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Abstract: The reaction of water and oxygen to form hydroxyl radicals over the metal oxide catalysts La2O3, Nd2O3,
Sm2O3, Yb2O3, CeO2, and MgO was studied at pressures up to several Torr. After reaction over 27 mg of La2O3 at
900 °C, the measured concentration of hydroxyl radicals in the gas phase, detected by laser induced fluorescence
spectroscopy, was equivalent to the expected equilibrium concentration. The reaction becomes kinetically controlled
at catalyst loadings below 5 mg. Oxygen incorporation at the surface sites may be the rate limiting step in the
catalytic cycle. The activities of the catalysts decrease from La2O3, the most active, to CeO2, which is inactive
under these reaction conditions. This order is the same as that found for methyl radical formation over these oxides,
suggesting that the active site on the catalyst surface is the same for both hydroxyl radical formation and methyl
radical formation.

Introduction

One of the most common radical species observed in
hydrocarbon combustion reactions is the hydroxyl radical (OH•).
An important class of reactions is that which occurs during
catalytic combustion where the hydroxyl radical serves as a
radical chain carrier.1-3 By increasing the steady-state con-
centration of hydroxyl radicals due to the presence of a catalyst,
it is possible to lower the combustion temperature while still
effecting complete hydrocarbon oxidation.1-6 Moreover, forma-
tion of nitrogen oxides is greatly diminished at lower combustion
temperatures. As a result, a variety of different catalysts have
been studied for activity in producing hydroxyl radicals. These
include metal surfaces,7-12 supported metals,13,14 and more
recently the lanthanide oxides.15

The strongly basic lanthanide oxides generate methyl radicals
during the reaction of methane with oxygen, and these catalysts

have been shown to be both active and selective methane
oxidative coupling catalysts.16-18 The less basic lanthanide
oxides, particularly those having multiple cationic oxidation
states, were found to be complete combustion catalysts which
produced few methyl radicals. It was also observed that over
the most strongly basic lanthanide oxide, La2O3, hydroxyl
radicals were produced during the reaction of methane and
oxygen at pressures below 100 mTorr.15 The radicals emanated
into the gas phase where they were detected by laser induced
fluorescence (LIF) spectroscopy. It was further demonstrated
that the hydroxyl radicals were formed by the reaction of water,
a product of the CH4 oxidation reaction, and oxygen on the
surface of the metal oxide. That is, methane was not required
as a reagent. The surface-generated gas-phase hydroxyl radicals,
produced from the reaction of water and oxygen, were observed
to be in thermal and chemical equilibrium. Neodymium oxide,
the only other strongly basic lanthanide oxide previously studied,
also produced OH• radicals, while the weakly basic lanthanide
oxides such as Yb2O3 and CeO2 were inactive for hydroxyl
radical production. In the previous study, the pressure was
limited to less than 100 mTorr so as to minimize secondary
gas-phase reactions and to ensure that the rotational temperature
of the radicals was the same as that of the surface.
In the present study, the reaction of water and oxygen over

several lanthanide oxide catalysts was extended up to pressures
of several Torr, which is a range more consistent with
conventional kinetic studies. The pressure of the reactant gases,
as well as the mass of catalyst used, was chosen such that the
production of hydroxyl radicals was kinetically controlled. Thus,
the activities of the catalysts could be compared and kinetic
data could be obtained. The latter were used to gain insight
into the mechanism of the surface-mediated reaction between
water and oxygen.

Experimental Section
The reactant gases consisted of three streams which were com-

bined: oxygen, water-saturated helium, and a second pure helium
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stream. The partial pressure of water in the helium stream was
controlled by adjusting the temperature of a liquid water saturator
through which the helium was passed. The flow rates of all three gas
streams were maintained by mass flow controllers.
The combined gas stream entered a reaction cell by passing through

the flow tube reactor, as shown in Figure 1. The flow tube reactor
consisted of a 10 mm i.d. fused-quartz tube which had a quartz frit
attached to the end. A platinum resistance heating wire was wrapped
around the lower∼5 cm of the tube and was covered by a high-
temperature ceramic. The heated zone of the reactor was filled with
quartz chips to preheat the reaction gases before they pass through the
frit. The temperature was measured by a thermocouple on the inside
of the reactor, touching the top of the frit and approximately 2.5 mm
from the reactor wall. The catalyst to be studied was placed on the
downstream surface of the frit.
Two methods of preparing the catalysts were used. The first method

