The uniformity of the gas concentration is now concerned. Fig. 7 shows plots of
the percentage difference £, as functions of time for different pulse numbers. . A solid

circle on each curve corresponds to the peak time of the exit flow. It is shown that ¢, is
large when time is small, and is almost constant when time is larger than 1.5 = pe Those
curves show that the deviation from the uniformity is large when the pulse number is

small. In other words, the concentration distribution is more uniform when the
conversion is lower. When the pulse numbers are 1500 and 2000, £_’s are significantly

smaller than 10 percent at large time. However, when time is small, £,’s are very large.

According to this result, uniform gas concentration distribution can not be obtained
throughout the pulse duration in practical domain of TAP experiments.

100 T T T T T

20 "

70 | .

50 i -

Percentage Concentration Difference

0.00 .05 10 15 20 25 30
Dimensionless Time

Fig. 7. Percentage difference of gas concentrations at the inlet and
outlet of the catalyst zone as a function of time for pulse number 1 (a),
500 (b), 1000(c), and 2000(d); The solid circle on each curve
correspends to the peak time of the exit flow.
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7.2 Analysis of surface concentration distribution and insignificant change of the
catalyst during one pulse

In this section, the characteristics of the surface concentration distribution will be
analyzed and the insignificant change of the catalyst during one pulse will be confirmed.
Fig. 8 shows the fraction surface coverages of occupied sites at the inlet and outlet of the
catalyst zone afier each pulse as functions of the pulse numbers. It is shown that the
catalyst is saturated when the pulse number is approximately 2000. Besides, the
fractional surface coverage at the inlet of the catalyst zone is higher than the fractional
surface coverage at the outlet. This is due the fact that the catalyst zone at the inlet is
exposed to a higher gas concentration. The slope of the curves that represent the
changes of the fractional surface coverage with respect to the pulse number indicates
that the fractional surface coverages between two consecutive pulses are not
significantly different.

According to mass balance, the disappearance of the gas is equal to the
accumnulation of the adsorbed gas, and we can write

Xn = (gjf,avg.n - g;).avg,n-l )Ncat (2 6)

where X, is the conversion of the gas at pulse number »n, 63, , and 8%, ., are the
averages of #, at the end of the n™ and (n-1)* pulses. The quantity &, ,,, in Eq. 26 can

be calculated from the profile of &, at the end of the pulse.

Since the fractional coverage of the occupied sites is zero when starting the
experiment with the fresh catalyst, the conversion of pulse number 1 is the largest during

the course of the multipulse experiment. Therefore 67,,,, — 81 aen1 is largest when
the pulse number is 1. In this first simulation case, the catalyst number is 1000, and the
conversion of the first pulse is 0.89, the quantity &7, ,—6%me .1 When n=1 is

0.00089. Obviously, during the first pulse the catalyst is fixed and the first pulse is the
state-defining experiment. Since the conversions of the following pulses decrease with

the pulse number, the quantity &3, , — &7 ... decreases with the pulse number.
Consequently, the insignificant change of the catalyst in pulse number 1 guarantee the

insignificant change of the catalyst during each pulse throughout the multipulse
experiment,

It is noted that when the catalyst is not significantly change during one pulse, or
the catalyst state between two consecutive pulses are approximately the same, then the
concentration profiles at any fixed time are approximately the same in those pulses.
This is confirmed by Fig, 6 that shows the very small change of the conversion with

respect to the pulse number.
Fig. 8 shows that the difference between the occupied fractional coverages at the

inlet and outlet, A&,, starts from zero at the first pulse and become zero when the
catalyst is all saturated at pulse number of approximately 2000. The quantity A&, is
plot in Fig. 9 as a function of pulse number. The curve of A&, vs pulse number
therefore has a maximum (A&,,, ). This result shows that during a multipulse
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experiment the catalyst is most non-uniform (indicating by A&, ... ) at some time during
the train of pulses. However, the quantity Aé, .. in this case is 0.08, which is small,

and we can consider that the catalyst is uniform during this multipulse experiment.

The simulation results of the gas and surface concentration distribution in the
catalyst zone indicate that the previously proposed idea of uniformity of the gas
concentration in the thin catalyst zone is not valid, and, in fact, the importance of the
thin-zone TAP reactor model is the uniformity of the surface concentration during the
multipulse experiment.

1.0

Fractional Surface Coverage (6, )

4r -
3k .
2r b
Inlet of catalyst zone
Ao 4 ——- Quflet of catalyst zong
0.0 1 1 L L
0 500 1000 1500 2000

Puise Number

Fig. 8. Fractional surface converages of occupied sites at the inlet and outlet of the
catalyst zone during the multipulse experiment of the first simulation case.
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Fig. 9. The difference of the fractional surface coverages of the occupied
sites at the inlet and outlet of the catalyst zone in the first simulation case.
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7.3 Effect of the catalyst number

The simulation of the first case is repeated by changing the catalyst number from
1000 to 100. 1t is found that the characteristics are the same except that the pulse
number that saturate the catalyst is decreased by a factor of the ratio of the two catalyst
numbers which is 10 in this case. All figures in the case of the pulse number of 1000 are
therefore good for the case of the pulse number of 100 when the pulse numbers in those
figures are divided by 10. Consequently, the magnitude of Ad,,,. is also 0.08. It is

noted that this proportion correspondence is also true of all other cases in our study.
However, this proportion correspondence is valid when the catalyst number is not too
small, and the catalyst number of 100 is sufficiently large. The catalyst number of less
than 100 is not typically in our TAP experiments.

