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The kinetic beha®ior of the RurTiO catalyst in the partial oxidation of methane to2
synthesis gas was in®estigated as a function of temperature and partial pressures of CH4
and O . It was found that the catalyst promotes, to a large extent the direct formation of2
CO and H from the reaction of methane and oxygen, while the reforming and2
water ] gas shift reactions are negligible under these conditions. A kinetic model, based
on formation of CO and H as primary products and of CO and H O as secondary2 2 2
oxidation products, describes satisfactorily the obser®ed kinetic beha®ior. Values of model
parameters satisfy thermodynamic constraints and agree well with data deri®ed from
surface science techniques and kinetic studies of elementary surface processes that are
in the literature.

Introduction

Formation of synthesis gas via catalytic partial oxidation of
methane has received significant attention during the past
several years. A review of the process and its comparison with
existing technologies for syngas production has been pub-

Ž .lished Pena et al., 1996 .
Concerning the reaction pathway of the partial oxidation

of methane to synthesis gas, two main reaction schemes have
been proposed: one is the sequence of total oxidation fol-

Ž .lowed by reforming reactions indirect scheme, Eqs. 2]4 , and
the other is the direct conversion of methane to synthesis gas
without the formation of CO and H O as reaction interme-2 2

Ž .diates direct scheme, Eq. 1 .

1 oCH q O ™2H qCO D H sy35 kJrmol 1Ž .4 2 2 2982

CH q2O ™CO q2H O D H osy801 kJrmol4 2 2 2 298

2Ž .

CH qCO ™2COq2H D H osq247 kJrmol 3Ž .4 2 2 298

CH qH O™COq3H D H osq206 kJrmol 4Ž .4 2 2 298
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The indirect scheme is supported by experimental findings
of several investigators, who have shown that a considerable
hot spot develops at the entrance of the catalytic bed. This is
indicative of the occurrence of the exothermic methane com-
bustion. In this case, CO and H selectivity are practically2

Ž .zero at low methane conversions -25% , where oxygen is
Ž .not fully consumed Dissanayake et al., 1991 . It is generally

accepted that the direct scheme is followed in the case of
Rh and Pt catalysts under conditions of high temperature
Ž .;1,0008C and very short contact times, as Schmidt and

Ž .coworkers have shown Hickman and Schmidt, 1993a and
Ž .Fathi et al. 1998 .

Most catalysts seem to favor the indirect scheme at inter-
Ž .mediate temperatures ;700]8008C . A notable exception

has been found to be the catalytic systems based on RurTiO2
Ž .Boucouvalas et al., 1996a,b . More specifically, it has been
found that, in the absence of significant mass- and heat-

Ž .transfer resistances, high selectivity to synthesis gas ;60%
is obtained over RurTiO catalysts in the low methane con-2

Ž .version range oxygen conversion-100% , at temperatures
as low as 600]7008C. On the other hand, very low selectivity
to synthesis gas is obtained when oxygen conversion is less

Žthan 100%, over supported metal catalysts Ni, Rh, Pd, and
.Ir , as well as Ru catalysts supported on carriers other than

Ž .TiO Boucouvalas et al., 1996b . The extent of the direct2
scheme was also found to be sensitive to modifications of the
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Ž .TiO carrier Boucouvalas et al., 1996a . Doping of the TiO2 2
carrier with cations of lower valence, such as Ca2q, was found
to promote further the direct formation of synthesis gas over
Ru catalysts.

Although mechanistic studies of partial oxidation of
methane over Ru catalysts are scarce, studies of the reaction
mechanism over Ni, Rh, and Pt catalysts have been carried
out by several investigators employing dynamic techniques
such as pulse and TAP experiments. Pulse studies over sup-

Žported Ni catalysts Au et al., 1994, 1996; Hu and Rucken-
.stein, 1995 indicate that direct formation of CO takes place

over reduced Ni sites via a pyrolysis mechanism, while CO is2
produced by subsequent oxidation of CO. Oxidation of CO is
strongly favored over oxidized Ni.

Ž .Regarding Rh catalysts, Buyevskaya et al. 1994, 1996 have
investigated the partial oxidation of methane over Rhrg-
Al O and Rh-black catalysts in a TAP reactor. Their results2 3
indicate that CO is a primary product of the reaction of2
carbon deposits with lattice oxygen, while CO is formed by
the reverse Boudouard reaction, as well as by the reaction of

ŽCH species with OH surface groups Buyevskaya et al.,x
.1994 . The product distribution is strongly affected by the de-

Ž .gree of surface reduction. Wang et al. 1996 and Au and
Ž .Wang 1997 have performed studies of the reaction over

Rhrg-Al O and RhrSiO catalysts. They have found that2 3 2
selectivity to synthesis gas depends on the concentration of
adsorbed oxygen. Total oxidation of methane was found to

Ž 3q .take place over an oxidized Rh surface Rh , while decom-
position of methane and formation of synthesis gas took place
over reduced Rh. Deuterium isotope experiments showed that
methane dissociation is a slow step, and CO and CO are2
formed via common intermediates. The partial oxidation of
methane over Rh and Pt sponges has been investigated by

Ž .Mallens et al. 1997 in a TAP reactor. A Mars-Van Krevelen
mechanism has been proposed, in which methane reduces the
metal oxide, which is reoxidized by gas-phase oxygen. CO and
H are primary products of the reaction, while formation of2
CO and H O takes place via consecutive oxidation of CO2 2
and H .2

