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Temporal Analysis of Products (TAP) Study of the Adsorption of CO, O,,

and CO, on a Au/Ti(OH),* Catalyst
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The adsorption kinetics on Au/Ti(OH),* (a newly developed Au catalyst, active for low-temperature CO oxidation)
for CO, O,, and CO; in the temperature range 298—473 K was determined by temporal analysis of products (TAP) tech-
nique. The response signals from the single-pulse TAP experiments were analyzed using a statistical approach, and they
were fitted to analytical models in order to establish the adsorption/desorption parameters. The pulse response of a non-
adsorbing gas (argon) was used as a “reference”’. The experiments revealed that: CO molecules reversibly adsorbed on the
catalyst surface; O, molecularly adsorbed , irreversibly for high pulse intensities and reversibly for low pulse ones; CO,
molecules irreversibly adsorbed on the surface, probably as carbonates. This catalyst exhibited an apparent negative acti-

vation energy for irreversible adsorption of O,.

A “temporal analysis of products (TAP)” reactor system was
introduced in 1986—1988 as a novel system to study the kinet-
ics and mechanism of heterogeneous catalytic reactions by a
pulsed transient response technique with sub millisecond time
resolution.'” The high time-resolution of the TAP reactor sys-
tem is achieved by the use of high-speed pulse valves, a near-
zero dead volume manifold, and a catalytic micro-reactor
placed directly inside a high-vacuum mass spectrometer detec-
tion chamber.’ The TAP method has found wide applications to
heterogeneous catalysis. Up to now, TAP studies on mecha-
nisms of catalytic reactions,”™® adsorption on catalyst surfac-
es,'*° and modeling of TAP reactors**™° have been reported.
Transient experiments have the potential to provide informa-
tion that cannot be obtained from steady-state experiments.
While steady-state experiments give an integrated picture of a
reaction system, transient experiments give information on in-
dividual steps involved in a catalytic reaction. TAP is a tran-
sient technique, but the TAP reactor uses a different experi-
mental strategy for extracting kinetic information from those
for other non steady-state techniques such as traditional PFR
(plug-flow reactor) and CSTR (continuously stirred tank reac-
tor). In general, the quantification of kinetic parameters from
transient measurements requires a well-defined flow mecha-
nism in a micro-reactor and an appropriate model of the sys-
tem. In the PFR or CSTR systems (classical models used to de-
scribe the flow pattern) the pulse of a reactant is introduced into
a continuously flowing carrier gas at normal or elevated pres-
sure. The spreading of the pulse often affects axial dispersion
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in the bed and the adsorption kinetics. The TAP system is dif-
ferent since no carrier gas, such as helium and nitrogen, is
used. The TAP strategy is to operate in the Knudsen diffusion
regime in which transport is well defined. In this regime, the
transport of individual species is independent of the gas com-
position.”” A goal of the analysis of the TAP kinetic data is to
calculate the kinetic parameters for each elementary step (dif-
fusion, adsorption, chemical reaction, and desorption). This
theoretical analysis is based on the reactor model used to de-
scribe the behavior of the catalyst bed during the gas pulse. The
simplest model is the “one-zone” (the catalyst only zone) reac-
tor model.” In order to improve the transport model through
the “one-zone” TAP reactor, a symmetrical cylindrical or two-
dimensional model has been developed.”” However, the results
demonstrate that the simpler one-dimensional model is as ac-
curate as the two-dimensional model for describing the trans-
port in the TAP reactor.

Another model is the “three-zone” reactor model. In a three-
zone reactor, a catalyst zone is sandwiched between two beds
of inert particles.>’ This reactor has the advantage that the cata-
lyst zone can be more easily maintained in an isothermal con-
dition.

The newest developed model is the so-called “thin-zone” re-
actor model.”’ In this reactor type, since the thickness of the
catalyst zone is made very small compared to the whole length
of the reactor, diffusion can be separated from chemical reac-
tion, and concentration gradients across the catalyst bed can be
neglected.

We have used the one-zone TAP reactor model for quantifi-
cation of the adsorption-desorption kinetic parameters and
surface reaction of CO, O,, and CO, on a newly developed
TiO,-supported Au catalyst (denoted as Au/Ti(OH),*). This
newly developed Au catalyst was prepared by supporting a Au-
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phosphine complex as a precursor for Au particles on as-pre-
cipitated wet titanium hydroxides as a precursor for TiO, sup-
port, followed by calcination at 673 K.*>** This catalyst exhib-
its a much higher activity for the low-temperature CO oxida-
tion as compared to a conventional Au/TiO, catalyst.*>

Since there is disagreement in the literature about the mech-
anism of CO oxidation, especially as regards oxygen adsorp-
tion on supported gold catalysts,**™** we attempted to explain
the mechanism of CO oxidation on this new catalyst by means
of the TAP technique. In addition, no TAP studies about CO,
0,, and CO, adsorption on supported gold catalysts have yet
been reported. On the other hand, by fast transient measure-
ments in a TAP reactor it is possible to determine the intrinsic
property of a species at the catalyst surface in one single pulse
experiment.*?