According to Eq. 26, when conversion of the first pulse is 0.89 and the catalyst
number is 100, then the change in the fractional coverage of the occupied sites in the
first pulse is 0.0089, which is still small. We can then consider the change of the
catalyst during each pulse of the multipulse experiment is insignificant. Actually, since
the conversion never exceeds unity, the change in the fractional coverage of the
occupied sites in the first pulse can never exceeds the small number of 0.01 when the
catalyst number is 100. And, since each of the following pulse will have this change
smaller than the first pulse, we can conclude that when the catalyst number is 100 or
larger in all irreversible adsorption cases, each pulse in the multipulse experiment is
considered a state defining experiment.

7.4 Results from all simulated cases and correspondence between 46, ,,,, and ¢,

For all cases in this simulation study, the results show the same qualitative
characteristics of both the gas and surface concentrations as the first case discussed
above. As for the gas concentration distribution, there is not a case in which we can
have uniform concentration within the catalyst zone throughout a pulse duration.

The important result in this study is the characteristic of the surface
concentration distribution. When examining all the cases, we found that the degree of
uniformity/non-uniformity of the fractional surface coverage is related to the percentage
deviation from the thin-zone reactor model, £,,, of the first pulse.

From the numerical simulation, it is found that different cases in which the first
pulses have different conversions and «’s but same ¢, ’s have approximately the same

A8 4 mar - For example, in the cases whose the first pulses have the same deviations of 5,
10, and 20 percent, the magnitudes of A8, ... are 0.07, 0.14, and 0.28 respectively. We
can write a simple expression that relates Ad, ,,,. to &,as

A8y e =0.014(2,) @27

Eq. 27 is good in the region of &, up to 20 percent, the upper magnitude of &, in this

study. Eq. 27 shows that the surface concentration is more uniformly distributed when
we have a smaller deviation in the first pulse. The correspondence between the

magnitude of &, of 10 percent in the first pulse and the magnitude of A&, ,, of 14
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percent, which is considerable small, indicates that we can consider the surface
concentration to be uniform throughout the multipulse experiment when the deviation
from the thin-zone reactor model in the first pulse is 10 percent.

7.5 Validity of the thin-zene reactor model for a multipulse experiment
In a multipulse experiment, we usually determine the kinetic parameter from
each pulse during the course of the experiment. In this irreversible adsorption case, the

kinetic parameter that is determined from the experimental response is k.pp O yof each

pulse. In this irreversible adsorption case, g decreases with the pulse number due the

decrease of the fractional coverage of the free sites. The apparent rate constant, &, , in
this case is defined as Ka8y (= Eeur)

(1-64) and the previous definition is the special

cal

case when(l-46,) is approximately zero, which is true for the first several pulses. If &,
is not uniformly distributed throughout the catalyst zone, then k,,, is not constant with
respect to the axial coordinate.

Letting &,,,, be the average of &, in the catalyst zone, we can write

kapp.avg.n = kapp,o (1 - 6A,avg,n) (2 8)

where subscript » refers to pulse number n and subscript o refers to the original state of
the catalyst (fresh catalyst). With similar subscripts, we can write

Yavgn =¥ (1~ ﬁA,avg,n) (29}

The term &, ,,,, is the average of the fractional coverage of occupied sites of the o™

pulse. This average term refers to two quantities, i.e., 1) the average from the profile of
€4 in the catalyst zone, and 2) the average that is calculated using Eq. (29) when y,,, ,

has been predetermined from the conversion. These two average quantities are equal if
8, is uniformly distributed in the catalyst zone. In our simulation cases, there is no

significant difference between these two average quantities. Therefore, we can concern
the validity of the thin-zone reactor model in a multipulse experiment based on only y
calculated from the conversion in each pulse.

In order to determine whether the thin-zone reactor model for a multipulse
experiment is valid, we compare the magnitudes of y calculated from the conversion
using Eq. (8) (Three-zone reactor model) and Eq. (13) (Thin-zone reactor model) for
every pulse during the experiment. The validity is indicated by the small magnitude of
&, for every pulse. Table 1 shows the comparison of ¢ ’s from the two models in our

first simulation case at different pulse numbers. It is shown that the absolute value of
s, is equal to 5.5% at the first pulse and decreases to 1.8% at the 2000 pulse. This is

due to the decrease in the conversion
The decrease of the absolute value of ¢, with the pulse number is the

characteristic for all the simulation cases. This fact agrees with what illustrated in Fig 1
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and 2, i.e. Fig. 1 shows a lower deviation from the thin-zone reactor model for a lower
conversion , and Fig. 2 shows a lower deviation for a lower value of y when « is fixed.

