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Abstract

A kinetic study on CH combustion over a very active PdO/Zr@atalyst with high Pd loading (10% w/w of Pd) is
presented as an example of a demanding problem which requires both the development of appropriate experimental tools and
a theoretical insight on surface chemistry.

The use of an annular catalytic reactor as a tool to collect kinetic data under unusually severe conditions (high temperature
and CH, concentration) is described in comparison with the use of a conventional packed bed reactor. In particular, problems
related to the biasing effects of mass, heat and momentum transfer are addressed.

Kinetic data addressing the effects of £HD,, H,O and CQ concentration in a temperature range from 400 to %50
are analysed by means of a purely empirical power law model and of a formal kinetic model based on literature indication
assuming methane dissociative adsorption as the rate controlling step.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction mechanism and eventually to provide assistance in the
development of novel catalyst formulations.

The classical statement of “catalysis as a kinetic  Despite, the above statements have been quite
phenomenonTl] well emphasises the pivotal impor-  universally recognised since a long time, the field
tance of collection and analysis of kinetic data in cat- of catalytic kinetics is still quite stimulating from a
alyst science and technology. Correlation of reaction fundamental point of view and far from being ex-
rate data may be sought for both engineering and fun- haustively understood. On the other hand, the applied
damental purposes. Engineers need rate equations tgesearch of more active and selective catalysts would
be implemented in mathematical model of catalytic re- stringently requires more physically sound kinetic
actors which can be used both for design purposes anddescription of catalytic reactiorig].
to predict the effect of reactor operating changes on  Inthis paper a kinetic study on an apparently simple
performances. Fundamental scientists need a rationalreaction, the complete oxidation of Gho H,O and
assessment of reaction rate data: for systematic eval-CO, over a PdO-supported catalyst, is presented as an
uation of the effect of variation of catalyst composi- example of the still critical need of both novel exper-
tion; to gain insight, although indirect, on the reaction imental tools, able to provide kinetic data under the

severe conditions which are often relevant to practical

applications, and deeper theoretical understanding of

* Tel.: +39-2-23993258; fax:+-39-2-70638173. the complex chemistry undergoing onto the catalyst
E-mail address: gianpiero.groppi@polimi.it (G. Groppi). surface.
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In view of its high activity supported PdO is the achieved 10% w/w. The catalyst powders were then
catalyst of choice for Chicombustion in applications calcined at 600C in air for 10h in a muffle fur-
which require low light-off temperatures such as ex- nace in order to achieve complete decomposition of
haust treatment from compressed natural gas enginesPd(NG;)2 to PdO. XRD spectrum upon calcination
[3] and catalytic combustors for gas turbines with evidenced the presence of crystalline PdO along with
ultra-low emissions of NQ, CO and unburned CH the m-ZrQ support. For the activity tests 100 mg of
[4]. Particularly in this latter case, Zpsupported cat-  finely grinded powders (140-200 mesh) were loaded
alysts with high palladium loading (about 10% w/w of in a quartz microreactor. The catalyst powders were
Pd) were reported to posses the required activity and thoroughly mixed with inert quartz powders of the
stability properties to be used in commercial combus- same particle sizé/Ncaf Wqii = 1/2) to reduce temper-
tors [5]. Although several studies are reported in the ature gradients associated with the strong combustion
literature on CH combustion kinetics over Pd cata- enthalpy. The catalyst temperature was measured by
lysts [6—12] very few data are available for tempera- a fixed thermocouple (type K) located in the catalyst
tures higher than 400C [13], which, however, are of  bed. The reactor was fed by a 250%min at STP
practical interesf4]. (GHSV = 150000 cri/geath at STP) flow mixture

