyst selection based on the facts that Pt—Rh alloy catalystsin a time resolved proceduf®], (v) the nature of the various
exhibit high activity for CO oxidation at lower temperatures groups of active sites of solid catalyf#$and the competition
than the monometallic ones (Pt—Rh synergifsg], as well between mass transfer and kinetics on solid cata[§fis
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2. Experimental acteristics of the diffusion column (such as its length and its
volume).
2.1. General The materials and apparatus used for the study of car-

bon monoxide adsorption under various carrier gas hydrogen
Conventional GC involves the flow of a gaseous mobile amounts, by RF-GC, have been presented in detail in previous
phase in a defined direction over a stationary phase or packingpublicationg7]. A short description of them follows.
that results in the selective retention of solute components.
In RF-GC the system is modified (cHig. 1), having placed
perpendicularly in the center of the chromatographic column 2.2. Materials
(sampling column) another column (diffusion column). The
carrier gas flows continuously through the sampling column,  The catalysts studied, were rhodium and @sg# Rhy 59
while it is stagnant into the diffusion column. In contrast alloy (3%, w/w) supported on silica gel 60 of Merck (Darm-
with conventional GC, where the mobile phase is the center stadt, Germany)d<0.063 mm, 70-230 mesh ASTM. The
of interest, in RF-GC the solid or liquid substance placed into method of preparation and the surface characterization of the
the diffusion columnis under investigation. Thus, RF-GC can catalysts using TDS and XPS, has been presented previously
be assumed as an inverse gas chromatographic method. ThEL1].
injection of the solute is done at the closed end of the diffusion  Silica gel (80—100 mesh) from Supelco (Bellfonte, Penn-
column. Thus, the displacement of the injected solute into the sylvania) was used as chromatographic material for the sep-
diffusion column is only affected by its interaction with the aration of carbon monoxide and carbon dioxide.
stationary phase and its diffusion into the stagnant carriergas. Hydrogen, from Linde (Patras, Greece) (99.999% pure)
Another peculiarity of RF-GC is the sampling procedure was used for the reduction of the catalysts, while helium,
of the physicochemical phenomenon, which happens into thefrom BOC Gases (Athens, Greece) (99.999% pure) was used
diffusion column. The sampling procedure is carried out by as carrier gas.
using a four or six-port valve. Carrier gas flow reversals, = Carbon monoxide from B.O.C. Gases (Athens, Greece)
for a short time interval, are done by means of the above- (99.997% pure), was used as adsorbate.
mentioned valve, and then the flow is restored in its origi-  In order to examine the change of CO adsorption with hy-
nal direction. The above-described flow reversals result in a drogen amount, three different composition hydrogen/helium
short enrichment of the solute quantity into the carrier gas and mixtures were prepared by B.O.C. Gases (Germany) and
extra chromatographic peaks are created on the continuousvere used as carrier gases. Their compositions were: 25.05%
concentration-time curve (chromatogram). The extra peaksH, +74.95% He (v/v, 99.999% pure), 49.95% #H50.05%
are symmetrical and their height or area is proportional to the He (v/v, 99.999% pure) and 75.05%p H24.95% He (v/v,
concentration of the solute in the junction of the diffusion and 99.999% pure).
sampling columns, giving to RF-GC a higher sensitivity and ~ The actual gas mixture concentrations were measured by a
accuracy. The estimation of the various parameters is donegas chromatograph Perkin-Elmer XL Autosystem with a TC
from plots of the heights or the areas of the extra chromato- detector by using a 3m column filled with Molecular Sieve
graphic peaks against the time from solute’s injection (which 5A. The working temperature was 333 K, while the flow rate
are so-called as Diffusion Bands) and from geometrical char- of the carrier gas Ar was 20 ml nTi.
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Fig. 1. Experimental setup used for the investigation of the effect of hydrogen in carbon monoxide adsorption over silica supported Rh and Pat&tysatipy
under hydrogen-rich conditions, from reversed-flow gas chromatography.
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2.3. Apparatus iment, a series of sample peaks were recorded; each of them
was corresponded to a different time from adsorbate’s in-
The lengthd/, | andL of the stainless-steesampling cell jection. Result of the reversals is the instantaneous enrich-

were incorporated into acommercial gas chromatograph, Shi-ment of the carrier gas at the junction of diffusion and sam-
madzu GC-8A, equipped with a thermal conductivity detec- pling columns, with the injected solute. The carrier gas per-
tor as shown irFig. L The lengthd’” andl of the sampling forms only the sampling procedure to measure the gas phase
column were 36.5cm each (4 mm i.d.), while the length  concentration of an analyte at a certain position as func-
of the diffusion column was 70cm (4 mmi.d.). The catalytic tion of time, while it is stagnant into the diffusion column
bed (0.09 g) was put in a 1 cm length at the top of diffusion L.

columnL. The separation columi; (4 mm i.d.), was filled Plot of the height of the sample peaks against the corre-

with 7.6 g of silica gel (80—100 mesh). sponding time from adsorbate’s injection give the so-called
“diffusion band, shown inFig. 3 of ref. [7], and from its

2.4. Procedure mathematical analysis the various physicochemical parame-

ters are estimated.