The magnitude of ¢, in Table 1 is very close to that read from Fig. 1 or Fig. 2 because
the distribution of &, is close to uniform distribution. As a result, we can conclude that

the validity of the thin-zone reactor model for the first pulse guarantees the validity for
all following pulses in the multipulse experiment.

Table 1 Comparison of w ’s calculated from the thin- and three-zone reactor
models in the first simulated case at different pulse numbers.

Pulse number conversion Wiz Waz £, (%)
1 0.8902 0.7479 0.7064 -5.5
500 0.8174 0.5556 0.5338 -3.9
1000 0.6086 0.3274 0.3193 -2.5
1500 0.1250 0.0993 0.0975 -1.8
2000 0.0039 0.0164 0.0161 -1.8

8. Conclusion

The thin-zone TAP reactor model has been investigated. The validity of the thin-
zone reactor model based on the expression for the conversion for a single pulse
experiment has been quantitatively characterized. The idea of obtaining uniform
distribution of the gas concentration in the thin catalyst zone in TAP experiments has
been shown to be invalid. In the case of the multipulse experiment, it is shown that the
validity of the thin-zone reactor model for the first pulse guarantees the validity of the
model for every pulse throughout the experiment. Besides, if the thin-zone reactor
model is applied satisfactorily to the first pulse, the distribution of the surface
concentration of the adsorbed species in the catalyst zone can be considered uniform
throughout the multipulse experiment. The analysis of the thin-zone TAP reactor model
in this study indicates that the feature of the thin-zone reactor is the uniformity of the
surface concentration during a multipulse experiment.

Notation

a, Surface concentration of the active sites (mol/em” of catalyst)

A Cross sectional area of the bed (cm?)

C,  Concentration of gas A (mol/cm®)

C, Concentration of the unoccupied active sites (mol/cm2 of catalyst)
C,,  Concentration of adspecies A (mol/cm? of catalyst)
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C 4 Dimensionless concentration of gas A, defined by C, = _Ch
N pA 'V yoid

Cam the dimensionless gas concentration at the inlet of the catalyst zone

C 40w the dimensionless gas concentration at the outlet of the catalyst zone

D, Effective Knudsen diffusivity of gas A in the catalyst zone

D,  Effective Knudsen diffusivity of gas A in the inert particle zones

Fy Exit flow of gas A (mol/s)

F 4 Dimensionless exit flow of gas A defined by Eq. (22)

k, Adsorption rate constant (cm® of gas/mol-s)
= : : : = ?
k, Dimensionless apparent adsorption rate constant defined by &, =&, ?;7
k., Apparent adsorption rate constant, defined by &, = 25y (1~ Scar JKa (-4
€eat
- . . . 1-
(s"); for the case in which 8,0, we write k,,, = a5Sy (1= Ecar Jhs
Eeat
Koppo Kopp at the original state of the catalyst (fresh catalyst)
Koppaven The average of k,,, at the n" pulse

Length of the catalyst zone

55 Length of the third (inert) zone

L Reactor length (cm)

n Pulse number

N, Catalyst number, the ratio of the number of active sites and number of molecules
of gas A in the inlet pulse

Npa Number of moles of the reactant gas A in the inlet pulse (mol)
S, Surface area of catalyst per volume of catalyst (cm™)

t Time (s)

V. .. Void volume of the reactor
X Conversion of the reactant gas
X, Conversion of the reactant gas at pulse number n

z Axial coordinate of the reactor (cm)

a The reactor parameter, defined by Eq. (10)

& delta function

£, the percentage concentration difference defined by Eq. (24)
£.n  Fractional voidage of the catalyst bed

£,  Fractional voidage of the inert particle bed

&y the percentage difference defined by Eq. (14)

2y Fractional surface coverage of adspecies A
64 Lhe average of the fractional coverage of adspecies A of the n™ pulse.

& ogn The average of 8, at the end of pulse number n
8,4,1(z) Fractional surface coverage of adspecies A after (n-1) pulses (#,,(z)=0)
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¢4, Fractional surface coverage of adspecies A at the inlet of the catalyst zone
&40u Fractional surface coverage of adspecies A at the outlet of the catalyst zone
& ree.n Fractional surface coverage of free sites at the inlet of the catalyst zone
& free,ore Fractional surface coverage of free sites at the outlet of the catalyst zone
il_)c_a,

2

T Dimensionless time defined by 7=
é'bL

& Dimensionless axial coordinate defined by & =-§-

The dimensionless parameter defined by Eq. (9)
¥, w at the original state of the catalyst (fresh catalyst)
¥avgn Theaverage of y atthe o™ pulse
wrz  y calculated from the thin-zone reactor model for a fixed conversion
w3z  y calculated from the three-zone reactor model for a fixed conversion
Af, difference of the fractional surface coverages at the inlet and outlet of the catalyst

zone, defined by Eq. 25
AB 4 e Maximum of A#, in the multipulse experiment
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Modelling and Simulation of Chemical Processes in Multi-Pulse
TAP Experiment

