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Abstract

The state-by-state transient screening approach based on a pulse-response thin-zone TAP experiment is further developed whereby single-pulse
kinetic tests are treated as small perturbations to catalyst compositions and analyzed using integral method of moments. Results on three primary
kinetic characteristics, termed basic kinetic coefficients, are presented. These three coefficients were introduced as main observables from
experimentally measured TAP-responses in a kinetic-model-free manner. Each was analytically determined from moments of responses with no
assumption about the detailed kinetic model. In this paper, the inverse question of how well these coefficients represent the time evolution of the
observed responses is addressed. Sets of three basic kinetic coefficients are calculated from model and experimental responses and these calculated
values are used to generate 3-coefficient curves in a kinetic-model-free manner. The comparison of these 3-coefficient curves with original
responses shows that three basic kinetic coefficients can be sufficient to describe the observed kinetics of exit flow time dependencies with no

assumption regarding the detailed kinetic model.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The non-steady-state kinetic characterization of industrial
multi-component catalysts has been a significant focus of
heterogeneous catalytic research. The essential property of
industrial catalytic systems is their complexity represented by
three main, interwoven factors such as multi-component
catalyst composition, complexity of the catalytic reaction
itself and temporal change of the catalyst composition under the
influence of the reaction medium. To overcome this complexity,
a new theoretical and methodological approach for non-steady-
state kinetic characterization of industrial catalysts, called
state-by-state transient screening, was recently proposed [1-3].
The key idea of this approach is to kinetically test a catalyst
with a particular composition (particular state of the catalyst)
that does not change significantly during this transient test. A
complete screening experiment includes a sequence of such
tests performed over a catalyst with different compositions
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prepared separately and scaled, e.g. according to the reduction/
oxidation scale. The approach is a combination of theoretical
and experimental studies based on the following experimental
principles:

(a) maintenance of a uniform chemical composition within the
catalyst zone;

(b) insignificant catalyst change during a single transient
experiment;

(c) control of reactant amount stored/released by the catalyst
prior to each single transient experiment.

A simple single transient test can be considered a small
perturbation because it does not change significantly the
catalyst composition, which considerably decreases complexity
of the system. Within this simplification, the efficient theory of
integral analysis of small perturbations can generally be
developed. For example, integrals (moments) of observed
response can be used to calculate the primary Kkinetic
characteristics with no assumption regarding the detailed
kinetic model. Thereafter, a thorough understanding of the non-
steady-state catalyst activity can be constructed in two steps:
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Nomenclature
A, reactor cross-section area (sz)
Ccs set of catalyst state concentrations (mole cm %)

Co(x, ) set of gaseous concentrations (mole cm )

Co(x, t) set of surface concentrations (mole cm )

C, and Cy gaseous and surface concentrations in the
Laplace domain (mole em 2 s7h

D;, and D, diffusivities in the inert and catalyst zones,

respectively (cm2 S~ l)

F(t, x) flow (mole sfl)

Foit exit flow given in Laplace domain (mole 572)
k, adsorption constant s™H

kq desorption constant (s

k. reaction constant (s_l)

L, and L., lengths of the inert and catalyst zones,
respectively (cm)

L, length of the whole reactor (cm)

M nth order moment for ith probe molecule
(mole s™)

N, number of molecules in the inlet pulse (mole)

g
r’(Ccs, s) Laplace reactivity that relates the rate for ith
gas and jth gas concentration in the Laplace
domain (s ")

r basic kinetic coefficient of nth order for ith probe
molecule (s" )

R, R,  gas reaction rate (mole cm sfl)

R, gas reaction rate in Laplace domain
(mole cm > s7?)

s Laplace variable (s ')

t time coordinate (s)

X space coordinate (cm)

X conversion

Greek symbols

8(1) dirac delta function

&in and &., bed voidages in the inert and catalyst zones,
respectively

Tapp apparent time delay (s)

Teat = LrLcat/ZDin

residence time in the catalyst zone (s)
Tin = 8inL%/zl)in

residence time in inert zones (s)

—

. a description with no preliminary assumption about the
detailed kinetic model (‘‘model-free” description) in terms
of primary kinetic characteristics;

II. an analysis of these characteristics for different reactants/

products as functions of catalyst composition (e.g. catalyst

oxidation/reduction degree) and development of the detailed
kinetic model.

The state-by-state transient screening approach can be
generally realized using different experimental techniques.