Before any use, the catalysts were reduced at 628K for A Shimadzu C-R6A Chromatopac was used as recorder.
10 hin flowing hydrogen, at a flow rate of 1.137¢s71. Af- The variation in the temperature along the catalytic bed was
ter, the whole system was conditioned by heatiimgsitu’ the measured by a digital thermometer Fluke 2190A and was
catalyst bed at 748K for 20 h, under continuous carrier gas Smaller than 1K. The volumetric carrier gas flow rate, at
flow. Some preliminary injections of the adsorbate (CO) were ambient temperature was 1.136%sn’. The pressure drop
made to stabilize the adsorptive behaviour. Then, 19aim  along the whole system was 0.414 atm.
the solute (carbon monoxide), under atmospheric pressure
was rapidly introduced, with a gas-tight syringe, at the top
of the diffusion columnL, with the carrier gas flowing in 3. Theoretical
direction fromD; to Dy (Fig. 1). After a time of 5min, a
continuous concentration—time curve, owing to CO was es- The sampling peaks are predicted theoretically by
tablished and recorded. As it was pointed out before, during the “chromatographic sampling equation” describing the
this period flow reversals of carrier gas direction, for 5s, concentration—time curve that it is recorded after each flow
were made and then the gas was again turned to its origi-reversal. The ared, or the heightH, of the sample peaks
nal direction, simply by switching the four-port valve from resulting from the flow reversals, measured as function of
one position to the other and vice-versa. This time period time,t, are proportional to the concentration of the substance
was shorter than the gas hold-up time in column sectigns  under study, at the junction,= /', of the sampling cell, at
| andL’. When the gas flow was restored to its original di- time,t, c¢(, 7):
rection CO sample peaks like thoseFf). 2were recorded.

Repeating the reversal procedure many times at each experff /" = ge(!'. 1) 1)

thermal conductivity signal attenuated by 1 —
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Fig. 2. Reversed-flow gas chromatogram showing “sampling peaks”, for the sorption of CO at@Q6ver Rh/SiQ catalyst, under a 75% ++ 25% He
carrier gas atmosphere.

L




162
T T T T T T T T T
o1 e T
_ 0,014 E
w
=2
100% Rh
3. S o | 25%H,
1E i oo —'—/(j
s A A A A a4 o /\'_|
“ ks
1E-4 T T T T T T T T T T
340 360 380 400 420 440 460 480 500 520
(a) T/K
T T T T T T T T T T
e A R S—
_ 0.014 E
w
=2
e _ 100% Rh
1E-3 4 [P SNRPARE B — 1| 50% H,
. P - kl
e i s l\',l
A
“ ks
1E-4 T T T T T T T T T T -
340 360 380 400 420 440 460 480 500 520
(b) T/K
T T T T T T T T T
ATy m
N
0.1 . 4
_ 0014 E
“n
=2
100% Rh
1E-3 - o—2-4-0—9-0 . 4| 75%H,
A —a—k
. ""-l
~ ky
1E-4 =

340 360 380 400 420 440 460 480 500 520
(c) T/K

Fig. 3. Temperature variation of the mean values of the rate constafhjs (s
in a semi-logarithmic scale, for the adsorpti&n,desorptionk_1, and sur-
face bindingk,, of carbon monoxide over silica supported rhodium catalyst
at (a) 25% H, (b) 50% H, and (c) 75% H.

whereM is the response factor of the detector gradpropor-

tionality constant (usually assumed equal to unity) pertaining

to the detector calibration. Measuring experimentally pdijrs
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N is a function of the amount of the injected adsorbate, of
the carrier gas volumetric flow-rate, of the geometrical char-
acteristics of the diffusion column and of the diffusivity of
the adsorbate into the carrier gas. Its value, included in the
pre-exponential factors of E@2), is eliminated during the
calculations.

The pre-exponential factorgly = N(1— (Z/Y)), A2 =
N(1+ (Z/Y)) and the exponential coefficients of tinBg =
—(X —Y)/2andB; = —(X + Y)/2, are calculated by anon-
linear regression analysis progréj.

