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Reactor Flush Time Correction in Relaxation Experiments
M. W. den Otter,z H. J. M. Bouwmeester, B. A. Boukamp,* and H. Verweij

Laboratory for Inorganic Materials Science, Department of Chemical Technology and MESA1 Research
Institute, University of Twente, 7500 AE Enschede, The Netherlands

The present paper deals with the analysis of experimental data from conductivity relaxation experiments. It is shown that
evaluation of the chemical diffusion and surface transfer coefficients for oxygen by use of this technique is possible only if
accurate data for the conductivity transient can be measured at short times,i.e., immediately after the step change in the
surrounding oxygen partial pressure. The flushing behavior of the reactor volume may, however, significantly influence the early
stage of the relaxation process. Large errors in the transport parameters are obtained from fitting the relaxation data to the
theoretical equations if this phenomenon is not properly recognized. Equations are presented which describe the transient con-
ductivity taking into account the finite flush time of the reactor. The regimes of surface- and diffusion-controlled kinetics are
discussed quantitatively.
© 2001 The Electrochemical Society.@DOI: 10.1149/1.1337604# All rights reserved.
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Relaxation techniques offer a useful tool for obtaining the che
cal diffusion and surface transfer coefficients for oxygen of mix
ionic electronic conductors. These materials are considered for
plication as electrodes in oxygen partial pressure sensors,1 solid ox-
ide fuel cells,2 and as semipermeable membranes for the separa
of oxygen from air3 at high temperatures. The relaxation proce
follows after an instantaneous change of the oxygen activity in
gas phase and brings about a change in stoichiometry of the o
This change can be measured by monitoring the weight or elect
conductivity as a function of time. The oxygen transport parame
are obtained from fitting the experimental relaxation data to
theoretical equations, depending on the particular type of sam
geometry. Examples of relaxation techniques include conducti
relaxation,4-6 dynamic thermogravimetry,7 and solid-state electro
chemical methods.8

In general, the oxygen partial pressure in relaxation experim
is changed by switching between two gas flows with different o
gen partial pressures. In the derivation of the theoretical equatio
is assumed that the oxygen partial pressure in the reactor is cha
instantaneously. This assumption simplifies the mathematical tr
ment considerably. However, a correction must be applied if
relaxation time approaches the flush time of the reactor volume
conductivity relaxation experiments, in which general reactor v
umes are small and, hence, flush times are short, a flush-time
rection is needed only if relaxation times are comparatively sh
e.g., at high temperatures. On the other hand, the flush times
countered in, for example, dynamic thermogravimetric experime
are usually large due to the inherently large reactor volumes
these cases experimental limitations due to the finite flush tim
the reactor are likely to occur at any temperature of interest. E
neous results may be deduced from the experimental data if
phenomenon is not properly recognized.

In the present paper, equations are derived which describe
transient response in conductivity relaxation experiments, tak
into account the time needed for reactor flushing. From the ana
of these equations, a number of experimental conditions are for
lated, which should be met in relaxation-type experiments.

Ideal Step Response

In conductivity relaxation experiments the relation between s
ichiometry and electrical conductivity is exploited. The time var
tion of the conductivity of the sample is measured in response
different oxygen activity in the gas phase. The conductivity rela
towards a new value as the oxide attains its new equilibrium st
The relaxation process is assumed to be controlled by chemica
fusion of oxygen and the associated surface transfer rate. Ther
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many useful solutions to Fick’s second law, depending upon
particular initial and boundary conditions. In this section, the cha
in the surrounding oxygen activity is taken to be instantaneous.
sample is considered to be a thin sheet, so that one-dimens
diffusion occurs. In the section on Nonideal step response, equa
are presented to modify the general solution for this geometry an
incorporate the effect of a finite flush time of the reactor.