Theoretical TAP Analysis

The kinetics of transport processes that occur in the TAP
pulse response experiments can be described using either a sto-
chastic or a deterministic approach,” and the modeling/fitting
problem can be divided into three parts: gas flow, gas/solid in-
teraction, and chemical reaction.

The first theoretical work on the TAP system was reported
by Gleaves et al.>** A generalized mathematical model is pro-
posed to describe the transport of a gas pulse under vacuum
conditions through a fixed-bed micro-reactor. Here, a particu-
lar case where a single pulse valve is used to introduce a binary
gas mixture in which one of the components can undergo re-
versible adsorption on the catalyst surface is considered. The
equations which describe the transport of a gas pulse, based on
mass balance equations, are similar to those used for fixed-bed
chromatography, except that no convective terms are present
and Knudsen diffusion dominates at sufficiently low pressures.

Therefore, assuming Knudsen flow and first-order adsorp-
tion/desorption kinetics, the model is described by Egs. 1 and
2. Terms and symbols used in the Egs. are listed in Notation at
the end of the text.
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An analytical solution for the above mass balance equations
with the initial and boundary conditions is obtained by using a
linear operator method. Therefore, the flux at the reactor outlet
is established as a function of the adsorption and desorption
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rate constants and the effective Knudsen diffusion coefficient.
Since these parameters are unknown, the method of moments
was used for the parameter estimation.

The moments m, of the exit flows F are represented by the
set of integral equations:

o

m, = /t”F(t,L)dz. 5)
0

The moments m,(x) for the flow through any cross section of
the reactor at a given axial coordinate are represented by the set
of equations:

my(x) = /t"F(t,x)th (6)
0

Analysis of the zero-th, first, and second moments of a TAP
curve will lead to simple relations used to calculate conver-
sion, adsorption and desorption rate constants, and the activa-
tion energy for desorption, as follows:
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where there are only adsorption and desorption without reac-
tion. The first moment can be related to the mean residence
time, #.s, by the equation:

m
fres = — (10)
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Equation 9 shows that #,.; depends on the ratio of k,, and k4, but
not on their absolute values. The absolute second moment,
however, depends on the absolute values of k,5 and kq4:
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for the case of no reaction. Another useful equation is given for
the peak time in the case of only diffusion:
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t, is the time at which the exit flow is at maximum, and can be
determined by setting the derivative of the exit flow equation
equal to zero.

This model was successfully applied to describe the ad-
sorption-desorption processes in the selective oxidation of pro-
pene to acrolein on a Bi,MoO, catalyst.” However, many
points related to the appropriate boundary conditions for the
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micro-reactor remained unclarified. For this reason, the basic
model proposed by Gleaves et al. has been developed by Zou,
Dudukovi¢ and Mills.”> The developed model provides the
foundation for quantification of results obtained in the TAP
system and appropriate boundary conditions for modeling have
been sought in their study.

Other results on modeling of the TAP reactor have been pub-
lished by Greten et al.,> Huinink,® and Zou et al..”? But, in their
models basically analytical techniques have been applied to
solve the model equation. This limits their applicability to the
cases where changes in the degree of coverage are negligible
and all reactions are of the first-order.

To solve the mathematical model, a more suitable and nu-
merical technique was used by Rothamael and Baerns.?* In
this way, the rate constants for adsorption, desorption and reac-
tion have been determined.

However, since we assume the first-order kinetics for ad-
sorption/desorption of CO, O,, and CO, over Au/Ti(OH),*, in
our TAP analysis we have especially used the theoretical re-
sults published by Gleaves et al. in 1997.% Moreover, since our
TAP reactor is completely filled with a single catalyst sample,
our approach is based on the “one-zone-model”. Therefore,
firstly, we had to verify if the flow in the TAP reactor is in the
Knudsen regime.

The equation of the standard diffusion curve has been ob-
tained by solving the equation of continuity for a non-reacting
gas in a fixed-bed reactor under the initial and boundary condi-
tions (Eqs. 3 and 4) :

dCa 0%Cy
— = —_— . 13
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As the gas flow at the reactor exit, F, , is described by
Fa=-ADey 258 (14)
ox x=L

the equation of the standard normalized curve can be written in
the following form:
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Equation 15 indicates that the normalized flow does not depend
on the intensity of the gas pulse. Other properties are shown by
the following equations:
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Equation 17 is a useful criterion for the Knudsen regime. It
shows that for an inert gas the product of the normalized peak
height and the peak time is constant, regardless of the particle
size, temperature or the effective Knudsen diffusivity of the
gas.