involved mixing the metal oxide with water to form a slurry. The slurry
was then painted onto the quartz frit and allowed to dry. The catalyst
was pretreated by heating toca. 950 °C in vacuum for at least 6 h.
This converted any metal hydroxide and carbonate to the metal oxide.
The amount of catalyst was determined by weighing the frit before
and after catalyst deposition.
In the second method, metal nitrates, which were dissolved in

distilled water to form 0.4 M solutions, were used to prepare the
catalysts. A known volume of the solution was placed,Via a syringe,
onto the frit and allowed to dry. The nitrate was converted into the
oxide by heating toca.950 °C in 0.5 Torr of flowing O2 for 9-12 h.
The amount of catalyst present was determined by knowing the solution
concentration and the volume placed onto the frit. Both methods of
catalyst preparation resulted in metal oxides which quickly resulted in
a steady state production of hydroxyl radicals.
The hydroxyl radicals formed on the catalyst surface were detected

approximately 5 mm below the surface of the frit. TheΑ2Σ+(ν)0)r
Ì2Π(ν)0) transition of the hydroxyl radicals, which occurs atca. 308
nm, was excited by the frequency doubled output of a tunable dye laser
(bandwidth∼0.3 cm-1, pulse width 5 ns, energy∼0.2 mJ/pulse). The
dye laser was pumped by the second harmonic of a Q-switched Nd:
YAG laser operating at 10 Hz. The fluorescence was collected at 90°
from the laser beam using two focusing lenses and detected using a
photomultiplier tube (PMT). To ensure that only UV radiation was
detected, an interference band-pass filter with a peak at 304.7 nm and
a bandwidth of 29.4 nm was placed before the entrance slit of the PMT.

The output from the PMT was sent to a gated photon counter which
was triggered by the Q-switch of the Nd:YAG laser.
For measuring the hydroxyl radical concentrations, two rotational

lines, corresponding to the Q1(4) and Q1(5) transitions, were used. These
were chosen since the amplitudes of these two lines relative to the
total amplitude remained relatively constant over the temperature range
of interest. The Q1(4) transition remained constant within 4.5% over
the temperature range 800-1000°C. In this same temperature range,
the Q1(5) transition remained constant to within 2.5%. However, the
signal-to-noise ratio of the Q1(4) peak was approximately twice that
of the Q1(5) peak. Thus, at the large catalyst loadings on the strongly
basic oxide catalysts, the Q1(5) transition was monitored to minimize
errors due to temperature changes. On the weakly basic oxides and at
low catalyst loadings on the strongly basic oxides, the smaller signal
levels made the higher S/N ratio more important, and the Q1(4)
transition was used.

Results and Discussion

Determination of OH• Concentration. A portion of a
typical hydroxyl radical spectrum is shown in Figure 2. The
intensity of the selected rotational line, the intensity of Rayleigh
scattering, and the rate constants for electronic quenching with
reactant gases were used to determine the concentration of OH•

radicals. As developed by Schofield and Steinberg,19 the
intensity of fluorescence can be represented as

where nOH,i is the number of hydroxyl radicals in theith
rotational state,σOH,ij is the cross section for absorbing a photon
and exciting the radical from theith to the jth state,V is the
collection volume,IL is the laser intensity,θ is the collection
efficiency,Aij is the EinsteinA coefficient for emission between
the i andj states,ΣAim is the sum of the EinsteinA coefficients
for undetected fluorescence (detector limitations),kd is the rate
constant for predissociation, andΣkq[Mq] is the sum of quench-
ing rate constants times the concentration of the quenching
agents.
The values for the collection volume, laser intensity, and

collection efficiency are dependent upon the experimental
apparatus. By utilizing the intensity of Rayleigh scattering from
air at 25°C and atmospheric pressure, these parameters could
be eliminated from the calculation. Rayleigh scattering is

(19) Schofield, K.; Steinberg, M.Opt. Eng.1981, 20, 501-510.