General solution.—One-dimensional diffusion of oxygen into
dense ceramic oxide can be described by Fick’s first law

J 5 2 D̃
]c

]x
@1#

in which J, D̃, and c are the particle flux density, the chemic
diffusion coefficient, and the concentration of oxygen, respective
Application of the continuity equation for the particle flux densi
leads to Fick’s second law

]c

]t
5 D̃

]2c

]x2 @2#

where it is assumed that the chemical diffusion coefficientD̃ is
independent of concentration. The conditions for the flux densit
both boundaries of the sample atx 5 6 a can be written as

J~a! 5 2 D̃
]c

]xU
x 5 a

5 K tr@c~a! 2 c`#

and

J~ 2 a! 5 2 D̃
]c

]x U
x 5 2 a

5 2 K tr@c~ 2 a! 2 c`# @3#

whereK tr is the surface transfer coefficient, 2a the sample thick-
ness, andc` the equilibrium concentration at infinite time after th
step change inpO2

. The solution for the concentration profile as

function of time, cstep(x,t), is obtained through an eigenfunctio
expansion of the initial oxygen concentration9 c(x,0) 5 c0

c̄step~x,t ! 5
cstep~x,t ! 2 c0

c` 2 c0

5 1 2 (
n 5 1

`
2Lacos~anx/a!

~an
2 1 La

2 1 La!cos~an!
expS 2

t

tn
D

@4#
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where the horizontal bar indicates that the quantity is made dim
sionless. The time constantstn are given by

tn 5
a2

D̃ • an
2

@5#

The time constants play an important role in the sense that the
ration of the transient experiment is given by approximately four
five times the first time constantt1. After this period, then 5 1
term fades to almost zero as the oxide attains its new equilibr
state. Similarly, then 5 2 term fades after approximately four t
five times the second time constantt2. As is discussed later,t2

~being much smaller thant1! can be determined only from the ex
perimental relaxation data immediately after the step change in
gen partial pressure. Values of both time constants are neede
proper evaluation of the chemical diffusion coefficient and the s
face transfer rate simultaneously.

In Eq. 4, the parameterLa and the eigenvaluesan are solved
from

an tanan 5
aKtr

D̃
5 La @6#

A simple method for numerical evaluation of the eigenvaluesan
was presented in Ref. 10. From this equation, a characteristic le
scaleLc can be defined, given by

Lc 5
D̃

K tr
@7#

As discussed in the next section, diffusion limitation occurs
a @ Lc and surface limitation ifa ! Lc .

Assuming a linear proportionality between the changes of
electronic conductivity and the oxygen concentration, the dim
sionless transient conductivitys̄step(t) can be derived by integration
of the concentration over the sample volume

s̄step~ t ! 5
sstep~ t ! 2 s0

s` 2 s0
5 1 2 (

n 5 1

`

An expS 2
t

tn
D @8#

where

An 5
2La

2

an
2~an

2 1 La
2 1 La!

@9#

It is appropriate to mention here that the change of the conduct
may not be proportional to the change of the oxygen concentra
In addition, the linear rate law adopted for the surface reaction la
a physical basis, which restricts the applicability of Eq. 3 in pract
to small step changes in the ambient oxygen partial pressure. O
ously, the rate of the surface reaction will depend on the atmosp
used to control the oxygen partial pressure. The surface reac
rates will therefore be different in CO-CO2 or H2-H2O mixtures.

Distinguishing between surface reaction and diffusi
control.—Relaxation experiments are carried out for evaluation
the chemical diffusion coefficientD̃ and the surface transfer rat
K tr . In the most desirable case, the transient depends heavil
both parameters. Such a strong dependence guarantees accur
termination of both transport parameters from a single experim
However, the relaxation may be dominated by only one of the tra
port processes. This is the case if the relaxation kinetics is un
pure control of either the surface transfer reaction or the diffusion
the mobile species within the solid, as opposed to the situa
where the kinetics is under mixed control.

In relaxation studies, (D̃, K tr , a) is usually taken as the indepen
dent set of parameters with which the transient response can be
 address. Redistribution subject to ECS te130.203.136.75nloaded on 2016-09-16 to IP 
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described. Instead, one might also consider (t1, t2, a). It can be
shown that the transient is fully determined by this set.a The advan-
tage is that clear criteria can be formulated to distinguish betw
surface- and diffusion-controlled kinetics. The first two time co
stantst1 andt2 have the highest values and, therefore, they can
evaluated with the highest precision. Higher terms in the serie
Eq. 8 fade away faster, but they still contribute to the very ea
stage of the transient. These higher terms cannot be ignored, in
of the focus ont1 andt2 in this work.