If an irreversible adsorption/reaction occurs during the TAP
experiment, we have to consider the following mass balance
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for the gas phase component A:

oCa 0%Cu
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The apparent adsorption/reaction rate constant, k%,, is defined
as:
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The initial and boundary conditions for Eq. 18 are the same as
those for Egs. 1 and 2. The equation of flow at the exit is given
by:
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The adsorption rate constant can be determined from the
zero-th moment of the normalized flow (which is the same as
the zero-th moment of dimensionless flow, n1y). The zero-th
moment of Eq. 20 is given by:
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Equation 21 can be expressed in another form, which is more
useful for determination of the adsorption rate constant, as fol-
lows:

1

- cos h\/?a.

The conversion, X,, or fraction of the gas irreversibly ad-
sorbed is described by:

mo (23)

Xa=1—my. (24)

As a fingerprint for the irreversible adsorption, the flow curve
is situated inside the standard diffusion curve.

When the diffusion + reversible adsorption occurs, the mass
balances of a component A in the gas phase, and on the catalyst
are described by Egs. 1 and 2. By solving these equations, the
equation of exit flow has been determined. However, more use-
ful for our study was the fingerprint for this case. In contrast to
the case of irreversible adsorption, the exit flow curve for the
diffusion + reversible adsorption will cross the exit flow for dif-
fusion only. The point at which the curves intersect depends on
the adsorption and desorption rate constants.

Experimental

Catalyst. The newly developed catalyst Au/Ti(OH),* which
is highly active for CO oxidation used in our measurements has
been described in detail elsewhere.*>™>

Apparatus. The TAP reactor system has been described in
detail elsewhere.”> We provide here only a brief description as fol-
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lows. The TAP system consists of a fast-pulse gas delivery system,
a fixed-bed micro-reactor, and a computer-controlled real-time
quadrupole mass spectrometer (Spectra Co.). All of them are lo-
cated in three high-vacuum chambers, the chambers being con-
nected by small pinholes. The base pressures of the chambers are
1, 104, and 107 Pa, respectively. The micro-reactor is made from
a stainless steel tube whose diameter and length are 2 and 25 mm,
respectively. The catalyst was mounted in the reactor and sand-
wiched by a stainless steel mesh (40% open). The length of the
catalyst in the tube is 10 mm. The reactor was heated by cartilage
heaters; the maximum temperature is 773 K. Two pulse valves
(General Valve Co.) and a flow line are connected to the reactor, so
that transient experiments under gas flow can be done. The mini-
mum pulse width was 200 micro seconds. The flow rate of the
gases through the flow line was controlled by thermal mass flow
controllers.

TAP Experiments. All experiments were conducted using a
pulse mode of operation.” Single- pulse transient experiments
were performed to investigate the adsorption of the species of in-
terest. In order for the transient output response to be a measure of
Knudsen diffusion only, the number of molecules in the input
pulse was kept less than 10'® molecules.” This pulse size is very
small compared to the number of sorption sites on the catalyst, as
confirmed by the absence of any pulse dependence of the pulse re-
sponse. It was checked that the tail of each pulse response reached
the background before injecting the next pulse. Thereafter, 4—15%
of argon was added as an internal standard in the pulse experi-
ments in order to calculate conversions. After some pre-pulses,
150 to 250 pulses were averaged to increase the signal-to-noise ra-
tio in the response. Prior to the experiments, the catalyst was heat-
ed at 473 K for 30 min in vacuum to clean the surface from ad-
sorbed species. Then, after this treatment, the temperature of the
catalyst was set to the given temperatures (298, 373, and 473 K).

Results and Discussion

Gas Transport. Since the analytical model used by us in
order to determine the adsorption/desorption parameters of
CO, 0,, and CO, assumes a Knudsen flow, at first the validity
of this assumption has been verified. Ar single-pulse experi-
ments were carried-out at three temperatures: 298, 373, and
473 K. The pulse size was around 1 x 10" molecules/pulse
(low value) and 6 x 10'® molecules/pulse (high value).

In the Knudsen regime, the product pulse shape should be
independent of pulse intensity. To verify this , we have com-
pared the experimental curves obtained for the low pulse inten-
sity and the high pulse intensity, where the comparison is pos-
sible only for normalized flows. We have normalized all the Ar
experimental curves by dividing the exit flow by the zero-th
moment, ny, which is directly proportional to the number of
molecules in the initial pulse.

When irreversible adsorption or reaction occurs, the experi-
mental curve cannot be transformed into a normalized flow us-
ing the unit-area-normalization. In this case, the reactant can be
calibrated against an inert gas in a separate non-reaction exper-
iment, and the relative calibration factor can be used to trans-
form the reaction experimental response into a normalized
flow.”

