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Abstract

This paper discusses a temporal analysis of products approach, which can be considered as an advanced kinetic strategy at the bound
between traditional applied kinetics and surface science. The basic principles, examples of application in heterogeneous catalysis an

theoretical framework are discussed.
0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction To characterize these gas—solid interactions and to reveal
the complex mechanism of catalytic reactions two types of

The temporal analysis of products (TAP) reactor sys- €xperiments are performed in the TAP system.

tem is an important new tool for investigating “gas—solid”  The first type is a so-calledtate-defining experiment
reactions, particularly reactions on industrial catalysts. Orig- in Which the catalyst composition is not significantly per-
inally created by John T. Gleaves in 1988 [1] and later turbedby a pulse of small intensity. The pulse intensity must
modified by him in 1997 [2], the TAP technique found an 9uarantee .the Knudsgn diffusion regime; i.e., the transport
application in many areas of chemical kinetics and chemical Must remain well defined. State-defining experiments pro-
engineering [3-12], especially due to its submillisecond time vide kinetic pgrameters correspondlng .to a given state .of the
resolution. This is accomplished by injecting an extremely catalyst; e.g., in the case of thg |rreverS|bIetransformatlon.of
narrow gas pulse into one end of a microreactor and con-2 hydrocarbon on a metal oxide catalyst the corresponding

tinuously evacuating the other end.The time resolution of a Kinetic coefficient depends on the state of the metal ox-
TAP experiment can be controlled by shortening the reac- ide surface and in particular on the oxidation state. In the

tor bed length and by reducing the width of the initial gas S°-c@lled “pump-probe” experiment a single pulse of one
pulse. Two advantages can be attributed to the operation inSUPstance, say a reducing reactant, is admitted followed by

high vacuum. The first is that external mass transfer limita- a single pulse of another substance, say an oxidizing agent.

tions are completely absent. The second is that gas transporFy varying the delay between the wo single pulses and the

through the catalyst bed is governed by Knudsen diffusion. _requenoclzy of repea}inhg th; cyglz, infor.ma.tionborj thde _:_i;e-
In this case, the diffusivities of the individual component of time and reactivity ofthe adsorbed species Is obtained. These

a gas mixture are independent of pressure, concentration, oﬁpe.me?hare crea(tjed. dulrmg lthe f;_rst sm%e ?ulsehand gro?gd
the composition of the gas mixture. Moreover, performing uring the second single pulse. The yield of each proguct is

transient response experiments in the limit of Knudsen dif- a measure of the amount of adsorbed precursor present at

: L o the time of the pulse. By plotting the various product yields
fusion minimizes collisions between gas-phase molecules so : ;
as a function of the delay interval between the pulses, the

that the transient response of product molecules in the TAPIifetime of the various adspecies can be determined.

system is a measure of gas—solid interactions. The second type of TAP experiment issate-altering
experiment that changes the catalyst composition in some
* Corresponding author. predetermined fashion. In multipulse experiments, a large
E-mail address: guy.marin@rug.ac.be (G.B. Marin). number of pulses is injected, and reactant and product
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responses are monitored. By performing TAP multipulse the detector that measures the reactor effluent. In the TAP-2
experiments, the interaction of a component with the surface system, the two devices are physically much closer, and as a

at different catalyst compositions can be studied. result the detection efficiency of the TAP-2 system is much
State-defining and state-altering experiments can be per-higher.
formed in sequence. In the so-callederrogative cycle the The TAP-2 reactor system can be used to perform

given state of catalyst is probed using state-defining ex- transient as well as steady-state experiments at pressures
periments involving different substances(@ydrocarbons,  ranging from 107 to 250 kPa, and temperatures ranging
CO, etc.). Next, a state-altering experiment is performed re- from 200 to 1200 K. However, the specific features of
sulting in a new catalyst state. This state is tested again bythe TAP systems are exhibited in the Knudsen domain in
different substances in state-defining experiments. the course of vacuum transient experiments. As already
This approach was defined by Gleaves and Yablonsky asmentioned, pulse intensities in vacuum experiments range
interrogative kinetics (IK) [2]. IK attempts to systematically from 10 to 107 moleculegpulse, with a pulse width of
probe a variety of different catalyst states, and to understand250 ps, and a pulse frequency between 0.1 and 50 pislses
how one state evolves into another. Such time resolution characteristics are unique among other
kinetic methods. Possible experiments include high-speed
pulsing, both single pulse and multipulse response, steady-
2. Description and operation of a TAP reactor system state isotopic transient kinetic analysis (SSITKA), TPD, and
TPR. A schematic overview of a TAP reactor system is
The TAP reactor system was originally created to assist shown in Fig. 1.
catalyst development and characterization at Monsanto [1]. In a typical pulsed mode experiment, the pulse mixture
Later, a new improved apparatus, called TAP-2 reactor contains reactants and an inert gas as internal standard.
system, has been developed [2], aimed at extracting kineticConsequently, responses, exit flow time dependencies, for
information from a heterogeneous catalytic system and reactants, products, and inert are monitored. For a typical
revealing mechanisms of complex heterogeneous catalyticexperimental set-up only one gaseous component can be
reactions. The critical difference between TAP and TAP-2 measured during one pulse. When more than one substance
reactor systems is the positioning of the microreactor and is of interest, the single-pulse TAP experiments must be
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Fig. 1. Schematic diagram of the TAP reactor depicting the movement of a gas pulse from the microreactor to the quadrupole mass spectromesteedd) High-
beam valve, (2) continuous flow valve, (3) zero-volume manifold, (4) catalytic microreactor, (5), (6) cryo shields (all of these being situareddtothe
chamber), (7) differential chamber, (8) detector chamber.
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ditions. However, it is difficult to maintain a uniform profile

of the surface catalyst composition because of the gas con-
centration gradient, which is the driving force of diffusional
transport. In multipulse experiments, the nonuniformity of
the catalyst composition becomes significant.