From the general solution presented by Eq. 8 constrained
sions can be derived if the relaxation kinetics is under pure con
by a limiting rate of the surface reaction or by that of the diffusi
within the solid. If the relaxation is rate limited by the surface rea
tion, the time constantstn reduce to zero forn > 2. This can be
expressed as

~t1 , t2 , a! 5 S a

K tr
, 0, aD @10#

In the case of diffusion limitation within the solid the correspondi
condition reads

~t1 , t2 , a! 5 S 4a2

p2D̃
,

1

9
t1 5

4a2

9p2D̃
, aD @11#

In this special case the values for the other time constants are g
by t3 5 (1/25)t1 , t4 5 (1/49)t1 , t5 5 (1/81)t1 , . . . .

From the above it is apparent that the ratiot2 /t1 is of relevance
in the fitting procedure. In Fig. 1, this ratio is plotted as a function
La , which is a dimensionless transport number. ForLa values
smaller than approximately 0.03,t2 /t1 equals almost zero. The fi
of the experimental data falling in this regime will be independent

the value ofD̃. This is the regime where surface-controlled kineti
occurs. ForLa values larger than approximately 30, the ratiot2 /t1
becomes almost constant at 1/9. Here, the fit of the relaxation da
independent of the value ofK tr due to diffusion-controlled kinetics
At intermediate values ofLa the relaxation process is under mixe
control of surface transfer and diffusion. Only when the experim

tal data fall into this regime, accurate values for bothD̃ andK tr can
be obtained from the fitting procedure. Since the latter regime c
ers the range from surface- to diffusion-controlled kinetics, restr

a From the ratiot2 /t1 , the value ofLa can be obtained as suggested by Fig.
Subsequently, the eigenvaluea1 can be solved using Eq. 6. The full set follows from

(D̃, K tr , a) 5 (a2/t1a1
2, aLla/t1a1

2, a), using Eq. 5. This proves that the se

(D̃, K tr , a) can be obtained from the set (t1, t2, a).

Figure 1. Ratio of t2 andt1 vs.La.
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ing La to values between 0.03 and 30 in the fitting procedure allo
for proper evaluation oft1 and t2 , which are needed to evaluat

both D̃ andK tr simultaneously.
Critical La values distinguishing between diffusion, mixed- a

surface-controlled regimes were suggested by Vianiet al.,11 how-
ever, the important relation betweenLa and the ratio oft1 and t2
was not discussed by these authors.

Flush-Time Correction

Nonideal step response.—In this section a gradual equilibratio
of the oxygen partial pressure due to the finite time required
flushing the reactor volume is considered. The boundary condit
in this case read

J~a! 5 2 D̃
]c

]xU
x 5 a

5 K tr@c~a! 2 ceq#

and

J~ 2 a! 5 2 D̃
]c

]x U
x 5 2 a

5 2 K tr@c~ 2 a! 2 ceq# @12#

where ceq(pO2
) denotes the equilibrium oxygen concentrati

which, in contrast toc` in Eq. 3, is now a function of time.
The idealized step can be described using the Heaviside func

u(t). This function is defined to be zero for negative values oft and
unity for positive values. The step change in oxygen partial pres
can thus be expressed as

pstep~ t ! 5 p0 1 ~p` 2 p0! • u~ t ! @13#

or in a more convenient dimensionless form

p̄step~ t ! 5
pstep~ t ! 2 p0

p` 2 p0
5 u~ t ! @14#

Assuming continuously ideally stirred tank reactor~CISTR!12

behavior in the actual reactor volume, the oxygen partial pressu
a function of timepCISTR(t) can be derived to be

pCISTR~ t ! 5 p` 1 ~p0 2 p`! • expS 2
t

t f
D @15#

with

t f 5
Vr

Fv,tot
•

TSTP

Tr
@16#

where Fv,tot is the flow rate of gas.Vr and Tr denote the reacto
volume and temperature, respectively, whileTSTP refers to room
temperature. The dimensionless oxygen partial pressure can be
ten as