Originally, this approach was formulated based on the thin-
zone modification of the TAP (temporal analysis of products)
technique that has been successfully applied in many areas of
chemical kinetics and chemical engineering [4,5], and has
recently been reviewed [6]. The thin-zone TAP reactor (TZTR)
was proposed by Shekhtman et al. [7] to insure uniformity in the
catalyst zone (see also [8]) and has been shown, compared with
other techniques, to be favorable for non-steady-state kinetic
characterization of multi-component industrial catalysts [3] see
also TZTR application in [9].

Within the developed TAP theory [1,2], three kinetic
coefficients were introduced as primary kinetic characteristics
measured in a TAP experiment. Appendix A provides the
components of this theory that are relevant to the subject of this
paper. In particular, a description as to how and on what ground
these coefficients were introduced as primary kinetic char-
acteristics of a single-pulse TAP experiment is provided. In
addition, the general solutions for exit flows in the Laplace
domain for different reactor configurations (A.5)-(A.7) and
expressions for the basic kinetic coefficients as functions of
moments (A.10)—(A.16) are presented.

Expressions (A.10) for the basic kinetic coefficients versus
moments were derived with no assumption about detailed
kinetic mechanism. Different mechanisms were considered and
each coefficient, r;, was expressed in terms of elementary
reaction rate constants (see Table 1 in [1]). This provided the
basis for identifying detailed kinetic mechanism from the
observed basic kinetic coefficients.

Thus, the three basic kinetic coefficients can be used for
characterizing the catalyst (as proposed above in bullet I) or
distinguishing the mechanism (as proposed above in II). It
should be noted however that these three coefficients are just a
first part of Taylor approximation (A.9). Consequently, it is
reasonable to ask how well these coefficients extract
information about the observed kinetic process. This ‘““inverse”
question can be answered by determining how well these three
coefficients can represent the time evolution of the observed
TAP pulse-responses. In this paper we address this question.

2. Amount of information provided by the basic kinetic
coefficients

According to expression (A.9), the basic kinetic coefficients
determine Laplace reactivity as coefficients of Taylor expan-
sion. Generally, there are an infinite number of these
coefficients. Using solutions (A.5)—(A.7), the coefficients can
be related to the exit flow moments, which also represent an
infinite set of numbers. This is a mathematical picture. From
experimental point of view, characteristics of importance are
those that can be reliably measured (observed). Typically when
moments of TAP pulse responses are analyzed, only first three
moments (zeroth, first and second) can be reliably determined
from the data. For this reason, only the first three basic kinetic
coefficients were considered.

From this perspective, the moment analysis of one response
curve provides three coefficients only, which together with
Knudsen diffusivities describe the behavior of the whole
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response (a few thousand data points). This is different from the
TAP data analysis when the shape of experimental response is
fitted using a theoretical curve by varying many parameters of a
detailed kinetic model.

In order to support the present approach, we studied a
possibility to reproduce the model and experimental response
curves from which the three basic kinetic coefficients were
determined. It is especially interesting in terms of a model-free
manner of the coefficient determination with which this paper is
addressing.

3. Exact solution versus 3-coefficient curve

In this section we compare the exact solutions and responses
generated from the three basic coefficients only. The following
two-step model mechanism was considered:

ka .
ABAzZ, Az,
d

The Laplace reactivity for this mechanism was determined
as [2]:

ka(k: + 5)
— A te) 1
= ket ke M
According to (A.9), this reactivity can be approximated
using three basic kinetic coefficients as
kak, kakq kakq 2

r(s) & ro 4 ris 4 rys = + s —
ki+ke o (ka4 k) (ka+ k)
(2)

Using reactivity expressions (1) and (2) together with TZTR
solution (A.5), the exact (from (1)) and 3-coefficient (from (2))
curves were calculated by performing the back Laplace
transformation of (A.5):

1 e
Fexil(t) / C”Fexn(s) ds (3)

S 2mi )

Values of varied parameters k,, kq and k, as well as
corresponding single-pulse conversion are summarized in
Table 1. For all the calculations, two-characteristic diffusional
times, T;, and ., were set at 0.1 and 0.01 s, respectively.

For each set of parameters, the exact curve (thick gray line)
and 3-coefficient curve (thin black line) are plotted together
versus time on two scales (Figs. 1 and 2 with non-zero
conversion and Fig. 3 with zero conversion). All curves are
normalized to the inlet pulse intensity. When kg is high enough
(Fig. 1), 3-coefficient curves perfectly reproduce exact
solutions. When both k; and k. become relatively small
(Fig. 2e and f), deviation of the 3-parameter curves from exact
solution is observed in a short time region, i.e. <0.04s.
Similarly, when k; is set to zero and only reversible adsorption
occurs (Fig. 3), the 3-parameter curves deviates from exact
solution at low values of kg4 in a short time region, i.e. <0.08 s.
In all cases, the 3-parameter curves reproduce exact solutions
very well at middle and long 7, i.e. >0.1 and 0.5 s, respectively.