Recently, a “thin-zone” configuration was proposed by
Shekhtman et al. [13] (Fig. 2b). In a thin-zone reactor, the
thickness of the catalyst zone is made very small compared
to the whole length of the reactor. Then, the change of
gaseous concentration across the thin catalyst zone can be
neglected, and the catalyst composition can be considered
as uniform. In the thin-zone approach it is possible to
separate the diffusional process from the chemical reaction.
Uniformity of catalyst composition and model simplicity
make the thin-zone TAP reactor configuration very useful.

3. Basic principles of TAP

The basic principles of TAP follow:

Catalyst zone
1. Well-defined Knudsen diffusion as a “measuring stick”
. for chemical reaction characterization.
kg 4 — — - — - — — 2. Insignificant change of the solid material during a single
pulse experiment.
ka(x)= Olk,6(x—1) 3. Uniformity of the surface composition of the material
across the active zone.

|
bl
[
ka(x) | e Al
|

The first and the second principles were reported in the
pioneering paper of 1988 [1]. Later, these principles have
been developed in more detail. The necessity of the active
material uniformity was first stressed in a paper devoted to
the thin-zone TAP reactor in 1999 [13].

)

ax)

3.1. Knudsen diffusion asa “ measuring stick”
O(x)=Al885(x~1)

A common approach for extracting kinetic information
is to measure the rate of chemical reaction using the rate
of mass transport as a “measuring stick.” Transport, how-

x ever, is a complex process that involves both diffusion
®) and convection and can be different in different parts of a
catalytic system. Consequently, special experimental strate-
Fig. 2. (a) Three-zone reactor with QMS [13]. (b) Thin-zone reactor and 9i€S have been developed to distinguish kinetic information
dependencies dfy andd on the axial coordinate [13]. from transport phenomena. In traditional steady-state exper-
iments, convectional transport that is supposed to be well
repeated. To provide simultaneous multisubstance measuredefined provides a measuring stick and diffusional transport
ments, the multitrack system has been introduced [4]. In this neglected. In contrast, in a typical TAP experiment, the dif-
system, the gas leaving the reactor can be analyzed for thredusion, particularly Knudsen diffusion, is the only transport
components using three mass spectrometers in line. mechanism, which obviously must not be eliminated.
The TAP microreactor configuration which is the most  In the Knudsen diffusion regime, the diffusivity is deter-
commonly used, is the so-called “three-zone” configuration mined by [14]:
(Fig. 2a). The TAP microreactor can be packed with catalyst
. . . . epd; |8RT 4ep
and inert particles. The catalyst zone is sandwiched betweenp, = = /| — di = =——1p. (1)
two beds of inert particles, called inert zones. The main ad- t 3V M 3(1—ep)
vantage of the three-zone TAP reactor is that the catalystThus, in the Knudsen regime, the transport of individual
zone can be more easily maintained under isothermal con-species is independent on the gas composition and the
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mass transport is well defined. In TAP experiments, the  The comparison will be primarily focused on the concep-
purely diffusional transport serves as a specific “ruler” to tual features. TAP will be compared with continuous stirred
extract kinetic information. The exit flow is described by the tank reactors (CSTR) and plug flow reactors (PFR) without
standard diffusion curve when only diffusion occurs. In the going into the detailed implementation of these two reactors.
“reaction—diffusion” case, the exit flow is changed, and this

change is attributed to the reaction. 4.1. Uniformity of the active zone
3.2. Insignificant change of the solid material during 4.1.1. CSTIR
the pulse experiment Until today, there was an indisputable belief that a CSTR

can minimize the concentration gradients within the reactor.
With the TAP-2 system, a typical Knudsen pulse contains Now, under influence of computational fluid dynamics
103 molecules or 10'° moles. Assuming that a catalyst (CFD), this belief was suppressed by uncertainty, especially
sample has a surface area of 18/m a single pulse would  in the case where more than one fluid phase is involved.
be equivalent to 10° of the total surface area of 0.1 g Obviously, itis possible to calculate stirred tank reactors [15]
sample. If the active surface area of the catalyst comprises ausing CFD methods. However, there are many uncertainties
reasonable fraction (e.gz, 0.1%) of the total surface area of in the description of the relevant transport phenomena. In
the catalyst, then a single pulse will have a negligible effect fact, the rigorous theory of CSTR that would allow us
on the active surface. Whenever the number of reactantto clearly understand its hydrodynamic and mathematical
molecules in a pulse is significantly smaller than the number status (e.g., based on the idea of averaging) has not been
of active sites of the catalyst, the catalytic system remains developed yet. The domain of conditions that provides
in the same state after the measurement, justifying the termperfect mixing on both macro- and microscale has not been

“state-defining experiment.” identified either.
3.3. Uniformity of the surface composition across 4.1.2. PFR
the active zone In a PFR, the concentration gradients in the radial direc-

tion can be neglected. However, there is an essential concen-

This principle has to be considered as absolutely nec- tration gradient in the axial direction, and, hence, a corre-
essary in TAP studies because kinetic information corre- sponding axial nonuniformity of the catalyst composition.
sponding to a given catalyst composition cannot be obtained
directly when nonuniform catalyst states are probed. 4.1.3. TAP

The original configurations of a TAP reactor, such as the
three-zone configuration, were characterized by a nonuni-
4. The place of the TAP experimental method among form catalyst composition across the catalyst bed similar to
other kinetic methods a PFR. The thin-zone configuration, discussed earlier, does
not have such a drawback.