The only kinetic model for the partial oxidation of methane
to synthesis gas that has appeared in the literature, is the one

Ž .of Hickman and Schmidt 1993b referring to high-tempera-
ture reaction over Rh and Pt surfaces. In the present work,
the kinetics of the partial oxidation of CH have been inves-4
tigated under steady-state conditions as a function of temper-
ature and the partial pressures of CH and O . The catalyst4 2
employed consists of Ru dispersed on TiO doped with Caq2,2
at the level of 0.95 atom %. It has been reported previously
that RurTiO catalysts promote, in part, the direct formation2
of synthesis gas in the presence of gas-phase oxygen. The di-
rect route of synthesis gas formation is enhanced upon dop-
ing TiO with Caq2 cations. A kinetic model has been devel-2
oped, which provides good fitting of the experimental kinetic
data of the RurTiO catalyst.2

Experimental Studies
Catalyst preparation

The parent titania carrier used in the present study was
Ž .obtained from Degussa P-25 . The doped TiO carrier was2

prepared by the following method: weighted amounts of TiO2

Ž .and CaO 2 wt. % , were slurried with distilled water and
thoroughly mixed. The water was evaporated under continu-
ous stirring and the residue was dried at 1108C for 24 h. The
dried residue was then powdered and sieved and was heat-
treated in the presence of air as follows: the material was
heated to 9008C with a heating rate of 48Crmin. It was main-

Žtained at 9008C for 5 h and then slowly cooled approxi-
.mately 108Crmin to room temperature.

The Ru catalyst was prepared by the method of incipient
wetness impregnation of the support with appropriate
amounts of an aqueous solution of ruthenium nitrosyl nitrate
of concentration in Ru metal of 10 mgrcm3. The Ru content
of the catalyst was 0.3 wt. %. The impregnated support was
dried at 1108C for 24 h. The dried material was then pow-
dered and sieved and placed in a stainless-steel tube for re-
duction. The material was heated to 2008C with a heating

Ž 3 .rate of 58Crmin under nitrogen flow ;50 cm rmin . The
Ž 3 .flow was then switched to H ;50 cm rmin and the mate-2

rial was maintained at 2008C for l h; temperature was then
raised to 3008C with the same heating rate and was main-
tained at this level for l h under H flow. The flow was then2
switched to N and the catalyst was slowly cooled to room2
temperature and stored in air-tight vials until further use.

The specific surface area of the catalyst was determined by
nitrogen physisorption and was found to be 12 m2rg. Metal
dispersion of the reduced catalyst was estimated by extrapo-
lation of the linear part of the H chemisorption isotherm at2

Ž .258C to zero pressure, and was found to be 0.5 50% . Based
on this measurement, the mean diameter of the Ru particles

˚dispersed on TiO is estimated to be 30 A.2

Kinetic measurements
Kinetic measurements were performed under differential

Ž .conditions oxygen and methane conversion less than 10% in
the temperature range of 700]8008C, at a total pressure of 1
atm, employing dilute CH rO rN feeds. Nitrogen was used4 2 2
as a diluent instead of helium in order to be able to analyze
the produced hydrogen by gas chromatography. The reactor,
which is shown in Figure 1, was a quartz tube of an outer
diameter of 6 mm. An enlargement of 8 mm at the central
part of the tube contained the catalyst bed, which was sup-
ported by quartz wool. The quantity of catalyst used was
10]30 mg. The catalyst particle size was in the range of
0.12]0.18 mm. A type K thermocouple enclosed in a quartz
thermowell of 3 mm OD was positioned inside the catalyst
bed for accurate measurement of catalyst temperature. Mix-
ing conditions in the catalyst bed were estimated by calcula-
tion of the axial Peclet number. The Peclet number was found
to be of the order of ;5. This implies that the catalyst bed
can be approximated as two or three CSTRs in series.

Two gas chromatographs were used for the analysis of re-
actants and products. CH and CO were separated in a Car-4 2
boxen 1000 column and O , N , and CO in a Molecular Sieve2 2
5A column, with He as carrier gas, while hydrogen was ana-
lyzed in a second chromatograph employing N as the carrier2
gas. H O produced in the reaction was condensed in a con-2
denser located downstream of the reactor.

Kinetic experiments were conducted by varying the partial
pressure of one reactant, while keeping the partial pressure
of the other reactant constant. The percentage of nitrogen at
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Figure 1. Laboratory-scale reactor for the reaction of
partial oxidation of methane.

the reactant mixture was varied in order to keep constant the
total flow at each kinetic experiment. The total feed flow rate

3 Ž .was generally in the range of 800]1,000 cm STP rmin. Ki-
netic experiments were conducted at constant partial pres-
sures of methane and oxygen of 6.4 and 2.7 kPa, respectively,
at the temperatures of 700, 750 and 8008C. Whenever a fresh
catalyst sample was used, it was initially exposed to an undi-
luted reaction mixture at 8008C for 12 h. Three different cat-

alyst samples were used for the kinetic measurements, all ob-
tained from the same catalyst batch. The stability of the cata-
lyst has been verified by separated tests lasting up to five
days on stream.