In the following the preparation of a powder cata- consisting of 0.5% Chl 4% O, He to balance.
lyst to be used in a conventional packed bed reactor Activity tests were performed by temperature pro-
and the results of Cid combustion activity tests grammed (TP) experiments (heating/cooling rate
are first presented. Then the characteristics and thel5°C/min). Analysis of products and reactants were
preparation method of an annular flow reactor able performed by on-line mass spectroscopy (Baltzers
to overcome experimental limitations of packed beds QS422), which allowed for continuous determination
are illustrated. Finally, the results of kinetic mea- of CHy conversion.
surements performed with the annular reactor over a
wide range of experimental variables and their anal- 2.2. Annular reactor
ysis using a power law and a formal model based on
mechanism assumptions are presented and discussed.2.1. Concept and design

To collect kinetic data under severe conditions an
annular flow reactor was adoptg8—15] Such a cat-

2. Experimental alytic reactor, which is sketched iRig. 1, consists
2.1. Packed bed
—T hermocouple

2.1.1. Preparation and characterisation of powder Annular
catalysts for packed bed tests Chatiber g—— Gas inlet

For activity tests in a conventional packed reactor = ~
a PdO/ZrQ (10% w/w of Pd) catalyst was prepared o o| | Quartz
in powder form according to the following procedure. ° S| [ tube
The Zr& support powders were obtained by calcin- ) °l M, °
ing Zr(OH); (Mel Chemicals, mean particle size ceramic  —To [T °| |=—QOven
1um) at 95C°C. Upon calcination the support con- e . .
sisted of a single phase monoclinic Zr@m-ZrOy), ; S
as revealed by the XRD analysis, with a BET surface o | BTN e
area of 15 /g, a pore volume of 0.124 ciy and an . >
average pore radius of 23 nm.

The ZrQ, powders were dry-impregnated with a )
10% Pd(NQ), aqueous solution (Alfa-aesar) and then | ?:s:]s‘l;ioat

dried at 110C for 2 h. The impregnation procedure
was repeated several times until Pd metal loading  Fig. 1. Schematic diagram of the annular catalytic reactor.
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of a ceramic tube co-axially placed within a quartz avoid the onset of serious limitations associated with
tube. The reacting gases flow in the annulus between both gas—solid diffusion and axial diffusion in the gas
the two tubes contacting a thin catalyst layer which phase.
is deposited onto the external surface of the dense ce-
ramic tube. Thanks to the straightforward pattern of 2.2.2. Deposition and characterisation of the
the flow, a laminar regime can be preserved up to high catalyst layer
specific flow rate thus maintaining limited pressure  The need to obtain an adherent catalyst layer with
drops. Combining this with the possibility to minimise a uniformly thin thickness, good adhesion and appro-
the catalyst loading by controlling the thickness and priate morphological and catalytic properties requires
the length of the catalyst layer, extremely short con- the development of a specific preparation/deposition
tact times can be achieved with negligible pressure technique of the catalyst layer. For the specific ap-
drops. plication herein investigated and, in general, for the

In view of the well-defined geometry and flow pat- investigation of very fast reactions, this is not a
tern, mathematical modelling was effectively used to drawback since industrial applications are typically
design the reactor geometry so as to guarantee a mini-operated on structured catalysts obtained by depo-
mum impact of diffusional limitations on kinetic data. sition of an active layer onto pre-shaped geometri-
Details on the mathematical model and on the simula- cal/mechanical supports (honeycombs, plates, foams,
tion results are reported elsewhéié,16] however, etc.) [4]. Accordingly, the same catalyst coating de-
as shown irFig. 2, the theoretical design pointed out position technique adopted for the preparation of
the thickness of the catalyst layer as the most critical commercial structured catalysts can be used for the
parameter. At the very high reaction rate achieved by annular reactor.
CH,4 combustion in the mid-high temperature range  In this work the wash-coating procedure adopted
(500-600C) over heavily Pd loaded catalysts, active for the deposition of the catalyst layer was derived
coating layers as thin as 18n are required to keep  starting from patent literature indication$7] by a
the overall efficiency of the reactor above 80%, i.e. to careful tuning of the following preparation parame-
keep the error on the estimate of the kinetic constant ters: (i) selection of the precursor catalyst powders; (ii)
when neglecting the impact of diffusional limitations composition and mixing of the slurry to be deposited;
below 20%. Also the size of the annular gap must (iii) withdrawal velocity of the ceramic tube during
be kept in the order of few hundreds of micron to dipping deposition; (iv) drying and calcination upon