Kinetic studies focus on the selection of an adequate There is a difference between the roles of diffusion and
rate expression and determination of the unknown rate pa-convection in a CSTR compared to TAP. The diffusion is
rameters it contains. To obtain this information, steady-state always present as a special phenomenon in all experiments
and/or transient experiments can be performed. Transientinvolving mass transport. In a CSTR, the disturbing effect
experiments provide information that cannot be obtained of diffusion on the observed characteristics is minimized;
from steady-state experiments. While steady-state experi-diffusion is not eliminated but complemented by stirring.
ments give a global picture of the reaction kinetics, transient In TAP experiments, convection is easily and completely
experiments give information relative to the individual steps eliminated, and diffusion is well defined.
involved. Being a transient technique, the TAP method uses
an experimental strategy different from other nonsteady- 4.2. Domain of conditions
state techniques. To illustrate the differences, a comparison
of these techniques can be made by discussing the following CSTR and PFR reactors provide data obtained under

issues: temperature and pressure conditions which are close to
the industrial conditions. For highly exothermic reactions,
1. Uniformity of the active zone. a CSTR often operates under low conversions to maintain
2. Domain of conditions. an isothermal regime.
3. Possibility to obtain relevant kinetic information. As for the TAP system, it may operate in a wide domain
4. Correspondence between observed kinetic characteris-of working conditions. However, the most appropriate TAP
tics and catalyst properties. regime (Knudsen regime), in which the transport is well

5. Model-free data interpretation for determining kinetic defined, is located within 1#—10-1 Pa. Such a domain is
data (rate of reaction, yield, selectivity, etc.). at the upper boundary of the “surface science” domain. TAP
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experiments make a bridge between surface science appliedntermediates (the number of “working active sites”) by a so-
in heterogeneous catalysis and traditional applied kinetics. called steady-state isotopic transient kinetic analysis. This
Thus, the well-known “pressure gap” between these two approach was proposed by Happel et al. [18], and developed

areas is now reduced, but not eliminated. by Bennett [19], Bilouen [20], and Shannon and Good-
win [21]. It is based on the determination of isotopic labels
4.3. Possibility to obtain relevant kinetic information in the reactor effluent species versus time following a step-

wise change in the isotopic labeling of one of the reactant

Both devices, CSTR and PFR, are mostly used to obtain species in the reactor feed. SSITKA data can be used to de-
steady-state kinetic information. Steady-state kinetic depen-termine the amount of surface substances as well as the rates
dencies are usually related to the rate-determining step(s)Of their formation characterizing the given steady-state of the
of a complex catalytic process and do not provide detailed catalyst. Steady-state isotopic transient experiments could
information related to the individual steps. To characterize be performed in CSTR or PFR reactors. However, experi-
individual steps, nonsteady-state experiments are required. Mmental data obtained from a “CSTR-SSITKA’ combination

In heterogeneous catalysis, the idea of conducting non-have a large limitation because of the experimental errors
steady-state kinetic experiments in a CSTR was proposedin isotope step response experiments (see the explanation
more than 30 years ago by Bennett [16]. Nonsteady-statePy Shannon and Goodwin [21]). The common procedure in
CSTR can be simulated via ordinary differential equations SSITKA application is a combination of the PFR with the
and even analytical solutions can be obtained sometimes.SSITKA approach. At the same time, PFR data are shad-
As for the nonsteady-state regime in the PFR, it can be owed by the catalyst nonuniformity.
simulated using integrating partial differential equations  The interrogative kinetics approach in the TAP studies
(PDEs). Today, this difference no longer makes nonsteady-gives a way to reduce the pressure gap between the Knudsen
state CSTR experiments preferable taking into account anregime and normal condition domains. In TAP experiments
increase in computing power and availability of efficient under Knudsen diffusion conditions many kinetic character-
easy-to-use algorithms. Moreover, according to Bennett [6], istics of complex catalytic materials can be obtained as a
there is a serious experimental drawback in using CSTR function of surface concentrations that do not change (or
reactors for transient experiments. In many cases, thesedo not change significantly) during the kinetic character-
reactors have a “dead volume” inside or outside which ization. It is reasonable to consider that these parameters
influences the transient behavior. Bennett even concludeswill be independent of the gaseous composition in a wide
that “in some cases it is no longer advantageous to dopressure domain. Moreover the detailed analysis of transient
experiments in an ideal mixed-flow reactor (CSTR).” In the TAP characteristics of gaseous substances (especially, time
1970s, Kobayashi and Kobayashi [17] proposed an efficient delays) may provide information about the surface interme-
“transient response method” based on the differential PFR. diates and their kinetic parameters that can be expanded to
Generally, a PFR can provide rich information using the step the normal conditions. A new theoretical framework for ex-
response or wavefront propagation experiments. However,tracting this information will be presented in Shekhtman et
the PFR time resolution is limited by the imposed step al. (submitted for publication). However, observing short-
function of the reactant concentration in the carrier gas and lived intermediates and corresponding kinetic characteristics
is much lower than that of the TAP technique. In TAP under normal conditions is still a large challenge.
experiments, it is possible to study fast catalytic reactions
with relaxation times as short as1%5-10-3s. 4.5. Model-free data interpretation

4.4, Correspondence between observed kinetic

=t g Ideally, kinetic information should be extracted in a
characteristics and catalyst properties

model-free manner. This means that during the experimental
procedure and the following data analysis, no bias is in-
In a typical CSTR or PFR experiment, there is no tool or {roduced by presuppositions about the form of the kinetic
procedure for monitoring the catalyst composition. In situ dependencies, detailed mechanisms, reactor models, etc.
catalyst characterization by spectroscopic techniques does |y terms of reactor model, the analysis of steady-state
not always provide unambiguous information about the im- cSTR experimental data can be considered to be model-free.

portant surface species. As result, using CSTR or PFR datagor the steady-state case, the consumption rate of a reactant,
for both steady-state and nonsteady-state cases, it is difficulty to110ws from

to directly relate the observed kinetic characteristics to the

material properties. Changes of the catalytic material dur- Fo(c® = ¢)

ing the reaction make the determination of such relationships R(¢) = v

even more challenging. cat
Some other techniques such as an isotopic step respons€or a nonsteady-state CSTR, the consumption rate follows

experiment allow us to determine the amount of surface from a mass balance for the reactant including an accumula-

(@)
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Table 1
The place of TAP approach among other kinetic approaches

Approaches Uniformity of catalyst Domain of conditions Reliability of the Control of gaseous Model-free or not
composition information substance amounts
stored/released by
catalyst
CSTR Typically, itis assumed Normal conditions, Steady-state information is No Steady-state CSTR is model-
for the steady-state industrial domain reliable; nonsteady-state free.
case information is not CSTR + SSITKA is model-
free. Nonsteady-state CSTR
gives rise to errors.
PFR No uniformity Idem as CSTR Both steady-state and norNo Steady-state PFR is model-

TAP reactor

No uniformity (three- The top of the
zone configuration) “surface science”

steady-state information

are reliable.