Figure 1. A schematic of the reaction cell showing the location of
the laser beam and the catalyst.

Figure 2. LIF spectrum of surface-generated gas-phase OH• radicals
produced over La2O3 at 900°C. The reagent gas pressures were 135.4
mTorr of O2 and 39.6 mTorr of H2O.

If ) nOH,i‚σOH,ij‚VILθ‚
Aij

Aij + ∑Aim + kd + ∑kq[Mq]
(1)
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represented as:

wherenRay is the number of scattering particles andσRay is the
cross section for Rayleigh scattering. Combining eqs 1 and 2
and rearranging to give the number of hydroxyl radicals in the
ith state:

Since the hydroxyl radical does not predissociate (kd ) 0) and
the detector bandwidth is large enough to detect all fluorescence
(ΣAim)0), eq 3 reduces further to:

Using the Boltzmann distribution and the results of eq 4, the
total number of hydroxyl radicals located in the collection
volume can be calculated. It was determined that the concentra-
tion of hydroxyl radicals decreased with increasing distance from
the catalyst surface. This results from the fact that the radicals
move away from the surface in a plume of increasing diameter.
Between 3.5 and 19.4 mm the decrease in concentration
followed a 1/r form. The hydroxyl radical concentration at the
catalyst surface was determined by extrapolation to zero
distance.
The hydroxyl radical absorption cross sections were obtained

from McGee and McIlrath.20 The EinsteinA coefficients used
were those reported in the literature.21-23 The values of the
quenching rate constants were required in order to determine
the value of theΣkq[Mq] term in eq 4. Several studies have
been performed to investigate the quenching rate constants for
collisions between electronically excited hydroxyl radicals and
various gases.24-28 Some of these results are shown in Table
1. The rate constants used in this work to determine the OH•

concentration were (in cm3 molecules-1 s-1) 1.51× 10-10 for
O2, 5.42× 10-10 for H2O, and 5.6× 10-14 for He. These are
averages of the values in Table 1 and are assumed to be
temperature independent over the temperature range studied.
The values fornRay and the cross sectionσRay were taken from
ref 29.
Production of OH• at Chemical Equilibrium. Using a

constant oxygen-to-water ratio of 3.7:1.0, the concentration of
hydroxyl radicals produced over 27 mg of La2O3 was determined
as a function of total pressure. The results of such an experiment
are shown in Figure 3, from which it is evident that the OH•

radical concentration, corrected for collisional quenching, was
the same as the calculated equilibrium concentration within
experimental error. The effect of collisional quenching was
small up toca.200 mTorr. Similar experiments were performed
using O2:H2O ratios which ranged from 0.8 to 17. In all cases,
the experimentally determined OH• radical concentration was
found to be in agreement with the expected equilibrium value.
Additional evidence for the reaction being in chemical

equilibrium was obtained from the experimentally determined
orders of reaction and the enthalpy of reaction. The observed
reaction orders of 0.25 and 0.50 for O2 and H2O, respectively,
agree with the expected orders obtained from the law of mass
action for the net reaction:

The enthalpy of this reaction, calculated using the thermody-
namic data from the JANAF tables,30 was∆H ) 38.98 kcal/
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σOH,ij
‚
If
IRay

‚
Aij + ∑Aim + kd + ∑kq[Mq]

Aij
(3)

nOH,i )
σRaynRay

σOH,ij
‚
If
IRay

‚
Aij + ∑kq[Mq]

Aij
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Table 1. Quenching Rate Constants for Collisions between
Electronically Excited Hydroxyl Radicals and Water, Oxygen, and
Helium at Elevated Temperatures

kq (cm3 molecules-1 s-1) temp (K) ref

H2O
7.39× 10-10 1500-1800 24
6.21× 10-10 1100-1500 25
3.9× 10-10 1220 26
4.7× 10-10 1140 26
4.4× 10-10 1430 26
4.7× 10-10 1000 26
6.67× 10-10 1200-1800 27