The procedure followed prior to kinetic measurement was
Ž .the following: a treatment of the catalyst with H at 3008C2

Ž .for 1 h; b increase of temperature to 6508C under N flow;2
Ž . 3c ignition of the catalyst with introduction of 130 cm rmin

Žof a CH rO mixture of 2:1 ratio methane was introduced4 2
. Ž .first, followed by oxygen after a few seconds ; d increase of

N flow in small steps until a total flow of 800 cm3rmin is2
Ž .obtained; e fine-tuning of the feed composition and the fur-

nace temperature of the desired value for the kinetic test.

Results
Mass and heat transport effects

The experimental window, in which valid kinetic measure-
ments can be obtained, is quite limited in the case of highly
exothermic oxidation reactions, such as the reaction of par-
tial oxidation of methane. In particular, it is difficult to avoid
the existence of interparticle heat-transfer resistances, which
cause the temperature of the catalyst particle to increase.

Analytical expressions for the estimation of concentration
and temperature differences between gas phase and catalyst

Ž .surface have been developed Smith, 1981 . These differ-
ences permit assessment of the effect of physical processes
on the global catalytic rate of reaction, and they can be estab-
lished from mass and energy balances on the catalyst particle
at steady state.

The experimental and calculated parameters used for the
theoretical analysis of the mass- and heat-transfer resistances
are summarized in Table 1. The experiments were realized at

Ž .rather low reaction temperatures ;700]8008C with very
Ždilute CH rO feeds, high feed flow rates ;800]1,0004 2

3 . Ž .cm rmin , low metal loading in the catalyst 0.3 wt. % , and
Žsmall mass of the catalyst in the laboratory reactor 10]30

.mg . Under these conditions, the calculated difference in CH4
concentration between the gas phase and the catalyst surface
is: DC-0.001389 molrm3. Accordingly, the fractional con-

Ž .centration difference C yC rC is less than 0.2%. Theb s b
temperature difference between the gas phase and the cata-
lyst surface is estimated to be DT -1.4 K. Regarding internal

Table 1. Parameters Used for the Estimation of Mass- and Heat-Transfer Resistances
UExperimental Parameters Value Calculated Parameters Value

y5Pressure, P 1 atm Viscosity, m 4.2=10 kgrm ? st
3Int. reactor diam., d 0.004 m Gas density, r 0.32 kgrmf

Particle diameter, dp 0.00015 m Heat capacity, c 35.2 Jrmol ?Kp
4 y1External catal. area, a 4=10 m Thermal conductivity, l 4 Jrs ?m ?Km

y4 2Gas velocity, u 1.72 mrs Diffusivity, CH -mix. 1.89=10 m rso 4UUy2 3 y3 2Molar volume, V 8.9=10 m rmol Knud. diff. coef. CH 1.7=10 m rsm 4
y4 2Reaction rate, r 0.1 mol rkg ? s Effective diffusivity, D 1.08=10 m rsO c eff2

Tortuosity, t 5 Reaction enthalpy, yD H 255 kJrmol Or 2
3 2Bed porosity, e 0.2]0.4 Mass transf. coeff., k 4.93 m rm ? sg† 2Activation energy, E 48,000 Jrmol Heat transf. coeff., h 1,709 Jrs ?m ?K

UGas-phase parameters have been estimated with methods found in The Properties of Gases and Liquids, R. C. Reid, J. M. Prausnitz, and B. E. Poling,
McGraw-Hill, New York, 1987.

UUKnudsen diffusion coefficient is calculated using an average CH molecular diameter 3.2=10y10 m and an average pore radius 2.95=10y6 m.4† Ž .Activation energy has been found experimentally Elmasides et al., 1998 .
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mass and heat transfer resistances, the following criteria have
been examined:

Isothermal Concentration Gradient Criterion. Assuming ir-
reversible reaction with reaction order of CH ns1,4

2dnq1 p
rž / ž /2 6

-0.25.PCH4Deff P Vt m

The effective diffusion coefficient D was estimated foreff
Knudsen diffusion, D , and molecular diffusion, D .k CH ym4

The diffusivity D was calculated using the Stefan-CH ym4
Ž .Maxwell equation for ideal gas mixtures CH rO rN .4 2 2

The isothermal concentration gradient criterion is satis-
fied, as the estimated value is 0.02, which is sufficiently less
than 0.25.

Internal Temperature Gradient Criterion. The criterion em-
ployed to assess internal temperature gradients is the follow-
ing:

2
yD H r d r3 gŽ . Ž .r p

-1,
lT

Ž .where g s ErRT , r is the reaction rate, and l is the ther-
mal conductivity of the reaction mixture. This criterion is also
satisfied, since it was calculated to be 0.003, which is suffi-
ciently less than 1.