P. Phanawadee* S.0. Shekhtmant C. Jarungmanorom? J.T. Gleaves®

Abstract

In TAP Experiment, interpretation of TAP transient response data is crucial and requires theoretical develop-
ment. In this paper, we develop a method for estimation of the number of active sites of the catalyst sample from
the zeroth moment of the exit How of a reactant gas for the irreversible adsorption case. An approximate analytical
expression for the change in the zeroth moment of the gas exit low with respect to the pulse number is presented.
‘The validity of the expression is investigated by comparing with the numerical simulation results. Results obtained
from numerical calculations are shown to be in good agreement with the approximate solution in 2 wide domain of
paramsters, i.e., the adsorption rate constant and the catalyst number.

Key words: TAP, Temporal Analysis of Products, Irreversible adsorption.
AMS subject classifications: 65M06, 41A58.

1 Introduction

The TAP (Temporal Analysis of Products) reactor system [1, 2] has been recognized as a powerful tool for heterogeneous
kinetic studies. The experiment is performed by injecting a narrow gas pulse into an evacuated microreactor containing
a solid catalyst sample. At the reactor exit, the gas molecules are monitored as a function of time with a quadruple
mass spectrometer (QMS) and produce a transient response at-the spectrometer detector. The intensity of the
transient response is proportional to the exit flow of the corresponding gas. The size and shape of the response
consequently depend on the transport and kinetic characteristics of the system. An important task in performing this
type of experiment is the interpretation of experimental responses. Currently, most theoretical TAP studies have been
focused on interpretation of single pulse. They involve determination of analytical solutions to the equations that
make up mathematical models {1, 2, 3, 4, 5, 6). The solutions can then be used to analyze the characteristics of TAP
transient response curves. A number of important theoretical results can also be obtained from simulation study [2, 7]
and they can be used for primary interpretation of the experimental responses.

TAP experiments usually involve monitoring the gradual changes in the size and shape of sequential experimental
responses during a number of pulses. Those changes associate with changes in reactant convergion and product
production rates. The changes can also associated with changes in the catalyst. This experimental mode, the multi-
pulse TAP experiment, can provide useful information on the nature of the catalytic system. Development of multi-
pulse TAP theory will greatly utilize this type of transient experiments. In this paper, we focus on determination of
the number of active sites of the catalyst. An approximate analytical solution for estimation of the number of active
sites of the catalyst sample from the change in zeroth moment of the exit flow of the reactant gas for irreversible

*Dpt. Chemical Engineering, Kasetsart University, Bangkok 10900, Thailand
tDpt. Chemical Engineering, Washington University, Campus Box 1188, St. Louis, Missauri 63130, USA
{Dpt. Chemical Engineering, Kasetsart University, Bangkok 10800, Thailand
§Dpt. Chemical Engineering, Washington Uunlversity, Campus Box 1188, St. Louis, Missouri 63130, USA

16th IMACS World Congress (© 2000 IMACS)



Muiti-Pulse TAP Experiment 2

adsorption case is presented and compared with the numerical solutions. The differences of the calculation results
obtained from the approximate expression and from the numerical simulation are quantitatively characterized and the
domain of parameters in which the approximate expression works satisfactorily is reported.

2 Irreversible Adsorption Model

The multi-pulse TAP model studied in this work is the typical irreversible adsorption model. The process of titration
is analogous to this process. From the mathematical point of view, these processes are identical. When the adsorption
rate ig first order In gas concentration and surface concentration, the mass balance for gas A and adsorbed species A
in an isothermal TAP reactor uniformly packed with non-porous catalyst can be described by

8C 82C

(1 EbT;‘? = D,A—B?é-s,,a—e,,)kac',‘cs
9Cas  _

(2) o kCaCs

The concentration of the unoccupied active sites, Cs, and concentration of adspecies A on the catalyst surface,
Cas, are related to fractional surface coverage by

(3) Cs = a,(l—84)
(4) Cas = a,b84
Substituting equations (3) and (4) into equations (1) and (2) gives
oC 82C
®) =5 = Dea—pzt —a,5,(1 - r)kaCa(l - 04)
a6
(6) S5 = kaCall—84)

Initial and boundary conditicns are as followed:
Initial condition:

o t=0, Ci=0

8) t=0, 8a(z)=b64am-1(z)
Boundary conditions:
6c N,
(9) z=0, —D,A—a;'i = J(t)ﬁ::ﬁ
(10} z=1L, Cs=0

Equation (9) indicates that the inlet flux of gag A can be represented by a delta function Pl.aced at tt h:- o+.
Equation (8) indicates that the fractional surface coverage after (m — 1)t* pulse is the initial condition for m** pulse
and §4,0(z) = 0. Equations (5) to (10) can be expressed in terms of the following dimensionless parameters:

Dimensionless axial coordinate:

2
(11) ' ¢ = 1
Dimensionless concentration:
_— CA
= CA = WyalesAL

The dimensionless concentration is a pulse-intensity-normalized gas concentration.
Dimensionless time:

_ tDeA
(13) = e L2

The dimensionless apparent adsorption rate constant is defined as
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(14) o= ¥ ‘ﬂ
¢ B DcA
The apparent adsorption rate constant, k! (s=!) is defined as
2, 5,{1 —¢e)k
(15) B o= S(-ea)k = )k

The catalyst number:
gy
Npa

Th‘e catalyst number is the ratio of the number of active sites and the number of gas molecules in the inlet pulse.
The dimensionless form of equation (5) can then be written as

(16) a = (1-g)AL

8C, _ 8T

1 —
( 7) F = 6—52 - kgﬁ_&(l - BA)
Equation (6) can be written in dimensionless form as
a8 =
(18) 078-*7-_‘1 = kaUA(I —-8,4)

Initial and boundary conditions, equations (7) to (10), are written in dimensionless form as
Initial conditions:

19) 0<£<1, 7=0, Ca=0
(20) 0<€<1, =0, Balf)=04,m(E)

Boundary conditions:

— 6_6—'-‘4 —
{21) | £=0, "B &(7)
(22) £=1, CTa=0

Since the quantity that can be measured in a real experiment is the gas exit flow, the solution for the dimensionless
exit flow of gas A is determined. The dimensionless exit flow of gas A, F 4, is defined by

- EbLg
23 F = Fio——
(23) A AN, 2Don
F 4 can be calculated by
— 8C 4
24 F —_——
( ) 4 65 £=1

3 Results and Discussion

The zeroth moment of the dimensionless exit flow of gas A, (M), is described by

(25) My = / Fadr
4]

My is therefore the area of the F 4-vs.-r curve. It should be noted that the conversion or fraction of gas A that
i irreversibly adsorbed for each pulse is equal to {1 — Mp). Experimentally, My can be calculated from the cutput
response. The catalyst number can be determined by pulsing the reactant gas until the catalyst sample is saturated,
and the catalyst number is equal to sum of the conversions of all the pulses. It would be useful to look for a simple
method to estimate the catalyst number, and consequently the number of active sites when the number of molecules
or moles of the gas in the inlet pulse is known, from the experimental cutput responses during first several pulses other
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Figure 1: Validity of the approximate equation within the first twenty pulse; the region on the right of each curve
represents the domain of dimensionless rate constant (k,) and catalyst number (a) in which the approximate equation
is valid according to the specified percentage difference, and vice versa

than pulsing until the catalyst is saturated. For a typical TAP experiment, k, can be determined from the response
of the first pulse by the simple equation(8]

1
My = ——
(26) ° cosh \/ﬁ
that is based on the assumption that the occupied surface coverage is very small during the pulse and consequently
(1 — 84) is closed to unity throughout the reactor. It has been expected that the decrease of the zeroth moment
of the exit flow of gas A with respect to the pulse number would provide information of the catalyst number. This
paper focuses on determination of the relation between dMp/dm and the pulse number (m). An equation that relates
dMy/dm to the catalyst number is derived by the perturbation method and is given by

My _ (l) 2/ tanh vk, (cosh V&g ~— 1)
am a 3(cosh \/fa-)’

Equation (27) can be used to estimate the catalyst number from the change in the zeroth moment with respect
to pulse number during the first several pulses in multi-pulse TAP experiment. However, since it was derived by the
perturbation method, it is good for large catalyst number (or small 1/e). Equation (27) was therefore investigated by
comparing with the numerical simulation results in order to determine the domain of « in which equation (27) works
satisfactorily. It was found that the percentage differences between dMy/dm calculated by equation (27) and dMy/dm
from numerical simulation increases with %, and pulse number (m).

Figure 1 shows three curves for three percentage differences. Each curve dividea the domain of k, and a into two
regions; the region on the right of each curve represents the domain of %o and o in which equation (27) agrees with

{27)
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the numerical simulation results within the percentage difference specified for each curve, and vice versa. Figure 1 is
good for m up to 20. The value of k, equal to 100 corresponds to conversion of 99.99 percens. In typical multi-pulse
TAP experiment, « is not larger than 2000.

4 Conclusion

An approximate expression for the change in the zeroth moment of the gas exit flow with respect to the pulse number
for irreversible adsorption case in a multi-pulse TAP experiment is presented. The validity of the expression is analyzed
by comparing with the numerical simulation results. The expression is shown to be valid in a wide domain of the
adsorption rate constant and the catalyst number. This simple expression is useful for estimation of the catalyst
number, and, consequently, active sites of the catalyst sample when the number of moles of the reactant gas in the
inlet pulse is known.
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6 Nomenclature

g Surface concentration of the active sites {mol/em? of catalyst)

A Cross sectional area of the bed (em?)