deposition.
The precursor catalyst powder was obtained by
calcination of Zr(OH) at 500°C for 10h, followed

ook T by repeated dry impregnation with Pd(N)@ up to
10% wi/w of Pd with a final calcination at 50C. The
> 08r calcined powder was suspended in a H\&ueous
& solution to obtain a slurry with the following com-
£ o7r position: HhO/powder = 2.1 g/g, HNQs/powder =
g 06k 1.7 mmol/g. The slurry was then ball-milled for 24 h
S using zirconia spheresd(= 1cm). The ceramic
© 051 a-AloO3 tube (outer radiusy; = 3.25mm) was
= wash-coated by dipping into the slurry with a con-
g o4r stant withdrawal velocity of 3cm/min. After flash
o3l heating at 280C for 5min, the tube was calcined
S at 800°C for 10h under air flow of 10 cAimin (at

5 10 15 20 25 30 35 40 45 50 55 60 65 STP). Length, weight and density of the catalyst layer

Thickness of the active layer (um) deposited on-Al,03 tube were 10mm, 6 mg and
Fig. 2. Calculated overall efficiencies of the annular flow reactor 2 g/crrf, respeCt'Vely' The CatalySt thickness estimated
due to mass transfer limitations. by optical microscopy was J5m.
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Morphological properties of the catalyst were 3. Resultsand discussion
analysed by N adsorption/desorption at 77K (Car-
loErba Sorptomatic 1900 series) and Hg-porosimetry. 3.1. Packed bed reactor
PdO/ZrG exhibited a bimodal pore distribution
consisting of mesoporesf = 0.1, 7 = 28 nm) and In Fig. 3 conversion data obtained in two repeated
macroporesgp = 0.13, 7, = 64 nm). TP cycle between 150 and 500 are reported. The

The catalytically coated-Al>,O3 tube was placed lack of hysteresis between heating and cooling ramp
within a quartz tube with an inner radius of 3.5mm provides an indication that nearly steady-state condi-
S0 as to obtain an annular chamber with an averagetions were achieved under the investigated conditions.
height of 25Qum. The axial temperature profile was Besides the good reproducibility exhibited by the
measured using a K-type thermocouple sliding within repeated thermal cycles indicates that the catalyst
the internal cavityd = 2 mm) of thea-Al,03 tube. was stable within the investigated temperature range.
Such a thermocouple provides a measurement of theConversion curves show that the reaction starts just
catalyst temperature under the reasonable assumptiorabove 200C, reaching 10% conversion at about
of thermal equilibrium on the cross-section of the ce- 250°C. Then the conversion rapidly increases achiev-
ramic tube. ing practically 100% (>99%) just below 40C.

Analyses of reactants and products were performed Above this temperature no further indications on com-
by an on-line GC (Hewlett Packard, HP6890 Se- bustion kinetics could be collected since conversion
ries) equipped with a 5A molecular sieve column was fixed at 100%; accordingly only a lower limit to
for separation of @ N>, CHy and CO and with a the actual reaction rate can be obtained. This is a se-
PORAPAK-Q column for separation of GHCO, rious limitation since in industrial applications much
and HO. Concentration of the single species was higher temperature range are of practical interest, e.g.
determined with two parallel thermal conductivity de- 450-850C for gas turbine catalytic combustors.
tectors (TCDs). Activity tests were performed under  In principle one can operate the packed bed reactor
steady-state conditions collecting one average con- at significantly shorter contact times in order to shift
version point by four repeated GC analyses during a the 100% conversion limit at higher temperatures
90 min hold at each temperature. SO as to enlarge the investigation range. However,
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Fig. 3. TP combustion curves of GHbver PdO/ZrQ in a packed bed reactor at GHSY 1.5 x 10° cm?/gh at STP.
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several reasons would discourage such an attempt.for negligible temperature gradients in the catalyst
First pressure drop would rapidly became a critical bed [18] was already largely overcame under the
issue: indeed under the investigated conditions pres-investigated conditions: at 37& a value of the
sure drops up to 0.5 bar were observed which would yimensionless grou§am . Roed P (AHR) 40 o oo of
linearly increase with the flow rate. Such a problem is of 2 et