Kinetic model
Elementary Steps.
1. Formation of carbon and oxygen surface species:

1 6 6CH qS I CyS q4HyS R s k P u4 1 1 1 CH 1 CH s4 4 1

5Ž .
2 U66O q2S 2S 6Ž .2 2 2

3U U66O q2S 2OyS . 7Ž .2 2 2

Methane is assumed to adsorb dissociatively and irreversibly
toward formation of surface carbon and adsorbed hydrogen
atoms, on specific surface sites designated as S . Methane1
dissociation occurs readily on transition metals, and espe-
cially on Rh, Ni, and Ru, and has been studied both theoreti-

Žcally and experimentally Liao and Zhang, 1998; Au et al.,
1998; Wang et al., 1998; Carstens and Bell, 1996; Wu and

.Goodman, 1994; Nielsen et al., 1995 . Adsorption of oxygen
Žis assumed to take place on different active sites designated

.as S in a two-step equilibrium process: initial adsorption of2
Ž U.oxygen leads to formation of oxidized sites denoted as S ;2

subsequent adsorption of oxygen on these sites leads to the
formation of the active O]SU species.2

2. CO and CO production:2

4U U6CyS qOyS COyS qS R s k u u 8Ž .1 2 1 2 CH 4 C O4

5 66COqS COyS 9Ž .1 1

6 6COyS qS COyS qS R s k u u 10Ž .1 2 2 1 CO 6 CO S2 2

7U U6COyS qOyS CO qS qS . 11Ž .2 2 2 2 2

It is proposed that CO is a primary product of the reaction
between surface carbon and oxygen. Adsorbed CO is as-
sumed to be in equilibrium with gas phase CO. Carbon diox-
ide is produced via subsequent oxidation of CO, following its

Ž .readsorption on sites S . Methane dissociation Eq. 5 and2
the surface reaction between carbon and adsorbed oxygen

Ž . Ž .atoms Eq. 8 are assumed to be the rate-determining slow
steps for formation of adsorbed CO.

3. H and H O production:2 2

8 66H q2S 2HyS 12Ž .2 1 1

9 6HyS qS HyS qS R s k u u 13Ž .1 2 2 1 H O 9 H S2 2

10U U6HyS qOyS HOyS qS 14Ž .2 2 2 2

11 6HyS qHOyS H Oq2S . 15Ž .2 2 2 2

Gas-phase hydrogen is produced by recombination of two hy-
Ž .drogen atoms adsorbed at S sites step 12 , while H O is the1 2

product of the surface reaction between atomic hydrogen and
Ž .oxygen steps 13]15 at sites S , with step 13 being rate-de-2

termining. Step 12 is assumed to be in equilibrium.
It must be noted that the elementary steps denoted with-

out reverse direction are assumed not to be at equilibrium.
Steam and CO reforming, as well as the water gas shift2

Ž .reaction WGS , have not been included in the preceding
mechanistic scheme. This decision was based on previous

Ž .work in this laboratory Elmasides et al., 1998 . More specifi-
cally, it was found that when CO or H O are coadded in the2 2
CH rO feed, reforming and WGS reactions do not take4 2
place at a rate high enough to influence the product distribu-
tion of the reaction. The insignificance of reforming reactions
under the present experimental conditions has also been con-

Žfirmed by isotopic transient experiments Boucouvalas et al.,
.1996a .

Surface Species Mass Balances.

S sites: u qu qu s1 16Ž .1 S C CO1

S sites: u qu s1. 17Ž .2 S O2

It is assumed that the surface coverage of total oxidation
Ž .products CO , H O , as well as of hydrogen, is negligible.2 2

This is justified by the high reaction temperature and by the
Ž .low concentration of CO and H O differential conditions .2 2

Regarding S sites, it is assumed that the surface concentra-2
tion of SU sites, as well as of CO adsorbed on S sites, is2 2
negligible. The fact that the surface concentration of SU is2
negligible has been confirmed by in situ XPS studies that show
that the vast majority of the Ru surface is in the reduced

Ž .state Elmasides et al., 1999 .
Co®erage of Surface Species.
S sites:1

Pk CH1 4u s 1q KP u 18Ž .Ž .C O S2 1k K P4 O2

u s K P u 19Ž .CO 5 CO S1
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u s K 1r2P1r2u 20Ž .H H S8 2 1

k KP4 O2u s .S1 k KP q k K KP P q k P q k KP P4 O 4 5 O CO 1 CH 1 CH O2 2 4 4 2

21Ž .

S sites:2

u s KP u K s K K 22' Ž .O O S 2 32 2

1
u s . 23Ž .S2 1q KPO2

Based on the preceding equations, the rate of CH consump-4
tion is given by Eq. 24:

k k KP P1 4 CH O4 2R s ,CH4 k KP q k K KP P q k P q k KP P4 O 4 5 O CO 1 CH 1 CH O2 2 4 4 2

24Ž .

while the rate of CO production is given by Eq. 25:2

RCO2

k k K KP P4 6 5 CO O2s .
1qKP k KP qk K KP P qk P qk KP PŽ . Ž .O 4 O 4 5 O CO 1 CH 1 CH O2 2 2 4 4 2

25Ž .

Based on the carbon balance of the partial oxidation reac-
tion, the rate of CO production is simply the difference be-
tween the rates of CH consumption and CO production:4 2

R s R y R . 26Ž .CO CH CO4 2

In an analogous manner, the rate of H O production is found2
to be

R sH O2

1r2 k k K 1r2KP1r2 PŽ . 4 9 H O8 2 2 .
1qKP k KP qk K KP P qk P q k KP PŽ . Ž .O 4 O 4 5 O CO 1 CH 1 CH O2 2 2 4 4 2

27Ž .