By the normalization of the Ar original curves, we have ob-
tained an unique diffusion curve for each temperature (Fig. 1).
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Fig. 1. Unit-area-normalized Ar response curve at 298 K

(ovee ), 373K (----), and 473 K (—).

In order to perform the statistical analysis of our data, we need
to set the sampling time. Usually, the time needed in each ex-
periment to reach the background is taken as sampling time.
However, the tails of some experimental curves are very long.
The questions are: Have these long tails any significance in our
data? and can these tails be cut without significantly affecting
the physical meaning of statistical parameters (i.e. residence
time and dispersion)? In order to give an answer to these ques-
tions, we have checked the test of hypothesis*® for each of cases
and we have determined the proper sampling time. This was
between 4000 and 5000 ms.

Since the residence time at each temperature did not depend
on the pulse intensity, it means that another criterion for Knud-
sen diffusion is satisfied. In a diffusion-controlled process, the
diffusion rate is directly proportional to the velocity of the dif-
fusing species. So, if we plot the average residence time as a
function of square root of temperature, the plot should be a
straight line. Indeed, we have obtained a straight line whose
equation was: f,., (ms) = 4.08 T"? + 735.92 and the correlation
coefficient was R*=0.9973.

The Knudsen regime can also be confirmed by measuring
the peak time and the height of the normalized peak flow.
Equation 17 for Knudsen diffusion predicts that the product of
the peak time and the normalized peak height is equal to 0.31.
As the values calculated for (H,f,) from the experimental data
are close to the theoretical value (the error was less than 3% for
each temperature) we can conclude that Knudsen regime has
been confirmed.

Another way of characterizing the Knudsen diffusion re-
gime is to compare the normalized experimental flow with the
unique peak-normalized plot (standard normalized flow), de-
scribed by Eq. 15. In order to do this we have to determine the
parameters D5, and &,. We can calculate the effective Knudsen
diffusivity for Ar using either Einstein’s equation:

L2 &y
2D eAr

(25)

tres =
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or the equation for the peak height (Eq. 17). As the porosity of
catalyst bed is unknown , it can be determined from experi-
mental measurements, using the following equation:

& = Vporepap ) (26)

where Vo= 161.2 mm’ g™ (35) and p,,= 1.4232 g cm’ (value
determined from the relative apparent density against water, at
room temperature, by using a piknometer). Table 1 shows that
the diffusivity slightly decreases with temperature, which
means that porosity probably slightly changes with tempera-
ture. Let’s verify this by using another way to calculate the ef-
fective diffusivity, from the following equation®’:

€
Dear = —Dar,s 27)
Tb

where 7, means the tortuosity of catalyst bed and D,, is the
theoretical Knudsen diffusion coefficient for argon, calculated
from:

_2F [8TR
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For more or less spherical particles, the interparticle distance
is:
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The constant a can take the value 0.1-1, and usually, 7,= 2—6."
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Using an iteration procedure, for an average particle radius, r,
=5.094 x 10° m, and for a = 1, & = 0.227 at room temperature,
then &, is almost 0.229, like the value from the experimental
measurements. We can recalculate now the porosity, tortuosity,
and effective diffusion coefficient for argon (Table 2). The re-

Table 1. Effective Knudsen Diffusion Coefficient for Ar
and Porosity of Catalyst Bed

Temp Resid. time Dear/es® Dear/€” Dear/en(av) €, Dear

K S sz 871 sz 871 sz 571 sz 571
298 0.806 0.620  0.612 0.616 0.141
373 0815 0.613  0.613 0.613 0229 0.140
473 0.823 0.607  0.601 0.604 0.138

a) Eq.27; b) Eq.16.

Table 2. Changes in the Catalyst Bed Porosity and Tor-
tuosity and the Ar Effective Knudsen Diffusion Coeffi-
cient with Temperature

Temp/K & Ty Depr/em? s~
298 0.227 441 0.139
373 0.229 4.36 0.140
473 0.234 4.27 0.141
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sults suggest that &, changes little with temperature.

If one uses these values for porosity and diffusivity, the sim-
ulation of the theoretical curve for argon diffusion is now pos-
sible. Figure 2 presents the experimental response curves at
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Fig.2. Experimental (—) and simulated (<) Ar response
curves at (A) 298 K, (B) 373 K, and (C) 473 K.
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three temperatures as well as the theoretical ones, simulated by
using Eq. 15. The two curves have almost perfectly matched
each other. (We have calculated the sum of squares (SS) of the
difference between the observed and calculated value. Because
the value of this sum was extremely low, no optimization pro-
cedure was needed in order to determine the optimum value for
the parameters in the model, D.,, and &,). It means that the
transport mechanism fits perfectly the Knudsen flow.

Now, one can determine the diffusion and adsorption/des-
orption parameters for CO, O,, and CO, on the Au/Ti(OH),*
catalyst.