) , . .3 was calculated. Also in this case the usual remedy
strictly related to the necessity to keep the particle size ~, . : S ; .

P of increasing the dilution ratio could be applied to a

of the catalyst powders as small as possible in order
to minimise the impact of diffusion limitations. In the

limited extent since it would result in an increase of

investigated conditions, despite of the small average the bed height and, consequently, of the pressure drop.
particle size (9%.m) of the catalyst powder, classical
diagnostic criterig18] for the onset of intraparticle
diffusion were tightly satisfied: at 37% a value of
the dimensionless groufons3/DetCs of 0.3 was ~ 3-2.1. Reactor per formances
calculated. Considering an apparent activation energy  To overcome the limitations discussed above 4CH
of 82.4 kJ/mol, that has been derived from the conver- combustion tests have been performed in an annular
sion data using a first-order kinetics and is in line with flow catalytic reactorFig. 4 reports the conversion
literature values obtained under the same assump-curve obtained in the temperature range 400850
tion, the theoretical safety Iim'(tRobgrg/Defsz <1 under the following standard conditions: feed0.8%
would be rapidly overcome as soon as the temperatureCHa, 21% &, N to balance, pressuee 1 atm, flow
exceeds 400C. On the other hand, a further decrease rate= 100 cn¥/min at STP. Thanks to the extremely
of the smaller particle size would make pressure drops high GHSV (16 cm®/gcath at STP), CH conversions
even more critical. Besides, it is difficult to handle lower than 60% were obtained in the investigated
and confine very fine powders within the reactor. temperature range, i.e. far below the 100% limit

Another critical issue is associated with the tem- achieved already at 40C in the packed bed tests. It
perature distribution within the reactor. The criterion is worth noting that with the annular reactor the upper

3.2. Annular reactor

60

50

% CH4 conversion

10+

! I ' I ' I ' I ' I 4 I ' I ' I ' I
380 400 420 440 460 480 500 520 540 560
Temperature (°C)

Fig. 4. Steady-state conversion curve in the annular flow reactor at standard conditions=6H®E¥m?/gh at STP, feed= 0.8% CHy,
21% O, N carrier, pressure- 1 atm.
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limit to the investigated temperature was set by pre- reaction heat allowed by the annular reactor that, as
vious experiments on catalyst stability showing the showed by more detailed investigatiofs5,16] is
presence of significant catalyst deactivation at 800  mainly due to radiation from the catalyst skin.
in the presence of feed J@. Conversion values in
Fig. 4 shows that the reactor has potential to provide 3.2.2. Kinetic study
kinetic data at higher temperatures corresponding to  In conclusion, the above results confirmed the po-
faster reaction rate, particularly when considering tential of the annular reactor to collect kinetic data
that the flow rate and, consequently, the GHSV can under much more severe conditions than those allowed
be further enhanced since actual pressure drops un-by conventional packed bed reactors. In view of this
der the investigated conditions were below 0.1bar. an extensive kinetic study was performed including
Besides experiments performed using He as the inertthe effect of concentration of reactants and products
gas provided the same conversion values obtained incovering the following ranges of experimental vari-
standard tests (inert gas;Nconfirming that, in line  ables:T = 400-550°C, GHSV = 10° cm®/gcath at
with the prediction of the mathematical model design STP, feed composition: O= 11.5-212%, CH; =
of the reactor, the impact of diffusion limitations was 0.4-32%, HO = 0-35%, CQ = 0-27% and ¥
negligible under the investigated conditions thanks to to balance.
the very small thickness of the catalyst layer. Under the investigated very lean conditions (equiv-
The measured axial thermal profiles showed that alence ratio below 0.3) no effect of2@oncentration
temperature differences along the catalyst bed were was observed in line with previous literature report
kept below 5C even at 60% conversion, which can be [8,10,11,13] On the other hand, significant effects
assumed as isothermal conditions with respect to otherof H>O, CO, and CH; were found and are plotted
experimental uncertainties. During tests performed in Figs. 5-7 respectively (dots). }D was found
under more severe conditions, up to 3% of Jhlthe to hinder CH combustion over all the investigated
feed, measured temperature gradients were alwaystemperature range. Such inhibition effect was pre-
maintained within reasonable limits (typicallyT < viously reported by several authors in the literature
10°C) confirming the high dissipation efficiency of [9-13,19,20] but its extent in the high temperature