The 1r2 factor in the numerator of Eq. 27 results from the
Žstoichiometry of H O formation the rate of H O formation2 2

is half the rate of the surface reaction step represented by
.Eq. 13 . The rate of H production is the difference between2

the rates of CH consumption and H O production:4 2

R s2 R y R . 28Ž .H CH H O2 4 2

Estimation of kinetic parameters
Equations 24 through 28 have been fitted to the experi-

mental kinetic data using the Marquardt-Levenberg algo-
Ž .rithm Marquardt, 1963 . A first estimation of the parameters

K , K , k as well as, of the activation energy E and adsorp-5 6 6

tion enthalpies D H , D H , have been obtained from a sepa-0 5
rate kinetic study of CO oxidation on RurTiO at 7008C, as-2
suming that the same mechanism for CO oxidation as the
one presented here is applicable. These values have been used
as initial parameters for the regression analysis of the present
model at 7008C.

The prediction of the activation energies and adsorption
enthalpies was done using the kinetic data obtained at all
three temperatures at which experiments were performed
Ž .total number of data was Ns70 , via the following rela-
tions:

E 1 1i
k s k exp y y is1,4,6 29Ž .i i ,T ž /R T Tr

D H 1 1j
K s K exp y y jsO , CO, 30Ž .j j,T 2ž /R T Tr

where T s973 K and k , K the rate and equilibriumr i,T j,T
constants, respectively, of the corresponding elementary re-
actions at 973 K.

The preexponential factors k , K were calculated fromio jo
the k , K , and E and D H values by the Arrhenius andi,T j,T i j
van’t Hoff equation:

Ei
k s k expio i ,T ž /RT

D Hj
K s K exp .jo j,T ž /RT

The validity of the calculated parameters was tested by
means of the coefficient of determination, R2, and the F and
t statistical tests. The t value is the ratio of the regression
coefficient to its standard error. When t values are large, the
independent variable can be used to predict the dependent
variable.

The F test gauges the contribution of the independent
variables in predicting the dependent variable. It is the ratio

Žof the mean squares due to the regression the sum of squares
of the predicted responses divided by the number of parame-

. Žters and the mean residual squares the sum of residual
squares divided by the degree of freedom of residuals which
is the number of experiments minus the number of parame-

.ters . The independent variables contribute to the prediction
of the dependent variable when the F value is a large num-
ber.

The predicted values of model parameters are shown in
Table 2. It can be observed that standard errors are at least
one order of magnitude smaller than the estimated values of
kinetic parameters. This implies that there is very small un-
certainty in the estimation of the coefficients. The F and t
values are large enough, which allows one to conclude that
the independent variables contribute to the prediction of the
dependent variables. Furthermore, these values are larger for
activation energies and adsorption enthalpies as a conse-

Ž .quence of the bigger number of experiments used Ns70 .
Using the predicted values of model parameters, the statis-

tical significance of the adsorption and reaction constants at
Ž .750 and 8008C was tested Table 3 .
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Table 2. Values of Model Parameters

T k k K K k1 4 5 6
y1 y1 2Ž . Ž . Ž . Ž . Ž . Ž .8C molrg ? s ?kPa molrg ? s kPa kPa molrg ? s F R

y5 y3 y2 y4Ž . Ž . Ž . Ž .700 3.37"0.09 =10 3.9"0.06 =10 1.65"0.025 =10 0.28"0.013 6.5"0.3 =10
t 39.4 60.7 58.6 18.8 18 131

Ž . Ž . Ž . Ž . Ž .E s27"0.5 kJrmol E s206"0.2 kJrmol D H sy172"0.1 kJrmol D H sy173"0.1 kJrmol E s116"0.8 kJrmol )0.991 4 o 5 6
t 86.7 660.8 552.3 771.4 573.9 293

y4 8 y12 y10 3k s9.5=10 k s4.5=10 K s9.6=10 K s1.4=10 k s1.1=1010 40 0 50 60

Ž 1r2 .Only the product K k , and not the individual con-8 9
stants, were determined. No statistically significant values
were obtained for K and k , because there is no term con-8 9
taining these constants in the denominator of the rate Eq. 27.
Hence the product k K 1r2 was determined by Eq. 27 using9 8
the values of the other kinetic parameters estimated from Eqs.
24 and 25. The values for the product k K 1r2 at tempera-9 8
tures of 700, 750 and 8008C are 1.6=10y4, 1.5=10y4, and
1.85=10y4 molrg ? s ?kPa, respectively.

Thermodynamic consistency of the kinetic parameters
The value of preexponential factors of rate constants can

be used to estimate the validity of presumed elementary
steps. For adsorption equilibrium constants K s

Ž o . Ž o . oexp DS rR exp D H rRT , the rule is that D H should bea a a
negative, as adsorption is in general exothermic, while en-
tropy normally decreases upon adsorption, although the loss
cannot exceed the entropy of the fluid phase molecule, S o

fluid
Ž . o oBoudart and Djega-Mariadassou, 1984 : 0-yDS -S .a fluid
This inequality can be converted to the following:

i DSo-0 or exp DSorR s K -1 31Ž . Ž .Ž .a a jo

ii yDSo-S o or exp DSorRŽ . Ž .a fluid a

s K )exp yS orR . 32Ž .Ž .jo a, g

The preexponential factor of the CO adsorption constant is
y8 Ž . oK s1.4=10 P s1 atm and the S value at 258C is50 CO, g

Ž .198.5 Jr mol ?K . Thus, the preceding rules are satisfied:

i K s1.4=10y8 -1Ž . 50

ii K s1.4=10y8 )4.25=10y11 sexp yS orR .Ž . Ž .50 a , g

As a guideline, there is one more rule, which can be summa-
Ž .rized as follows Vannice et al., 1979 :

iii 10FyDSoF12.2y0.0014D H o. 33Ž . Ž .a a

The lower limit was established by estimating the loss of free
volume upon adsorption at the standard-state coverage of u

s1r2, while the upper limit was a comparison between en-
tropies of chemisorption obtained from the literature and a
linear relationship between DSo and D H o for physical ad-a a
sorption.