Table 1
Values of parameters used for calculating curves plotted in Figs. 1-3

Case ky s7h ka (s™hH k (s7H X (%)
Fig. 1 (a) 500 500 10 8.9
Fig. 1 (b) 500 500 50 31.3
Fig. 1 (©) 500 500 100 45.5
Fig. 1 (d) 500 500 250 62.5
Fig. 1 (e) 500 500 500 71.4
Fig. 1 (f) 2000 500 500 90.9
Fig. 2 (a) 100 100 10 8.3
Fig. 2 (b) 100 100 50 25.0
Fig. 2 (©) 110 50 100 42.3
Fig. 2 (d) 150 20 100 55.6
Fig. 2 (e) 400 50 50 66.7
Fig. 2 (f) 500 20 50 78.1
Fig. 3 (a) 100 500 0 0
Fig. 3 (b) 500 500 0 0
Fig. 3 (©) 500 100 0 0
Fig. 3 (d) 500 50 0 0
Fig. 3 (e) 500 20 0 0

Deviation in the short time region has a simple, purely
mathematical reason. The approximations (A.9) or (2) are parts
of a Taylor series which may diverge at high s. For most of
values of #, except short times in back Laplace transformation
(3), the oscillating factor e” eliminates contribution from
integrating over an interval with high absolute values of s. At
small values of 7, the factor e¢” does not oscillate frequently
enough to eliminate contribution of high s. Consequently,
whenever there is a problem with convergence of Taylor
expansion, (A.9) or (2), it will influence the 3-parameter curve
in the short time region. For the approximation in (2), the radius
of Taylor series convergence is

1
convergence radius = kg + k, = — 4)
Tapp

Thus, when k4 and k, are relatively small (z,,, is big), the 3-
parameter curve may deviate from exact solution at small ¢. In
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Fig. 1. Exact solutions (thick gray lines) and 3-coefficient approximations (thin
black lines) plotted vs. time in two scales: 0-1 and 0-0.2 s. Parameters are given
in Table 1.
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Fig. 2. Exact solutions (thick gray lines) and 3-coefficient approximations (thin
black lines) plotted vs. time in two scales: 0—1 and 0-0.2 s. Parameters are given
in Table 1.

general, the convergence radius of series (A.9) can be estimated
as

r

ra

1
=— o)

convergence radius =~
Tapp

The deviation condition can be formulated by comparing ,p,
and tj,, e.g. such that 7, is big enough to be of the same order
or longer in magnitude than t;,. The corresponding curve would
be broad, with long middle and long time intervals where fit is
already in good agreement.

It is important to stress that in general two time regions of
TAP-response curves can be differentiated:

1. Prior to the peak. In this short time region, the response is
contributed by fast molecules that happened to diffuse
quickly through the reactor and not to interact with the
catalyst. The shape is primarily determined by Knudsen
diffusion.
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Fig. 3. Exact solutions (thick gray lines) and 3-coefficient approximations (thin
black lines) plotted vs. time in two scales: 0-2 and 0-0.4 s. Parameters are given
in Table 1.

Table 2
Values of parameters determined from the experimental responses and used for
calculating 3-coefficient curves plotted in Fig. 4

Case Tin (5) Teat ro (s ri 72 (s) X (%)
(a) 0.094 0.013 107 229 0.181 66.8
(b) 0.094 0.013 285 0.66 0.039 349
© 0.094 0.013 8.23 021 0.025 13.4
) 0.094 0.013 1.87 0.18 0.019 34

2. After the peak. This region is usually the most informative
because it is contributed by the slow ‘‘experienced”
molecules that interact with the catalyst, get delayed by it
instead of only diffusing towards the exit. The shape is
influenced by both transport and reaction.

Thus, the deviation in the short time region is not critical.
However, matching the exact solutions at middle and long ¢ (the
whole after peak region) means matching the kinetics observed
in the experiment, which is the most important for TAP data
analysis. Figs. 1-3 show that 3-coefficient curves are in good
agreement at the point where the exact solution is most
informative.