p̄CISTR~ t ! 5
pCISTR~ t ! 2 p`

p0 2 p`
5 expS 2

t

t f
D @17#

In the derivation it is assumed that the oxygen release and uptak
the sample is negligible. The time constantt f , referred to as the
flush time in this paper, denotes the characteristic time neede
flush the reactor volume. From Eq. 17 it is calculated that afte
period of 43 t f has elapsed, only 1.83% of the original reactor g
volume has not been replaced yet. It should be noted that the v
ity of Eq. 17 extends not only to N2-O2 mixtures, but also to
CO-CO2 and H2-H2O mixtures, since it can safely be assumed t
gas-phase reactions do not occur.

The transient conductivity can be calculated in several wa
Inspired by digital signal analysis,13 Eq. 17 can be written as th
sum of an infinite number of impulses. The response of the cond
 address. Redistribution subject to ECS te130.203.136.75nloaded on 2016-09-16 to IP 
s

r
s

n

e

as

it-

by

to
a

d-

t

.

-

tivity to each impulse~Dirac d-peak!of the oxygen partial pressur
can be evaluated. By applying the superposition theorem, the fl
time-corrected conductivity transient is given by the superposit
of the impulse responses. This is similar to the method prese
below, which uses the convolution theorem in the Laplace dom
the Laplace transform method is applied here because it is m
transparent.

In the derivation a dimensionless transfer functionH̄(s) is used,
defined as

H̄~s! 5
L @s̄step~ t !#

L @ p̄step~ t !#
@18#

in which L denotes the Laplace transform operator, given by

L @ f ~ t !# ª E
0

`

f ~ t ! • exp~ 2 st!dt @19#

Using this definition,H̄(s) can be expressed in the form

H̄~s! 5
L @s̄step~ t !#

L @ p̄step~ t !#
5 s • F1

s
2 (

n 5 1

`
An • tn

1 1 s • tn
G @20#

The Laplace transformL @ p̄CISTR(t)# can be obtained similarly

L @ p̄CISTR~ t !# 5
t f

1 1 s • t f
@21#

The Laplace transformL @s̄CISTR(t)# is given byb

L @s̄CISTR~ t !# 5 2 H̄~s! • L @ p̄CISTR~ t !#

5 2
st f

1 1 st f
• F1

s
2 (

n 5 1

`
An • tn

1 1 s • tn
G @22#

The conductivity transient in the time domain is obtained by
inverse Laplace transform of Eq. 22. The convolution theorem14

states that the product of the Laplace transforms of two functi
f (t) andg(t) equals

L ~ f * g! 5 L ~ f ! • L ~g! 5 LF E
0

t

f ~t! • g~ t 2 t!dtG @23#

This theorem can be used to obtain the response to the CISTR
havior of the reactor if two functions can be found such that
product of their Laplace transforms equals the right side of Eq.
Two functions satisfying this condition are

f ~ t ! 5 2
1

t f
• expS 2

t

t f
D and g~ t ! 5 1 2 (

n 5 1

`

An • exp

S 2
t

tn
D @24#

This leaves the integral

s̄CISTR~ t ! 5 2 E
0

tF1 2 (
n 5 1

`

An • expS 2
t

tn
D G • F 2

1

t f
exp

S 2
t 2 t

t f
D Gdt @25#

to be evaluated. The final equation, which takes the flush time
account, is

b Note that a minus sign appears in this equation, because both pressure tran
were not made dimensionless in the same way.
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 

http://ecsdl.org/site/terms_use


nte

t th
th
m

ds
pro

c
fo
it

o
e-

ng
ou

ith

rec-
d

c-

he
ry is
ther

. The
ately

e
t is
ideal
ast
,
w

-
r to

Journal of The Electrochemical Society, 148 ~2! J1-J6~2001!J4

Dow
s̄CISTR~ t ! 5 1 2 expS 2
t

t f
D 2 (

n 5 1

`

An •

tn

tn 2 t f

• FexpS 2
t

tn
D 2 expS 2

t

t f
D G @26#

Three different transients, calculated from Eq. 26, are prese

in Fig. 2. The sample thickness is taken to be 0.04 cm.D̃ andK tr are
1.6•102 4 cm2 s21 and 6.3• 102 4cm s21, respectively. The tran-
sients are calculated for flush times of 0, 30, and 60 s. Note tha
effect of the flush time is most pronounced in the early stage of
relaxation process. Whereas the ideal step response initiates im
diately att 5 0, the effect of increasing the flush time is that it lea
to a more gradual behavior in the early stage of the relaxation
cess.