Since yln K syDSorR, the inequality of Eq. 33 can bejo a
written in the following form:

10rRFyln K F 12.2y0.0014D H o rRŽ .jo a

or

1.2 Fyln K s18.1F30.6.50

Thereupon, this criterion is satisfied for CO adsorption.
Regarding oxygen adsorption, the parameter K incorpo-O

rates both elementary steps of oxygen adsorption:

DS qDS2 3 y10 y1K s K K sexp s9.6=10 atm .'O 2O 3O ž /2 R

Therefore, it is not feasible in this case to check the equilib-
rium constants separately, but it is obvious that the same in-
equalities can be used for the sum of the entropy and en-
thalpy changes of the elementary steps 6 and 7:

DS qDS2 3
i DS qDS -0 or exp s K -1.Ž . 2 3 Ož /2 R

ii y DS qDS -2S os410 Jrmol ?KŽ . Ž .2 3 O , g2

or

S o
DS qDS O , g2 3 2 y11exp s K )exp y s1.95=10 .Ož / ž /2 R R

iii 20Fy DS qDS F24.4y0.0028D HŽ . Ž .2 3 O

or

1.2 Fyln K s20.8F30.4.O

Table 3. Parameter Estimates from the Model at 7508 and 8008C

T k k K K k1 4 5 6
y1 y1 2Ž . Ž . Ž . Ž . Ž . Ž .8C molrg ? s ?kPa molrg ? s kPa kPa molrg ? s F R

y5 y2 y3 y3Ž . Ž . Ž . Ž .750 3.9"0.4 =10 1.36"0.08 =10 5.8"0.3 =10 0.09"0.01 1.3"0.2 =10
t 45 58 44 22 32 140

y5 y2 y3 y3Ž . Ž . Ž . Ž .800 4.2"0.2 =10 4.2"0.1 =10 2.3"0.1 =10 0.037"0.01 2.5"0.9 =10 )0.99
t 52 51 50 23 19 151
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Table 4. Calculated Values of Sticking Coefficient of
Methane

Ž .T, 8C 700 750 800
y1 3 y13 y13Ž . Ž .k s mol ? s r g ?cm 4.64=10 5.26=10 5.94=101
y6 y6 y6s 1.32=10 1.85=10 2.48=10

The thermodynamic criteria are satisfied; also in the case of
oxygen adsorption. Although the thermodynamic criteria were
examined for the sum of the entropy changes of the elemen-
tary steps 6 and 7, the value of this sum is far enough from
the limits established by thermodynamics.

Estimation of CH sticking coefficient4

According to the kinetic theory, the adsorption coefficient
of methane, k , can be expressed as follows:1

s exp y ErRTŽ .o
K s . 34Ž .1 2p M R T' CH g4

Ž .The numerator term, s exp y ErRT , corresponds to theo
sticking coefficient of methane, s. Calculated values of s via
this relationship are presented in Table 4. The sticking coef-
ficient of methane is in the range of 10y6, and it almost dou-
bles with an increase in reaction temperature from 7008C to
8008C. The weak dependence of the sticking coefficient on
temperature is due to the low activation energy of methane
dissociation, as analyzed in the Discussion section.

Experimental results
The effect of methane partial pressure on the rates of CO,

CO , H , and H O production and of CH consumption at2 2 2 4
the reaction temperature of 7008C and constant oxygen par-

Žtial pressure of 2.7 kPa is shown in Figure 2 experimental
.points . The rates of CO and H production increase with2

Žincreasing methane pressure that is, with increasing CH rO4 2
.ratio , while the rates of CO and H O production exhibit a2 2

slight decline with increase in methane pressure. Overall, the
reaction order with respect to methane pressure is positive,
tending toward saturation at high methane pressures in ac-
cordance with Eq. 24.

The effect of oxygen partial pressure on the rates of CO,
CO , H and H O production and of CH consumption at2 2 2 4
the reaction temperature of 7008C and constant methane

Žpartial pressure of 6.4 kPa is shown in Figure 3 experimental
.points . It can be seen that the reaction order with respect to

oxygen is positive and that the selectivity toward synthesis gas
Žis very high at low oxygen pressures that is, at high CH rO4 2

.ratios and decreases with increasing oxygen pressure.
Kinetic experiments have also been performed at integral

conditions. The effect of space velocity on CH conversion4
and CO and H selectivity is presented in Figure 4. For CH2 4

Žconversions up to 25% where oxygen conversion is less than
.100% , CO and H selectivities remain practically constant.2

When the partial oxidation of methane is proceeding via the
Ž .indirect scheme reactions 2, 3, 4 , then CO and H selectivi-2

Žties should decrease with increasing space velocity Dis-
sanayake et al., 1991; Nakagawa et al., 1998; Van Looij et al.,

.1994 . The constant selectivities observed in the present study

Figure 2. Influence of methane partial pressure on the
( ) ( ) ( )rates of a CO v and CO ' production2
( ) ( ) ( )and CH B consumption, and b H l and4 2

( )H O % production, under CPO conditions2
with constant oxygen partial pressure of 2.7

(kPa and temperature Ts7008C solid lines:
)model; symbols: experimental data .

