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MATHEMATICAL ANALYSISOF TAP MODELSFOR
UNIMODAL-AND BIMODAL-PORE-STRUCTURE
CATALYST PELLETS

INTRODUCTION

Information of chemical reaction kinetics is required for design and
optimization of chemica reactors. Two types of experiment including steady-state
and transient experiments have been applied for kinetic sudies. Mog industrial
catalysts are tested by dteady-state experiments providing kinetic parameters at
commercia operating conditions. The design of the reactor is accomplished using
parameters from this type of experiment. On the other hand, the transient experiment
is applied when detail mechanisms are required.

The temporal analysis of products or TAP is a transient experimental
technique for heterogeneous catalytic reaction studies. In a TAP pulse response
experiment, a narrow gas pulse is injected into an evacuated microreactor packed with
catalyst particles. At the reactor exit the gas molecules of each species are detected by
amass spectrometer providing a time-dependent response curve. The intensity of the
response is proportional to the gas exit flow rate. The size and shape of the transient
response curve contain information of gas transport and chemical kinetics. The
smplest reactor is the one-zone reactor which is uniformly packed with catalyst or
inert particles. Another type of reactor is the three-zone reactor which contains a
catalyst bed sandwiched between two inert beds. The advantage of the three-zone
reactor is that the temperature distribution in the catalyst bed is more uniform than the

one-zone reactor.

Usually, the size and shape of the experimental responses can be simply used
for primary interpretation. Fingerprints of the exit flow rate curve for non-porous
catalyst pellets for irreversible adsorption/reaction and reversible adsorption has been
reported by Gleaves et al. (1997). Quantitative interpretation of TAP transient
response data requires mathematical models that describe the processes in the TAP



reactor. Estimation of ether transport or kinetic parameters can be performed by
curve fitting (regression analysis) between experimental and model responses.
Another aternative is the use of moment analysis of the exit flow rate.

When the moment analysis is applied, analytical expressions of the moment of
the exit flow rate are required. Moment expressions of the exit flow rate for a one-
zone reactor packed with non-porous catalyst for simple processes, i.e., diffusion,
diffusion with irreversible adsorption/reaction or with reversible adsorption have been
determined (Gleaves et d., 1988, 1997; Huinink et a., 1996). For athree-zone reactor,
moment expressions of the exit flow rate, i.e, first moment for diffusion-only
(Phanawadee et. al., 1999), zeroth moment for diffusion with irreversible
adsorption/reaction (Phanawadee 1997), first and second moments for diffusion with
reversible adsorption/reaction (Constales et a., 2001) have been reported.

Those mentioned works are related to non-porous catalysts. In the case of
unimodal-pore-structure catalyst, the reported moment expressions of the exit flow
rate for a one-zone reactor includes the first, second, and third moment expressions
for diffusion-only (Colaris et d., 2002), and the zeroth (Monrudee 2002; Phanawadee
et a., 2005) and first moment expressions (Monrudee 2002) for diffusion with
irreversible adsorption/reaction. For a three-zone reactor, the reported moment
expression of the exit flow rate is the zeroth moment expressions for diffusion with
irreversible adsorption/reaction (Monrudee 2002; Phanawadee et al., 2005). Each of
the reported zeroth moment expression for diffuson with irreversible
adsorption/reaction for both one-zone and three-zone reactors includes the
effectiveness factor, h , typically defined in steady-state conditions. It was shown that
the rate constant in porous case decreases by a factor of h smilarly to steady-state

conditions. The quantity h is related to the unvaried gas concentration profile in

seady-state conditions, while the gas concentration in TAP transient experiments

changes with time. Accordingly it was suggested that h in the moment expressionsis
an average quantity of the whole pulse experiment. Applicibility of h in TAP

transient experiments is not obvious. It is expected that analysis of the surface



concentration profile due to irreversible adsorption process would provide more
information on the characteristic of TAP porous system.

Many catalytic systems involve bimodal-pore-structure catalyst. A biporous
system of Zeolite on slicazalumina support has been investigated using TAP
technique (Schuurman et a., 2005). Kinetic parameters were determined by
regresson analysis. Since moment analysis has also been used for parameter

estimation, it will be useful to develop moment expressions for bimodal porous case.

In this work, new moment expressions of the exit flow rate will be determined
for the unimodal and bimodal-pore-structure catalysts. The characteristics of the
distribution of surface concentration due to irreversible adsorption in the porous
catalyst pellet will be analyzed. In addition, the fingerprints of the exit flow rate
curves for irreversible adsorption/reaction and reversible adsorption for non-porous
cases will be investigated for their validity for porous cases.



OBJECTIVES

The objectives of thiswork include

1. Determination of new moment expressions of the exit flow rate for

unimodal and bimodal -pore-structure catalyst pellets.

2. Analysis of the characteristics of surface concentration distribution in the

porous catalyst pellet for irreversible adsorption.

3. Investigation of the exit-flow-rate-curve fingerprints for irreversible
adsorption/reaction and reversible adsorption in non-porous catalyst case to determine

their validity for porous catalyst case

Scope

The moment expressions will be determined for different cases as follows:

1. The one-zone reactor packed with unimodal-pore-structure catalyst pellets

for diffusion with reversible adsorption case.

2. The three-zone reactor packed with unimodal-pore-structure catalyst pellets
for diffusion, diffusion with irreversible adsorption/reaction and with reversible

adsorption.

3. The one-zone and three-zone reactors packed with bimodal-pore-structure
catalyst pellets for diffusion, diffusion with irreversible adsorption/reaction, and with

reversible adsorption cases.



The characteristics of surface concentration distribution in the porous catalyst

pellet for irreversible adsorption will be analyzed for two cases as follows:

1. The one-zone reactor packed with unimodal-pore-structure catalyst pellets.

2. The one-zone reactor packed with bimodal-pore-structure catalyst pellets.

Fingerprints of the exit flow rate curve for irreversible adsorption/reaction and
desorption are determined for two cases as follows:

1. The one-zone reactor packed with unimodal-pore-structure catalyst pellets.

2. The one-zone reactor packed with bimodal-pore-structure catalyst pellets.



LITERATURE REVIEW

In TAP pulse response experiments, the gas transport is governed by Knudsen
diffusion. In this regime, the diffusivity of the individual component of a gas mixture
is independent of pressure, concentration, or the composition of the gas mixture.
The effective Knudsen diffusivity of a gas in a packed bed can be determined by
(Huizenga and Smith 1986)

e, d | 8RT
e 1)
t¢3VpMW

where d is the average diameter of the interstitial voids between the pellets in the

reactor (m), e, is the void fraction in the bed, t ¢ is the tortuosity factor and MW is

the molecular weight.

For soherical pellets,

d 2

where d, isthe average pellet diameter (m).

The effective Knudsen diffusivity of a gas can be calculated from the effective
Knudsen diffusion coefficient of another gasin the same system using the correlation

el \/-ITl ez2 \/T_Z (3)

where D,, MW, and T are the effective Knudsen diffusivity, molecular weight, and

temperatures respectively, and subscripts 1 and 2 refer to gas 1 and gas 2 respectively.



M athematical models

Quantitative interpretation of TAP transient responses requires the
mathematical models that describe the chemical and transport phenomenain the TAP
reactors. These mathematical models are based on time-dependent differential mass
balances resulting in partia differential equations (PDEs). Most TAP models are
based on the following assumptions:

1. The catalyst bed and inert particle bed are uniformly packed.

2. The temperature distribution in the reactor isuniform.

3. There is no radia concentration gradient in the bed and one-dimensional

models are applied to describe the processes.

For smple models that are described by linear differential equations,
analytical moment expressions of the exit flow rate can be determined. When moment
expressions of the exit flow rate are known, the moment method can be performed.
The moment or moment-related quantity is calculated from the experimental response
and the corresponding expression is used for parameter estimation. The moment
expressions of the exit flow rate for determining the diffusivities of gas and reaction
rate constants has been applied by many researchers (Huinink 1995; Huinink et al.,
1996; Phanawadee 1997; Yablonskii et al., 1998; Colaris et al., 2002; Shekhtman
2003).

One-zone reactor packed with non-porous catalyst pellets

The mathematical models of one-zone and three-zone reactors packed with
non-porous catalyst pellets for simple cases, i.e., diffusion, diffusion with irreversible
adsorption/reaction and with reversible adsorption have been reported by
Gleaveset al. (1997).