Flush-time correction for other sample geometries.—Thus far, only
the case of one-dimensional diffusion was considered. This case
be generalized to obtain the flush-time correction equations
many other sample geometries. For long cylindrical samples w
radiusR, only the equations for the pre-exponential factorsAn and
the time constantstn need to be changed

An 5
4Lr

2

rn
2
• ~rn

2 1 Lr
2!

@27#

and

tn 5
R2

rn
2D̃

@28#

The eigenvalues are now obtained from a different equation

rnJ1~rn! 5 LrJ0~rn! 5
RKtr

D̃
J0~rn! @29#

in which J0 andJ1 denote the first and second Bessel functions
the first kind, andR denotes the sample radius. The flush-tim
corrected response is still given by Eq. 26 as before.

Other diffusion problems can be treated similarly. For lo
beams and short cylinders, the general form of the equation with
flush-time correction reads

s̄step~ t ! 5 1 2 (
n 5 1

`

(
m 5 1

`

An,m • expS 2
t

tn,m
D @30#

Figure 2. Three transients with different flush times.
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By analogy with Eq. 26, the general form of the response w
flush-time correction can be deduced to be

s̄CISTR~ t ! 5 1 2 expS 2
t

t f
D 2 (

n 5 1

`

(
m 5 1

`

An,m •

tn,m

tn,m 2 t f

• FexpS 2
t

tn,m
D 2 expS 2

t

t f
D G @31#

For two-dimensional diffusion in beam-shaped samples with a
tangular cross section 2a 3 2b, the pre-exponential factors an
time constants are given by

An,m 5
2La

2

an
2~an

2 1 La
2 1 La!

•

2Lb
2

bm
2 ~bm

2 1 Lb
2 1 Lb!

@32#

and

tn,m 5
1

D̃ • F S an

a
D 2

1 S bm

b
D 2G @33#

In this equation,an denotes the roots of Eq. 6, whilebn denotes the
roots of a similar equation

bn tanbn 5
bKtr

D̃
5 Lb @34#

For three-dimensional diffusion in short cylinders4 of radiusR
and length 2a, the pre-exponential factorsAn,m and time constants
tn,m are given by

An,m 5
4Lr

2

rn
2
• ~rn

2 1 Lr
2!

•

2La
2

an
2
• ~an

2 1 La 1 La
2 !

@35#

and

tn,m 5
1

D̃F S an

a
D 2

1 S rm

R
D 2G @36#

where the eigenvaluesan andrn are given by Eq. 6 and 29, respe
tively.

Discussion

A number of conclusions can be drawn from Eq. 26. In t
discussion given below, only the case of the thin sheet geomet
considered. However, the conclusions drawn remain valid for o
sample geometries as well. Key parameters are the flush-timet f , the
first and second time constants,t1 andt2 . Different regimes can be
distinguished depending on the ratio between these parameters
regimes of interest are shown in Fig. 3 and are discussed separ
in the following sections.

