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Transient kinetics and mechanism of oxygen adsorption over oxide
catalysts from the TAP-reactor system
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For elucidating the mechanism of oxygen adsorption and its effect on selectivity in the oxidative coupling of methane (OCM)
transient experiments were carried out in the TAP-2 reactor by pulsing oxygen over NaoO/Ca0 catalysts at temperatures between 623
and 873 K. The response signals were fitted to three different models for oxygen adsorption. Model discrimination showed that only a
reversible and dissociative adsorption via the molecular precursor provides a good description of the transient oxygen responses over al
catalysts studied. Rate constants and activation energies of the elementary reaction steps of oxygen adsorption, desorption, dissociation
and association were estimated. Doping CaO with sodium oxide influenced the ratio of kags/kdis determining the coverage of the catalyst
surface with molecular and atomic oxygen. The steady-state surface coverages with molecular and atomic adsorbed oxygen species were
simulated for different partial oxygen pressures (0.5-15 kPa) using the kinetic parameters from transient experiments. These results may,
however, be affected by extrapolating the pressure from 10~4 Pato 15 kPa. It was derived that an increase of C, selectivity in OCM on
Na,O/Ca0 can be ascribed to a decrease in the coverages of adsorbed molecular oxygen, which appears to be a plausible interpretation
confirming previous findings of the dependence of C, selectivity on oxygen partia pressure.
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oxidative coupling of methane

1. Introduction

The heterogeneous oxidation of light alkanes involves
the activation of both hydrocarbon and the oxidant; the
latter is an important step determining in many cases the
selective pathway of the catalytic reactions [1-4]. In recent
years different techniques such as temperature-programmed
desorption (TPD) [5], Raman and IR spectroscopy [6],
electron spin resonance (ESR) [7], work function meas-
urements [8] and isotopic switching [9] have been used
to study the interaction of oxygen with catalyst surfaces.
Since the early work of Gleaves et a. [10] the “tempo-
ral analysis of products’ (TAP) reactor was successfully
applied for studying mechanistic aspects of solid-catalysed
reactions [11-14]. By modelling the various processes (ad-
sorption, desorption, reaction) occurring in the TAP reactor
kinetic informations on surface processes were extracted
from the response signals [15-19].

The aim of the present study was to determine kinetic
parameters for elementary reaction steps occurring during
the interaction of the gaseous oxygen with catalytic surfaces
of doped and undoped CaO using the TAP-2 reactor and
the programme described el sewhere [18,20]. Kinetic para-
meters derived from the transient experiments were used to
simulate the surface steady-state coverages with molecular
and atomic adsorbed oxygen for p(O,) = 0.5-15 kPain the
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absence of methane. Kinetic data obtained on Na,O/Ca0O
catalysts are discussed in terms of their influence on the
selectivity of the oxidative coupling of methane (OCM).

2. Experimental
2.1. Catalysts

NaO/Ca0 cataysts were prepared from CaCO3 (Alfa)
and NaHCO3 (Merck). CaCO3 was calcined at 1273 K
for 10 h to decompose the carbonate. After calcination the
calcium oxide was impregnated with an aqueous solution
of NaHCO; followed by drying a 400 K for 2 h and cal-
cination at 1273 K for 2 h. After calcination the actual
sodium concentration was determined by |CP-OES (induc-
tively coupled plasma optical emission spectroscopy). The
concentration of sodium is put inside brackets in the cat-
alyst formula: Na(0.001 at%)/CaO, Na(1.2 at%)/Ca0 and
Na(6.4 at%)/Ca0.

The BET surface areas of the cataysts amounted
to 6.3 m?>g~! for Na(0.001 at%)/CaO, 2.9 m?g~—! for
Na(1.2 at%)/CaO and 2 m? g~* for Na(6.4 at%)/CaO.

2.2. TAP measurements

The TAP-2 reactor system has been described in detail
elsewhere [21]. The catalyst (100 mg; dp = 250-355 pm)
was packed between two layers of quartz of the same par-
ticle size in the reactor. Before each experiment the cata-
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lyst was treated in a flow of O, (30 mlmin—!) at 873 K
for ca. 1 h. Then, the reactor was evacuated at 873 K to
10—* Pafor 20 min. After the vacuum treatment the tem-
perature of the catalyst was set to the desired value (623—
873 K) and an O, : Ne = 1:1 mixture was pulsed over the
catalysts.