Ž .Figure 4 with variation of space velocity implies that CO
and H are the primary products of the reaction.2

Quality of fitting of the kinetic model
The model prediction is presented in Figures 2 and 3, in

the form of continuous lines for the rates of CH consump-4
tion and CO, CO , H , and H O production under condi-2 2 2

Ž .tions of variable partial pressure of CH Figure 2 or vari-4
Ž .able partial pressure of O Figure 3 at 7008C. The kinetic2

model satisfies well the experimental observations.
The predictions of the model for the rate of CH con-4

sumption and the rates of CO and CO formation are com-2
pared in Figure 5 to the experimental values at all tempera-
tures. It can be observed that the fitting obtained is very sat-
isfactory and that the points are randomly scattered along
the u s458 line. The same picture emerges in the case of the

Ž .rates of H O and H formation Figure 6 , with the possible2 2
exception of the region of high reaction rates of H forma-2
tion, where predicted rates are lower than experimental ones.

Estimation of surface co©erage under reaction conditions
Figures 7 and 8 show the dependence of carbon and CO

surface coverage on the partial pressures of O and CH and2 4
temperature, as predicted by the kinetic model. It can be ob-
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Figure 3. Influence of oxygen partial pressure on the
( ) ( ) ( )rates of a CO v and CO ' production2
( ) ( ) ( )and CH B consumption, and b H l and4 2

( )H O % production, under CPO conditions2
with constant methane partial pressure of 6.4

(kPa and temperature Ts7008C solid lines:
)model, symbols: experimental data .

served that the main surface species is atomic carbon, whose
coverage is in the range of 0.5]0.9. The carbon coverage in-
creases with increase in CH pressure, and decreases with4
increase in oxygen pressure. On the other hand, carbon cov-
erage decreases slightly with increase of reaction tempera-
ture. CO coverage decreases with increasing temperature as
expected from adsorption thermodynamics.

Discussion
The performance of the RurTiO catalyst is rather unique2

in the sense that it produces CO and H with high selectivity2
Žin the low conversion region where oxygen is still present in

. Ž .the reaction mixture and at low temperatures ;7008C .
Ž .Fathi et al. 1998 have reported results of the partial oxida-

tion of methane over Pt and PtrRh gauzes under comparable
conditions. Employing a CH :O :Ar mixture of ratio 2:1:10,4 2
they found selectivities of CO and H of the order of 50%2
and -5%, respectively, at methane conversions of ;15%
and a reaction temperature of 7008C. Corresponding results
of the RurTiO catalyst indicate selectivities of CO and H2 2
of the order of ;70% and 50%, respectively.

The only kinetic model that has appeared in the literature
for the reaction of partial oxidation of methane, is the one

Ž .proposed by Hickman and Schmidt 1993b . This model com-
prises a 19-step reaction mechanism, and it has been used to

Figure 4. Effect of contact time on the conversion of
( ) ( )methane B , CO selectivity v , and H selec-2

( )tivity l at Ts8008C and CH rrrrrO s6rrrrr3.4 2

simulate the partial oxidation of methane over Rh and Pt
surfaces, obtaining the reaction-rate parameters from work
previously published in the literature. The basic assumptions
were that oxygen adsorbs in a noncompetitive fashion with
first order kinetics and that methane dissociates irreversibly
toward surface carbon and hydrogen. These assumptions have
also been used in the present work. Regarding oxygen ad-

Figure 5. Comparison of experimentally determined re-
( )action rates with model predictions: a CH4

( ) ( ) ( ) ( ) ( )B consumption; b CO v ; c CO '2
production.
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Figure 6. Comparison of experimentally determined re-
( )action rates with model predictions: a H O2

( ) ( ) ( )% ; b H l production.2

sorption, fitting of the kinetic data of RurTiO catalyst was2
poor, if competitive adsorption of oxygen or an adsorption

Ž .order of 0.5 dissociative oxygen adsorption was assumed.
For example, the assumption of competitive oxygen adsorp-
tion leads to a kinetic model predicting a reaction order of
y1 at high methane and oxygen partial pressures. Such a
trend was not observed experimentally. First-order oxygen
adsorption has been used in many kinetic studies of order

Ž .oxidation reactions, such as CO oxidation Oh et al., 1986

Figure 7. Influence of CH partial pressure on the sur-4
face coverage of CO and C.

Figure 8. Influence of O partial pressure on the sur-2
face coverage of CO and C.

and its physical meaning is that the controlling process of
adsorption is the interaction of one oxygen molecule with one
active site.