Effective Knudsen Diffusivity and Adsorption Parame-
ters for CO. First, we have to determine the adsorption type
(reversible or irreversible) and then, we can determine the ki-
netic parameters. In Fig. 3, which shows the normalized exper-
imental response curves for Ar and CO, the CO TAP curves in-
tersect the Ar curve. This is a fingerprint for reversible adsorp-
tion on the surface. The same conclusion was drawn from the
statistical analysis of moments. Before normalizing the re-
sponse curves, we considered the balance of CO against Ar (in-
ternal standard). We calculated the mean Ar/CO ratios, from
experiments without catalyst. These were 1:22.4 (4.25% A,
95.75% CO) at 298 K, 1:22.9 at 373 K, and 1:22.5 at 473 K.
Then, we applied the correction factors for the experiments
with catalyst. Using the m, of the Ar response curve in the pres-
ence of catalyst and the correction factors, we calculated the m
for a theoretical CO response curve and we compared it with
the myq of the experimental CO response curve. There was no
difference between the theoretical m, and the experimental
one. Such a result means that CO reversibly adsorbs on the cat-
alyst surface.

Therefore, we can now calculate the kinetic parameters, as-
suming first-order adsorption and desorption kinetics. Using
Eq. 9, we could determine the k,co/kqco ratio, but first of all, we
need to know the value for effective Knudsen diffusion coeffi-
cient for CO, D.co. From the following Eq. 32,

Deco = Dear(Mar/Mco)'/? (32)
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Fig. 3. CO and Ar TAP curves on the Au/Ti(OH),™ cat-

alyst; CO: (A) 298 K, (B) 373 K and (C) 473 K, Ar:
D)
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Deco is: 0.167 cm?s™ (298 K), 0.168 cm?s™ (373 K), and
0.169 cm* s~ (473 K).

From Eq. 11 we determined the value of ko, and from the
Arrhenius plot the adsorption and desorption activation ener-
gies were determined. Table 3 shows the results regarding to
the k,colkaco, kaco, kaco, adsorption activation energy and des-
orption activation energy.

The heat of adsorption was obtained to be 2.5 kJ mol™ from
the van’t Hoff plot of the equilibrium constant, K = k’,co/kaco,
or 2.6 kJ mol™ from the difference E, g — Fges.

The shape of the CO pulse response was independent of the
pulse size, as shown in Fig. 4, which proves that the adsorption
and desorption processes are first order with respect to the gas
phase concentration of CO, and the concentration of adsorbed
CO. As the adsorption and desorption activation energies were
low and the CO response curve was almost the same as the Ar
one, we can conclude that CO adsorption on the surface is
weak. Since the response curves for CO were not broadened,
compared to the inert argon response curve, a Langmuir iso-
therm could be used to describe the CO adsorption process on
the Au/Ti(OH),* catalyst.

Effective Knudsen Diffusivity and Adsorption Parame-
ters for O,. First, we calculated the effective Knudsen diffu-
sion coefficient for O, by multiplying the diffusivity of argon
with the square root of the ratio of the argon to the oxygen mo-
lecular weight. We obtained the following values: 0.156 (298
K), 0.157 (373 K), and 0.158 cm’ s at473 K, respectively. In
order to normalize the O, response curves (dividing the experi-
mental curves by the calculated zero-th moment), we calculat-
ed the ratio between Ar and O, at different temperatures, from
experimental curves without catalyst. The ratios were: 1:5.82
at 298 K, 1:6.25 at 373 K, and 1:6.29 at 473 K. Figure 5 pre-
sents the normalized curves for large pulse intensities. The re-
sults indicate an irreversible adsorption of O, on the surface. In
this case, the flow curve is located inside the standard Ar diffu-
sion curve. Indeed, the mean values for the zero-th moments at
298 K, 373 K, and 473 K, for the O, normalized response
curves were less than unity at the three temperatures. Such a
rersult means that O, irreversibly adsorbs on the surface.

Using Eq. 24, we obtained the mean values for the conver-
sion of O, for large pulse intensities. There is another way to
calculate the amount of oxygen irreversibly adsorbed on the
surface, and then the conversion. This amount is directly pro-
portional to the difference between the theoretical zero-th mo-
ment of oxygen response curves, mo/o2 cale (calculated by
multiplying the zero-th moment of Ar response curve, mg s
with the ratio between Ar: O, in the initial mixture) and the ex-
perimental zero-th moment curves, , mo’ 0,,exp- The O, conver-

Table 3. Kinetic Parameters for CO Adsorption on
Au/Ti(OH),*
Temp Resid. time k'aco/kico Kaco kico  Eads Eges
K s s7! s7! kImol™' KkJmol™!
298 0.720 0.059 0.014 0.24
373 0.735 0.076 0.021 0.28 4.6 1.4
473 0.770 0.087 0.026 0.30