2.3. Catalytic testing

The catalytic tests were carried out in a fixed-bed re-
actor made of quartz at ambient pressure. The reactor
was immersed into a bed of fluidized sand serving as
a source or sink of heat. The reactant-gas stream con-
sisted of 2-15 vol% of oxygen and 30 vol% of methane
in nitrogen. The total flow rate and the reaction temper-
ature were fixed at 60 cm®min~! and 1023 K, respec-
tively. For comparison of selectivities at similar degrees
of methane conversion the tests were performed with dif-
ferent amounts of catalyst varying from 0.03 to 0.140 g.
The methane conversion amounted to 9-14%. The products
and reactants were analysed by using a micro gas chromato-
graph (Chrompack CP-2002) equipped with Poraplot Q and
Molsiev 5 columns.

2.4. TAP data treatment and fitting

The parameter estimation procedure based on a humeri-
cal solution of partial differential equationswhich described
the processes of diffusional transport, adsorption/desorption
and the catalytic reaction inside the TAP reactor, was de-
scribed earlier [18,20]. The program used allowed a simple
implementation of different models.

3. Kinetic models
3.1. Model 1: Langmuir-type adsorption

Assuming the Langmuir model for oxygen adsorption
with the rate constants ks and kges,

Kads
0, +2 ké -0, )
vdes
the mass balance for the gas-phase and surface oxygen in
the reactor can be written as

0Co 92Co
ot % = De 03:22 Crot
X (kijCOz(l - 602) - kdESGOQ)a (2)
00,
(,%02 = kasCo,(1 — Oo,) — kdes@0,, ®3)

where1l = 6)02 + Oy, 6)02 = Cz—oz/ctot, 0, = Cz/ctot and
Degs is the effective Knudsen diffusion coefficient.

3.2. Model 2: one-stage reversible dissociative adsorption

0, + 2z 970 4

Kdes
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For this model, the mass balance changes to

81&2 = Dt axzz = Cuo

X (kagsCo,(1 — ©0)? — koes®), (5)
990 _ 50 (k 1 — 00)? — kgesO? 6
W - tot( adscoz( - O) — Rdes o), ( )

wherel = ©g + ©,, O, = CZ/CtOtl O = CZ_O/C’mt and
Dest is the effective Knudsen diffusion coefficient.

3.3. Model 3: two-stage reversible dissociative adsorption

Reversible molecular adsorption occurs as the first step;
this molecular precursor undergoes further dissociation in
which one more active centre of the same nature par-
ticipates. This model was chosen based on experimental
data [22]. In our earlier study on contact potential differ-
ences between REO- and CaO-based catalysts and a gold
electrode [8,23] we have also observed the formation of
adsorbed dioxygen in the form of O, at temperatures up to
400°C and of O~/0O3~, O? at higher temperatures. The
formation of peroxide ions on alkali or alkali-earth oxides
have been well proven by Raman spectroscopy and charge
distribution analysis [6,22]. Furthermore, a similar model
was successfully used for the simulation of oxygen adsorp-
tion under OCM conditions [24]. The model and mass
balance for data evaluation can be written as follows:

O, + z’;é“sz—o2 )
des
20, + z:é‘szz-o G)
9Co 92C,
o P g o
X (kijCOz(l - @O - O02) - kd65602)! (9)
900,
(9to = kadscoz(l - eoz - @o) - kd%eoz
— Ciot (keis@0,(1 — @0, — O0) — kass®3), (10)
90
a—to = 200t (keis@0,(1 — Oo, — O0) — kass®3),  (11)

where 1 = ©p+0g, +0;, g, = Cr—0,/Ciat, ©; =
C/Cioty ©o = Cr—0/ Ciot @nd Dy is the effective Knudsen
diffusion coefficient.