The auxiliary parameter¥, Y andZ are functions of the
rate constantls;, k_1 andks as well as of the geometric char-
acteristics of the diffusion column and the diffusivity of the
adsorbate into the carrier gas. By adding the two exponential
coefficients of timeéB; andBy, the value oiX is found, while
subtractingB; andBsy, the value ofY is obtained. The value
of Zis found from the ratio of the two pre-exponential factors
A1 andA; (o = A1/A2):

1-—
z:(ﬁY

1+p
Finally, the rate constants for adsorptién, desorptionk_1
and irreversible surface binding, can be calculated from

the found values oK, Y andZ, by means of the following
relations[6]:

_ (X +2)(A+ V) —2a

©)

k 4
1 v, (4)
X-Z
k.1 = 5 — k2 (5)
o — (X2 - Y?)(1+ V1) — 2a1(X — 2) )
2 20X+ Z2)(1+ V1) — day
2D
az = ?% (7)
V/
vi=—2-6% L 4 8)
Vo ar

Inthe above equationgg andV are the gaseous volumes
of empty sectiond; andL,, respectivelya;, a; functions
of the diffusion coefficientD, of carbon monoxide at the
experimental temperature and pressure arsdthe external
porosity of catalyst bed.

Egs.(4)—(6)show that for the calculation of the rate con-
stantsks, k_1 andkp, the following parameters are required:

t, the diffusion band is constructed, which in the case of a so- (i) The auxiliary parametes, Y andZ determined by the pre-
lute adsorption is theoretically described by the sum of two €xponential factors and exponential coefficients of €4,

exponential functions of timgb—10];

Z X+Y
HYM — N1+ 2 ) exp( — t
Ty ) &P T

+N 1—g ex —X_Yt
y) TP\ T2

)

which are easily calculated by non linear regression analysis
of the diffusion band. (ii) The diffusion coefficient of CO,

The determination of diffusion coefficients can be done ei-
ther experimentally12] or theoretically. (iii) The parameter
V; defined by Eq(8), is easily calculated by the geometric
properties of the diffusion column and the value of the dif-
fusion coefficient of COD. (iv) The external porosity of the
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catalyst beds, which can be measured by a method described experimentally determined rates is satisfactory e.g. it was
elsewherg13]. found that for CO adsorption over Rh/Si@atalyst un-
The rate constantk;, k_1 and k> relate to non steady  der 25% b, at 353 K:k; =0.133+ 0.006 s (4.5%),k_1 =
state conditions and they are well distinguished from diffu- (6.845x 0.045)x 10~4s~1 (6.6%) andk, = (3.986+ 0.022)
sion rates. x 1074571 (5.5%). The temperature variation of the mean
values of the experimentally determined, by means of RF-
GC, adsorptionks, desorptionk_1, and irreversible surface
binding,kz, rate constants of carbon monoxide at three differ-
ent hydrogen compositions on the two studied Rh/Siéd
The working temperature for the kinetic experiments was Pl.s0+ Rho50/SiO; catalysts is presented Figs. 3 and 4
limited between 323 and 523 K. In this temperature range the respectively.
only recorded substance is carbon monoxide. The existence
of other possible products of CO adsorption in excess of hy-
drogen such as #0, CO; and CHj into the carrier gas, due
to either possible CO dissociative adsorption or methanation
reaction, was examined as follows: (a) the carrier gas stream
was passed through a molecular sieve 5A water vapour trap;
(b) a silica gel 80-100 mesh column (60 cm length; b/4l.)
was put in before the TC detector. This column was used for
the separation of CO and GQand (c) finally, the carrier
gas stream was also passed through a FID detector, for the
detection of hydrocarbons (e.g. @HThe only detectable .
substance was carbon monoxide. :
Furthermore, the experimental findings for the adsorption 1E-4
of CO on the studied catalysts in the absence of hydrogen
show that it is a dissociative process, at temperatures higher
than 553 K[6]. Moreover, the rate of methanation reaction is T T T T
low in the studied temperature range (323-523¥) It has

4. Results and discussion

0.14
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25% H,

L] A]
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_0.014
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been shown that the methanation reaction 130 mixtures
occurring at a very low rate on polycrystalline noble metals
under atmospheric pressure can be enhanced if noble metals
are supported on oxide materials. However, this support en-
hancement decreases in the order s &Al,03 > SiO, [3].
Consequently, the present kinetic investigation of CO adsorp-
tion in excess of hydrogen, over the studied silica supported
Rh and Pt-Rh alloy catalysts, in the temperature range be-
tween 323 and 523 K, is not affected from both CO dissocia-
tive adsorption and CO methanation reaction.