- Diffuson case

In the Knudsen diffusion regime, the mass baance eguation for a non-

reacting gas in the reactor is given by

1S _p, TG
® ot D, 0z (4)

where C, is the gas concentration in the bed (mol/m®), D, is the effective Knudsen
diffusivity in the bed (m/s?), t isthetime (), z isthe axial coordinate (m), and e, is

the void fraction in the bed.
Initial and boundary conditions are as follows:

Initial condition:

O£z£L,t=0,C =0 (5)
Boundary conditions:
_ 1. _N -
z=0, -DbE—Tpd(t-O) (6)
z=L,C =0 (7)

where A is the cross-sectional area of the reactor (m?), L is the length of the reactor

(m), N, isthe number of moles of the gas in the inlet pulse (mol).

Eq. (5) specifies that there is no gas concentration at t =0. EQ. (6) specifies
that the flux at the reactor entrance is represented by the Dirac delta function. Eq. (7)



results from the fact that the outlet of the reactor is maintained at vacuum conditions,

and the gas concentration at the reactor exit is very close to zero.

A system of different equations is usually analyzed using a generalized or

dimensional form. Egs. (4) - (7) can be expressed in a dimensionless form as follows:

Initial condition:
O£x£1t =0, C =0 (9)
Boundary conditions:
X =0, .”—Cb =-1 (10)
fix
x=1C =0 (11)
C, isthe dimensionless gas concentration defined by
G = N, /CebbAL 12
X isthe dimensionless axial coordinate defined by
X :E (13)
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andt isthe dimensionlesstime defined by

D,

t =t’
e,

(14)

- Diffuson with irreversible adsorption/reaction case

If the adsorption or reaction rate is first order in gas concentration and in
surface concentration, the mass balance eguation for the reactant gas in the gas phase
and on catalyst surface can be described by

(@ °C
e, _‘th =D, —«nsz -1,(1- 6,)k,C, (1- q) (15)
Ta _
B Y P 1- 1
t .G, (1-q) (16)

where r _ is the concentration of active site (mol/m® of the catalyst pellet), k, is the
adsorption/reaction rate constant (m* of gas/mol ), and q is the fractional surface

coverage of the occupied sites.

Egs. (15) and (16) can be smplified by assuming that the pulse intensity is
very small compared to the number of active sites in the reactor and consequently the

term (1- q) is close to unity for fresh catalyst. Eqs. (15) and (16) can then be

written as

1C, _p 1°C,

TR ro(1-e)k

aCb (17)

b

M ke

1
ﬂt a b (8)
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The initial and boundary conditions for the mass balance equation in the
reactor, Eq. (17) are the same as those for diffuson case given by Egs. (5) - (7). The
initial condition for adsorbed reactant gas on the catalyst surface, Eq. (18), is given by

0£LEL t=0,q=0 (19)

The apparent adsorption/reaction rate constant, k¢ (1/s), is defined as

K=k ° r.(1-e) (20)
eb

The dimensionless apparent adsorption/reaction rate constant is defined as

2
G =kg & (2)
b
Egs. (17) - (19) can be written in adimensionless form respectively as
* 2 *
M=tk (22
9
ﬂit =KC; (23)
0£x£1,t=0,9q =0 (29)

where

q =a’q (25)
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and

"
a=z-— s (26)
N,/(1- e,) AL

The variable q” in Eqg. (23) is called pulse-intensity-normalized surface
concentration which is the product of the fractional surface coverage and the catalyst
number, a . The catayst number is the ratio of the number of moles of active sites

and the number of moles of reactant gasin the inlet pulse.
- Diffuson with reversible adsorption case

When reversible adsorption occurs, the mass balance equations for reactant

gasin the reactor and on the catalyst surface are described as follows:

1C 1°C
ﬂ_tszbﬂsz_ rs(kaCb_ kdq) (27)

b

O_vc.
it .Gy - k@ (28)

where k; is the desorption rate constant (s™).

Defining the dimensionless desorption rate constant as

. . el?
k; =k, E)—b (29)
Egs. (27) and (28) can be written in dimensionless form as
C, C, R
To-l2 (ke -ka) (30)

qt %2
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| i . s . s
ﬂit= K.C, - Kq (31)

The initial and boundary conditions for Egs. (30) and (31) are the same as

those for diffusion with irreversible adsorption/reaction case.
Three-zone reactor packed with non-porous catalyst pellets

- Diffusion, diffusion with irreversible adsorption/reaction, and with reversible

adsorption cases

Figure 1 represents a schematic of a three-zone reactor. Catalyst pellets are
packed in the middle zone of the reactor between two inert zones containing non-

porous inert particles.

Zone 1 Zone 2 Zone 3

Inert Particles | Catalyst Pellets| Inert Particles

Figurel A schematic of athree-zone reactor.

The mass balance equations for the catalyst zone are the same as those
describe the one-zone reactor. The mass balance equations for the two inert zones are
described by
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Zone 1:
oo p, T @)

Zone 3:
G _pp TG (33)

b,3 T ~ b3 v

The initial conditions and the inlet and outlet boundary conditions are the
same as those for the one-zone reactor given by Egs. (5) — (7). Additional boundary

conditions are required at the two boundaries between adjacent zones as follows:

227, G, =Gy, (34
222, G, =Gy (36)

where z is the axial coordinate at the boundary between zones 1 and 2, z, is the

axial coordinate at the boundary between zones 2 and 3. Egs. (34) and (36) show that
the concentrations a the zone boundaries are continuous. Egs. (35) and (37)
correspond to the fact that the inlet flux and outlet flux between two adjacent zones
areequal.



Egs. (32) — (37) can be written in the dimensionless form as

Zone 1.
1C. . TGy
rel - r.Dl 2
qt qIx
Zone 3.
1Cs . TCis
re3 ﬂt - rD3 T[XZ
Boundary conditions: X =%, G, =C,,,
X=X, -, G, _ TG,
ix ix
X =X, C,, =Coy
X =X, G, _ Ny 1G5
fix fix

r,,and r,, are defined by

oy =Dy, /Dy,

s = Dy3/ Dy,

15

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)
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r,and r_,are defined by
1 = €41 / €, (46)
les = eb,S/eb,Z (47)

One-zone reactor packed with unimodal-pore-structure catalyst pellets

The mathematical models for spherical porous catalyst pellets packed in a one-
zone reactor for diffusion and diffusion with irreversible adsorption/reaction have
been anadyzed by Phanawadee et d., (2005). For porous pellets, the gas transport

involves interparticle and intraparticle regions.
- Diffuson case

The mass balance equation for the non-reacting gas in the interparticle

region is described by

1c,

p
ﬂr r=R

16 _p TG 3.
&y =D, = R(1 e,)D

(49)

where C, and C, are the gas concentration in the interparticle and interparticle
regions (mol/m°) respectively , D, and D, are the effective Knudsen diffusivity of
the gas in the interparticle and intraparticle regions (m?/s) respectively, e, and e, are

the interparticle and intraparticle void fractions respectively, z isthe axia coordinate
of the reactor (m), R is the radius of the catalyst pellet (m), and r is the radia
coordinate of the catalyst pellet.
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The second term on the right hand side of Eq. (48) corresponds to the flow
of the gas into the spherical catalyst pellets. The initial and boundary conditions are
the same as those for non-porous catalysts given by Egs. (9) — (11).

The mass balance equation for non-reacting gas in the intraparticle region is described

by

1C, _ éf°’C, 21C,u
® Mt pg‘|1r—2+r g (49)
Theinitial and boundary conditions are described as follows:
Initial condition:
OLr£ER t=0,C,=0 (50)
Boundary conditions:
r=R, C,=C, (51)
r=0, ﬂﬂ—(ip =0 (52)

Eqg. (50) specifies that the initial gas concentration in the pores is zero.
Eqg. (51) specifies that at the outermost of the pellet the gas concentrations are
continuous. Eq. (52) follows the symmetric geometry. Egs. (50) - (52) can be

expressed in a dimensionless form using the following dimensionless parameters:



Dimensionless gas concentration in interparticle region:

- G
G N,/e,AL

Dimensionless gas concentration in intraparticle region:

Dimensionless axial coordinate:

i~

Dimensionless radial coordinate:

r
r=—
R

Ratio of interparticle to intraparticle void volumes:

b= (1- &)
eb

Ratio of the interparticle to the intraparticle transport characteristic times:

a ’0
g=lo- &0, o
t, @& R

®ED
O
Q- O

18

(53)

(54)

(55

(56)

(57)

(58)
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Written in dimensionless form, Egs. (50) - (52) become

Interparticle region:

Intraparticle region:
e ¢!
Initial condition:
Of£r £1,t =0,C, =0 (61)
Boundary conditions:
r =1, C,=bC, (62)
r =0, 1:]—?’ =0 (63)