4. Results and discussion
4.1. Model discrimination and parameter estimation

The experimental transient oxygen responses for all the
catalysts studied at 873 K are presented in figure 1. One can
see that these responses differ significantly in their form.
As the transport characteristics influence the response sig-
nal, it is necessary to determine the regime of gas diffu-
sion through the reactor. The simplest method proposed by
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Notation
Co, gas-phase oxygen concentration (mol m—3)
Cro, concentration of molecular adsorbed oxygen species (mol m—3)
Cro concentration of atomic adsorbed oxygen species (mol m—3)
Chot total concentration of adsorption sites (mol m—3)
D effective Knudsen diffusion coefficient (m?s—1)
dp catalyst particle size (um)
Fa activation energy (kJmol—1)
Fne flow of neon at the reactor outlet (mol s—1)
Hy peak height of the normalised neon flow, Fie/Npne (571
Kads adsorption rate constant (m®mol—1s~1)
Fdes desorption rate constant (s—1)
Edis dissociation rate constant (m® mol—1s~1) — model 3
kass association rate constant (m3mol~1s~1) — modedl 3
ko pre-exponential factors (s~ and m3 mol—1 s~ for reactions of 1st and 2st order, respectively)
©o, fractional coverage of molecular adsorbed oxygen (dimensionless)
©o fractional coverage of atomic adsorbed oxygen (dimensionless)
O, fractional coverage of free adsorption sites (dimensionless)
t time ()
tp time of a maximum exit flow of neon (s)
T temperature (K)
T reactor coordinate (m)
1.6
1.0 1 —Na(0.001 at.%)/CaO . _—
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Figure 1. Transient responses of oxygen when pulsing on O,—Ne mixture
over different catalysts at 873 K.

Gleaves et al. [21] for the verification of the TAP-2 system
is the check of the following criterion:

Hptp < 0.31, (12)

where H, is the peak height of the normalised neon flow,
Fie/Npne (s71), tp is the time of a maximum exit flow of
neon (s).

The values of Hpt, obtained for &l the catalysts at dif-
ferent temperatures ranged between 0.27 and 0.31. Thus,
these results verify that all the pulse experiments were per-
formed in the Knudsen diffusion regime.

In the following, the results of numerical fitting of the
experimental data for oxygen adsorption are described.
Three different models described in section 2 were used for
fitting the measured responses at the reference temperature

Figure 2. Comparison between models 1-3 and experimental responses
of oxygen over Na(0.001 at%)/Ca0 at 873 K.

873 K. The search of parameters was performed in a wide
range of possible values for the rate constant and adsorp-
tion sites (10~*-10°) using genetic and simplex algorithms
implemented in the software applied. As the results of this
modelling no adequate description was achieved when us-
ing models 1 and 2, thus no set of parameters was found
to fit the measured responses in this case. The best fit-
ting of experimental data a a reference temperature was
obtained by model 3. This was valid for all the catalysts
studied. The fit of the different models is illustrated for
one catalyst (Na(0.001 at%)/Ca0) in figure 2. It is neces-
sary to note that a correlation between the three parameters
(Chot, kags: kais) wasfound. Therefore, only the effectiverate
constants, which contain the total concentration of active
sites (k& = Ciotkags and k§L = Ciothais), Were determined.
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Based on the results on model discrimination at the ref-
erence temperature model 3 was selected to describe the
transient responses at other temperatures. In this case acti-
vation energies for four reaction steps (adsorption, desorp-
tion, dissociation, association) were derived according to

kr, = krq exp(—%

equation (13):
1
R\T;, Te))

The simulated and experimental responses at different
temperatures for Na(6.4 at%)/Ca0 are presented in figure 3.
A good description of the transient data is obtained at each
temperature. This is valid for all the catalysts studied. Ki-
netic parameters obtained for different catalysts assuming
model 3 are summarised in table 1.