M. Olea et al.
4f ]
2
Qo
.‘>;<‘
o
[72]
w
Q
C
kel
(%2
C
[+
£
(@]
0___ -
! 3 1 1 1

2
9o
=
%
[o)]
w2
[7¢
i)
c
e}
w
C
(0]
E
e}
0 2 4
Dimensionless time
T T T T T
z Ir
2
.§
()
1]
n
Q
[
0
1%2]
C
o]
£
e
of -
1 1 1 1 1

0 2 4
Dimensionless time

Fig. 4. Carbon monoxide responses with the two differ-
ent pulse sizes at (A) 298 K, (B) 373 K and (C) 473 K.
——: High pulse intensities. ——: Low pulse intensities.

sion presents a maximum at 373 K. We know that this catalyst
appreciably increases the amount of oxygen adsorbed on the
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Fig. 5. Irreversible adsorption of oxygen on
Au/Ti(OH),* for large pulse intensities at (A)

298 K, (B) 373 K, (C) 473 K, and (D) Ar pulse
response as reference.

support oxides.”® But this has been verified from the present
TAP experiments only for the temperatures equal to or less
than 373 K.

For small pulse intensities, the mean values of g 0, exp at
the three temperatures were a little bigger than those of
mo 0, calc. It means, for this pulse size, that the O, adsorption
is reversible.

Therefore, we have to calculate separately the adsorption pa-
rameters for large pulse intensities as well as for small pulse
ones.

(A) Irreversible Adsorption. Assuming a first order ad-
sorption/reaction kinetics, in other words, assuming that oxy-
gen molecularly adsorbs on the surface, and using Eq. 23, we
calculated the adsorption rate constant, and from Eq. 24 the
conversion. Table 4 shows these calculated values. Very rough-
ly we calculate a positive apparent adsorption activation ener-
gy, 10.1 kJ mol™ from room temperature to 373 K, while a neg-
ative one, —15.1 kJ mol™ is found at 373—473 K.

In order to verify what happened between 373 and 473 K,
we examined each successive experiment at 473 K. Therefore,
we calculated the Ar/O, ratio, mg o, cales X0, from the differ-
ence between mg o, calc — my' 0yexp (A), and Xo, from
1— mg o, (normalized flow) as shown in Table 5. Indeed, the
amount of O, irreversibly adsorbed on the surface decreases at
473 K, from experiment to experiment. We thought that it was
possible because from experiment to experiment the concen-
tration of O, adsorbed on the surface increases and so the O,

Table 4. Influence of Temperature on Conversion and
on Apparent Adsorption/Reaction Rate Constant of O,
over Au/Ti(OH),*

Temp/K mg(normalized flow) K a0, /57! Xo,/%
298 0.87 0.192 12.16
373 0.74 0.435 25.12
473 0.89 0.153 10.40
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Table 5. Result of the Kinetic Analysis of O, Responses at 473 K
Expt.no. Ar/O, my O,cale A Xo,/% mg o, (normalized flow) Xo0,/%
1 1:6.3 540.49 105.78 19.57 0.804 19.62
2 1:6.4 459.85 58.14 12.64 0.874 12.64
3 1:6.5 405.49 13.21 3.25 0.967 3.32

desorption becomes more probable than adsorption.

In order to verify if O, adsorption is dissociative or associa-
tive on this catalyst, first we compared the O, experimental re-
sponse curves with the simulated O, molecular irreversible ad-
sorption curve by using Eq. 20. As shown in Fig. 6, there is an
almost perfect fitting between the two curves. The results dem-
onstrate that O, molecularly adsorbs on the catalyst surface, in
agreement with our previous study on active oxygen species
on the Au/Ti(OH),* catalyst.*!

There is another way to verify the type of O, adsorption. Us-
ing the calculated value for the adsorption rate constant at three
temperatures, we can calculate the first moment of theoretical
(supposing a molecular adsorption) dimensionless exit flow,
myq, and then we can compare it with the first moment calculat-
ed by statistical analysis (from the experimental response
curves):

o0

(=1Y'Q2n + 1)

= 33
e =71 Z; (1 + 0527 + kyopa 2 ©3)
where
klo EbLz
ka0,d = dDﬁ' (34)
2
On the other hand,
mlD 0O,
mig = TL“‘Z (35)

As the errors are less then 5%, we can conclude that O, molec-
ularly adsorbs on the catalyst surface.
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Fig. 6. Experimental (solid line) and model-

predicted (open circles) transient response for O,
on Au/Ti(OH),™ at 298 K.

The desorption kinetics should be second order if dissocia-
tive adsorption of oxygen occurs.