- Diffuson with irreversible adsorption/reaction case

When assuming that the first-order reaction takes place in the catalyst pores,
the mass balance equation in the interparticle region is the same as that used to
describe for diffusion-only case (Eq. 59). The mass balance equations for reactant gas
in the intraparticle region and on catayst surface are given respectively in

dimensional and dimensionless forms as follows:
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Dimensional equation:

e 1-[(:p — éﬂch 2 1-[(:p l‘J

R rra RS (64)
111—?=kan (65)
Dimensionless equation:
1:Tit*:k;c:; (67)

where k_ isthe dimensionless apparent adsorption/reaction rate constant defined by

2 2
I = ke gL _rk.. el (68)
D, e, D,

and q” isthe pulse-intensity-normalized surface concentration defined by

* r
—a’g=—5% 7 69
a7 N, /(1- e,) AL q 9

The initial and boundary conditions for the reactant gas in the interparticle
and intraparticle regions are the same as those for diffusion-only case. The initial
condition for the reactant gas on the catalyst surfaceis given by
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Dimensional form:

0£RE£1t=0q=0 (70)

Dimensionless form:

O£r £1,t =0,q =0 (72)

Three-zone reactor packed with unimodal-pore-structure catalyst pellets

- Diffusion and diffusion with irreversible adsorption/reaction cases

The mathematical model for spherical porous catalyst pellets packed in
a three-zone reactor for diffusion and diffusion with irreversible adsorption/reaction
has been proposed by Monrudee (2002). The dimensionless mass balance equation in
the two inert zones, zones 1 and 3, is described by Egs. (38) and (39), respectively.
The mass balance equations that describe the catayst zone are the same as those used
to describe the one-zone reactor. The initial conditions and the inlet and outlet
boundary conditions are the same as those for the one-zone reactor given by
Egs (9) — (11). The boundary conditions at the two boundaries between adjacent
zones are given by Egs. (40) — (43).

Moment analysis

In TAP experiments, the observed data detected by a mass spectrometer is the
intensity which isafunction of time. The intensity is proportiona to the gas exit flow

rate. The exit flow rate, F (mol/s), can be determined by

=- A0, 1S (72)

ﬂZ z=L
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Usudly, the exit flow rate of the reactant gas is normalized by the number of
moles of the reactant gas in the inlet pulse providing the pulse-intensity-normalized
(PI-normalized) exit flow rate (Gleaves et al., 1997).

The j™ moment of the Pl-normalized exit flow rate is defined by
¥ F )
m =0 *t! dt (73)
o'Vp

The zeroth moment is equal to the ratio of the number of moles of the reactant gas
leaving the reactor to the number of moles of the reactant gas in the inlet pulse. The
ratio of the first and the zeroth moments is the mean residence time of the gas exiting

the reactor.

For diffuson and diffuson with reversible adsorption cases, the zeroth
moment of the Pl-normalized exit flow rate is equa to unity due to the conservation
of mass. The zeroth moment of the Pl-normalized exit flow rate for diffusion with
irreversible adsorption/reaction is related to the conversion of the reactant gas as

follows
m,=1- X (74)

where X isthe gas conversion. Practically, the conversion is determined by the use

of aninternal standard (inert gas).

The analytical expressions for the jth moment of the Pl-normalized exit flow
rate can be determined by the method described in the literature (Andersen and White
1971; Constales et al., 2001). The set of mass balance equations are transformed into
Laplace domain. The moment expressions can then be determined from the Laplace-

domain solution for the Pl-normalized exit flow rate usng
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) i T EF(9)O
mj —(- 1)J |S|®n3@ N—pé (75)

Egs. (72), (73) and (75) can be written in the dimensionless form as follows:

1C,
=-— 76
x| (76)
¥ .
m = ¢t ldt (77)
0
. TF (s
mj =(-1)’ lim ﬂsj( ) (78)

The relationship between the jth moment expression of the Pl-normalized exit flow
rate and that of the dimensionless exit flow rate can be described as

.
._@D, 6

2+ M
e L g (79

j

Moment expressons

The reported moment expressions of the exit flow rate in the literature are
listed in Table 1.
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Table 1 The reported moment expressions of the exit flow rate for different TAP-

reactor configurationsin the literature.

Configurations Non-porous Unimodal-pore-structure
Processes One-zone Three-zone One-zone Three-zone
reactor reactor reactor reactor
m,, m m,, m m, m,m,
Diffusion (Gleaves (Phanawadee m, (Colaris -
etd., 1997) etal., 1999) et al., 2002)
oo m,
e . . s . m,, m
Diffusion with m,, m m, (Monrudee
. . (Monrudee 2002;
irreversible (Gleaves (Phanawadee 2002;
. . Phanawadee
adsorption/reaction | ¢ 4. 1997) etal., 1997) Phanawadee
et. d., 2005)
et. d., 2005)
Diffusion with T M o M
reversible adsorption (Gleaves (Constales
et a., 1997) et al., 2001)

The moment expressions listed in table 1 are shown for different cases as follows:

Non-porous case

- One-zone reactor, diffusion :

(80)

(81)




- One-zone reactor, diffusion with irreversible adsorption/reaction :

-1 4
coshy

_1lsech.y tanhfy
"

The parameter y is the dimensionless kinetic parameter defined by

k.ro(1- &) L2,
Db

y:

It is noted that for aone-zonereactor, L, = L.
- One-zone reactor, diffusion with reversible adsorption :
m, =1

1l kg:o

m==cl+2
29 ks g

- Three-zone reactor, diffusion :
m, =1

5 €1 él U Zel u
7.l +Z +zrel Z,+Z

8 3'e3 H 8 elH 8 elH

25

(82)

(83)

(84)

(85)

(86)

(87)

(88)

z istheratio of the length of i zone to the reactor length, and subscripts 1, 2 and 3

refer to the first, second and third zones respectively.
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- Three-zone reactor, diffusion with irreversible adsorption/reaction :

m, = - X (89)
cosh\/g+ &snh&
- Three-zone reactor, diffusion with reversible adsorption :
m, =1 (90)
z, €1 u € K 6 u z é1 )
—2 &zl 42, Ql+ ++Z I’lu+Z é_zz‘iﬁ‘-'-_?++ere1l:|+_lg_zlrell:I
'bs éz d @ a é2 e d @ 0 oz 82 H
(91)
éZ z é 2,2 - ol l:J
e =2 el+222rel§|' ] u
6l @ e d m u
e é k; d]u
é Z,Z, U
é ézl el+22 1Z3leles +4z Z> Eﬁ-"’ m —ZUO
=< I';y e k 20,
é 3€ ¥
é é « .2 - uu
= € *® s) U >
? iezzéel-i- T++22223r3391+k3+ gg
. l§+2223e e "' e kdﬂ [}94_2 +\2
m=-,e-—e < gutsm
e D Ju
a e+4z zzrela_?H _+ dzz - =200
= K k,”H -
é e e d & uy
é z * .. * A l]
= e 0 k U s
2 7
Sz, &z 2el§ I k*azlAJ o
¢ é g "d U u
¢ R u
e z2¢€ k ou 1]
6t & Zslales 22505 Ql"' —=0 a
é D3 e d A O

(92)



Unimodal porous case

- One-zone reactor, diffusion :
m, =1

=5l +1]

m, = l(-,\§[b+1] 2 Mw
2@6

e 9
. 1661 elu é1uu
%—E%[bﬂ] +2 b[b+1] 05bgguu

- One-zone reactor, diffusion with irreversible adsorption/reaction :

_;: -
mb_coshﬂ

@

secth_tanhVFes c 1

2 «&h e2 ¢
\/7tanh\/7 smhz\/g

The parameter h isthe effectiveness factor defined as follows

3 e 1 1 o
3M, §tanhaM,  3M; 5

fao Y e C'\AC\ o\
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(93)

(94)

(95)

(96)

(97)

(98)

(99)
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The parameter M. is the Thiele modulus defined by

F
M, =19 =R ks (100)
3 34D,

- Three-zone reactor, diffusion with irreversible adsorption/reaction :

1

n‘l;: =1
cosh b+ 25 fyhsih

rDSZ 2

- X (101)

The parameter y in the moment expressions for diffusion with irreversible

adsorption/reaction for non-porous and unimodal porous cases is the dimensionless
kinetic parameter. The difference of the two cases is that the active sites are on the
external surface of the catalyst pellets for the non-porous case. The parameter h isthe
typical effectiveness factor defined similarly to that in steady-state conditions. Due to

the change of concentration with time during the TAP experiments, h changes with
time and position. Hence h is equivalent to the average of h over the whole pulse

(Phanawadee, 2005).