Ca Concentration of gas A (mol/cm?)

Cs Concentration of the unoccupied active site {mol/cm? of catalyst)

Cas Concentration of adspecies A {mol/cm? of catalyst)

[ Dimensionless concentration, defined by equation (12)

D.a Effective Knudsen diffusivity of gas A

Fa Exit flow of gas A (mol/s)

Fyu Dimensionless exit flow of gas A defined by equation {23}

ko Adsorption rate constant {cm® of gas/mol-s)

ko Dimensionless apparent adsorption rate constant, defined by equation (14)
k., Apparent adsorption rate constant defined by equation (15) (s™)

L Reactor length (cm)

m Pulse number

Mg Zeroth moment of the dimensionless exit flow of gas A defined by equation (25)
Npa Number of moles of the reactant gas A in the inlet pulse (mol}

S, Surface area of catalyst per volume of catalyst {cm™1)

t Time (s)

z Axial coordinate of the reactor (cm)

a Catalyst number, the ratio of the number of active sites and number of gas molecules in the inlet pulse
(1) Delta function placed at t = 0%

Ep Fractional voidage of the bed

Ba Fractional surface coverage of adspecies A

Bam-1(z) Fractional surface coverage of adspecies A after (m — 1) pulse (84,0(z) =0)
T Dimensionless time defined by equation (13)

£ Dimensionless axial coordinate, defined by equation (11)
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Abstract

The goal of the research is to develop effective methods from thecretical results for
performing multi-pulse TAP experiments. [In this paper we focus on the determination of the
number of active sites of the catalyst sample from the zeroth moment of the exit flow of a
reactant gas for the irreversible adsorption case. Using the perturbation methad, the analytical
expression for the change in the zeroth moment of the gas exit flow with respect to the pulse
number was obtained, The approximate expression allows estimation of the number of active
sites from multi-pulse TAP-data. The validity of the expression is investigated by comparing
with the computer simulation results. Results obtained from computer calculations are shown
10 be in good agreement with analytical results in a wide domain of parameters, i.e., the
adsorption rate constant and the catalyst number.

Key words: TAP, Temporal-Analysis of Products, irreversible adsorption
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Introduction

A transient response technique that has been increasingly used in heterogeneous
kinetic studies is the TAP (Temporal Analysis of Products) reactor system (Gleaves et al.
1988; Gleaves et al. 1997). The experiment is performed by injecting a narrow gas pulse into
an evacuated microreactor containing a solid catalyst sample. Gas molecules travel through
the reactor contacting the catalyst sample, and eventually exit the reactor. At the exit, the gas
maolecutes are monitored as a function of time with a quadruple mass spectrometer (QMS)
and produce a transient response at the spectrometer detector. The intensity of the transient
response is proportional to the exit flow of the corresponding gas. The size and shape of the
response consequently depend on the transport and kinetic characteristics of the system,
Since the output response is a function of time, only one individual gas is monitored by fixing
QMS mass number during a pulse. If different gas species are monitored during a train of
pulses, the QMS mass number is changed after the data collection interval for each pulse is
completed.

TAP pulse response experiments involve injecting very small amounts of gas per
pulse providing two important features, i.e., 1) the pressure rise in the microreactor during a
pulse is small and consequently the gas molecules travel through the reactor by Knudsen
diffusion, providing a simple transport model, and 2) the number of reactant gas molecules in
a pulse is very small relative to the amount of active sites or active substances on the surface
of the catalyst sample, and, as a result, the catalyst’s composition and structure remain
unchanged during a pulse or during a small number of pulses, and the extracted kinetic
information consequently corresponds to fixed catalyst structure and composition.

An important task in performing this type of experiment is the interpretation of
experimental responses. Currently, most theoretical TAP studies have been focused on
interpretation of single pulse. They involve determination of analytical solutions to the
equations that make up TAP models (Gleaves et al, 1988; Huinink et al 1996; Gleaves et al.
1997; Yablonskii et al. 1998; Phanawadee et al. 1999). The solutions can then be used to
analyze the characteristics of TAP transient response curves in detail. A number of important
theoretical results can also be obtained from simulation study (Rothaemel and Baems 1996;
Gleaves et al. 1997) and they can be used for primary interpretation of the experimental
responses, ;

TAP experiments usually involve monitoring the gradual changes in the size and
shape of sequential experimental responses during a number of pulses. Those changes
associate with changes in reactant conversion and product production rates. The changes can
also associated with changes in the catalyst. This experimental mode, the multi-puise TAP
experiment, can provide useful information on the nature of the catalytic system.
Development of multi-pulse TAP theory will greatly utilize this type of transient experiments,

The goal of theoretical studies of TAP multi-pulse experiment is to develop effective
methods for performing multi-pulse experiments and interpreting experimental data from
theoretical results. In this paper we focus on determination of the number of active sites of
the catalyst. An approximate analytical solution for estimation of the number of active sites
of the catalyst sample from the change in zeroth moment of the exit flow of the reactant gas
for irreversible adsorption case is presented and compared with computer simulation results,
The differences of the analytical and numerical results are quantitatively characterized and the
domain of parameters in which the approximate equation works satisfactorily is present.