Fast flushing regime.—If reactor flushing is fast compared to th
relaxation process, the final oxygen pressure of the ambien
quickly achieved and the conductivity response approaches the
step response, given by Eq. 8. This regime is referred to as ‘‘F
flushing regime’’ in Fig. 3. From the mathematical point of view
the exp(2 t/tf) terms Eq. 26 can be neglected, while the first fe
tn /(tn 2 t f) terms approach unity. This regime is found fort2

i20tf .
A general rule of thumb for this regime follows from the follow

ing argument. The time needed for a single experiment is fou
five times the first time constantt1. The second time constantt2 is
nine times smaller thant1 in the case of diffusion limitation. In the
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 
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case of mixed control,t2 becomes even smaller, as discussed in
section Distinguishing between surface reaction and diffusion c
trol. Proper evaluation of parameters from experimental data
volves accurate determination of botht1 andt2. In order to be able
to correctly neglect flushing behavior, the flush-timet f should be at
least ten times smaller thant2. In conclusion, the flush time shoul
be at least 500 times smaller than the duration of the experime
diffusion limitation is assumed, and 5000 times smaller in the c
where the regime of mixed control changes to pure surf
limitation.

Slow reactor flushing; sensor regime.—In this regime the sample
remains in quasi-thermodynamic equilibrium with the ambient d
ing the flushing itself. Although the oxygen partial pressure
changed, the sample reacts fast so that the equilibrium between
phase oxygen and sample oxygen is maintained. Basically,
sample behaves as an oxygen sensor. This regime is therefor
ferred to as ‘‘sensor regime’’ in Fig. 3. No quantitative informatio
on the transport parameters can be obtained from experimental
in this regime. It can only be applied to measure the flush ti
experimentally. The sensor regime occurs if the first time cons
t1 is less than approximately one-third of the flush-timet f .

In conductivity relaxation experiments, the reactor volume
generally a few tens of milliliters, while the temperature ratio in E
16 is of the order of three to four. With a flow rate of 10
mL min 2 1, a flush time of the order of seconds is expected. Ho
ever for thermogravimetric experiments, the reactor volumes ten
be much larger. These can be as large as 5 L, which results in a
time of 13-17 min. Therefore, thermogravimetric analysis~TGA!
experiments in which the dynamic response with respect to an
gen partial pressure step is measured are virtually impossible.

Intermediate regime.—In this regime,t2 cannot be evaluated

since 2t2ut f . It becomes impossible to obtain data on bothD̃ and
K tr simultaneously. The only parameter that can be obtained f
the fitting procedure is the value ofK tr provided thatLa , 0.03 can
be assumed, as discussed in the section on Distinguishing bet
surface reaction and diffusion control.

Flush-time correction regime.—In this regime, the flush time is
of the same order of magnitude ast2. Equation 26 should be applie

for evaluation ofD̃ andK tr . Neglecting flush-time effects can lea
to large errors in these parameters. This can be illustrated usin
simulated data presented in Fig. 4. Here, two transients are plo
for one-dimensional diffusion in a planar sample of 0.5 mm thic
ness. The difference between the transients is indicated also.

Figure 3. Depending on the values of the first two time constants, f
regimes can be distinguished. The regime where the flush-time correcti
needed is indicated. The triangular marker corresponds to the transie
Fig. 4 with a 20 s flush time.
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graph was simulated with a flush time of 20 s;D̃ and K tr values
were taken to be 1.47•102 6 and 1.75•102 4 cm s2 1, respectively.
Using these values,t1 and t2 are calculated to be 300 and 29.4
respectively. The selected values correspond to the triang
marker in Fig. 3. The other transient was calculated neglecting

flush-time correction, using Eq. 8;D̃ andK tr were taken to be 4.60•
10 2 6 and 1.00•102 4 cm s2 1. The relaxation behavior is in the
regime of mixed control~La 5 2.98!, where it can be expected th

both D̃ and K tr can be evaluated accurately. The difference in
transients is very small. However, a discrepancy of more tha

factor of three is observed forD̃. The error in the value ofK tr is as
large as 75%. The flush time is much smaller than the duration

the experiment, but still large differences inD̃ and K tr are found.
This clearly indicates the importance of taking the flushing behav
of the reactor cell into account.