To interpret by moment analysis, the number of required moment expressions
for estimating transport and kinetic parameters is equa to the number of unknown
parameters. The effective Knudsen diffusivities of a reactant gas can be calculated
from the effective Knudsen diffusivity of an inert gas in the same system by using Eq.
(3). The inert gas diffusivity is determined using moment expressions for diffusion-

only case.
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Solutions of the exit flow rate for smple casesand fingerprintsof the exit flow

ratefor irreversible adsorption/reaction and rever sible adsorption

The size and shape of the exit flow rate curve depends on the gas transport and
kinetics. Gleaves et. a. (1997) have been reported fingerprints of the exit flow rate
curve from one-zone and three-zone reactors packed with non-porous catalyst pellets
for diffusion with irreversible adsorption/reaction, and with reversible adsorption.

One-zone reactor, diffusion

The analytical solution of the dimensionless exit flow rate for the one-zone

reactor packed with non-porous pellets for diffusion-only case is described by

F.=pa (-D"(2n+1Dexp(- (n+05)°p1 ) (102)

n=0

The curve described by Eq. (102) is called standard diffusion curve and is

shown in Figure 2. The time at the maximum, t __ , is equal to 0.17 and the maximum

dimensionless exit flow is equa to 1.85. The mean residence time, t ., determined
by the dividing the first moment by zeroth moment, is equal to 0.5.
2.4
.. @lf
4
2.4
- _LNS
14 - I'I
I' T, 05
- .
|
oA - l
I
|
I .
I
2a - Tt — —
a.n 05 1.0 1.6 20 Zh 3.0
T

Figure2 Standard diffusion curve showing key time characteristics.
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One-zone reactor, diffusion with irreversible adsorption/reaction

For diffusion with irreversible adsorption/reaction the solution of the exit flow

rate is described by

F =p exp(- Kt )& (- 1" (2n+Dexp(- (n+05)2pt ) (103)

n=0
For diffusion-only case, k. in Eqg. (103) is equal to zero. Figure 3 shows the
exit flow rate curves for diffusion and diffusion with irreversible adsorption/reaction

cases.

34 -

16- 1
T R
08

a4 | L )

ao ¢ T T . Tt — — .
. 15 2.0 25 30
T

Figure 3 Dimensionless exit flow rate curves calculated for the one-zone reactor
packed with non-porous catalyst pellets for diffusion with irreversible

adsorption/reaction case: A) k, =0; B) k, =3; C) k; = 10.

As shown in Figure 3, the fingerprint for irreversible adsorption/reaction is
inside-flow. The curve of the exit flow rate for irreversible adsorption/reaction is

aways smaller than, and does not cross the curve for diffusion-only case.
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One-zone reactor, diffusion with reversible adsorption

The analytical solution of the exit flow rate for the one-zone reactor packed

with non-porous pellets for diffusion with reversible adsorption is described by

¥
Fo=pa (- D" (2n+1) A exp(rt ) +(1- A )exp(rt)g (104)
n=0
where
Rz +K) £y (P2 +K +K ) - 4pIK;
’ - n a n a (105)
- 2
P, =(n+0.5)p (106)
(r.+p2+K)
A =) (107)
ro-r
24
2.0
16- 1 I"-, A
|
Fi12- |
[
a8 - | : . N
04 - { _ _ o
I'—' % "-.-._—.—___________— -
aa ! . - — P = = — —— =
a.0 0.5 1.0 15 20 25 3.0 35 4.0 4 5 a0

Figure 4 Dimensionless exit flow rate curves calculated for the one-zone reactor
packed with non-porous catalyst pellets for diffusion with reversible

adsorption case: (A) k. =0; (B) k, =20, k; =20; (C) k, =20, k, =5.
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Figure 4 shows the comparison between the dimensionless exit flow rate
curves calculated from the one-zone reactor packed with non-porous catalyst pellets
for diffusion and diffusion with irreversible adsorption/reaction cases. The flow curve
for diffusion with reversible adsorption will cross the flow curve for diffusion case.
The point at which the curves intersect depends on the dimensionless adsorption and
desorption rate constants. This behavior results from the delay of the molecular
transport throughout the reactor caused by the reversible interaction of gas with
catalyst. The flow curve is characterized by two peaks (two-hump curve) when the
adsorption rate constant is large and the desorption rate congtant is small. The first of
the two peaks resembles an irreversible adsorption curve. This peak is governed by
the interaction between diffusion and adsorption, and is called the ‘adsorption peak’.
The second peak is caused by slow desorption, and is called the * desorption peak’ .

Three-zone reactor, diffusion with irreversible adsorption/reaction, and with
reversible adsorption

For a three-zone reactor, the analytical solutions of the exit flow rate for
diffusion, diffuson with irreversible adsorption/reaction, and with reversible
adsorption have not been reported. The exit flow rate curves for these cases can be
obtained by solving the three-zone models numerically. The fingerprints for diffusion
with irreversible adsorption/reaction and reversible adsorption for the three-zone

reactor are similar to those for the one-zone reactor.



CALCULATION METHODS

Determination of the moment expressions involves formulation of partial
differential equations (PDEs) describing the processes in TAP reactor. The PDEs

were transformed into a dimensionless form.

The equations were then transformed into Laplace domain. The analytical
solutions of the exit flow rate were determined. The moment expressions were

determined from the solution of the exit flow rate using Eq. (78).

To andyze the characteristic of the distribution of q for irreversible
adsorption, the solution of g in Laplace domain was determined. The solution of g at

the end of the experiment in time domain was obtained by using the final value
theorem.

To investigate the fingerprints of the exit flow rate curves, the dimensionless
exit flow rate curves were calculated from the obtained solutions of the dimensionless
exit flow rate. Using the inverse discrete Fourier transform via the fast Fourier

agorithm, the numerical solutions of the exit flow rate in time domain were obtained.



M athematical models

The assumptions in the mathematical models include 1) the catalyst and inert
particle bed are uniformly packed, 2) there is no radial concentration gradient in the
bed, and 3) the temperature distribution in the reactor is uniform. Differential

equations involved in this work are reported as follows:
One-zone reactor packed with unimodal-pore-structure catalyst pellets
- Diffusion with reversible adsorption case
The set of partial differential equations for diffusion with reversible
adsorption case is similar to that for diffuson with irreversible adsorption/reaction
except that the mass balance equation in the intraparticle region involves reversible
adsorption. The dimensionless mass balance equations in the intraparticle region and

on the catalyst surface for diffusion with reversible adsorption case are described by

Intraparticle region:

C,  &1°C, 29C.U . . ..
g+ 2P0 KT +K 108
ﬂt ggﬂrz r ﬂr E a~—’p dq ( )
1‘[ . * * * *
ﬂit:kacp- K.q (109)

where K; isthe dimensionless desorption rate constant defined by Eq. (29).
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Three-zone reactor packed with unimodal-pore-structure catalyst pellets

- Diffusion, diffusion with irreversible adsorption/reaction, and diffusion with

reversible adsorption cases

The dimensionless mass balance equations in the two inert zones,
(zones 1 and 3) are described by Egs. (38) and (39), respectively. The mass balance
equations that describe the catalyst zone are the same as those used to describe the
one-zone reactor. The initial conditions and the inlet and outlet boundary conditions
are the same as those for the one-zone reactor given by Egs. (9) — (11). The boundary
conditions at the two boundaries between adjacent zones are given by
Egs. (40) — (43).

One-zone reactor packed with bimodal-pore-structure cata yst pellets

The catalyst pellet with bimodal-pore-structure involves macropore and
mesopore regions (see Figure 5). Each region isin a spherical space. This corresponds
to the case in which spherical particles with mesopores are compressed into spherical
pellets. The void between the compressed particles is referred as the macropore region.
The gas transport in the catalyst bed therefore takes place in three regions including
interparticle, macropore, and mesopore regions. This study does not include the case
involving micropore domain in order to focus only the case in which Knudsen

diffusion is applied.
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. macropore I'Egiﬁl'l
mesopore region

mesoporous particle catalyst pellet
Figure5 A schematic of bimodal-pore-structure catalyst pellet

- Diffusion case

The mass balance equations for non-reacting gas can be written in different

regions as follows:

Interparticle region:

2
e, 1o =p, 1% 3.e,)p, 1% (110
ﬂt ﬂZ Rc ﬂrC =R
Macropore region:
é1? u
e e =D g vt 2 (1 e)D, " a1
It gm? r. g R, Mo |, =+,
Mesopore region:
C éf°C 2 qC_u
e, 2 =D, ge+ 2 ey (112
Tt ey 1 T g
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where C,, C, and C_ are the gas concentrations in the interparticle, macropore and
mesopore regions respectively, z isthe axial coordinate of the reactor, r, is the radial
coordinate of the catalyst pellet, R, is the radius of the catalyst pellet, r,, is the radial
coordinate of the mesoporous particle, R, is the radius of the mesoporous particle, t
is the time, ande,,e., ande,, are the interparticle, macropore and mesopore void

fractions respectively.