(B) Reversible Adsorption. In order to analyze the exper-
imental data in the case of low pulse intensities, we normalized
the experimental curves. One example of normalized curve,
obtained by dividing the experimental O, response curve with
the number of molecules/pulse (which is directly proportional
to the zero-th moment of experimental curve multiplied by a
correction factor, obtained from the balance against Ar) is pre-
sented in Fig. 7. First, from Eq. 9 we obtained the ratio k',0,/
k4o, . Then, using Eq. 11 we obtained kqo,. Assuming an Ar-
rhenius temperature dependence for k’.‘,lo2 and k4o0,, we can
find the apparent adsorption activation energy as well as the ap-
parent desorption activation energy. The results are shown in
the Table 6.

In conclusion, the adsorption of oxygen on this catalyst can
be described by the following model:

0, +Y=0,Y 250,77 (36)

At low pulse intensities (that means low gas phase concentra-
tion of oxygen) only a reversible physical adsorption occurs. In
this case, the oxygen adsorbed species could be considered as a
mobile precursor for the oxygen chemisorption. If a molecule
adsorbs in the precursor state, it may (i) become chemisorbed,
(i1) be inelastically scattered back into the gas phase, or (iii)
hop to a neighboring site, in which case pathways (i) and (ii)
are again open. The desorption rate is larger than the adsorp-
tion rate, reflecting the fact that the activation energy for the
desorption was smaller than that for the adsorption. For high
pulse intensities, the oxygen chemisorption becomes competi-
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Fig. 7. Normalized low intensity O; response and Ar re-

sponse as reference at 298 K.
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Table 6. Kinetic Parameters for Reversible Adsorption of Oxygen

Temp/K Resid. time/s  K'y0,/kq0, ka0, X 103/s7! k4o, /s7! Eugs/kImol™!  Eges/kI mol~!
298 0.741 0.019 1.475 0.075
373 0.749 0.026 2.658 0.102 8.2 3.8
473 0.769 0.038 5.007 0.132

tive with the oxygen desorption.

Now, we can conclude that for the pulse size around 1 X 10'
molecules/pulse the observed oxygen response curves fitted
very well with the theoretical irreversible-adsorption curve
simulated by a model involving no dissociative adsorption of
oxygen. However, the TAP single-pulse experiments per-
formed at three different temperatures reveal an interesting be-
havior of oxygen during the adsorption on the active Au/
Ti(OH),* catalyst. If we analyze the dimensionless response
curves for the three temperatures, we observe that the response
curves for low temperatures (equal to or less than 373 K) are
sharper than that for 473 K (Fig. 8). The curves for the low
temperatures were expected to be broadened, because at the
high temperature the desorption may be faster. This behavior
could be explained as follows. At a high temperature, the disso-
ciation of O, on the surface is possible, followed by the recom-
bination of the produced atomic oxygen and then by the des-
orption. The rate of the recombination seems to be slower than
the rate of the desorption.

Moreover, for low pulse size intensities (about 1 X 10" mol-
ecules/pulse) there are no differences in the O, response curves
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Fig. 8. Temperature influence of the TAP response on

the irreversible adsorption of oxygen on Au/Ti(OH),*
at (A) 298 K, (B) 373 K, and (C) 473 K.

at the three temperatures. It means that for low O, gas-phase
concentration and for low O, adsorbed concentration, the des-
orption reaction is more probable than dissociation and recom-
bination. We can explain why the adsorption rate of O, de-
creases at high temperature. At the high temperature, two par-
allel oxygen adsorption processes occur: an irreversible molec-
ular adsorption and a dissociative adsorption. In this way, the
selectivity decreases, and the conversion of O, as O, (the ac-
tive species in CO oxidation*') is less than the one at the lower
temperatures. The TAP studies confirm a weak and reversible
adsorption, as previous studies reported.*"*’

Effective Knudsen Diffusivity and Adsorption Parame-
ters for CO, on Au/Ti(OH),*. We assumed that adsorption/
reaction was of first order kinetics. Figure 9 indicates an irre-
versible adsorption/reaction of CO, on the surface, because the
CO, normalized response curves are inside of Ar ones. CO,
seems to strongly adsorb on the catalyst surface. Indeed, there
was a large difference between the m, from the statistical anal-
ysis of experimental data and the m, calculated from the bal-
ance against Ar. This large difference is directly proportional to
the CO, conversion. Let’s calculate this conversion by using
the difference and Eq. 23. Table 7 shows the values for the con-
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Fig. 9. Normalized CO, response at (A) 298 K, (B) 373
K, and (C) 473 K and (D) Ar pulse response as refer-
ence.