The interaction of carbon monoxide with the studied cat-
alysts can be outlined in the following mechanistic scheme
in which the elementary reversible steps of adsorptian,
and desorptiork_1, are followed by the possible irreversible
surface bindingko.
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It is difficult to estimate the errors of the rate con- 1E-3 4 o . :
stants estimated from Eqgl)—(6), since they emerge from X
a series of a rather complex calculations and the applica- — o

tion of the rule of error propagation in a long sequence
of steps does not give reliable final errors. For this rea-
son, the rate constants corresponding to the elementary pro-
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. . . . Fig. 4. Temperature variation of the mean values of the rate constahjs (s
cesses of the interaction of CO with the studied catalysts in a semi-logarithmic scale, for the adsorptidg, desorptionk s, and

haV? been determined by performing three Cons_e_CUtive €X-surface bindingks, of carbon monoxide over silica supported Pt-Rh alloy
periments at each temperature. The found precision of thecatalyst at (a) 25% b (b) 50% +, and (c) 75% H.
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It is generally suggested in the literaty3] that in ex- at a fixed temperature 373K which is a relatively low tem-
cess of hydrogen over group VIII noble metals the strength perature compatible with the operation of PEM fuel cells,
of CO adsorptionK, values) determines the selectivity of and in which high selectivity and activity for SCO are ex-
CO oxidation, due to the well-known CO inhibition, while pected by utilising supported Rh catalyR$ The variation
SCO activity is determined from CO desorptidn { values), of the adsorption, desorption and surface binding rate con-
which results in free active sites for the adsorption of other stants against the carrier-gas hydrogen percentage over the
less weakly adsorbed species suchaamtl Q. Basedonthe  monometallic Rh as well as the bimetallic Pt-Rh catalysts, at
fundamental CO blocking action, itis justifiable to utilize the 373 K is presented ifig. 5.
measured by means of RF-GC rates related to the elementary The values of the adsorption ratg, in the case of the
steps of CO adsorption, desorption and irreversible binding monometallic Rh/Si@ catalyst increase, while the respec-
over noble metal surfaces (Rh and Pt/Rh alloy) under vari- tive values of the bimetallic Btp+ Rhy 50/SiO; catalyst de-
ous carrier gas hydrogen amounts (0-75%), in the absencecrease with increasing carrier gas hydrogen amount. In any
of oxygen, in order to evaluate the activity and the selectiv- case, at hydrogen compositions compatible with the opera-
ity of the studied catalysts for the simple case of SCO, i.e. a tion of low temperature PEM fuel cells (40-75%)he rate
gaseous stream containing traces of CO apih@xcess of of adsorption over monometallic catalyst is higher than that

hydrogen. over the bimetallic catalystf" > k7R and moreover their
The adsorption rate constant valuks,are usually two deviation increases at highep ldompositions.
orders of magnitude higher than those of desorptian, Surface binding rate valueky, provide a measure of the

The values of the experimentally determined adsorption rate strength of the bond formed between adsorbed CO and cata-
constants are of the same order of magnitude compared withlyst active sites. Under any studied hydrogen composikign,
those determined by the frequency response method for thevalues corresponding to bimetallic Pt-Rh catalyst are lower
adsorption of CO on silica supported Pt cataly§#)], as- than those of the monometallic catalyisgt(Rh < k?h) as-
certaining the potential of RF-GC for accurate rate constantscertaining that CO adsorption on Pt-Rh catalyst active sites
measurements. The deviation between adsorption and desis stronger than on Rh, which is consistent with the well-
orption values can be explained by means of the well-known known preference of CO to adsorb on Pt sif2s4,9,11]
high sticking coefficient of CO molecules over noble metals Furthermore, similarly to adsorption ratés, values in the
[2,3,9] case of the monometallic Rh/Si@atalyst increase, while