60
55
50 -
45
40
35
30
25
20
15 -
10
5]

% CH4 conversion

: : — : : .
00 05 1.0 15 20 25 30 35 40
%HZO feed

Fig. 5. Effect of HO concentration. Standard operating conditions except @ doncentration. Dots: experimental points; solid lines:
data fitting with power law model (5); dashed lines: data fitting with the formal model (6).
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% CH4 conversion

: — :
0.0 0.5 1.0 15 2.0 2.5 3.0
%CO2 feed

Fig. 6. Effect of CQ concentration. Standard operating conditions except of €@hcentration. Dots: experimental points; solid lines:
data fitting with power law model (5); dashed lines: data fitting with the formal model (6).

range of practical interest was argyed]. The results a similar annular reactor over @Al ,03-supported
herein presented, confirmed that water still inhibits PdO catalyst, and with qualitative evidences reported
combustion up to 550C, in line with recent reports by Ciuparu and Pfefferl¢22] for a ZrO,-supported
from the same lapl3], concerning data collected with  catalyst.

% CH4 conversion
w
[4)]
|

T T T T T T v T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5
%CH . feed

Fig. 7. Effect of CH concentration. Standard operating conditions except of €bhcentration. Dots: experimental points; solid lines:
data fitting with power law model (5); dashed lines: data fitting with the formal model (6).
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Literature data on C@inhibition are much more To minimise correlation among the parameters, the
controversial since some authors did not find any inhi- following classical re-parameterisation of the kinetic
bition effect[7,11], whereas others observed it only at and thermodynamic constants within the different
high CQ, concentratiorf9,10,19] The results herein  tested rate expressions was adopted
reported show a C@inhibition effect similar to that o
of H,0. Such discrepancy with respect to several lit- for kinetic constant : )
erature reports cannot be simply associated with the ;. _ exp[ﬂ 1—PBi2 (ﬂ)_ @) (3)
higher temperature range investigated in the present ’ ’ T 673
study. Indeed no C@effects were observed in a sim-
ilar temperature range over a Pd@#l,O3 catalyst  for thermodynamic constants :

[13]. Accordingly, a role of the support has to be likely K — _ (1000 1000 i
invoked as partly responsible for the catalyst behaviour i =exXp|pi1+pi2 T 673
against CQ inhibition. ) . _

Finally, Fig. 7 shows that at a given temperature The fpllowmg empirical power law expression was
conversion decreases on increasing:@Met concen-  first tried:

(4)

tration. This is not at variance to literature indications, 3 ke PcH,
typically reporting a first-order dependence on H r (CM/Qoqy/S ALSTR = P2 op(k:)o2 ®)
2

concentration of the combustion rg&-13], since it
can be associated with the inhibiting effect of the prod- With partial pressur®; in bar.
ucts whose concentrations at given conversion increase In expression (5) oxygen reaction order was fixed
with the inlet molar fraction of Cll to O in line with the experimental results collected in
The conversion data discussed above were fitted this work, whereas reaction order with respect to4CH
by testing different kinetic expressions. The following was constrained to 1, consistently with previous liter-
simple 1D, pseudo-homogeneous, isothermal model ature indicationsTable 1provides the estimate of the
was adopted for the simulation of the annular reactor: four parameters (note that the temperature-dependent
kinetic constant was rewritten in the re-parameterised

FdYCH4 -y (1) form (3)) along with some statistical indexes. Data
dWeat fitting is also shown irFigs. 5-7(solid lines) and in
the parity plot reported irFig. 8 (square points). As
Ych, = Y&y, atz =0 2) a general comment the quality of the fitting is satis-
factory. Inspection ofFigs. 5-8does not show any
whereF is the molar flow rate (cAis at STP)Wcat systematic deviation from the experimental trends of
the catalyst weight (9)Ych, the CH; molar fraction H>0O, CO, and CH; concentration effects. Besides no
andr the combustion rate (cHycads at STP). significant correlation occurs between the parameters

The use of such a simple model is consistent with also thanks to the given constraint on £keaction
the results of the reactor design by mathematical order. A statisticaF-test on model adequacy was not
modelling showing that the impact of all the relevant attempted due to uncertainties on the variance esti-
mass transfer effects (intraporous internal diffusion; mate which might be biased by a slight deactivation
gas—solid external diffusion; axial diffusion in the gas occurred during the experimental campaign, however,
phase) can be neglected without significant errors on the value of the mean square error is satisfactorily low.
the estimates of the kinetic constants. Concerning the general consistency of the parameter

The ordinary differential equation (1) at the ini- estimates it is worth noting that the negative reaction
tial condition (2) was solved using an explicit order—0.32 of HO is markedly higher than the typi-
Runge—Kutta method. The ODE solver was incor- cal value of—1 reported by many authof8—11] This
porated into the robust global nonlinear regression can be associated with the higher temperature range
routine BURENL[23,24] to obtain the parameter es- herein considered at which the inhibition effect of wa-
timates and statistical analysis of the results. Regres-ter, possibly due to active site blocking, is mitigated
sion was performed on a set of 53 experimental data. although not completely eliminated. The estimate of
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Table 1

Power law rate equation (5): parameter estimates with 95% confidence limits, correlation matrix and statistical indexes (number of degrees

of freedom is 49, MSE= 3.5946E+ 00)

343

Parameter estimates

Lower limit Estimated value Upper limit
B11 —9.94039E-01 —6.97808E-01 —4.01578E-01
B12 1.25766E-01 1.294188-01 1.29418E-01
a 3.00021E-01 3.22046E-01 3.44071E01
b 2.30263E-01 2.50017E-01 2.69771E01
Correlation matrix
1.00000E-00
—8.13919E-01 1.00000E-00
—8.38086E-01 5.88183E-01 1.00000E-00
—8.38925E-01 5.73484E-01 4.74082E-01 1.00000E-00

the apparent activation energf 4: = 108 kJ/mol) is
lower than the value of 150 kJ/mol reported by other
authors[11,22] who considered the inhibiting effect
of H20O. This is consistent with a mitigated effect of
H>O inhibition in the high temperature range.

To attempt a more physically sound analysis of ki-
netic data the following expression was tested:

r (CM>/Qeyy/S at STR
_ kCPCH4
1+ Kn,0PH,0 + Kco, Pco,

(6)

which in principle could account for zeroth-order
dependence on fOconcentration, first-order depen-

dence on CH concentration and fractional negative
reaction order on product concentrations emerged
from the power law analysis. This model is consistent
with a simplified mechanism proposed in the litera-
ture, assuming dissociative adsorption of Obh an
active site consisting of a coordinatively unsaturated
PPtO?~ ion pair [22,25] as the rate determining
step. The fraction of free active sités in the result-

ing rate expression

@)

can be evaluated considering a pseudo-equilibrium
condition for water, as usually donfl2,13,22]
and carbon dioxide adsorption. This latter must be

r = ke Pch,6y

70
n
| m  powerlaw a
c 604 A formal model | |
RS ] A
® 50 4
g 40 . “ )
- | |
8 i
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Fig. 8. Pal

rity plot.
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considered to account for the observed inhibiting ef-
fect of CQ.. On the other hand, the fractional site
coverage due to adsorbed gHan be reasonably
neglected. Accordingly