Nonsteady-state information Yes, especially for

is reliable. the thin-zone

free. Nonsteady-state PFR is
not model-free.

The first modifications of TAP
reactor are not model-free.

domain TAP reactor
Uniform (thin-zone The thin-zone TAP reactor
configuration) gives model-free informa-
tion using Y-procedure.
tion term: where¥is the reaction—diffusion parameter,
2
Vg de Fy(®—¢ _ (AL)
R(c)= -2 — — M (3) ¥ = |ep D kapp
Veat df Veat g.cat

If the derivative, @/dz, is experimentally knownR(c) can ande is the diffusional-geometrical parameter,

be obtained and the procedure is model-free. However, in _ Dg.cat I3
practice, the determination of ddr gives rise to errors. *= Dygin lcat
.For Fhe steady-state PFR, the regction rate can be deter]n a typical case,
mined in a model-free manner by taking the derivatives from
the experimental dependencies “conversion versus spaceDg_ﬁcatzl'
time.” This is known as the differential method of PFR data Dgiin
analysis. As for the nonsteady-state PFR, to extract reactiongxpression (4) was obtained for the three-zone TAP reactor,
parameters, a model, which is a set of partial differential the most commonly used TAP reactor configuration, on the
equations, has to be solved analytically or numerically. The pasis of the corresponding model presented below.
integration along the axial reactor coordinate requires some A new theoretical method developed for the thin-zone
assumptions about the kinetic model and, hence, about theTAP reactor, called the Y procedure [23], allows us to ob-
detailed mechanism of reaction. Therefore, such data analy-tain values of reaction rates and, hence, kinetic parameters
sis is definitely not a model-free procedure. An application directly from exit flow data without any assumption regard-
of the differential method to nonsteady state PFR data is ex-ing the detailed kinetic model. The Y procedure is briefly
tremely difficult because of experimental errors, just as in described below. Table 1 summarizes the place of the TAP
the case of CSTR. approach among other kinetic approaches.
A combination of CSTR and SSITKA approaches must
provide model-free information about the number of work-
ing active sites, which is not true for a combination of PFR 5. TAP data analysis
and SSITKA approaches because a PFR model is always
needed. The TAP experiment can provide two kinds of informa-
As for the TAP method, the first configurations of the tion about a reaction: qualitative and quantitative informa-
TAP reactor (three- and one-zone TAP reactors) could not tion.
provide model-free kinetic information either. The obtained ~ Qualitative information allows us to obtain insight into
data needed to be described based on assumed modeldhe reaction mechanism. As mentioned earlier, using the

Recently [22], a general expression for primary characteriza- TAP experiment, it is possible to detect short-lived intermg—
tion of catalyst activity using a TAP single pulse experiment diate substances that are released by the catalyst surface into
was derived as the gas phase and, then, reveal information about various el-

ementary steps of the complex catalytic reaction. To obtain
1 4 qualitative information, single-pulse, pump-probe, and mul-
—X= i , ! .
Cosh¥) + a¥ sin(¥) (4) tipulse TAP experiments can be used. Examples presented




126 G.S Yablonsky et al. / Journal of Catalysis 216 (2003) 120-134

below will illustrate the capability of the TAP experimentin
this respect.

5.1. Single-pulse TAP experiments

The conversion of methanol to light olefins over a H-
ZSM-5 zeolite was studied by means of temporal analysis
of products, performing mainly single-pulse TAP experi-
ments [24]. A methanol pulse train was injected and the
response of the products, namely olefins (especially propy-
lene), water, dimethyl ether, formaldehyde, and methane was
recorded and compared with the methanol response (Fig. 3). .
It can be seen from Fig. 3a that the methanol response is very(a) Time (s)
broad indicating that methanol adsorbs reversibly on the cat-
alyst. The water response is about as broad as the methanol

response. This suggests that water is rapidly produced from E

methanol. The dimethyl ether response and the olefin re-

sponses were strongly broadened. All olefin responses have g 0.40 D

the same shape (see Fig. 3b). The formaldehyde and methane'g %
responses are not much broadened, showing that both prod- r

ucts are rapidly produced from methanol (Fig. 3c). F

action mechanism was proposed. Methanol dehydrates to

Flux (AU)

0.6

Flux

dimethyl ether, which reacts further to olefins. The produc- a2
tion of dimethyl ether proceeds via the dissociative adsorp- e 7
tion of methanol to water and a methoxy group, followed 0. 25 5.0 75

by reaction of this methoxy group with gas-phase methanol Time (s)

to adsorbed dimethyl ether. Propylene and ethylene are the 19
primary gas-phase olefins. The formation of these olefins
from dimethyl ether is proposed to proceed viaa common in-
termediate, which can decompose to ethylene or react with %757
adsorbed methanol to propylene and water. Higher olefins

=)
are produced via reaction of lighter olefins with methoxy ; 050
groups on the surface. &
5.2. Pump-probe TAP experiments 0.25

The oxidation of ethylene over silver powder was mainly
studied by pump-probe TAP experiments in order to un- 0
derstand the uniqueness of silver as a selective oxidationg, ' ’ Time (s)
catalyst and to discern the roles of different forms of ad-
sorbed oxygen in the mechanism of the total and partial ' *: ) : .