The second term on the right-hand side of Eqgs. (111) and (112) corresponds

to the flow of the gas into the pellets and mesoporous particles.

The initial and boundary conditions are described as follows:

Initial conditions:

O£z£L,t=0,C =0 (113)
Ofr,£R,t=0,C,=0 (114)
Of£r £R,t=0,C =0 (115)
Boundary conditions:
Interparticle region:
x=0, - Db'”ﬂ—c;b:ol(t-o*)'\'—Ap (116)

x=L, C,=0 (117)
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Macropore region:

rr=R, C.=C, (118)
r.=0, e, =0 (119)
fir,
Mesopore region:
=R C,=C; (120)
r.=0, 1€y =0 (121)
.,

Egs. (116) and (117) are the same as those for non-porous case. Egs. (118) —
(121) follow the conditions assumed for spherical catalyst pellets with bimodal-pore-
sructure (Jayaraman 1993). Egs. (116) — (121) can be expressed in the dimensionless

form using the following dimensionless parameters:

Dimensionless gas concentration in interparticle:

. G
Q_MMﬁL (122)

Dimensionless gas concentration in macropore:

L (123)
N, /e (1- e,)AL
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Dimensionless gas concentration in mesopore:

* C

m

C,= (124)
N,/e,(l-e)1-e,)AL

Dimensionless axial coordinate of the reactor:

Z
x=Z 125
L (125)

Dimensionless radial coordinate of the catalyst pellet:

re=

e 126
R (126)

Dimensionless radial coordinate of the compressed particle with mesopores:

(127)

3
P

Dimensionless time:

O

b

128
e, (128)

t =t

Ratio of the interparticle to the macropore transport characteristic times:

—
o
DO
UCTﬁ
oS
Q-0

L
I
|
I

(129)

&
R,

o

DO
)
S Y]

o



Ratio of the macropore to the mesopore transport characteristic times:

a ’0
G D
g, = b=C 00 (130)
t, & R0
g Dm %]
Ratio of macropore to interparticle void volumes:
e.(1- e
bc =<\ 0/ ( b) (131)
eb
Ratio of mesopore to macropore void volumes:
e,(l-e
bm =T\ ¢/ ( c) (132)
e

C

The definitions of dimensionless parameters and variables in the
interparticle and macropore regions have been defined smilarly to those for the

unimodal porous case (Phanawadee et d., 2005). Written in the dimensionless form,
Egs. (110) — (121) are given by

Interparticle region:

1C. _1°C, ﬂc;|
= - 133
e | -
Macropore region:
|[@ é1°C. 2 qC.u qC.
C=g, 6 t——0- L 134
ﬂt gpgﬂrcz r.cﬂrcH 3gcﬂrc ( )




Mesopore region:

C. _ _ é1°C. . 2 fC.u
=0.é 2 t— U
fit é fir m M fir mQ

Initial conditions:

0£x£1,t=0,C =0

0£r_£1,t=0,C =0

0£r_ £1,t =0,C, =0

Boundary conditions:

Interparticle region:

o
fix
x =1 C =0
Macropore region:
r.=1 C =b.C,
r.=0, fc. =0

41

(135)

(136)

(137)

(138)

(139)

(140)

(141)

(142)
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Mesopore region:

r.=1C,=b,C, (143)
rm=Q1mm:O (144)
.

- Diffusion with irreversible adsorption/reaction case

The mathematical model for diffusion with irreversible adsorption/reaction
is similar to that of diffusion case except that the mass balance equations for the
reactant gas in the macropore region and on the catalyst surface involve the

irreversible adsorption term and are described by

Zq12 N
€n ﬂcm = gﬂ sz +£ ﬂcm 3- r skacm (145)
Tt "EW o, W,
fla _
—=k,C 146
it K:Crn (146)

Egs. (145) and (146) can be written in a dimensionless form as

* 7 2 * * ~
TCn g, a0 m 2 TCnlt g (147)
fit alrn r.Tr.d
W -k, (148)
qt

where Kk isthe dimensionless apparent adsorption/reaction rate constant defined by

gL’ _rk,. gl

K =k¢
D, e D,

(149)

m



and q" isthe pulse-intensity-normalized surface concentration defined by

_ r ,
TN, /(1-e)1- e,)AL

q =a’q q (150)

The parameters k¢ and a in Egs. (149) and (150) are the apparent

adsorption/reaction rate constant and the catalyst number, respectively. The initial and
boundary conditions for Eq. (147) are the same as those presented for diffusion. The

initial condition in the mesopore region is given in dimensional form as
Ofr £R ,t=0,9=0 (151)
and in dimensionless form as
Ofr_£1t=0,q =0 (152)
- Diffusion with reversible adsorption case
The mathematical model for diffusion with reversible adsorption case is
smilar to that for diffusion with irreversible adsorption/reaction except that the mass

balance equation in the mesopore region involves reversible adsorption. The mass

balance equations in the mesopore region and on the catal yst surface are described by

1C é1°c, . 2 1C,u
e —M=D g7 my — me-r (kC_ - 15
i mg'ﬂrnf - ﬂrmH S( o dq) (159

ﬂ_q: -
1 K.Cpn - ki (154)



Egs. (153) and (154) can be written in a dimensionless form as

qcC, é1°C. 2 MC U ;. s
m A—2n+ — M- (KC - 155
ﬂt gmgﬂri fmﬂfmg (ka m kdq) ( )

Con- ka’ (156)

where K] is the dimensionless desorption rate constant defined by Eq. (29).

Three-zone reactor packed with bimodal-pore-structure catal yst pellets

- Diffusion, diffusion with irreversible adsorption/reaction, and diffusion with

reversible adsorption cases

The dimensionless mass balance equations in the two inert zones, zones 1
and 3, are described by Egs. (38) and (39), respectively. The mass baance equations
that describe the catalyst zone are the same as those used to describe the one-zone
reactor. The initial conditions and the inlet and outlet boundary conditions are the
same as those for the one-zone reactor given by Egs. (9) — (11). The boundary

conditions at the two boundaries between adjacent zones are given by Egs. (40) — (43).



RESULTSAND DISCUSSION

Results will be reported in 3 sections. Section 1 shows the moment expressions
of the dimensonless exit flow rate determined for different TAP-reactor
configurations. Application of these moment expressions for estimating transport and
kinetic parameters will also be discussed. The characteristics of the distribution of
surface coverage for irreversible adsorption case will be described in section 2.
In section 3, fingerprints of the exit flow rate for irreversible adsorption/reaction and
desorption for the one-zone reactor packed with unimodal and bimodal-pore-structure
catalyst pellets will be reported.

1. Moment expressons

The moment expressions of the dimensionless exit flow rate determined for
different TAP-reactor configurations are listed in table 2. Derivation of these moment

expressions is provided in Appendices.