O2

1.77× 10-10 1500-1800 24
1.10× 10-10 1100-1500 25
1.1× 10-10 1160 26
2.2× 10-10 1460 26
1.7× 10-10 1090 26
1.18× 10-10 1200-1800 27

He
5.6× 10-14 298 28

Figure 3. The concentration of OH• radicals produced as a function
of the sum of water and oxygen partial pressures. The oxygen to water
ratio was 3.7:1.0, the amount of La2O3 was 27 mg, and the temperature
was 900°C. Collisional quenching becomes significant above 200
mTorr as shown by the comparison between the uncorrected data (O)
and the corrected data (b). The experimentally determined concentra-
tion, when corrected for collisional quenching, is the same as the
calculated equilibrium concentration (s) within experimental error.

1/4O2 + 1/2H2Oh OH• (5)
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mol at 1200 K. The experimentally determined enthalpy of
reaction, determined from the results of Figure 4, was 37.0(
3.8 kcal/mol, which is in good agreement with the calculated
value. The logarithm of the OH• radical concentration was
plotted instead of ln K since the equilibrium for reaction 5 lies
far to the left. Thus, it is concluded that at large catalyst
loadings and at reactant pressures up to 1 Torr, hydroxyl radicals
are in chemical equilibrium with water and oxygen over La2O3.
This result is the same as was previously found at pressures
less than 100 mTorr.
Kinetically Controlled Production of OH • Radicals. Of

more interest in the present study were the conditions under
which the reaction isnot in chemical equilibrium, because of
the insight that could be gained concerning the reaction
mechanism and activities of the respective catalysts. In order
to operate in a kinetically controlled regime, the amount of
catalyst placed onto the quartz frit was decreased. As shown
in Figure 5, the concentration of hydroxyl radicals increased as
the amount of La2O3 catalyst was increased from 0 to 27 mg.
At the latter loading, the OH• radical concentration was
equivalent to the equilibrium value. In addition to demonstrating
the deviation from chemical equilibrium, Figure 5 also shows
that the production of OH• radicals involves the entire catalyst.
The linear relationship between loading and concentration
observed fore5 mg of La2O3 clearly indicates that more than

just the outermost surface layer of the catalyst is involved in
OH• radical production. It should also be noted that in the
absence of a catalyst there was no measurable amount of OH•

radicals. When the catalyst was placed on the upstream side
of the quartz frit, no radicals were detected, which suggests that
the OH• radicals rapidly react with an SiO2 surface.
Further evidence for the reaction being in a kinetically

controlled regime at low catalyst loading was provided by both
the reaction orders and the activation energies. The orders of
reaction at 900°C and with 2.7 mg of La2O3 were obtained
from the data shown in Figure 6. The order with respect to
water, at 657 mTorr of O2, was-0.60( 0.09; with 23.1 mTorr
of H2O, the order of reaction with respect to oxygen was 0.67
( 0.06. These orders are very different from the respective
stoichiometric coefficients of reaction 5. The reaction orders
can be understood by considering the following modified form
of the mechanism that has previously been used to explain the
formation of OH• radicals on lanthanide oxides:

where “0” refers to an oxygen vacancy and the subscript “s”
refers to a surface species. Reaction 7 is a well-known process
by which surface hydroxides are lost as water. Although a
simple bimolecular reaction between two surface hydroxide ions
is indicated, the reaction probably involves a proton from one
hydroxide ion reacting with a second hydroxide ion. Reaction
7 should be rapid at 900°C.31 Reaction 6 is analogous to one
that has been proposed for the formation of CH3

• radicals over
lithium-modified MgO catalysts, for which there is ESR
evidence for O- centers.32 Islam et al.33 have carried out

(31) Cant, N. W.; Lukey, C. A.; Nelson, P. F.; Tyler, R. J.J. Chem.
Soc., Chem. Commun.1988, 766-768.

(32) Ito, T.; Wang, J.-X.; Lin, C.-H.; Lunsford, J. H.J. Am. Chem. Soc.
1985, 107, 5062-5068.

(33) Islam, M. S.; Ilett, D. J.; Parker, S. C.J. Phys. Chem.1994, 98,
9637-9641.