Methane adsorption
Regarding methane adsorption, the assumption of irre-

versible adsorption is well based on the fact that the coverage
of hydrogen atoms is negligible to allow appreciable rates of

Ž .CH xs0y3 hydrogenation. This is further supported byx
the finding that fitting of the kinetic data was poor when re-
versible steps of methane adsorption and dissociation were
assumed. The model assumes that methane adsorption is
rate-determining and first-order with respect to methane
pressure. The estimated value of activation energy of methane

Ž .dissociation of 27 kJrmol Table 2 is in good agreement with
results of other investigators. More specifically, Koerts et al.
Ž .1992 have determined a value of 26 kJrmol for methane
dissociation over RurSiO in the temperature range of2

Ž .350]5008C. Carstens and Bell 1996 report values of 29
kJrmol for noncarburized Ru and 24.5 kJrmol for carburized

Ž .Ru supported on SiO . Wu and Goodman 1994 have mea-2
sured an activation energy of 35 kJrmol on single-crystal

Ž .Ru 0001 . Although the activation energy for methane disso-
ciation is not large, adsorption rates are low because of the
low sticking coefficient of methane. The value of the sticking
coefficient of methane was found to be 1.3=10y6 at 7008C
Ž .Table 4 . Using the activation energy of methane adsorption

Ž .of 27 kJrmol Table 2 , the preexponential factor of the stick-
ing coefficient of methane, s , is ;4=10y5. Wu and Good-o

Ž .man 1994 have measured the sticking coefficient of methane
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Ž .on Ru 0001 . Based on their data, s can be estimated to beo
y4 Ž .;7=10 . Carstens and Bell 1996 have estimated the

sticking coefficient of methane on a RurSiO catalyst. Their2
reported values of s are in the range of 2.0]5.8=10y7, de-o
pending on whether Ru is carburized or not. Therefore, the
value of s found in this work compares well with values re-o
ported in the literature.

Oxygen and CO adsorption
Regarding oxygen adsorption, the model developed as-

sumes a two-step adsorption mechanism. During the first step,
oxygen interacts with the Ru metallic surface sites, S . The2
assumption of specific sites for O adsorption is based on the2
fact that oxygen adsorbs on a different ensemble of sites. Au

Ž .et al. 1998 suggest that atomic oxygen prefers to adsorb on
hollow sites of metallic surfaces. The difference between S1
and S sites could also be attributed to the existence of re-2
gions on the metallic surface that interact more strongly with
O . The interaction of O with S sites creates the oxidized2 2 2

U Ž .sites, S Eq. 6 . The active form of oxygen is subsequently2
formed upon adsorption on such SU sites. There exist indica-2
tions in the literature in support of this hypothesis. Sommer-

Ž .feld and Parravano 1965 have studied the chemisorption of
O on RuO . They proposed that there are sites with differ-2 2
ent bonding arrangement with O . More specifically, they2
propose that O adsorption on a RuO surface leads to the2 2

Ž .formation of surface groups Ru O . These surface groupsx
Ž .Ru O are generated by O adsorption on defects in bulkx 2

RuO .2
As far as CO adsorption is concerned, the value of y173

kJrmol predicted by the model for the heat of adsorption of
Ž . Ž .CO Table 2 is reasonable. Low and Bell 1979 have found

two states of adsorbed CO with corresponding values of acti-
vation energy of desorption of 113 and 155 kJrmol. It is plau-
sible to assume that under the high-temperature conditions
of the partial oxidation of methane, only strongly adsorbed
CO will be present in the catalyst surface and participate in
surface reactions.

CHO reaction
A value of 206 kJrmol for the activation energy of the CqO

reaction has been determined from the fitting of the model
Ž .to the kinetic data Table 2 . This is in good agreement with

activation energies reported for other metals. For example,
values in the range of 134]180 kJrmol have been reported

Žfor Ni catalysts Benziger and Preston, 1984; Kelemen and
.Krenos, 1985; Astaldi et al., 1989 . The activation energy for

Ž .Ni 111 has been estimated theoretically to be 146 kJrmol
Ž .Shustorovich, 1990 . In the case of Pt, an activation energy

Ž .of 192 kJrmol has been reported Kislyuk et al., 1991 .

COHO reaction
A value of 116 kJrmol for the activation energy of the CO

oxidation reaction has been found in this work. Apparent ac-
tivation energies of the CO oxidation reaction have been

Ž .found to be 84 kJrmol for Ru 0001 and 94 kJrmol for
Ž .RurSiO Goodman and Peden, 1986 . Comparison of the2

rate constants for the CqO reaction, k , and the COqO4
reaction, k , shows that the former is larger and the differ-6
ence increases with increasing reaction temperature, for ex-

ample, the ratio k rk is ;6 at 7008C and ;17 at 8008C.4 6
This implies that CO selectivity should increase with temper-
ature. Indeed, employing a CH rO rN s6r3r91 feed, the4 2 2
CO selectivity was found to be 70%, 75%, and 81% at reac-
tion temperatures of 700, 750 and 8008C, respectively. There-
fore, the high selectivity of the Ru catalyst can be attributed
to its higher activity in the CqO reaction compared to the
one in the COqO reaction.

The kinetic model of the present work assumes that CO
has to readsorb on an S site in order to react with adsorbed2
oxygen toward CO . This assumption was found to provide2
better qualitative and quantitative description of the experi-
mental kinetic results. It has to be noted, however, that there
are currently no experimental findings in the literature in
support of this hypothesis.

Conclusions
Kinetic results of the reaction of partial oxidation of

methane to synthesis gas over a RurTiO catalyst have been2
fitted successfully with a kinetic model based on the follow-
ing elementary steps: dissociative adsorption of methane,
noncompetitive adsorption of oxygen, primary formation of
carbon monoxide and hydrogen, and secondary formation of
carbon dioxide and water by subsequent oxidation of carbon
monoxide and hydrogen. The values of the model parameters
satisfy thermodynamic constraints and are in good agreement
with the literature data derived from surface science tech-
niques or kinetic studies of elementary surface processes.
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