Table 2 Itemized moment expressions of the dimensionless exit flow rate determined

for different cases and appendixes in which the derivation for the

expressions are shown.
Configurations Unimodal-pore-structure Bimodal- pore-structure
One-zone Three-zone One-zone Three-zone
Processes reactor reactor reactor reactor
e m,, m, m m,,m,m,,m - m,,m,m
Diffusion -

(Appendix B) (Appendix E) (Appendix H)

Diffusion with

m m, m m, m
(Appendix C) (Appendix F) (Appendix 1)

irreversible -
adsorption/reaction

Diffusion with . e . e . .
m, m, m m, m, m m, m, m m, m, m
(Appendix A) | (Appendix D) (Appendix G) (Appendix J)

reversible

adsorption
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The expressions listed in table 2 are reported as follows:

1.1 Unimodal porous case

1.1.1 One-zone reactor, diffusion with reversible adsorption :

m, =1 (157)
., 1€ & Ko .u
m =3 ebcl+ k? ++1 (158)
é e g 0
¢ e KO o
1656 @ Ko U 2b e k;ag
._1le o & aa
mﬁ—géb(a_;-eH =++1 +—§e 2 115 =l (159)
265 &6 kg o 14Z 9 Ks™ dd
é 8 AU
& U

1.1.2 Three-zone reactor, diffusion :
m, =1 (160)

el .
&2° "y
(161)

*_Z

é— e tZ,[b+]+2z, relH+z €1, o[b+1+zr, é r—l



éz.2, u
5 8z1 F+2z,2,0,[b+1 a
g u
e ~ u
é gl +222 re1re3+42122re1[b +1]H L,.I
é D1D L'J
é 2 U
& gzz[b +1]"+2z,7 1, [b +1] 30
n‘E:-Z§+ r2 3@ ?8 elU@@@"'z
e Ipz gtdzz, el[b +1] +AZ.Z f Ty - 8_5 &-gaud
? e e]- egUuul)
e , u
e ,¢€ €4 élull u
6725 &2 N [b +1]- e_be (g v
€ 22, : g
§+_2g23re1re3+z ZSrGS[b +1]H u
e os ¢
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(162)

1.1.3 Three-zone reactor, diffusion with irreversible adsorption/reaction :

Z,

?
b3 §2
m gl
Z

i
T—
i
T
t+z
T
|
| +
% Ioalps

z AC+z

usmh\ﬁ/i z, 61,

lelH \/r

The quantity A¢in Eq. (163) is defined by

N

A¢_.l
;2

1

|

ﬁ@

e
¢

¢

¢

1

tanh \/E
g g

Dl 82

;ngZrel\/rgnh\/ru

- c'schz\/E
g

i
&S] tanh\/r 21, uCOSh\ﬁjih:l:

363+ z A%l

elHCOSh \lry

|- O:

+

Q

.
popiats Tt

i
i
i
p

(163)

(164)



e}

NG

1.1.4 Three-zone reactor, diffusion with reversible adsorption :

m, =1
A ; .
1z.€1 e & o u
.|.—9523I’63+Zzeb91+ ++1l:|+z
. -[ D3 @ e e g u
m =i ; >
i g é x k; 0 lil
122852, bt s A2, O
z, é é k 6 ou
e 2 422 2,1, 6 Gl 10
el @ é e g g
é ]
é zz, ¢ ¢ & ky O
2N N AR TR i
é r‘DerE‘;é e e kd
é , 2
< g ¢ . ) s
e A 2? ka 0 l'J ?
J S SN .
é ? e e kd 9 e
€ é
é A 5 "9 U
2 2,2,8 & %, ko U
& é+42122releb(;;1+ * ++19+42123relre3
g o3 & ée e 2 u
e g€ e k§ w
é a ¢ égi+ e L w
& S 68 & kg k, 0d
g & 2—b, +15—5 00
e e 915 °¢ g ke* o
e é ? e ¢ w
~ < e A U
g ef 8 b
€ ¢ b Ko U u
g iilzzrelébgi"‘ % =+ u
e é é e g 0 u
¢ ¢ y
6,66 x K u
gzig e  edlr ol o
¢ e84, & kg by K Uy
e &g e + ol
¢ ee e % g
¢ g& & H
é
é ,26 é oy
¢z .0
?+_23i&123re1re3+z Z3le ebgi -=+lad
g M:g e e 2

ey ey eny enly en Y ey ey end

o.oooooooooooooaoooooooooc

(165)

(166)

(167)
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1.2 Bimoda porous case

1.2.1 One-zone reactor, diffusion :

m, =1 (168)
m :%gbc(bm+1)+1g (169)
. 185, 2 2 &b, +1)7° p W
mz=E(;)§@bc(bm+1)+1E|2+1—5bC :( u ) +—2 00 (170)
8 8 %  Onif
é é b +1 2 l:ll:l
L. (b, +1)+1g'+ b, b +1]e2e 2 Dl
. 1660 3 g % Ong
ms-E? , 5 . u
e 4 &b, +1)° b, 21 u U (17
gt—>b_é +—t+—Db a 1
c 2 2 mgcgm,
8 105 " g 9., 15 A

1.2.2 One-zone reactor, diffusion with irreversible adsorption/reaction :

! =1- X

m=————
COSh h overall (172)
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s

?S@Ch hoverall tanh hovera]l L:'I
é a
é \/g hovera]l L,.I
é | U
gc Oy
~ 6 (; =y
S 83, ¢ 1 1 4y
16 8% Kb h Kbh Kbh U
m==é¢ é\/a me tanh\/a me sinhz\/a me.
2¢ ¢ c c 9 g
& ¢ . g
ece =@ o u Ug
A 6 é C + 0 a
é % T (
e o gﬁb ¢ 1 1 “+1%41 Uy
g e&me K T U Ug
e c¢ é “2tanh, [= sinh? |21 U Uy
é 8 g gm gm gm 7] H Hg
(173)

The parameter y is the dimensionless kinetic parameter for bimoda porous case

defined by

k.l o(1- &) (1- &) L2
Db

y = (174)

It is noted that for aone-zonereactor, L, =L.

The quantity h is the overall effectiveness factor which is the product of

overall

macropore and mesopore effectiveness factors.

=h_"h (175)

overall ma me
Macropore and mesopore effectiveness factors are calculated using

Macropore effectiveness factor:

3 & 1 1 O
M, . Etanham, . 3M,
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M esopore effectiveness factor:

3 ® 1 1 6
h,, = i - (177)
M, Etanham, . 3M, 5

The quantity M., isthe macropore Thiele modulus defined by

/ : /k 1- e )h
MT'm ::_]; kabrrh :& ar s( ec) me (178)
g 3 D,

The quantity M. isthe mesopore Thiele modulus defined by

MT,m—:‘:l ﬁ:& & (179)
3\g, 3\ D,

The definition of the effectiveness factors and Thiele moduli described by
Egs. (175) — (179), are the same as those in steady-state models (Jayaraman, 1993).

1.2.3 One-zone reactor, diffusion with reversible adsorption :

., 1€ ® ® Ko 0 U
m :%ébc bm91+k—3++1i+1u (181)
5 =



3

1
N =
: D> D q:i) D D D
[e20 K9]

e}
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6 o . au
A o o (U
, ggf)mé?_+£;++l+ bmgi+::’j‘c-) b K ol
7 N e\ uu
@bc(bm+1)+1l¢3]2+f3bcée e g o, € ™M@, 155 2
5 g. O On Ky uu
& Qu
& ud
(182)
1.2.4 Three-zone reactor, diffusion :
m =1 (183)
L e e
i =] o0 2 . g
I 61 u z, él U
%+Z S_Zzg:) (b +1)+1H+Z elH _S_Z relHi)
u
szl 2 +22,7,1, &, (b, +1)+1HH G
e D1 u
e ZZ gl -'-ZZZSrelreS-'-4Z ZZrelé)C(bm+1)+1BH 3
é rD1rD3 u
¢ ) U
S &2 b, +1)+1§ +2z,z.r b_+1)+15u
1§ , Z ? @b ( ) ]-H 3e3@b ( ) ]-H 2
Zg+ : g+ 7.2, 60, (b +1)+1H+4Z Zalolas 33+2(ml)
é D3 é é 'L,.I
A e uu u y
¥ I% USSR i
¢ 8 15 g 9 I UH HL'J
e N
S @ b, +1 oty
§22 @20, . (b, 1) +1i- S, ‘?u+b_”””3
e g go g O I el
e j
2 2 a2 2 (0, 1) Vi ;
D3

(185)
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1.2.5 Three-zone reactor, diffusion with irreversible adsorption/reaction :

m, = =1- X

COSh overall \/@ overall th \/g overall

i, é h&/h o) u

Iﬁélzsregﬁ 1z B(t§1+—an oedl <471, Ucosh\y hypo 1

: 'os S Vg hoverall 9 H

rq* ::'+Z él US nh Vg overall _19 l;l h
| 8 l elH m r 8 elH overaJI
I
272, .
: g 2 el\/yhoverall Slnh\/S/hoveraJI u
T Dl
The quantity B¢ in Eq. (187) isdefined by

1é ol
ié g Ui
Té3, ¢ i
T e_ o —uI
e éJmtathm thsz
.t i
i € 6 U Y
i é g Y :
i a3 c 1 1 _+1l:|+1 i
i &P ne T =+ :
i € é — tanh [ s&nh? |21 U i
1 8 O O O g H b