Figure 4. The logarithm of OH• radical concentration as a function of
1000/T. ∆H was 37.0( 3.8 kcal/mol with 750 mTorr of O2 and 200
mTorr of H2O over 27 mg of La2O3.

Figure 5. Effect of catalyst loading on the concentration of OH•

radicals over La2O3 at 900°C with 750 mTorr of O2 and 200 mTorr of
H2O. At the highest loadings, the concentration was the same as the
calculated equilibrium value within experimental error.

Figure 6. The effect of water and oxygen partial pressures on the
concentration of OH• radicals: (a) using 657 mTorr of O2 and 2.6 mg
of La2O3 at 902°C, the order of reaction with respect to water was
-0.60( 0.09; (b) using 23.1 mTorr of H2O and 2.6 mg of La2O3 at
900°C, the order of reaction with respect to oxygen was 0.67( 0.06.

H2O+ OS
- h OH• + OHS

- (6)

2OHS
- h H2O+ 0 + OS

2- (7)

O2 h 2OS (8)

OS + 0 + OS
2- h 2OS

- (9)
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theoretical studies on La2O3 and have concluded that the
formation of O- pairs requires an energy of only 0.10 eV. The
centers also require the presence of oxide ion vacancies and
molecular oxygen. Consistent with this result, Mirodatos and
co-workers34 have shown that the activation of CH4 over La2O3

involves a special form of oxygen that is in equilibrium with
gas-phase molecular oxygen, such as described by reactions 8
and 9. A reaction order of 0.5 with respect to O2 would be
consistent with reaction 8 being at equilibrium, followed by a
slow step that could be reaction 9. A reaction order of 0.67
suggests that reaction 8 may not quite be at equilibrium. The
negative order in H2O indicates that water may be removing
oxygen vacancies at the surface via the reverse of reaction 7
and thus impeding reaction 9, i.e., the rate of O-

s formation.
As shown in Figure 7, as the amount of catalyst was reduced,

the observed activation energy decreased from 37 kcal/mol, until
it reached a lower limit of approximately 18 kcal/mol. This
latter energy is much lower than the enthalpy of the reaction,
supporting the conclusion that the reaction is in a kinetically
controlled regime. It is unusual that the activation energy did
not reach some constant value at the smaller catalyst loadings,
but, in fact, may have done so within experimental error.
Other catalysts were also studied under kinetically controlled

conditions, and the results obtained with La2O3, Nd2O3, Sm2O3,
Yb2O3, CeO2, and MgO are compared in Table 2. Magnesium
oxide was included in this group because it has been shown to
be effective in the catalytic combustion of methane.35 The data
are reported as concentrations of OH• radicals, and it is evident
that in all cases they are well below the equilibrium concentra-

tions at the conditions indicated. The loadings were essentially
the same for the first three, more active, oxides, but for the less
active oxides the loadings were increased. The rate of OH•

radical formation for the lanthanide oxides followed the order
La2O3 > Nd2O3 > Sm2O3 > Yb2O3 . CeO2, which corresponds
to the order of basicity for these materials. Moreover, it is the
same order as that found for the formation of CH3

• radicals,17

which is not surprising since the same type of active center is
believed to be responsible for radical formation in both cases.
It is evident that MgO falls between Yb2O3 and Sm2O3 in its
ability to generate OH• radicals. Since the radicals collide with
the metal oxide surfaces many times before they exit the catalyst
and are detected in the gas phase, the net rates that are reported
reflect both the formation rate and the removal rate due to
secondary reactions.
Potential Role of Surface-Generated OH• Radicals in

Catalytic Combustion. As discussed by Schmidt and co-
workers,2,3 surface generation or consumption of hydroxyl
radicals can strongly affect homogeneous ignition and extinction
of methane/air flames. Surface formation of hydroxyl radicals
tends to promote homogeneous ignition. In this study, we were
interested in determining whether the concentrations of hydroxyl
radicals produced over a metal oxide surface (e.g.La2O3) might
be significant in a combustion reaction. As a first-order
approximation, it was assumed that one could obtain an
equilibrium concentration of OH• radicals over a catalyst at
significantly higher pressures. This concentration was then
compared with that obtained in a model combustion reaction.
A batch model, which consists of 156 gas-phase reactions,

has been successfully used to interpret the kinetic isotope effects
that were observed during the oxidative coupling of methane.36