S . . during a methanol single-pulse experiment with & 10> molecules of
OXIdatlon. [25] In these experiments both ethylene oxide and methanol per pulse at 775 K over 6 mg H-ZSM-5 zeolite. (A) methanol;
carbon dioxide were detected as products. (B) water; (C) dimethyl ether; (D) ethylene; (E) propylene; (F) butene;

The experiments were performed by pulsing either differ- (G) pentene; (H) hexene; (1) methane; (J) formaldehyde [24].
ent amounts of oxygen, as pump molecules, and ethylene, as
probe molecules, into the microreactor, at a constant pump-CO, formed increases nearly linearly with the size of
probe time interval and monitoring the G@nd ethylene  the oxygen pulse for a £C,D4 ratio below 0.6 and
oxide relative yield as a function of the,@C,;D4 ratio becomes nearly independent of the fulse size for high
(Fig. 4), or constant amounts of reactants at different pump- O2/CoD4 ratios. Moreover, the results of these pump-probe
probe time intervals and monitoringB40 as a function of ~ experiments demonstrate that the rate of ethylene oxidation
the pump-probe interval (Fig. 5). depends on the concentration of adsorbed oxygen and that

In the first set of experiments, ethylene oxide production selective oxidation to ethylene oxide involves the reaction of
was observed after the injection of ethylene but not after ethylene with adsorbed oxygen species with no measurable
the injection of oxygen, while C® production occurred  reaction time, as both ethylene and ethylene oxide appear
at both times. The amount of both ethylene oxide and simultaneously at the reactor exit.

Fig. 3. Normalized (a) and (c) and relative (b) product response observed
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SECONDS Fig. 5. Series of §D40 product areas and product curves usingpdmp
and GDg4 probe molecules at 523 K catalyst temperature with the following
intervals between the Opump and GD4 probe: (A) 20 ms; (B) 50 ms;

(C) 72 ms; (D) 117 ms; (E) 425 ms [25].

Fig. 4. Series of product curves using Pump and GD4 probe molecules
with the relative area ratios of reactants transmitted through the reagtor [O
to CoDg4] of (A) 5; (B) 1; (C) 0.5. Injection times are at 0 fors&nd 0.210 s

for C,D4 at 523 K catalyst temperature [25].

analysis of multipulse TAP experiments. It is known that

The second set of pump-probe TAP experiments providesCO inhibits sites required for the dissociative adsorption
a direct measure of the lifetime of the adsorbed oxygen of O, on Pt. By adding CoQ@ the CO inhibition is
intermediate. The surface lifetime of active oxygen species expected to become smaller. The CO inhibition effect is
was investigated by measuring thelzO product yield as  well demonstrated in Fig. 6a, where, @vas pulsed over
a function of the pump-probe time interval. The maximum a CO-precovered PSIO, catalyst. @ needs a free site to
C.oD40 vyield occurred at a large time interval, when the adsorb molecularly and an ensemble of adjacent free sites to
gas-phase oxygen concentration was close to zero, i.e.dissociate. Due to the slow CO desorption at 327 K, some
when the amount of adsorbed oxygen was maximum. This free sites were generated and the reaction could start. CO
indicates that active oxygen species have a long surfacedesorbed immediately from the Pt surface after its formation
lifetime, which is a result of the role of atomic oxygen providing more free sites for £©to dissociate. The CO
on the oxidation process. Actually, the surface lifetime of productionincreased until a certain value of the CO coverage
molecular oxygen is five orders of magnitude less than that was reached. From that point the £f@rmation decreased.

of atomic oxygen at 525 K. On the other hand, when CO was pulsed at 327 K over
an oxygen-precovered F3iO, catalyst, the reaction started
5.3. Multipulse TAP experiments immediately, as shown in Fig. 6b. The oxygen layer provides

enough free sites for CO to adsorb and adsorbed CO reacts
Single-pulse, pump-probe pulse, and multipulse TAP with atomic oxygen adsorbed on the surface to formCQ
experiments have been performed to obtain information on higher temperatures (463 K), when CO desorption is fast, the
the mechanism of CO oxidation over very activg GO, / CO inhibition is diminished (Fig. 6¢). Moreover, the initially
SiO, [26]. We report here only the results obtained from an high CG production during the CO pulses over an oxygen-
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Fig. 6. Multipulse experiments over /8i0,. (a) CQ signal, measured at 54C during & pulses over a CO-precovered catalyst; (b),&@nal, measured
at 54°C during CO pulses over an oxygen-precovered catalyst; (¢) €@hal, measured at 19 during & pulses over the CO-precovered Pt catalyst;
(d) CO, signal, measured at 19€ during CO pulses over an oxygen-precovereSKd, catalyst [26].

precovered PSIO; catalyst diminished with time due to the  the moments on the reaction—diffusion parameters. Results

fast CO desorption (see Fig. 6d). obtained for different basic models of TAP reactors, which
Two types ofquantitative information can be obtained  are sets of partial differential equations, are presented below.

from TAP experiments [27]. The first consists of quantifying

the adsorbed amount of certain species on the catalyst sur-

face b.ased on a procedure pr.oposed' by GIeayes et e}l. [1.2]6. Quantitative description of TAP experiments

Such information can be easily obtained by integration of py ppgs

the normalized responses. This procedure has been used, for

example, to determine the amount of irreversible adsorbed The diffusion—reaction processes that occur in TAP pulse

1 *
oxygen on a AUTI(OH); catalyst [28]. The total amount of response experiments have been described using determinis-

sub_stance .adsorbeoll in the whole series of pulges is often 3Sfi. models based on PDES: one-zone model [1,2], two-zone
sociated with an estimate for the number of active sites.

The second type of quantitative information involves the model [9], and three-zone model [2]. A model for the thin-

o . zone configuration and a general multizone model will be
determination of reaction rate constants for the EIGmentarydiscussed in separate sections
reaction steps. This requires setting up a model which )
describes the transient response of a system. In the TAP
experiments, the observed quantities are the outlet flows of6-1. One-zone reactor
gas molecules and related integral quantities, e.g., moments
(the mathematical definition for moments is given below).  The mathematical framework for the one-zone model
The zeroth moment represents the total amount of gaswas first published in 1988 [1]. The model is based on the
molecules that emerges from the reactor, and the ratio offollowing five assumptions:
the first and the zeroth moments represents the average
residence time of gas molecules in the reactor [12,29]. 1. The fractional voidage of the bed is constant.
Theoretical studies have been aimed at determining the time 2. There is no radial gradient of concentration in the
dependence of the outlet flow rates and the dependence of catalyst bed.
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. There is neither axial nor radial temperature gradient in
the catalyst bed.