In all the cases the rate constants corresponding to thethe respective values of the bimetallic catalyst decrease with
irreversible binding of COky, over the studied Pt-Rh cat- increasing carrier gas hydrogen amount.
alysts, are lower than those of adsorption and desorption, The selectivity of SCO towards G@roduction is strongly
with the exception of Rh/Si@catalyst under 75% # In enhanced by the stronger binding of CO on catalyst active
that catalyst (Rh/Sig) the deviation betweek; andk; val- sites, based on the well-known blocking action of CO to cover
ues decreases with increasing hydrogen amounts, and paralmost entirely the surface excluding hydrogen and oxygen
ticularly at the higher composition (75%Hbothk_1 and from the active sitef2,3]. Although at lower hydrogen con-
ko values become almost equal. The deviation betwegn tents the CO selectivity of both catalysts determined from
andk, values can be attributed to the fact that the experi- k; andky values is similar, at rising ficarrier-gas contents
mentally determinedt; andk_; values generally represent such as in the range 40-75% Mhich is compatible with
the transport rates of CO from the gas phase to the surfacethe operation of PEM fuel cells, the variation of the rates of
and from the surface to the gas phase, respectively. On theadsorption and surface binding indicates that the selectivity
other hand the founkb values, corresponding to the surface of the monometalic Rh catalyst is expected to decrease (in-
binding of CO on the catalysts active sites, are referred to acreasingk; andky values). In contrast, the CO selectivity of
state of a limited degree of freedom, in comparison with the the Pt—Rh alloy is expected to increase at risinghbintents.
rates of adsorption and desorption. Consequently, Idwer Furthermore, the bimetallic Pto+ Rhp 50/SiO, catalyst is
values are expected. Furthermore, lokgivalues indicate expected to be more selective at higher hydrogen composi-
a stronger interaction of CO molecules with catalyst active tions (lowerk; values).
sites. Thus, for the monometallic catalyst, in which the de-  On the other hand, the activity of SCO is determined from
viation betweerk_; andky values decreases with increasing carbon monoxide desorption resulting in more free active

hydrogen amounts due to the drastic increaskyofalues, sites for the adsorption of weakly adsorbed species such as
the binding of CO molecules is expected to be weaker, par- oxygen and hydrogen. At lowerHompositions, the rate
ticularly at higher hydrogen compositions. of desorption from the bimetallic catalyst is higher than that

It becomes obvious that at higher hydrogen compositions of the monometallic catalysikf‘l'Rh > kﬁ*l‘), indicating that
both the processes of CO adsorption and surface binding ovePt—Rh alloy may be more active for SCO. At the range of the
the monometallic catalyst become relatively faster (flam  compatible with the operation of PEM fuel cells highes H
values) resulting in weaker interaction (frdg values) be- compositions (40—75%4), the values of the desorption rates
tween CO and the studied catalyst active sites. This can alsadbecome similar indicating a similar activity of both catalysts.
ascertained from the comparative presentation of the ratesMoreover, the activity of the bimetallic catalyst is expected to
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catalytic activity for CO oxidation at lower temperatures is
explained on the basis of the more random topography of the
bimetallic catalyst compared to that of the pure Pt and Rh,
to ensure the adsorption of CO molecules and O atom in the
vicinity of each othef9].

The suggested CO tolerance of various Pt-based alloys is
not directly ascertained on the studied Pt-Rh bimetallic cata-
lyst due to the fact that comparable data for the adsorption of
CO over a Pt/SiQ catalyst are not available. The influence
of alloying in increasing the CO tolerance of Pt catalysts is
attributed to a possible change of the chemical properties of
the Pt atoms in the surface. In that case CO is bound more
weakly and hence the CO poisoning effect wedkgrHow-
ever, it is obvious from the highdép values that CO is bound
less strongly over Rh sites in comparison to Pt containing
Pt—Rh alloy. Consequently, it can not be excluded that alloy-
ing Pt with Rh most likely results in a catalyst in which CO
is bound weaker than on Pt actives sites and stronger than
on Rh sites in agreement with the suggested CO tolerance of
Pt-based alloys.

CO desorption is considered as the rate limiting step for
CO oxidation both in the presence as well in the absence of
hydrogen[2,3], consequently, the comparative variation of
the desorption rateg, 1, can give information for the activ-
ity of the studied catalysts. Desorption rates exhibit a similar
behaviour at rising hydrogen compositions to those of ad-
sorption and surface binding rates: they increase in the case
of Rh/SIQ and decrease in the case of B+ Rhy 50/SiO»
catalyst. Thus, adsorbed CO can easier desorb at higher H
contents, resulting in improvement of the activity and subse-
quentloss of selectivity of the monometallic Rh/Sicatalyst
for SCO. However, bearing also in mind that under the same
rising Hy conditions CO blocking effect increases, Rh/giO
is expected to combine high selectivity as well as activity for
SCO at low temperatures, as it has been obsdjed

In contrast, adsorbed CO desorption decreases from the
bimetallic catalyst active sites, particularly at higherdém-
positions resulting in the improvement of CO selectivity but
also rising concerns about the activity of CO oxidation on
Pt—Rh. However, in a big range of carrier-gas hydrogen com-
positions (25-60% b) the values of desorption rates of
the bimetallic catalyst are sufficiently higher than the re-
spective rates corresponding to the monometallic catalyst
(kPLRN > kR, while at higher compositions the desorption
rates become similar. Thus, the loss of activity is not expected