(13)

4.2. Influence of catalyst composition on kinetic data and
surface coverages

The kinetic data obtained are discussed in the terms of
the relationship between the catalyst composition and the
kinetics of oxygen interaction. As the results presented in
table 1 show, the addition of an alkali promoter into CaO
influences significantly the activation energies of desorp-
tion and dissociation of molecular adsorbed oxygen. It was
also found that alkali doping influenced the ratio of kags/ kais
(figure 4). It decreased with increasing sodium concentra-
tion. The ratio of kags/kdis can indicate the ability of the
catalyst for converting molecular adsorbed oxygen species
to atomic adsorbed oxygen species. This assumption can
be proved by estimating the coverage of the catalyst surface
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Figure 3. Comparison between simulated (model 3) and experimental (cir-
cles) responses of oxygen over Na(6.4 at%)/Ca0 at different temperatures.
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by adsorbed species from the simulation of the experimen-
tal responses of oxygen. Temporal and spatial profiles of
Op, and Op for Na(6.4 at%)/CaO under TAP conditions
are shown in figure 5. The coverages with molecular ad-
sorbed species passes through a maximum with time and
decreases with the length of the catalyst bed. The formation
of atomic species rose up to a constant value with the time
and decreased within the catalyst bed. It was found that
the ratio of ©p/0g, increases with an increase of sodium
concentration for al Na,O/CaO catalysts. Comparing the
ratio of kags/kdis With the ratio of ©o/0p, it is possible to
conclude that the lower the ratio of kas/kdis 1S the higher
the ratio of ©p/Op, becomes. This means that the cov-
erage of the catalyst surface by different oxygen species
depends on the ratio of kqs/kais. INCreasing the ratio of
©o/Op, with an increase of sodium concentration is ex-
plained by formation of additional anion vacancies within
the Ca sublattice due to Naincorporation. The anion vacan-
cies promote the dissociation of molecular adsorbed oxy-
gen according to equation (8). From our earlier study on
the total conductivity and the contact potential difference
(CPD) [23] we concluded that the incorporation of sodium
into the cation sublattice of CaO increased the conversion
of molecular adsorbed oxygen into atomic surface species
because of the formation of additional anion vacancies.
Thus, from the simulation of the experimental data it
is possible to conclude that the mechanism of oxygen in-

40-

W
(=)
1

ads  des

[\
o
I

ratio of k . /k

—
O
|

i

LA BLA BELE BELEN SELEN NELEN SELEN BELEN SN B
1 2 3 4 5 6 7 8 910
sodium concentration/ %

Figure 4. Ratio of kags/kdis Versus concentration of sodium promoter

(T = 1023 K).
Table 1
Transient kinetic parameters for the elementary steps of oxygen interaction with different catalysts assuming model 3.
kSL Kdes KT Kass
kSt Ea ko Ea kgt Ea ko Ea
(kImol—1) (kImol—1) (kImol—1) (kdmol —1)
Na(0.001 at%)/Ca0 9.1 x 108 89 6.6 x 107 116 1.5 x 10V 249 23x 104 420
Na(1.2 at%)/Ca0 2.1 x 107 70 6.5 x 108 106 3.9 x 107 94 1.9 x 10% 292
Na(6.4 at%)/Ca0 8.6 x 108 80 1.6 x 10° 67 8 x 108 88 6.5 x 1013 253
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teraction with the catalysts studied changes due to the in-
corporation of sodium cations into the cation sublattice of
CaO.

4.3. Oxidative coupling of methane and oxygen adsorption

Theresults of oxygen simulation are discussed to explain
the catalytic performances of Na,O/CaO catalysts for the
oxidative coupling of methane (OCM). The catalytic data
of the catalysts studied are presented in table 2. The se-
lectivity of C,-products formation increases with increasing
sodium concentration and decreasing oxygen partia pres-
sure. The results obtained agree well with results published
elsawhere [25-27]. When comparing the transient kinetic
data on oxygen adsorption with catalytic performances in
OCM arelationship between the ratio of kags/ kdis and C, se-
lectivity (figure 6) was found. Asit followsfrom the results