. There is neither intraparticle nor surface diffusion.

. The diffusivity of each gas is constant, and independent
of composition.

[S2 >3

The last assumption is the result of using an evacuated

microreactor and small pulse intensities that guarantee the it

validity a Knudsen diffusion regime.
The mass balance equations for a number of important
cases are presented below.

6.1.1. Diffusion only
In the Knudsen diffusion regime, the mass balance

equation for a nonreacting gas A in a packed bed reactor®

is given by
dCa 3%Ca
- 5
with initial condition
N
0<z<L, =0 Ca=s-"2 (6)
epA
and boundary conditions
aC
7= 0’ —A == 0 (7)
9z
z=1L, Ca=0. (8)

In Eqg. (6), the gas concentration is represented by a delta

function at the reactor entrance ra&= 0. Eq. (7) specifies

that there is no flux at the reactor entrance when the pulse

valve is closed. Eq. (8) results from the fact that the outlet
of the reactor is maintained at vacuum conditions, and the
concentration of gas at the reactor exit is very close to zero.

The observed characteristics, flow rakg, at the reactor
exit are described by

Fa ADep 9

0z

There was and still is a debate in the literature about
the initial and boundary conditions [30-33]. However, the

z=L

conditions presented above are reasonably simple and corre X : . . )
g Plot of the dimensionless exit flow rate versus dimensionless

spond to the simple experimental input set-up. The solution
obtained for these conditions fit rather well with experimen-
tal curves. In such a situation, it makes sense to perform
catalyst characterization TAP experiments using a set-up
corresponding to these conditions. It is useful to express
Eq. (5) and initial and boundary conditions (Egs. (6)—(8))

in a dimensionless form.

Dimensionless axial coordinate:
Z
_* 10
(=7 (10)
Dimensionless concentration:
— C
A (11

AT Npa/epAL’

129
Dimensionless time:
tD
r = Den (12)
epL

Written in dimensionless form, Egs. (5)—(8) are as follows:

aCa 325A
- . 13
T (13)
Initial conditions:
0<¢<1l, =0 Ca=4. (14)
Boundary conditions:
aCa
=0, —2 0, 15
7 (15)
¢=1,  Ca=0. (16)

The solution for the dimensionless concentratié, can
be determined by applying the method of separation of
variables

Ca(t,1)=2) co(n +0.5)w¢) exp(—(n + 0.5)*rr)

n=0 a7
and for the dimensionless flow rate
= __Ca, D)
FA (é‘a T) - ag_
=7y _ (2n+1sin((n +05)7¢)
n=0 exp(—(n + 0.5)27121). (18)

At the exit, where; = 1, the dimensionless flow rate can be
written as

o0
Fa=m) (-1)"(2n+ 1) exp—(n +0.5)°r%r).
n=0
Eq. (19) expresses the dimensionless exit flow as a
function of dimensionless time. The curve described by
Eq. (19) is called thestandard diffusion curve (SDC)
and is plotted in Fig. 7. Obviously, for any TAP pulse
response experiment that involves only gas transport, the

(19)

time will give the same curve regardless the gas, reactor
length, particle size, or reactor temperature. Initial condition
Eqg. (14) requires that the surface area under the standard
diffusion curve be equal to unity. Eq. (19) can be written

in dimensional form as

Fa _ Deam
Noa  epl?

o
> =D 2+ 1)
n=0 D,
wexp( —(n + 0527222} (20)
epL?
An important property of this dimensional dependence

is that its shape is independent on the pulse intensity if the
process occurs in the Knudsen regime.
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Fig. 7. (a) Standard diffusion curve showing key time characteristics and
the criterion for Knudsen diffusion. (b) Comparison of standard curve with

experimental inert gas curve over inert packed bed [2].

A unique characteristic of the SDC is the timg, at
which the peak maximum occurs

1
_ = 21
Tp 6 ( )
as well as the corresponding height,
Fap=185. (22)

The corresponding dimensional characteristigsand Hp,
will be

2
=g (23)
and

Hy=185_ b al (24)
Ewdently,

Faptp=tpHp~ 0.31 (25)

Relationship (25) allows us to verify if an experiment is ep—2

performed in the Knudsen regime.

6.1.2. Irreversible adsorption/reaction

One of the most important and the simplest process stud-
ied using TAP pulse response experiments is the process of
irreversible adsorption (or reaction) combined with Knud-
sen diffusion. If the adsorption or reaction is characterized
by the first-order gaseous concentration dependence, and the
change of surface coverage can be neglected due to the small
pulse intensity, the mass balance for the gas phase compo-
nent A can be described by

dCa 32Ch
b~ =VeA—F5 — asSv(1— ep)kaCa. (26)
T 0z
The dimensionless form of Eq. (26) can then be written as
aCa 0°Ca - —
—— = ——5 —kaCa, 27
ar  acz oA (7)
where
. Sy(1— ep)kal?
ko= asSy( eb)ka ) (28)
De,A

The initial and boundary conditions for Eq. (27) are the
same as those presented previously for the diffusion only
case.

The dimensionless flow at the exit was found to be

o
Fa=mexp(—kat) Y (-1)"(2n+1)

n=0 o exp(—(n + 0.5)27’[2‘1,'). (29)
Equation (29) can be also written in dimensional form

FA  Deam >
€, 12 n

= —k —1)"2n+1
Nop = eon? ar)};( )"(2n + 1)

xexp( (n +0.5)%72 L2> (30)
where

Sy(1— ep)k
ké:M_ (31)

&b
A comparison of Eqg. (30) and SDC Eg. (20) shows that
the values of normalized exit flow curve for the diffusion-
irreversible adsorption/reaction case are smaller than SDC
values by a factor of exp-kjt). Therefore, the curve of
normalized flow for irreversible adsorption/reaction versus
time is always placed “inside” the standard diffusion curve.
Such a feature can be considered as a “fingerprint” for
irreversible adsorption/reaction.