1.2.6 Three-zone reactor, diffusion with reversible adsorption :

m, =1
1, é é o 5 6 U u u
iZe8l7r +2,60, b, A+ 9 r1e ez G
m;_trmgz s €€ Ko 58 g f
=1 ) . y
i &1 é @ ) u 5 ol
.|.+ZZ éZZébc bm§+ka_+l +1U+Z U ig} 1e1u|
{688 Ko poa g w8 fy

(186)

(189)

(190)



eZ(; ¢ € ® & 6 0O ol U
7.2, € & )

& 7 26212[‘e21+22122relebC me]_ a . +1-+100 G

el g e e Kg g v

g u

e 22,8 ., @ 5 ko b

et & +2zz,rr.+4z2.2,r, 80, +__+1 +1uu N

(:a fouos & @ g e kd g g gH u

& é ¢ R o

? A Ze & k (0] u ,l,J

¢ ?ZZ é)c bm +_f++1++1l] l,Jl,J

é é a

¢ 3 ¢ @ "6 0 U a

é @"'Zzzzsres é)c gbmﬁ'F kf —+1:+1l,J l,J['J

é é 2] e Xg g @ g

1é é P o ; a
. _l@g Z,2;5¢€ c & fo) i N
m =, & 5% 2, 0, gbmg‘L Ot de 2, 4, o(m)

g 22 é e e g o 0 i

e & é A .2 N

& e * A *  ws u

: e o7 0, 0 K 6 Ut 7

g e € ‘?gbmgiw“ ka —+1- bmgi+ a ” - H

é é_?gb ?e e kdﬂ 9 + e dﬂ+15bm kal,J 0

c & %15 ¢ 2 uuss

5 g e e 9 Y On Ky~ gota

¢ g8 & i

e g e é i

g 4 _a

e ¢ e & k. o u VY

é €&.Z )1y &b, gbmg +——+1i+11] 0

e ¢ e e g g 0 0

e é | ) G

&2:88 & .0, 6 wa g

&2, 6 & ggbmgi+k§++1_ bmgi+k?_ 0

e e¢€4 & ¢é kg g, & kg b, kU g

é é ~ ? c m m l,Jl,J['J l'j

e éet¢t ¢ Qg G

& ee e oy

é 2 é é N N G

8, Z3 % e & ka au y

3 TR Y ¥ N LS B

g 'p3@ e e g g W u

(191)

It is noted that for diffusion expressions, making b =0 in the moment
expressions for unimodal porous case, the corresponding expressions for the non-

porous case can be obtained. Making b, =0 and b, =0 in the moment expressions

for bimoda porous case, the corresponding expressons for the non-porous and

unimodal porous cases can be obtained, respectively.



55

To estimate transport and kinetic parameters, the moment expressions of the
dimensionless exit flow rate are transformed into the moment expressions of the
Pl-normalized exit flow rate usng Eq. (79). The moment expressions of the

Pl-normalized exit flow rate are as follows:

1.3 Unimodal porous case

1.3.1 One-zone reactor, diffusion with reversible adsorption :

m, =1 (192)
é 5 U
rnl=1tbéb§[+§3+1u (193)
278 é& kg g
ér 6 o : ud
mzzlt é§eb@l+ﬁ:9+1ut +£bg§i+§9t +15k*9:t ,au  (194)
2865 & k 15 Kk k2
e e No 0 g %o d HU

1.3.2 Three-zone reactor, diffusion :

m, =1 (195)
ii%ge3+Lzez[b +1]+L1elg :J

m :_}_ 2 {, (196)
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(197)

1.3.3 Three-zone reactor, diffusion with irreversible adsorption/reaction :
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1.3.4 Three-zone reactor, diffusion with reversible adsorption :
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1.4 Bimodal porous case

1.4.1 One-zone reactor, diffusion :

m, =1 (203)
nll:%tbébc(bm-i-l)-i-lg (204)
1. 6 2 2 4 N
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1.4.2 One-zone reactor, diffusion with irreversible adsorption/reaction :

1
- — — __=1- X 207
rrb Com \]g hoverall ( )



59

éﬂh hovera]l tmh hovera]l L:l
é u
é \A/hovadl ﬂ
é . N{|
e e 1 0 g
A e g _ u,
€ a r.(1- e )h r.(1-e)h . . U
é S3 GRC\/ka o(1- &) rnetanth\/ka o(1- &) me - .l
é gEbCE c D. - gﬂ
1, é*% - -U
=—t,a é r.(1- e )h - Ug
m 2 bgé E_Cg:th:\/ka s( c) me - ﬂg
g & D 5 g
a €& , . -
T 6 0
268 ¢ 1 U
e € %bmg - csch? R, Kl j+13+1(1(l
a € X r r - U .
H e S
e é é m m g d GH
(208)
1.4.3 One-zone reactor, diffusion with reversible adsorption
m, =1 (209)
1 € é ai u
m=-t,éb &b, cl+~<-+1g+1a (210)
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1.4.4 Three-zone reactor, diffusion :
m, =1 (212)
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1.4.5 Three-zone reactor, diffusion with irreversible adsorption/reaction :

i : =1- X (215)
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The quantity B¢ in Eq. (216) is defined by
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m, =1 (218)
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To determine transport and kinetic parameters using these moment
expressions, the parameters related to the configuration of the reactors and the catal yst
pellets, i.e., the void fractions in different regions, length of reactor, length and
position of the catalyst bed, and radius of catayst pellet, are predetermined. Gas
diffusivities are determined from the diffusion response curves by applying moment
expressions for diffusion case. For a one-zone reactor packed with porous pellets, the
number of required moment expressions is equa to the number of diffusivities in
different regions. Diffugivity of areactant gas can be calculated from diffusivity of the
inert gas for the same bed using Eg. (3). Typicaly, a three-zone reactor is usually
packed with the same non-porous inert particles in the first and third zones. The gas

diffusivity in the inert particle zone is determined from diffusion experiment with a
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one-zone reactor packed the same inert particles. The diffusivities in different region
inthe catalyst zone are then determined. The kinetic parameter () is determined using

moment expression (s) after all diffusvities are known.

Table 3 shows the calculated parameters from corresponding moment
expressions. For a one-zone reactor in the case of diffusion, the first and second
moment expressions in unimodal porous case provide the effective Knudsen

diffusivities in the interparticle and intraparticle regions, D, and D, respectively. In

the case of diffuson with irreversible adsorption/reaction, irreversible

adsorption/reaction rate constant, k, , can be determined from two different

expression, i.e., the conversion expression (the zeroth moment expression) and the
mean residence time (the ratio of zeroth to first moment expresson). In the case of

diffusion with reversible adsorption case, adsorption and desorption rate constants, k,
and k;, can be determined by solving the first and second moment expressions

smultaneously. For a three-zone reactor provided that the diffusivity in the inert bed
is known, the diffusivities in the catalyst bed and adsorption and desorption rate
constants from corresponding moment expressions are obtained similarly to those for
the one-zone reactor. In bimoda porous case for a one-zone reactor, the diffusivities
and adsorption and desorption rate constants from corresponding moment expressions
are determined similarly to those for unimodal porous case except that there is an
additional porous region. For a three-zone reactor, the third moment expression has
not been determined, and consequently only the diffusivity in the interparticle region
can be calculated from the first moment expression. The kinetic parameters can be
determined if al diffusivities are predetermined.
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2. Characteristics of the distribution of surface coverage for irreversble

adsorption case

The profiles of the surface coverage in the irreversible adsorption case are

determined for unimodal and bimodal cases.
2.1 Unimoda porous case
The analytical solution of the pulse-intensity-normalized surface

concentration after one pulse (t =¥ ) for unimodal porous case is described by

(derivation is provided in Appendix A)

Smhé\/i + smh bkh (1 x))

y 221

W \f \/7 cosh bkh (22
r sinh g

Eq. (221) can be used to calculate g, in the catalyst pellet at different positionsin the

reactor. The analysis in this work involves g, at r =1(at the externa surface of

catalyst pellet) which is described by

o, sinh(\bkh (1-x))

_ (222)
h cosh/bk’h

* —
q¥,r=l -

From Egs. (221) and (222), we can write

smhé\/Tl
q¥'r=l rsmh\/7
g

(223)
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Using Eg. (69), Eq. (223) can be written as

0

smhé k! =1

ay (r) _ Dy 5
;

q¥rR (r/R)thR\/as

(224)

Dp

Eq. (224) describes the distribution of q, /q, ., in the catalyst pellet.
The distribution of g, /q, ., depends on the parameters related to the catalyst pellet,
i.e., radius of the catalyst pellet (r), irreversible adsorption rate constant (k,) and
effectiveness Knudsen diffusivity of the reactant gas in the catalyst pellet (D).