- . . - . to be significant compared to that of the pure Rh catalyst.
ig. 5. Comparative presentation of the variation of the (a) adsorption, . .
(b) desorptionk_1, and (c) surface bindindk, rate constants, in a semi- For all the studied catalysts the values of the desorption
logarithmic scale, of carbon monoxide over the two studied silica supported rate constants_;, increase with increasing temperature in-
monometallic Rh and bimetallic Pt-Rh catalyst against the percentage of dicating that the relevant process is activated and permitting
carrier-gas hydrogen (25-75% the calculation of the corresponding activation energies via
the Arrhenius equation. Bearing in mind that carbon monox-
decrease while that of the monometallic to increase at higheride desorption plays a crucial role in CO oxidation both in
H, amounts. the presence as well in the absence of hydrd@eB8i, the
The higher activity for CO oxidation of Pt—Rh alloys com- comparison of the respective activation energies against the
pared to monometallic Pt and Rh catalysts has been reportednature of the studied catalysts (monometallic or bimetallic)
The synergistic effect of Pt-Rh catalysts to exhibit higher will further enlighten the activity of these catalysts.
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Onthe other hand, the rate constants, corresponding to COrable 2

adsorptionkz, over the monometallic rhodium catalyst de-
crease under any hydrogen atmosphere. The same behavio
is also exhibited by the irreversible binding rates,over the
same pure rhodium catalyst with the exception of the lower
25% hydrogen amount, in which the rates increase till a max-

imum value at 423 K and then they decrease. The adsorptionzg

ki as well as irreversible bindinkp rate constants increase
independently of hydrogen percentage over the bimetallic
Pt-Rh catalyst, indicating that the interaction of CO under
Ho-rich conditions follows a different mechanism over the
two studied catalysts.

A possible explanation for the anomalous behaviougof
values, over the Rh/Siatalyst in the presence of 25% H

Activation energies (kJmof) corresponding to the adsorptioB,;, des-

lﬁrption,Ea, 1 and surface bindindg,p, of carbon monoxide on the studied

Silica supported Biso+ Rhp so alloy catalyst under three different hydrogen
carrier gas compositions

% H, Ea1 (kJ mot1) Ea_1 (kdmol?1) Ea2 (kJ mot1)
18.2+ 2.6 12.6+ 1.7 b
45+ 1.1 3.0+ 0.7 59+1.6
50 7.6+ 0.7 54+ 04 52+1.7
75 85+ 1.6 4.2+ 0.7 7.2+2.8
@ Values for CO adsorption in the absence of&i 553-723 K, obtained
from ref.[6].

b Activation energy values can not be determined.

Pthy-Al 03 and Pt/SiQ catalyst§15—17) and moreover also

to decrease at temperatures higher than 423 K, is that the callower than those determined for CO adsorption in the absence

culated rate constants for the irreversible binding of €0,

of H, over the studied catalysfi§] (c.f. Tables 1 and 2 The

are apparent ones. These are related to the true values via thitter is reasonable since the addition efdét H,O has been

equation:korue) = k2/ K, whereK is the equilibrium con-
stant for a possible faster reversible intermediate step (e.g
due to the formation of a surface H-CO complex which is

found to decrease significantly the activation energy of CO

.oxidation increasing the raf8].

Low activation energy values for the oxidation of carbon

bound weakly and desorbs more easily than adsorbed carbormonoxide over noble metals have also been obseigld

monoxide, CQqgs[2]). Consequently, the true activation en-
ergy E'Y¢ is the sum of the apparent activation energy due
to ko (slow process)Ea, and of the heat of the reversible
step (faster processhH. Thus, whenAH is negative and
higher in absolute value thdfe, the rate of the proceskg,

Low energy barriers especially for dissociation reactions are
not strange. The geometrical effect on the dissociation barri-
ers, i.e. lower dissociation barriers on steps, kinks and defects
than that on terraces, is mainly a consequence of change in
activation energy of association, particularly in interaction

is expected to decease with rising temperature. The observednergy in transition state. On corrugated surfaces the reac-

temperature decrease of the adsorptianand surface irre-
versible bindingkz, rates of the monometallic catalyst (c.f.
Fig. 3 may also explained similarly. In any case, the es-
timation of the activation energy is not possible when rate
constants decrease.

The calculated by means of Arrhenius equation activa-

tion can achieve such transition state structures that two re-
actants do not share bonding with metal atoms. As a result,
the association barriers will be small leading to finally lower
dissociation barrierd 9]. Such low activation energy values,
as the estimated for the interaction of CO with the studied
catalysts, may be indicative of corrugated surfaces. The cat-

tion energies as well as their standard errors, for the adsorp-alytic activity of supported Rh particles has been related to

tion (Ea1), desorption E;— 1) and surface bindingHyy) of

the large number of defects that are present at the surface of

CO over the pure Rh and Pt—Rh alloy catalysts are summa-such small particleg20].

rized in Tables 1 and 2while the comparative variation of
the desorption barrier&f — 1) against the different hydrogen
carrier-gas compositions is presentedFig. 6.