1

Oy =
YT 14 KH,0PH,0 + Kco, Pco,

(8)

which substituted in (7) gives the rate expression (6).

It is worth noting that rate equation (6) can be de-
rived either via a classical Langmuir—-Hinshelwood—
Hougen-Watson approach or with a Mars—van

Krevelen-type mechanism assuming a slow catalyst

reduction controlled by surface reaction between
CH4 and PdO, with competitive adsorption of ¢O
and HO on the oxidised sites, followed by fast

G. Groppi / Catalysis Today 77 (2003) 335-346

was not herein considered since, in contrast with the
collected experimental evidences, vacancies develop-
ment would result in a negative reaction order with
respect to @, unless surface hydroxyls originating ei-
ther from surface oxidation of adsorbed £bf from
dissociative adsorption of ¥ can be assumed as the
most abundant surface intermediate. In this case, as
shown in[10], the rate equation simplifies in a power
law expression with reaction orderl with respect to
H>0, which is at variance with the results of the power
law analysis described above.

Table 2 provides the estimates of the six param-
eters in rate equation (6) (note that for temperature-
dependent kinetic constar; and thermodynamic
constantskn,0 andKco,, reparameterization formu-

re-oxidation of surface vacancies. Evidences in favour las (3) and (4) were adopted, respectively) along with

of a Mars—van Krevelen-type mechanism were re-
ported by Baiker and co-workef26,27] and more
recently by Pfefferle and co-workef28]. On the
basis of isotopic oxygen distribution in combustion
products during pulse experiments with labelled re-

some statistical indexes provided by the regression
routine. Regression results show that the model can-
not be rejected neither on the basis of rigorous statis-
tical analysis nor in view of evident chemico-physical

inconsistencies of the parameter estimates since ac-

action mixtures these latter authors proposed that tivation energy ofk; (Eact = 78.8kJ/mol) and ad-
re-oxidation uses both bulk and gas phase oxygen andsorption enthalpies oK,0 and Kco, (AHu,0 =

also oxygen from the Zr@support.
An expression consistent with a Mars—van Krevelen
redox mechanism involving the activation of methane

—29.2kJ/mol, AHco, = —54.32kJmol) are posi-
tive and negative, respectively. However, the overall
quality of the fitting seems significantly worse than

on a site pairs consisting of oxygen atoms and oxygen that provided by the power law rate equation (5) as

vacancies on the surface of Pd@rystallites was also
proposed by Fujimoto et gl10]. Such an expression

Table 2

Rate equation (6): parameter estimates with 95% confidence limits, correlation matrix and statistical indexes (number of degrees of freedom

is 47, MSE= 5.6255E+ 00)

shown by comparison of the value of the mean square
error(MSE) = 5.6255 obtained with the rate equation