6.1.3. Reversible adsorption
When reversible adsorption occurs, the mass balances
become as follows:
For the component A in the gas phase,
dCa 3°Ca

e A

31 = LU, 8—22 —asSy(1— ep)(kaCa — kdba). (32)

The presented criteria for Knudsen diffusion and other  For the component A on the catalyst surface,
properties of SDC have been checked for argon in the TAP 36

system in use at the University of Tokyo [28]. Py = kaCa — kdOa. (33)



G.S Yablonsky et al. / Journal of Catalysis 216 (2003) 120-134

131

The dimensionless desorption rate coefficient can be definedwherez; is the axial coordinate at the end of zone 1, and

as

(34)

Egs. (32) and (33) can be transformed into dimensionless

form as
aCpn 9°Cp - — -
— =—— —kaC kdOa, 35
a0 = gz KaCatkdda (35)
0a - = - -
DA _ koCa — kqba, (36)
0T
where
Oa = abp (37)
and
a5SV
a=(1—-¢ep)AL . (38)
NpA

Egs. (35) and (36) can be solved using the initial and bound-
ary conditions presented previously with the additional ini-
tial condition for the adsorbed A on the catalyst surface:

t=0, 0a=0. (39)

Solutions for the dimensionless concentration and dimen-
sionless outlet flow can be found in the literature [2]. A par-
ticularly interesting feature of the reversible adsorption re-

sponse is the influence of the kinetic adsorption—desorption
we

parameters on its shape.
In contrast to the case involving irreversible adsorption,
the exit flow curve for reversible adsorption will cross the

is the axial coordinate at the end of zone 2. Egs. (40)—(43)
describe the continuity of the gaseous concentrations and
flows.

7. Moment-based quantitative description
of TAP experiments

Another procedure used to distinguish models and esti-
mate kinetic parameters from TAP data is thament-based
analysis [12]. Moments as a mathematical tool were intro-
duced in chemical engineering and applied kinetics in the
pioneer works of Smith and his followers [34—39].

As mentioned above, the observed TAP data consist of
a set of exit flow rates versus time dependencies. It is rea-
sonable, however, to start from the analysis of some integral
characteristics (moments) of the exit flow rate because the
analytical solutions in integral form can be usually obtained.
In fact, these moments reflect the important primary features
of the observations in a robust manner.

The momentsV,, of exit flow rates (i.e., not of concen-
trations as usual) are given by

t
/I"F(t) dr.
0

It is useful to represent moments in dimensionless form as

M, (44)

[e¢]

" F a dr, (45)

m, =

SDC. The intersection of these two curves can be considered

as a fingerprint for the reversible adsorption. The point at

which the curves intersect depends on the adsorption andwherer is the dimensionless time

desorption rate coefficients.
The reason for such behavior is the delay in molecular

transport throughout the reactor caused by the reversible

interaction of gas with catalyst.
6.2. Two- and three-zonereactors

The only differences between the models for reactors

t
 (ebL%/Den)’

n is the order of the moment, amd, is the dimensionless
moment.

In many cases, it is possible to obtain analytical expres-
sions for the moments which contain diffusivity and rate
coefficients as parameters. These expressions are not so

T (46)

with two or three zones and the one-zone reactor model arecomplicated and can be even simplified performing an ex-

additional boundary conditions between the different zones.

periment in special TAP reactor configurations, such as the

For the three-zone reactor, these conditions are described byhin-zone configuration.

CA, zone 1] 21 = CA, zone 2| 21, (40)
CA, zone 2| 71 = CA, zone 3| 22, (41)
aCA, zone 1 BCA, zone 2
—DeA, zonel——— |21 = —DeA, zone )
0z 0z
(42)
8CA, zone 2 3CA, zone 3
—DeA, zone ZT 2= _DeA, zone 3T 22,

(43)

For the reversible reaction, the zeroth dimensionless mo-
ment is equal to unity. For irreversible adsorption/reaction it
is given by

1
mo=1—X= , (47)
coshy/Dag
where Dais the first Damkohler number,
klepL?
Da = ~&b~ (48)
De,A
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The mean dimensionless residence time for the diffusion
only case becomes

My 1

e (49)

Tres=—

For irreversible adsorption/reaction, the mean dimensionless

residence time is

oo Am)
rege M1 _ Zn=0 TR DA (50)
res= Mo = Zoo A(n) Dif
n=0 B(n)+Da
where

A(n)=(=D"(2n +1),
B(n) = (n + 0.5)°72,
8bL2

De,A'

In 1998 [12], another modification, moments as functions of
the length were introduced:

Dif =

M:/I”F(t,x)dt. (51)
0

The zeroth moment in this case determines the total
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— 1; has dimension time and represents a characteristic
time for Knudsen diffusion in a zone;
— Y; is dimensionless and represents a reaction—diffusion

parameter for a zone (proportionah&&;ds/DéA);

— ¥ has the dimension of velocity and represents a
characteristic transport conductivity for a zone.

The theory gives explicit expressions for the moments of
the outlet flow rate and offers an efficient means to compute
the actual profiles of gas and surface concentrations in the
reactor and the values of the outlet flow rate numerically
using fast Fourier transformation. The central concept of
the theory is the global transfer matrix equation, which
determines completely the dynamic behavior of the reacting
mixture. To describe efficiently the interaction between the
m different zones, a Laplace transform technique is used.
In this case, every zone will have a unique matrix relating
the concentration and flow values at its “left” and “right”
boundaries. The concrete form of transfer matrices can be
found in the literature [29,40]. Application of the theory to
different reactor configurations (one-zone, three-zone, and
thin-zone) was facilitated by the use of efficient computer
algebra methods.

number of gas molecules that pass through the giveng 2. Thin-zone configuration

cross section. Using this variable, the typical TAP model

represented by the set of partial differential equations can

be rewritten as a model in the form of ordinary second-order
differential equations, linear and homogeneous.

The analytical solution corresponding to this approach is
provided in the literature [39]. In a TAP model the moment
rather than the concentration is the independent variable.