A first characteristic of the estimated activation energies
is that their values are significantly lower, compared to those
mentioned in literature for SCO (74 kJ mdlover a Pt/ApOs
catalys{3]) as well as for CO oxidation (56—80 kJ mdlover

Table 1

Activation energies (kJmol) corresponding to the adsorptiofy;, des-
orption, E5 1 and surface bindingzaz, of carbon monoxide on the stud-
ied silica supported Rh catalyst under three different hydrogen carrier gas
compositions

% Hp Eaz (kI mot?t) Ea_1 (kImol?) Ea2 (kImol )
0 19.4+ 6.5 11,94+ 2.2 3.8+1.0%

25 b 52+ 0.6 3.2+0.6

50 b 2.3+ 0.7 b

75 b 1.4+ 0.7 b

@ Values for CO adsorption in the absence ofdi 553—-723 K, obtained
from ref.[6]. The= values in this and the following table are standard errors.
b Activation energy values can not be determined.
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Fig. 6. Plot of the activation energy (kJ md) estimated by means of Ar-
rhenius equation for the desorptieg_ 1 of carbon monoxide over the two
studied silica supported monometallic Rh and bimetalligsRhg 50 cata-
lysts against the percentage of the carrier-gas hydrogen (25-3%% H
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Differential heats of adsorption have strong surface cov- 5. Conclusions
erage dependence, decreasing as the uptake inci@d$es
Moreover, itis suggested that at fuel cell operating conditions  An inverse gas chromatographic instrumentation, that of
in the presence of CO the coverage is higher and adsorptionReversed Flow Gas Chromatography, was used for the study
energies weaker. This is attributed to strong CO—-CO repul- of CO adsorption, which is an elementary step of selective
sions at high coveragdd]. Most likely the calculated by =~ CO oxidation (SCO), over a silica supported monometallic
means of the present methodology activation energies are reRh and Rl 50+ Pl 50 bimetallic catalysts, under various hy-
ferred to high surface amounts of CO. This is also ascertaineddrogen atmospheres, varying from 25 to 75% Hhe pre-
from the fact that the local monolayer capacity of the Rh/SiO sented methodology is technically very simple and it is com-
catalyst increases from Jimol g~ to 2mmol g under a bined with a mathematical analysis that gives the possibil-
change of carrier gas hydrogen amount from 25 to TBR6 ity for the estimation of various physicochemical parameters
Even though, the found activation energies were apparentrelated with the adsorption on heterogeneous surfaces in a
ones the variation of their values versus hydrogen percentagesimple experiment under conditions compatible with the op-
and from one metal or alloy to the next, can give useful infor- eration of fuel processing catalysts. Rate constants for the
mation for the activity and the selectivity of CO adsorption elementary processes of adsorption, desorption and surface
in excess of hydrogen over the studied Rh and Pt—Rh alloy binding and the respective Arrhenius parameters are deter-
catalysts. mined. For first time the effect of different hydrogen con-
From the values of the activation energiedable 2 it is tents of the gas feed/stream in the kinetics of CO adsorption
also concluded that the adsorption and surface binding bar-is investigated.
riers increase as hydrogen feed composition increases indi- It is suggested in the literature that the selectivity of CO
cating that lower amounts of CO are more strongly bound oxidation in excess of hydrogen over group VIII noble met-
on Pt—Rh alloy active sites, resulting in higher selectivity for als at temperatures lower than 523 K is determined from the
SCO. strength of CO adsorption, while SCO activity by CO des-
Since the activation energy for the adsorption as well as orption.
surface binding steps can not be estimated for the adsorption The temperature variation of the rate constants reveals that
of CO on the monometallic Rh catalyst active sites, the com- the activity as well as the CO selectivity of the monometallic
parable presentation &fig. 5includes only the desorption  Rh catalyst increase with rising temperature. In contrast the
barriers E5_ 1). Itis concluded that at the range of hydrogen activity of Pt-Rh bimetallic catalyst is expected to increase
compositions between 40 and 75% which is compatible with while its selectivity is expected to decrease at higher temper-
PEM fuel cells feed/streams, the activation energy required atures.
for CO desorption decreases as feedthntent increases in- Monometallic Rh/Si@ catalyst combines high activity,
dicating that desorption becomes easier and ensuring higheincreasing at rising hydrogen contents and high CO selectiv-
activity for CO oxidation. Moreover, the desorption barriers ity, which however decreases at increasingprith condi-
determined in the range 40-75% Hdre in any case much tions, in agreement with literature observations. In contrast,
lower than the respective activation energies found for CO Pt—Rh alloy catalyst is expected to exhibit high CO selectiv-
desorption in the absence of hydrogen (€dbles 1 and R ity, which increases at rising hydrogen compositions and high
Thus, a H-induced desorption of CO is reported, which could  activity which decreases at increasingly-Hch conditions.
gualitatively explain the observed rate enhancement of SCOThe suggested CO tolerance of Pt-based alloys is not directly
oxidation rate if we assume that CO oxidation rate is desorp- ascertained since comparable data for CO adsorption over Pt
tion limited. Hydrogen-induced desorption of CO has been are not available.
reported for Pt(11 1) at low temperatuifeg]. At lower Hy compositions the CO selectivity of both cat-
The physical origin of the lH>O-induced increase in  alysts is expected to be similar but Pt—Rh alloy catalyst
SCO oxidation rate has become a subject of great interestis expected to be more active in agreement with the ob-
Various explanations have been suggested. The formation ofserved Pt—Rh synergism. At higher hydrogen compositions
the previously mentioned H—CO complex, due to the interac- (40-75% +) compatible with the operation of PEM fuel
tion of adsorbed CO with fipresent in the feed gas stream, is  cells, the activity of both catalysts is expected to be simi-
believed to enhance the reaction by desorbing from the cata-lar but Pt—Rh alloy catalyst is expected to be more selective.
lyst surface below the temperature required for CO desorption Thus, Pt—Rh alloy catalyst may be considered as a better can-
in the absence of H{2]. A different explanation is attributed  didate for CO preferential oxidation.
to the interaction between the hydroxylated supporting ox-  The values of the experimentally determined activation
ide material (AbOs3, SiO, or TiO2) and CO adsorbed on Pt.  energies are low compared to literature values. These low
By this process formate species are formed on the supportenergy barrier values most likely are referred to high surface
if Ho and/or BO are present in the gas feed. The formation amounts of CO in agreement with it is suggested in the lit-
of formate species on alumina-support consumes Pt-bondecderature that at fuel cell operating conditions in the presence
CO producing free Pt-sites for,Cadsorption/dissociation,  of CO the coverage is higher and adsorption energies weaker
effecting an increase in SCO rd&3]. due to strong CO—-CO repulsions at high coverages.
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Moreover, the values of the activation energies determined [6] D. Gavril, V. Loukopoulos, G. Karaiskakis, Chromatographia 59
under B-rich conditions are lower than those determined for (2004) 721. _ o _
coO adsorption in the absence of bver the studied catalysts [7] V. Loukopoulos, D. Gavril, G. Karaiskakis, Instrum. Sci. Technol.
in agreement with the literature conclusions that the addition 31 (2003) 165.
g [8] D. Gavril, Instrum. Sci. Technol. 30 (2002) 397.