It may be difficult to detect which of the regimes in Fig. 3 pr
vails from an experiment. A hint in the direction of the sensor
gime can be obtained from the temperature dependence oft1. Since
both chemical diffusion and oxygen surface transfer are therm
activated processes,t1 should show significant temperature depe
dence. If the system is in the sensor regime, a curve fit with
flush- time correction to a transient can still appear satisfactory
this case, the time constant derived from the transient is misin
preted ast1 , rather than the flush-timet f . As indicated in Eq. 16,t f
hardly depends on temperature. Therefore, an Arrhenius plot of
first time constant can reveal whether or not the system is in
sensor regime. If it is suspected that the system is in the se
regime, a relaxation experiment can be performed in which
flushing gas flow rate is reduced by a factor of three. If the sen
regime holds, the sample responds three times slower, while on
minor change of the relaxation transient is observed if the samp
in the regime of surface limitation.

Measurement of Flush Times

In order to measure the flushing characteristics of the rea
volume, a new type of oxygen sensor was developed. The se
does not yield an absolute value of the oxygen partial pressure
it is extremely sensitive towards rapid changes in the oxygen pa
pressure in the ambient. As can be deduced from Eq. 5,t1 decreases
with decreasing sample thickness. Therefore, for sufficiently t
samples, the response time of the sample becomes much sm
than the time needed to flush the cell. This means that the sam
behaves as a sensor for a change in the oxygen partial pres
while its response can still be measured in an experiment like
other sample.

is
of

Figure 4. Two dimensionless transients. Although the difference is v
small ~right side axis!, the transport parameters deduced from both cu
differ significantly.
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Dow
The sensor was made by depositing a porous 500 nm laye
La0.5Sr0.5CoO3-d on a 30% porousa-alumina disk by pulsed lase
deposition.15 Because gas-phase diffusion is extremely fast, the
rosity of the substrate can be neglected; it is unimportant for
sensor’s response time. A lock-in amplifier~EG&G Princeton Ap-
plied Research 5210! was used to measure the sensor response.
lock-in integration time was set to 100 ms. The short integrat
time was chosen because longer times would lead to misinterp
tion of the sensor signal.

The experimental setup for conductivity relaxation is describ
in detail elsewhere.5 The reactor has a total internal volume
approximately 28 cm3. The total gas flow rate is set to 30
mL min 2 1. From these data, the flush time of the reactor cell w
estimated to be 1.4 to 1.9 s, using Eq. 16 for the flush time.
experimental data was fitted to

s̄CISTR~ t ! 5 1 2 expS 2
t

t f
D @37#

The flush time of the reactor volume depends strongly on the
flow rate. The flush time was measured as a function of the t
flow rate, switching the gas flow rates from 35.5% oxygen at 3
mL min 2 1 to 100% oxygen at various flow rates. The results
presented in Fig. 5. The reactor temperature was constant at 65
Good agreement with theory~Eq. 16 and 37!is observed, as indi-
cated by the circular markers. A fit of the flush times shows that
response time is inversely proportional to the flow, as indicated
the straight line in the figure.

Conclusions

Depending on the values of the transport parameters, the
sient is controlled by either diffusion, surface transfer kinetics,

Figure 5. Reactor flush timevs. flow rate. The theoretically expected in
verse proportionality between the flush time and the flow rate is ind
observed.
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both. ForLa 5 aKtr /D̃ , 0.03, the surface transfer is rate limiting
while for La . 30, diffusion is rate limiting. In the remaining case
a regime of mixed control exists. In curve fitting routines, limitin
the value ofLa between 0.03 and 30 enables correct evaluation
both time constantst1 and t2. This is shown to be essential fo

accurate determination of both transport parametersD̃ andK tr .
Four different regimes can be distinguished based on the va

of the first and second time constants of the transient, and the c
acteristic time needed to flush the reactor volume. Both trans

parametersD̃ and K tr can be obtained under the conditions 0.
, La , 30 andt f , 2•t2. For t2i20•tf , the transient equation

associated with fast flushing can be applied. In the case whert1

@ t2 ,t f , only K tr can be determined. It was demonstrated tha
correction is necessary if the sample reacts fast with respect to
time needed to flush the reactor. Assuming that the reactor vol
can be regarded as a continuously ideally stirred tank reactor,
lytical equations for the relaxation transient were derived for sev
sample geometries.

A method to measure the flush time experimentally was p
sented. It is based on the fact that thin samples show fast relaxa
behavior.

The University of Twente assisted in meeting the publication costs of
article.
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