Parameter estimates

Lower limit Estimate Upper limit
Be1 4.33581E-00 4.45154E-00 4.56727E-00
Be.2 8.64971E-00 9.17499E-00 9.70027E-00
BH,0.1 5.62960E-00 5.98051E-00 6.33141E-00
BH,0,2 2.45294E-00 3.99698E-00 5.54101E-00
Bco.1 6.34421E-00 6.75987E-00 7.17552E-00
Bco,.2 5.11158E-00 6.96333E-00 8.81509E-00
Correlation matrix
1.00000E-00
—9.47712E-01 1.00000E-00
7.76050E-01 —7.35493E-01 1.00000E-00
7.56835E-01 —7.95107E-01 9.59819E-01 1.00000E-00
7.07803E-01 —6.74567E-01 3.85232E-01 3.80066E-01 1.00000E-00
6.85592E-01 —7.18885E-01 3.75022E-01 4.09739E-01 9.62663E-01 1.00000E-00
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(6) with that obtained using the power law model: been already reported in the literat&8], but fur-
MSE = 3.5946. Visual inspection of data fitting (see ther work is needed to achieve a comprehensive
dashed lines irFigs. 5—7and triangles in the parity  description of the Ch/PdO-Pd combustion chem-
plot of Fig. 8) points out the poor ability of the formal istry also in view of the lack of reliable experimen-
model in reproducing the saturation trend of inhi- tal data collected under relevant high temperature
bition effects exhibited by the experimental data on conditions.
increasing HO and CQ concentration, particularly
at high temperature.

The relatively scarce adequacy of rate equation (6) 4. Conclusions
could be associated with several reasons. First the
mechanism of water inhibition/poisoning on PdO cat-  CH4 combustion over highly active PdO-supported
alysts is still poorly understood. Evidences of perma- catalysts provide a good example of the still critical
nent catalyst modification in the presence of fee®H  need of advanced experimental tools and deeper in-
above 600C were obtained in this work indicating sight on surface reaction chemistry to obtain reliable
complex interaction betweenp® and supported PdO.  and physically sound kinetics.
By comparing results collected under both pulsed and The use of an annular flow microreactor was
continuous flow conditions with and without water in  shown to have good potential to provide unbiased
the feed Ciuparu et a[29] suggested that hydroxyl kinetic data under severe conditions relevant to prac-
groups resulting from Clldissociation on PdO sites tical application in view of the following properties
could be strongly bound relative to hydroxyls result- associated with its peculiar structure: (i) possibil-
ing from water adsorption on the fully oxidised PdO ity to achieve extremely short contact times with
surfaces. Such a complex feature could hardly be de- negligible pressure drops thanks to the straightfor-
scribed by the single $0 adsorption equilibrium as- ward laminar flow pattern; (i) control and min-
sumed inEgs. (6) and (8) The mechanism of CO imisation of mass transfer effects through catalyst
inhibition is also scarcely understood. As stated above design and preparation; (iii) effective dissipation of
in this case the occurrence of an inhibition effect has reaction heat through radiation; (iv) analogy with
been also argued. Reaction order ranging frethto structured catalyst adopted in industrial applications.
0 have been reportel®,11], the origin of such dis-  Along these lines other similar micro-devices based
crepancies being possibly related to the role of the on the use of appropriate catalyst structures can be
support and to temperature effects. However, no de- conceived.
tailed explanations have been reported insofar. Finally, =~ Thanks to the performances of the annular reactor a
the mechanism of ClHactivation and the nature of kinetic study has been performed covering an unusu-
oxygen interaction with the PdO/Pd systems are still ally high temperature range (400-530). The pres-
debated30-32] ence of significant inhibition effects of bothp,B and

Several others LHHW-type expressions were tried CO; up to 550°C has been pointed out.
to fit the data herein presented and some of them gave The kinetic data have been analysed according to
a significantly better fitting than the one discussed both a power-law approach and to a formal model de-
above. However, since such expressions do not rely rived from mechanism assumptions. The comparison
on reasonably assessed assumptions on reaction mechbetween the two models has shown that further insight
anism they represent a mere empirical fitting of the on surface chemistry is needed in order to obtain a
experimental data which does not provide additional truly physically sound kinetic description.
information with respect to the power law expression
discussed above. Accordingly, the results have not
been herein reported. Acknowledgements

More profitably detailed microkinetic model should
be developed to correctly predict the catalyst be- Financial support for this work has been provided
haviour providing insight on the complex features by MIUR Rome—PRIN “High activity catalysts for
outlined above. Along these lines few attempts have methane lean combustion”.
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