4. Experimentally observed response versus 3-
coefficient curve

In this section we compare the experimentally observed
responses and responses generated from the three basic
coefficients. From each experimental response, the first three
moments and then basic kinetic coefficients (ry, r; and r,) were
obtained. The values of the coefficients were substituted into
Taylor approximation (A.9) and then into solution (A.5).
Finally, the 3-parameter curve was generated using the back
Laplace transformation (3) of solution (A.5). The values of used
parameters are given in Table 2.

Fig. 4 compares the CO responses observed in a multi-pulse
TAP experiment over the 2 wt.% Au/CeZrO, catalyst at 200 °C
with the corresponding 3-parameter approximation curves [10].
During the multi-pulse experiment, CO conversion decreased
from 65% to 0. The experimental curves were normalized to the
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Fig. 4. CO responses observed in a multi-pulse TAP experiment over
2 wt.%Au/CeZrO, (thick gray lines) and 3-coefficient approximations (thin
black lines): (a) 1-50 pulses averaged, (b) 101-150 pulses averaged, (c) 201-
250 pulses averaged and (d) 1001-1100 pulses averaged.
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amount of pulsed CO so that the area under the curve determines
the conversion. As can be seen from Fig. 4, the 3-parameter
curves are in a good agreement with corresponding experimental
responses except in the region of very short times. Thus, the 3-
parameter approximation is able to reproduce the major and most
informative part of the experimental response. With regard to the
short time region due to the divergence of the Taylor series in the
Laplace domain, this difference needs to be treated mathema-
tically and will be the subject of a further publication.

5. Conclusions

From the concept of state-by-state transient screening, three
primary kinetic characteristics, termed basic kinetic coeffi-
cients, were introduced as observable from experimentally
measured TAP-responses in a kinetic-model-free manner. It has
been possible to show that the analytically determined
coefficients from moments of responses with no assumption
about the kinetic model can reproduce the observed experi-
mental responses. This is achieved by initially calculating the
three basic kinetic coefficients from model and experimental
responses and then, using the calculated values, generating the
3-coefficient curves in a kinetic-model-free manner. The
comparison of these 3-coefficient curves with original
responses shows that three basic kinetic coefficients can be
sufficient to describe exit flow time dependencies with no
assumption regarding kinetic model.
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Appendix A. Mathematical background: general
solution of TAP model, Laplace reactivity and basic
kinetic coefficients

The general 3-zone model of a single-pulse TAP experiment
that describes gas concentrations can be presented as [1]:

ICq FCy ,
&in = = D;, e in the inert zones (A1)
dC, ’C, .
cat—, — cat 5 5 + Rg(Cg, Ca) in the catalyst zone
ot ox
(A2)

Initial and boundary conditions: Cg|=0=0, Cg|x:l4:2Lin n
Lew =0, —AD;y 58 = 2Ne80).

Here, the reaction rate, Ry(C,, Cp) is a function of gas and
surface concentrations. This function depends on the detailed
mechanism. To solve this TAP model in general (with no
assumption about the mechanism), Shekhtman et al. [1]
explored general kinetic properties of the single-pulse TAP

experiment (the state-defining kinetic regime) in which a low
intensity pulse of gas mixture changes a state of the catalyst
insignificantly. The gas pulse can be considered a small
perturbation described by the general theory of linear response.
According to this theory, rates of all elementary processes are
assumed to be linear with respect to the small perturbation that
is a set of small gas or surface concentrations generated within a
single-pulse experiment. Using this concept, all arbitrary
surface concentrations were eliminated in general after
transforming equations (A.l) and (A.2) into the Laplace
domain. Then, reaction rates for gas substances were expressed
as linear functions of gas concentrations in the Laplace domain
with coefficients called Laplace reactivities [1,2]:

R = Z I (Ces, 5)C;(s,x) (A3)
J

Laplace reactivities, rij(CCS, s), are components of a reactivity
matrix that relates the rate vector (i index) to the gaseous
concentration vector (j index) in the Laplace domain. The
dimension of these reactivities is reciprocal seconds.