Irreversible Adsorption Model

The multi-pulse TAP model studied in this work is the typical irreversible adsorption
model. The process of titration is analogous to this process. From the mathematical point of
view, these processes are identical. When the adsorption rate is first order in gas
concentration and surface concentration, the mass balance for gas A and adsorbed species A
in an isothermal TAP reactor uniformly packed with non-porous catalyst can be described by

ac a’c
£ aA =Dy —= =S, (1-&,}k,C4Cs (1)
’ oz
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ocC
=k CuC @

=
ct .
‘The concentration of the unoccupied active sites, C,, and concentration of adspecies A on the

catalyst surface, (', are related to fractional surface coverage by

Cs=a(l-6,) (3)
CAS =as§,4 (4)

Substituting equations 3 and 4 into equations 1 and 2 gives

oC 82 C,
6~ = Doy~ 5~ 2,8, (1= £, )k, C (1= 6,) (5)
or az : .
56 : )
L=k,Call-6,) (6)
Initial and boundary conditions are as followed:
Initial conditions: r=0, C,=0 (7
t=0, BA(z)-—-&Am,(z) (8)
- : oC 4

Boundary conditions: z=0, -D,,—= (%)
z=1, Cy=0 _ 10

Equation 9 indicates that the inlet flux of gas A can be represented by a delta function p-]'accd

at t =0%. Equation 8 indicates that the fractional surface coverage after (in-1)-th pulse is the
initial condition for m-th pulse and &,,(z)=0. Equations 5 to 10 can be expressed in terms

of the following dimensionless parameters:

Dimensionless axial coordinate: , & =% G
. : . — C C
Dimensionless congentration; C,= A = A (12)
i Vo NogleyAL
The dlmensmnless congentration is a pu]se-mtensny normallzed gas concentration.
tD
Dimensionless timg:. ' r= —e’; (13)
The d:mens:onless apparent adsorption rate constant is defined as
' £, L2
ky =k =2 (14
DM
The apparent adsorption rate constant, k;(s" ) is defined as
. k; =a.:Sv(1—€b)ka (15)
s &
: as, |
The catalyst number: a= {1- 5,, )AL (16)
pA

The catalyst number is the ratio of the r.umber of active sites and the number of gas molecules
in the inlet pulse. The dimensionless form of equation 5 can then be written as

8C, 9°C,

: ~k,C(1-6,) (17
ar . aé'_:j_ | a— A A
Equation 6 can be written in dimensionless form as
o
a’aa: =k,C(1-6,4) 08

Initial and boundarj( conditions, equation 7 to 10, are written in dimensionless form as
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[nitial conditions:

0<&£<T, =0 C,y=0 (19)
0, =0 G4 (&) =84 i (&) (20)
Boundary conditions:
aC
=0, A g
'~ Py (7) (21
F=1, C,=0 (22)

Since the quantity that can be measured in a real experiment is the gas exit flow, the solution
for the dimensionless exit flow of gas A is determined. The dimensionless exit flow of gas A,

F 4, is defined by

2
— EbL
Faq=F, (23)
NpA DeA
F 4 can be calculated by Fa=- oC 4 (24)
08 | #=

Results and Discussions
The zeroth moment of the dlmenswnless exnt ﬂow of gas A (Mo) is descrlbed by

Mo = JF adr o | (25)
O , -
Mo is therefore the area of the £ 4-vs.-7z curve. It should be noted that the conversion or
fraction of gas A that is irreversibly adsorbed for each pulse is equal to (1- Mo).
Experimentally, Mo can be calculated from the output response. The catalyst number can be
determined by pulsing the reactant gas until the catalyst sample is saturated, and the catalyst
number is equal to the sum of the conversions of all the pulses. It would be useful to look for
a simple method to estimate the catalyst number, and consequently the number of active sites
when the number of molecules or moles of the gas in the inlet pulse is known, from the
experimental output responses during first several pulses other than pulsing until the catalyst
is saturated. . -
For a typical TAP experiment, k., can be determined from the response of the first

pulse by the simple equation (Svoboda, 1993)

Mo=-— (26)

cosh Vka
that is based on the the assumption that the occupied surface coverage is very small during the
pulse and consequently (1-&,) is closed to unity throughout the reactor. It has been expected
- that the decrease of the zeroth moment of the exit flow of gas A with respect to the pulse

number would provide information of the catalyst number.
This paper focuses on determination of the relation between dMo/dm and the pulse

number (m). An equation that relates dMo/dm to the catalyst number is derived by the
perturbation method and is given by

dMo ( ] ZJZ tanh \/Z(cosh \/Z )
(27)
dm \a 3coshka )2

Equation 27 can be used to estimate the catalyst number from the change in the zeroth
moment with respect to pulse number during the first several pulses in multi-pulse TAP
experiment, However, since it was derived by the perturbation method, it is good for large
catalyst numbers {or small 1/2). Equation 27 was therefore investigated by comparing with
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the simulation results in order to determine the domain of « in which equation 27 works
satisfactorily. [t was found that the percentage differences between dMo/dm calculated by

equation 27 and dMo/dm from numericai simulation increases with k. and pulse number ().