Table 7. Kinetic Parameters for CO, Irreversible Adsorption over Au/Ti(OH),*

Temp/K  Xco,(from difference)/%  Xco,(from Eq. 23)/%  K'aco, /s7! Eqs/kJ mol ™!
298 79.36 80.70 3.18
373 79.48 79.51 3.01 -0.3
473 79.29 79.33 2.99
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version along with the kinetic parameters. The adsorption acti-
vation energy is almost zero and the adsorption rate constant is
very large. It means that CO, adsorption is very fast. To verify
if CO, adsorption/reaction is indeed first order with respect to
gas phase CO, concentration and adsorbed CO, concentration,
we compared the experimental normalized response curves
with the simulated adsorption/reaction curve, as Eq. 20 pre-
dicts.

The experimental response curves for the two pulse sizes are
broader than the simulated curve. This difference could be due
to the saturation of active sites or to the fact that are not first or-
der kinetics. (The squared deviation of normalized exit flow
values between the predicted model and the experimental ones,
was 7.5 x 107 for high pulse intensities and 8.6 X 107 for low
pulse intensities, respectively). But, we observed that the two
experimental curves almost perfectly fitted each other. This is
the proof for first-order kinetics. Therefore, to demonstrate that
the site saturation caused the differences, we calculated the
conversion for some successive experiments at 298 K, for high
pulse intensities as well as for low pulse intensities. The con-
version increased from experiment to experiment (75.4%,
77.6%,79.9%, and 81.8%) for high pulse intensities, while for
the low pulse intensities, the conversion is almost constant
(80.9%, 80.2%, 80.0%, 80.0%). Thus, in the case of high inten-
sities, (high CO, gas-phase concentration), the probability of
CO, adsorption and then reaction on the surface to form car-
bonate species is higher than in the case of low pulse intensi-
ties. As the experimental response curves are still broad, CO,
response is due not to desorption but to carbonate decomposi-
tion reaction, which is a slow step on the surface. On the other
hand, the site saturation should induce a delay in the TAP re-
sponse. Indeed, if we divided the time of the experimental
curves with the ratio between £, for the experimental curves
and ¢, for the model-predicted response, the fitting was much
better (Fig.10).

In contrast to the cases of CO and O,, CO, strongly and irre-
versibly adsorbs on the surface as carbonate-like species. O,

Dimensionless exit flow

Dimensionless time
Fig. 10. TAP response for CO, adsorption/reaction on
Au/Ti(OH)4*; Model-predicted: open circles. High
pulse intensities: dash line. Low pulse intensities: solid
line.

TAP Study of the Adsorption of CO, O,and CO,

adsorption is slower than CO and CO, adsorption. The O, ad-
sorption can be a rate determining step for CO oxidation on the
Au/Ti(OH),* catalyst.

Conclusion

In order to sustain the previously reported CO oxidation
mechanism on a Au/Ti(OH),* catalyst,41 the adsorption of CO,
0,, and CO, was studied by means of single pulse experiments
in a TAP reactor. A qualitative interpretation (by comparison of
the experimental response curves of species of interest with Ar
response curves) as well as a quantitative one (based on a sta-
tistical approach as well as a deterministic one) have been done
for the experimental response curves. A first-order adsorption/
desorption kinetics, for all species of interest, leads to an ex-
cellent matching between experimental and theoretical results.
The TAP analysis indicates that CO adsorption on Au/
Ti(OH)4* is reversible and O, adsorbs molecularly and revers-
ibly for low pulse intensities. For high pulse intensities O, also
adsorbs molecularly, but irreversibly. CO, always adsorbs irre-
versibly under the TAP conditions.

Notation

a  constant

as  surface concentration of active sites (mol cm 2 of catalyst)
A cross-sectional area of the reactor (cm?)

Ca  concentration of gas A (molcm ™)

Dea effective Knudsen diffusivity of gas A (cm? s~ 1)

E, apparent activation energy (kJ mol ')

Fs flow of gas A at the reactor outlet (mols~!)

H, peak height of the normalized exit flow G

ka  adsorption rate constant (cm? of gas mol~!s™1)

k),  apparent adsorption rate constant (s~ )

ka  dimensionless adsorption rate constant defined by Eq. 22
kq  desorption rate constant (S~ 1y

ky  reaction rate constant

L length of the reactor (cm)

n index of infinite series

m;  ith moment of normalized exit flow

m;  ith moment of exit flow

M molecular weight (gmol~!)

Npa number of molecules of A in the inlet pulse

rp  particle radius (cm)

r mean interparticle distance (cm)

R molar gas constant (J mol ! K_l)

Sy surface area of catalyst per volume of catalyst (cm™!)
t time (s)

fp  time at which the exit flow is at a maximum

tes Mmean residence time

T  temperature (K)

X axial coordinate (cm)

X  conversion (%)

Y active site

Greek letters

Ox delta function with respect to axial coordinate (x)
&, porosity of the bed

ps  concentration of adsorption sites (sites/cm?® of bed)
05 fractional surface coverage

T, tortuosity of bed
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