If only one reactant is involved in the pulse experiment and
product generation is irreversible, for example during the
oxidation of a hydrocarbon over the oxygen treated catalyst,

the Laplace rates are linearly dependent on the reactant
concentration:

R; = r'(Ccs, s)Ci(x, ) (A4)

Using linear “‘rate-concentration’ expression (A.3) or (A.4),
general TZ and 3-zone models were solved analytically in
Laplace domain with no assumption about the detailed kinetic
mechanism. The solutions are explicit expressions for the exit
flow in the Laplace domain. In the single-reactant TZTR case,
the reactant Laplace solution is [2]:

_ 1

Fexi = N
‘ cosh(v/2stin) + (r"(Ccs, $) Tear/v/25Tin) sinh(y/25Tiy )
(A.S5)

Correspondingly, the Laplace solution for the product exit
flow was found as

cosh(+/stin D! /2DP ) sinh(1/sTin/2)
o (V2rP(Ccs, $)Teat/ v/5Tin)
MU (cosh(v/2sTi) + (r°(Ces, §)Tear/v/25Tin) sinh
(v25Tin)) cosh(y/2stin D%, /DY)

In addition, the reactant exit flow in the Laplace domain was
calculated for the symmetric 3-zone reactor configuration:

F, (A.6)

exit —

1
(cosh(Lear/7"(Ccs, 8) + Secat/ /D,) cosh(2Lin /58 /
\/D_fn) + Sinh(Lcatm/m)
sinh(2Lin+/5&in/ \/D_fn) (DL (1" (Ccs, §) + Secar)
+ Di sein) /2+/Dry (1" (Ccs, ) + Secar) DL, S€in)
(A7)




260 S.0. Shekhtman et al./Catalysis Today 121 (2007) 255-260

In solutions (A.5)—(A.7), the reaction kinetics is described
using Laplace reactivities, r'(Ccs, s) for the reactant and r°(Ccs,
s) for the product, which are functions of the catalyst state
concentrations, Ccs, and Laplace variable, s.

Purely mathematical Laplace solutions (A.5)-(A.7) were
linked to the experimentally observed exit flow time
dependencies using the moment technique [11]. The exit flow
moments, M,, can be obtained from the exit flow Laplace
solution, F.., as

+0o0 an s
M, / exlt d f— ( ) Fexit ( )

A8
os" 5=0 (A8)

In this expression, the derivatives with respect to the variable
s at s = 0 suggested the following Taylor series approximation
for the Laplace reactivity:

r(Ccs,s) = ri(Ces) + ri(Ces)s + 5 (Ces)s* + O(s*)  (A.9)

where the constants, ! (Ccs), were termed the basic kinetic
coefficients for a specific probe molecule (i) and particular
catalyst state.

Using expressions (A.8) and (A.9) and solutions (A.5)—
(A.7), the basic kinetic coefficients were analytically related to
the moments of the exit flows for TZ and 3-zone models [1,2].
In general, they can be presented as

ro = fo (Mo, Knudsen Transport),

r1 = f;(M,My,Knudsen Transport), (A.10)

ry = fo(My, My, My, Knudsen Transport)

The explicit forms of functions f, f» and f3 for the 3-zone
packing can be derived from [1,2]. For the TZTR, these
functions are relatively simple and can be reported here. For a
reactant (r) they are

1 — M
rh=—-20 (A.11)
TcatM(r)

I

ro__ m 1 o
n=—">m"Ttn| — +3
TcatM() Tcat 3

M; M T (Tl
2TeaMy?  TaMy 6

(A.12)

=

And for products (p):

(A.14)

My g D},
—rﬁ’er[—l—ﬁ(SMr+3+9

1 Dp>—tcmM(r,r§} (A.15)

19Dr 2 2

U m

p . r
»_lo TinDj,
22

16DP>  8Df,

My (3 + 16Mp)F| TinTear — 2M6rcal(M{)ri2tcat — )

p
x <3+8Mr )Tin + 12M7 Teut — 12%)
"o
L,
6

P
_1

o

5
_ 2 T T
<48+45M (23 + 40M;, )))

Using (A.10)—(A.16), the basic kinetic coefficients can be
unambiguously calculated one after another from the moments
of the experimentally observed exit flow. This is why the
coefficients were introduced as primary kinetic characteristics
measured in a TAP experiment with no assumption about
detailed kinetic mechanism. Their physico-chemical meaning
was understood as:

((3 + 8My)Tin + 12Myr| Tear)

(A.16)

e The zeroth coefficient, ry, has the dimension of reciprocal
time (seconds) and represents an apparent kinetic constant for
the chemical transformation of a given gaseous substance.

e The first coefficient, ry, is dimensionless and represents an
apparent “‘intermediate-gas’ constant of the catalyst for a
given gaseous substance, which relates gas substances with
preceding intermediates.

e The second coefficient, r,, has the dimension of time (s) and
describes an apparent time delay caused by processes on or in
the solid material.
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