In addition, it accurately reflects the experimental results that
were obtained during the gas-phase oxidative dehydrogenation
of ethane.37 In this study, calculations were performed using
this model to examine the role of hydroxyl radicals during
methane combustion. The rate constants used in the model were
taken from the National Institute of Science and Technology
(NIST) data base.38 The ACUCHEM computer program39was
used to determine the concentrations of all reactant species as
a function of time. At the beginning of the calculation, the
CH4 and O2 pressures were taken to be 72.2 and 144.4 Torr,
respectively, and the temperature was 900°C. The OH• radical
concentration increased to a maximum value of 3.3× 1012

molecules/cm3, at which point the corresponding O2 and H2O
pressures were 122 and 28 Torr, respectively. At these same
pressures of O2 and H2O, theequilibriumOH• radical concen-
tration is 1.1× 1013 molecules/cm3. The fact that the equilib-
rium concentration is considerably greater than the maximum
concentration obtained during the reaction suggests that these
surface-generated radicals may indeed be important in the
catalytic combustion of CH4 via heterogeneous-homogeneous
reactions.
With respect to oxidative coupling of methane, which usually

is carried out in the 700-800 °C temperature range, a model
similar to the one described by Shiet al.36,40 indicated that
surface-generated hydroxyl radicals would increase the conver-

(34) Lacombe, S.; Zanthoff, H.; Mirodatos, C.J. Catal.1995, 155, 106-
116.

(35) Berg, M.; Ja¨rås, S.Appl. Catal. A: General1994, 114, 227-241.

(36) Shi, C.; Xu, M.; Rosynek, M. P.; Lunsford, J. H.J. Phys. Chem.
1993, 97, 216-222.

(37) Lunsford, J. H.; Morales, E.; Dissanayake, D.; Shi, C.Int. J. Chem.
Kinet. 1994, 26, 921-928.

(38) Westley, F.; Herron, J. T.; Cvetanoic, R. J.; Hampson, R. F.; Mallard,
G.NIST Chemical Kinetics Database,Version 3.0,1991,National Institute
of Standards and Technology, U. S. Dept. of Commerce.

(39) Braun, W.; Herron, J. T.; Kahaner, D. K.Int. J. Chem. Kinet.1988,
20, 51-62.

(40) Shi, C.; Hatano, M.; Lunsford, J. H.Catal. Today1992, 13, 191-
199.

Figure 7. Effect of catalyst loading on the observed activation
energy: 740 mTorr of O2 and 210 mTorr of H2O were allowed to react
over La2O3.

Table 2. Comparison of the Production of Hydroxyl Radicals over
Various Catalysts with 740 mTorr of Oxygen, 210 mTorr of Water,
and a Temperature of 900°Ca

catalyst loading (mg)
[OH•]

(1010molecules/cm3)
rate

(1012molecules/g‚s)

La2O3 2.7 9.9 18.7
Nd2O3 2.7 6.2 9.6
Sm2O3 2.8 4.0 6.5
Yb2O3 16.9 0.93 0.23
CeO2 38.3 none none
MgO 8.0 3.0 1.4

a At equilibrium the concentration of OH• is 2.6× 1011 molecules/
cm3.
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sion of methane, but at comparable levels of conversion the
COx selectivity would not be significantly altered. Thus, the
positive effect of OH• radicals in abstracting a hydrogen atom
from CH4, and thereby generating more CH3

• radicals, appears
to be balanced by the formation of more COx via secondary
reactions.

Conclusions

The more basic lanthanide oxides and magnesium oxide are
very active at 900°C for the formation of OH• radicals from
the reaction of O2 and H2O. The hydroxyl radicals are formed

on the surface and emanate into the gas phase at rates that may
be significant in catalytic combustion reactions. The abstraction
of hydrogen from H2O is analogous to the abstraction of
hydrogen from CH4 during the formation of CH3• radicals over
these same catalysts. Under kinetically controlled conditions,
it appears that oxygen incorporation at surface sites may be the
rate limiting step in the catalytic cycle.
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