()02
0.003

0.0015

Figure 5. Temporal and spatia profiles of the surface coverage by molec-
ular (a) and atomic (b) adsorbed oxygen species during a pulse experiment
(T = 873 K, Na(6.4 at%)/Ca0).
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on fitting the oxygen transient responses (see section 4.2),
the ratio of kas/kdis determines the ability of the cata
lysts for converting molecular adsorbed oxygen to atomic
species under transient conditions. Using the Maple V pro-
gramme [28], the steady-state concentrations of molecular
adsorbed and atomic adsorbed oxygen were calculated from
the set of algebraic equations (9), (10) and mass balance
equation (1 = Og + Op, + ©;). The dependence of these
concentrations on oxygen partial pressure is presented in
figure 7. The ratio of ©p/Op, rises with increasing the
sodium concentration and decreases with increasing oxygen
partial pressure. The high coverage by molecular adsorbed
oxygen may be explained by stabilisation of peroxides on
the catalyst surface. Peroxides of akali/akali-earth met-
als can be stabilised at high temperatures at high oxygen
pressures [6,22,29]. It should be aso noted that there is no
incorporation of adsorbed surface species into the catalyst
volume in model 3. Therefore it can lead to a decrease of
the surface coverage by molecular adsorbed oxygen. Fig-
ure 8 presents the selectivity of C,-products formation over
all Na,O/Ca0 catalysts at different oxygen partial pressures
versus the ratio of ©p/0g, estimated at the same oxygen
partial pressures as in the catalytic runs. From the results
presented it follows that the selectivity obtained grows with
increasing the ratio of ©p/Op,. This means that the high

80 1

70 1

60

selectivity/ %

ratio of k_./k

ads * des

Figure 6. Selectivity of C, products versus the ratio of kags/kais (T =
1023 K): (e) 2 kPa oxygen partial pressure, () 5 kPa oxygen partia
pressure and (A) 15 kPa oxygen partial pressure.

Table 2
Selectivity of formation of OCM products over Na,O/CaO catalysts at various oxygen concentrations. Concen-
tration of methane was constant (30 vol%), 7' = 1023 K.

p(O2) Selectivity (%)
(vol%) Na(0.001 at%)/Ca0 Na(1.2 at%)/CaO Na(6.4 at%)/CaO
C co Co, C co Co, C co Co,
2 65.8 17.2 17.0 74.3 7.6 181 811 35 15.4
5 50.4 233 26.3 65.4 41 305 70.8 5.0 24.2
15 25.8 149 59.3 3.8 7.6 58.6 495 5.1 454
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Figure 7. Steady-state ratio of ©p /00, simulated for Na,O/CaO catalysts
versus oxygen partial pressure without presence of methane.
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Figure 8. Selectivity of C,-products formation over Na,O/Ca0 catalysts
versus steady-state ratio of @o/@p, simulated at oxygen partial pressures
without presence of methane.

selectivity of Cy-products formation can be achieved by
reducing the concentration of adsorbed molecular oxygen.
The increase of the C,-products selectivity with decreasing
concentration of adsorbed molecular oxygen species can
be due to the fact that the oxygen species consisting of
more than one oxygen atom promote especialy C—C bond
cleavage [30]. This reaction is probably the initial step of
C,-products combustion. The positive effect of the trans-
formation of molecular oxygen in atomic oxygen surface
species on OCM selectivity was previously found in our
works [8,23,31,32].

Thus, the addition of an akali dopant into the CaO
lattice influences the process of oxygen activation due to
decreasing the ratio of kus/kdis Which, in turn, results in
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reducing the coverage of the surface with molecular oxy-
gen species and, hence, in high selectivity for C,-products
formation.

5. Conclusions

Modelling of transport and sorption processes within
the TAP reactor was applied to fit the oxygen transient
responses obtained at diffrent temperatures (623-873 K)
over Na,O/Ca0O catalysts. Three different adsorption mod-
els were tested. A good description of al the transient
data was achieved assuming the two-stage reversible dis-
sociative adsorption via a molecular precursor. The kinetic
constants were correlated with temperature according to the
Arrhenius law to determine apparent activation energies for
the various surface processes. For Na,O/Ca0 catalysts it
was established that the ratio of kus/kais decreases with
increasing sodium concentration. This ratio determines the
coverage of a catalyst surface with both atomic and molec-
ular oxygen. The lower the ratio of kus/kdis IS, the higher
the ratio of ©g/©0, becomes. A correlation between the
ratio of ©g/0Op, and selectivity of C,-products formation
for OCM was found. Decreasing concentration of molecu-
lar adsorbed oxygen due to increasing the rate of its disso-
ciation improves the catalytic performances of Na,O/CaO
catalysts with increasing sodium concentration.
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