of Hz or H20O decreases significantly the activation energy of (9] p. Gavril, B.E. Nieuwenhuys, J. Chromatogr. A 1045 (2004) 161.

CO oxidation increasing the rate of SCO. [10] V. Loukopoulos, D. Gavril, G. Karaiskakis, N.A. Katsanos, J. Chro-
The desorption activation energy which is CO oxidation matogr. A 1061 (2004) 55. _
activity determining step, in the compatible with the opera- 11 F.C.M.JM. Van Delft, B.E. Nieuwenhuys, J. Siera, R.M. Wolf,
tion of PEM fuel cells composition range 40-75%,Hie- 1-S.1.J. Int. 29 (1989) 550.
pC 9 9, [12] G. Karaiskakis, D. Gavril, J. Chromatogr. A 1037 (2004) 147 (Re-
creases as feed %pHontent increases. Moreover, the des- view).

orption barriers determined are in any case much lower than[13] N.A. Katsanos, R. Thede, F. Roubani-Kalantzopoulou, J. Chro-
the respective activation energies found for CO desorption in matogr. A 795 (1998) 133.
the absence of hydrogen indicating giiduced desorption, ~ [14] Y-E. Li, D. Wilcox, R.D. Gonzalez, AIChE J. 35 (1989) 423.

. . 15] N.W. Cant, P.C. Hicks, B.S. Lennon, J. Catal. 54 (1978) 732.
which can explain the observed rate enhancement of SCO{lG] N.W. Cant, J. Catal. 62 (1980) 173,

oxidation. [17] J. Sarkany, R.D. Gonzales, Appl. Catal. 5 (1983) 85.
[18] A. Baiker, M. Maciejewski, S. Tagliaferri, P. Hug, J. Catal. 152
(1995) 407.
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