8. New theoretical frontiers
8.1. Theglobal transfer matrix equation

Until now, separate theoretical results on determining the

time dependence of the outlet flow and the dependence of

the moments on the reaction—diffusion parameters have bee

tions, but with no unified theoretical framework.
A general and rigorous theory of state-defining exper-

iments for a multizone TAP reactor has been developed

[40] using the Laplace transform formalism. The model is

a generalization of the three-zone model [2]. In the case of

irreversible adsorption/reaction, it is a model with three pa-
rameters for the each zone

W = \JaiSikiad1 - eh)ri/el,

(52)

These characteristics can be interpreted as follows:

A new type of TAP reactor, the thin-zone TAP reactor
(TZTR) has been proposed recently [13]. In this TAP reactor
configuration, as mentioned earlier, the thickness of the
catalyst zone is made very small compared to the whole
length of the reactor. The advantage of this configuration is
that change of gaseous concentrations across the catalyst bed
can be neglected compared to their average values. Then,
the diffusional transport can be explicitly separated from
chemical reaction rate.

The active zone reaction rate can be represented by the
difference
R— Fleﬁ(t) _ Fright(t) (53)

between the diffusional flow values at the boundaries of the

presented corresponding to the different reactor configura—thn active zone. This is to some extent analogous o the

steady-state CSTR case, in which the reaction rate is also
given by a difference of convectional flow rates. For the first-
order irreversible adsorption or reaction case, the conversion
can be found from the simple expression

. kadsfrdeig cat (54)
- 1+k dif ’
+ KadsTrescat
i (AL)Ly
Trdelg cat= €b Depn (55)

The dimensionless parametér, related to the apparent
adsorption/reaction rate constatdys as
Den
L ALegp

kadsz Ka (56)
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can be found from the zeroth moment values:

1
— =1+ Ka—.
Mo~ TR
Obviously, expression (54) is analogous to the known
relationship for conversion for a first-order reaction in a
CSTR that is given by

kcsTrRrR™

1+ kestrrgs™

where kcsTr is the apparent rate coefficientsy" is the
convectional average residence time, and

(57)

conv__ Veat
res — .
Fy

In contrast torS", 74T . is proportional to the position

of the catalyst zone in the reactor. In particular, as the

(58)

catalyst zone is moved closer to the reactor inlet, conversion

increases.
Using TZTR, it is possible to determine kinetic para-

133

the reciprocal of the propene zeroth moment as a function of
the catalyst zone position in the reactor.

The dimensionless kinetic paramet&p, was obtained
from the slope of the experimental linear dependdiiGe=
4.49) and kags= 660 s 1 was found using Eq. (56). The
possibility of determining such a large rate coefficient
confirms the potential of TAP and in particular of the thin-
zone configuration.

8.3. Y-procedure

Recently, a special procedure, the so-called Y-procedure,
was developed by Yablonsky et al. [22,41] for the analysis
of data from the thin-zone TAP experiment. The procedure
allows us to determine the gas concentration and reaction
rate in the active zone of TZTR.

The mathematical foundation of the Y-procedure is the
Laplace-domain analysis. Transposition to the Fourier do-
main combined with time discretization and filtering of the

meters of very fast catalytic processes. As an example,high-frequency noise leads to an efficient practical method
the oxidation of propene over oxygen pretreated Vanadium-for the reconstruction of gas concentration in a nonsteady'
based VPO catalyst is taken [13]. All experiments were State regime without any presuppositions about the kinetic
conducted using a TAP-2 multifunctional reactor system. ~ dependence; i.e., it is a model-free procedure.

A pulse train of a mixture of propene and argon (90%  Finally, the Y-procedure offers a unique opportunity to
propene and 10% argon) was injected into the microreactorrelate the temporal evolution of the chemical reaction rate
packed with an oxygen pretreated VPO sample at 653 K. to the surface composition (storage) of the catalyst. Thus,
The responses of argon and propene were monitored for athe Y-procedure can be considered as a basis of advanced
number of pulses to ensure that the pulse intensity remainedsoftware for nonsteady-state kinetic data interpretation.
constant over the pulsing interval. The length of the catalyst
zone was kept,.Z £ 0.1 mm; the length of the total reactor
was 24 mm. The zeroth moments of propene at various9. Conclusions: what isnext?
positions of the thin zone in the microreactor were calculated
using the argon and propene response curves. Fig. 8 shows |y heterogeneous catalysis, there are two known kinetic
strategies, traditional experiment over industrial multicom-
ponent catalysts under normal conditions (CSTR and PFR,
working mostly in a steady-state regime) and surface sci-
ence experiments under high vacuum conditions mostly over
single crystals with well-defined surfaces which are very
different from the industrial multicomponent catalyst. Con-
sequently, traditional applied kinetics and surface science
kinetics are separated by a “pressure” and “material” gap.

The TAP approach described in this paper can be defined
as a “third kinetic strategy,” which focuses on the bridging
of these “gaps” in the near future. The TAP pulse-response
pressure domain (16-10"1 Pa) is located at the boundary
between the traditional applied kinetics and surface science

4.5

4 4
35 ¢+
7 -

1/My

0.5 kinetics, and this domain can be extended.
0 ‘ + + Unlike traditional steady-state experiments, TAP exper-
0 02 04 0.6 0.8 iments are designed to measure kinetics under dynamic
conditions and to obtain a spectrum of parameters corre-
Lo/L sponding to changes that occur in a catalyst.
11

Unlike surface science experiments, TAP pulse response
experiments can be performed on practical catalytic mate-
rials at pressures higher than those used in surface science
experiments.

Fig. 8. Reciprocal of the zeroth moment of propene as a function of the
position of the catalyst zone in the microreactor. Reaction over oxygen
pretreated VPO catalyst at 653 K [13].
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A state-altering experiment realized as a multi-pulse
TAP experiment will provide both integral (total amounts

of consumed/released substances) and differential (kinetic

parameters) characteristics at any given catalyst state.

An integral moment-based analysis of the catalytic sys-
tem insignificantly perturbed during the state-defining exper-
imentwill provide the detailed kinetic characterization of the
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