Figure 1 shows a curve that divides the domains of k., and & into two regions; the
fower is the region in which equation 27 agrees with the simulation results, and vice versa.
The agreement is based on the percentage difference of 5 percent. In addition, Figure 1 is

good for m up to 20. The largest value of k. equal to 20 in the figure corresponds to the
conversion of 97.7 percent, '

20 -
18 -
16
14

NOT VALID
12 -

VALID

g - T T ]

0 500 1000 1500 2000
[0

Figure 1 Domain of k. and « that equation 27 agrees with the simulation
results within the first twenty pulses.

Conclusions

The approximate equation for the change in the zeroth moment of the gas exit flow
with respect to the pulse number for irreversible adsorption case in a multi-pulse TAP
“experiment is presented. The domain of the catalyst number and adsorption rate constant in
which this equation works well is analyzed. This simple equation is useful for estimation of
the catalyst number, and ,consequently, active sites of the catalyst sample when the number of
moles of the reactant gas in the inlet pulse is known.
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Nomenclature
a, Surface concentration of the active sites (mol/cm” of catalyst)
A Cross sectional area of the bed (cm?)
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C, Concentration of gas A (mol/cm”)
C, Concentration of the unoccupied active sites (mol/em? of catal yst)
C,  Concentration of adspecies A (mol/em? of catalyst) '

p Dimensionless concentration, defined by equation 12

D4 Effective Knudsen diffusivity of gas A
Fy Exit flow of gas A (mol/s)

Fa Dimensionless exit flow of gas A defined by equation 23

k, Adsorption rate constant (cm’ of gas/mol-s)

k, Dimensionless apparent adsorption rate constant, defined by equation 14

k] Apparent adsarption rate constant defined by equation 15 (s°')

L Reactor length (cm)

m Pulse number

Mo Zeroth moment of the dimensionless exit flow of gas A defined by equation 25
N Number of moles of the reactant gas A in the inlet pulse {(mol)

S Surface area of catalyst per volume of catalyst (cm™)

4 Time (s) . |

Viw Void volume of the reacfor

z Axial coordinate of the reactor (cm)

74 Catalyst number, the ratio of the number of active sites and number of gas
molecules in the inlet pulse ‘

a1 Delta function placed atr= 0"

& Fractional voidage of the bed

&, Fractional surface coverage of adspecies A

€ 4.m-1(2)  Fractional surface coverage of adspecies A after (m-1) pulses (8,,(z)=0)
T Dimension]ess time defined by equation 13 '

£ Dimensionless axial coordinate, defined by equation 11
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focus on the determination of the number of
active sites of the catalyst sample from the
zeroth moment of the exit flow of a reactant
gas for the irreversible adsorption case. An
approximate expression for the change in
the zeroth moment of the gas exit flow with
respect to the pulse number was obtained.

The approximate expression allows estima-

tion of the number of active sites from

multiple-pulse TAP-data. The validity of
the expression is investigated by comparing
with the computer simulation results.

Results obtained from computer calculations

are shown to be in good agreement with

analytical results in a wide domain of
parameters, i.e., the adsorption rate constant
and the catalyst numbers.
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fawiniuaudgneunis@amodnlulugfns ol
aNM 8 waRddnAndIulnAguiauaIan
~ = = = ° - =
WATY (m-1) ARANNNEITHAURTATUNRDY m
d a’ 1} £~ 1 1 ] -
lauifle m=o wsanulnaguiafAiNAL
¢ e e v o P
aud viaduuladu 8, (z) = o ann1Ti 9
waRIIWANTU NG (inlet flux) 83019 A
1 ¥ . .
AINITOUVURLY IRARTWANTY (delta function)
o - | [V
AT49OT £ = 0° aNN1TR 10 LaRsIIAHLTNE Y
1painaivieanuanl jnralidtaunin
Ly 1 ] - 3 ﬂl -
wazliadvinfugudls fesannising
ANHAUTIMINEANWMANBL19T (107 torr)
ann1Ti 5-10 atwrodaulugy
L% o A = Yy o mr A‘
Rl aldAuyruasnistmasiinaail

-

ANALNUIFHR (dimensionless axial

§ = ¢ (11)
b v I ey =y
ANNINTURN DL NG

CA
N /AL U2
pA’"b

coordinate) :

Ca

AN T LA R RADAN UMY
franignuafialad (normalize) lasauis
YRINAT
tDcA

natlFNR T = (13)

2
ebL

SAONSsUAS Un. 89

1 < e [T T
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