Eg. (224) suggests that q, /q,,., in catalyst pellets at different axial reactor

coordinates is the same.

In steady-state experiments, the effectiveness factor, h , has been used for
estimating the performance of catalyst particles. The parameter h is defined as the

ratio of the rate of reaction in the catalyst pellet to the rate without diffusion resistance.
Consequently, for a first-order reaction, the quantity h isthe ratio of the averaged gas

concentration in the pellet to the gas concentration at the external surface of the

catalyst pellet. The magnitude of h therefore depends on the distribution of the gas

concentration profile. In steady-state conditions, the distribution of gas concentration

is described by (CN. Satterfield)
smhé / a_s

< hR
(r/R)Sln / D,

where C, isthe gas concentration at the external surface of the catayst pellet.

(225)
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Egs. (224) and (225) show that the distribution of q, /g, ., in TAP

experiment with irreversible adsorption process is the same as the distribution of

C/C, in deady-state experiment with irreversible reaction. In other words, the

correlation between the effectiveness factor and fraction surface coverage developed
in an irreversible adsorption process in a TAP experiment is similar to the correlation
between the effectiveness factor and gas concentration for irreversible reaction casein
seady-state conditions. Recall that in steady state conditions the average gas
concentration divided by the gas concentration at the external surface of the spherical
catalyst pellet (derived from Eq. 224) is described by

C 3 & 1 10

M =h = c - = (226)
C, 3M; gtanh3M; 3M; 4
where M, (Thiele modulus) is defined by Eq. (100).
For TAP experiments, we can wrtie
g p- 3% 1 179 (227)
Uy r=r 3M; etanh 3M;  3M, 2

Since q, (r) is a result of the exposure of the catalyst surface to gas

molecules, the difference in magnitude of q, a each r is due to the difference in

time-average gas concentration. Eq. (227) shows that the averaged adsorption rate in
the pellet differs from the rate at the external surface of the pellet by a factor of h .
The conversion expression for porous case (Eq. 97) in TAP conditions therefore

involve h like in steady-state conditions.
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2.2 Bimodal porous case

The analytical solution of the pulse-intensity-normalized surface
concentration after one pulse (t =¥ ) for bimodal porous case is described by

(derivation is provided in Appendix F)

smh ar + smh bk me
o = /bcbmka é\lgm §\J g. ‘5 sinh(\ob . h,, (1- ))
¥
eV me i smh, ,bmkahme cosh,/b_b h _h

Eq. (228) can be used to calculate g, in the particle a different positions in the

(228)

catalyst pellet placed at different positions in the reactor. From Eq. (228), the

expression for q;'rmzl (g, at the external surface of the particle) is given by

th m a mep -
/rb < ey g, % snh(Jbbh (1 ))
q¥r -l

cosh b.b
r.sinh bmkah"‘e of e

C

(229)
From Egs. (150), (228) and (229), we can write
: thé,/ Ky 2 Slnhgr krs‘-’
Oy (I" ) I ﬂ_ (230)

Ay =1 q¥r =R, ¢ sinh ’ka I’ /Rm snhR, f
O

Eq. (230) describes the distribution of q, /q,, . in the spherical

mesoporous particle. In this case, we can write
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& 0
Dag _pp __ 3 r 1t 9 (231)
Uy =R, M+ e gtanh M e M; e 5

Eq. (231) shows a correation for the mesoporous region in the bimodal
case similarly to the unimoda case.

3. Fingerprints of the exit flow rate for irreversble adsorption/reaction and

reversible adsor ption

The domain of parameters used in the calculations is based on the typical
conditions that can be found in TAP pulse experiments. The simulation is performed
using a one-zone and three-zone reactors packed with porous catalyst pellets for
diffusion with irreversible adsorption/reaction and with reversible adsorption. For the
three-zone reactor, the length of zone, interparticle gas diffusivity and void fraction in
al zones are assumed to be equal. The active substance for unimodal and bimodal
porous cases is supposed to be uniformly distributed on the surface inside catalyst
pellets and mesoporous silica particles, respectively. The Laplace-domain solutions of
the dimensionless exit flow rate are provided in Appendix A for unimoda porous case

and Appendices F and G for bimodal porous case.
3.1 Unimodal porous case

In the unimodal porous case, the parameter b and g are involved in the
calculation. The magnitude of b iscalculated usng Egs. (57). The magnitude of g is
calculated using (Phanawadee et al., 2005)

(1 &)t g, dyl”

g=6
eb t ioﬁ;ra dsellet

(232)
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Eq. (232) results from Egs. (1), (2) and (58). The simulation result will be
shown for g equal to 10 and b equa to 0.75. The magnitudes of these parameters

correspond to the reactor length, L, of 2.54° 10 m, the average pore diameter, Qpore
of 120 nm, the average pellet diameter, d, , of 300 um, the inter- and intraparticle
void fractions (e, ande) of 0.36 (spherical pellet) and 0.42, respectively, and the
ratio of the interparticle to intraparticle tortuosity factors, t &, /t ¢, of 1/3. The
chosen value of the ratio of the tortuosity factor corresponds to t ¢, of 1.5 for
spherical pellets (Huizenga and Smith 1986) and t ¢, of 4.5, an average of the typical
values, which ranges from 2 to 7 (Satterfield 2001).

3.1.1 Diffusion with irreversible adsorption/reaction.

1.£
1.2 4

0.8
I

044 r

e e - — _

L. 1.0 20 0 20 50 an

Figure6 Dimensionless exit flow rate curves calculated for the one-zone reactor
packed with unimodal-pore-structure catalyst pellets for diffuson with

irreversible adsorption/reaction case: A) k, = 0; B) k, =3; C) k; = 10.
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Figure7 Dimensionless exit flow rate curves calculated for the three-equal-zone
reactor packed with unimodal-pore-structure catalyst pellets for diffusion

with irreversible adsorption/reaction case: A) k. = 0; B) k, = 10;

C) K. = 30.

Figures 6 and 7 show the comparison between the dimensionless exit flow rate
curves calculated for the one-zone and three-zone reactors packed with unimodal-
pore-structure catalyst pellets for diffuson and diffuson with irreversible
adsorption/reaction cases. The peak height of the dimensionless exit flow rate curve

and the mean dimensionless residence time decreases when the value of k. increases.

The curve for irreversible adsorption/reaction is inside and does not cross the curve

for diffusion-only (k, = 0). This fingerprint for irreversible adsorption/reaction is

smilar to that reported for non-porous case (Gleaves et al., 1997).

3.1.2 Diffusion with reversible adsorption/reaction
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Figure8 Dimensionless exit flow rate curves calculated for the one-zone reactor
packed with unimodal-pore-structure catalyst pellets for diffuson with

reversible adsorption case: A) k; = 0; B) k; = 20, k; = 20; C) k; = 20,

K, =7;D) K =20, K, =4
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Figure9 Dimensionless exit flow rate curves calculated for the three-equal-zone
reactor packed with unimodal-pore-structure catalyst pellets for diffusion

with reversible adsorption case: A) k, = 0; B) k, = 300, k; = 150;

C) k. =300, K, =30;D) ki =300, k; =8.5.
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Figures 8 and 9 show the comparison between dimensionless exit
flow rate curves calculated for the one-zone and three-zone reactors packed with
unimodal-pore-structure catalyst pellets for diffuson and diffuson with reversible

adsorption cases. In this case, the exit flow rate curve for diffusion with reversible
adsorption cross the curve for diffusion-only case. When K; is large and k; is small,

the exit flow rate curve is characterized by the two peaks (‘two-hump curve’). These
characteristics of the exit flow rate for reversible adsorption are also smilar to those

reported for non-porous case (Gleave et al., 1997).

3.2 Bimodal porous case

The simulation result will be shown forb_, b, g. and g, equal to 0.36,
1.24, 191 and 11470, respectively. The magnitude of b_, b,, is calculated using Egs.

(131) and (132). The magnitude of g, and g, iscalculated using

(1- &) t 6 Gusguel’
eb t rgacro dsellet

9. =6 (233)

ol 8) 18 Dl

O (234)
e, t&, dpelletdsartide

Eq. (233) reaults from Egs. (1), (2) and (129). Eq. (234) results from Egs.
(1), (2) and (130). The magnitudes of L, d . e, and t &, are the same as those in

the unimodal porous case. The parameters involved in the calculation are as follows:
d =0.75um, d =2um, e, =036,e,=070,t¢_ =15,

macropore

mesopore = 6nm’ dparticle

t¢ =45

3.2.1 Diffusion with irreversible adsorption/reaction
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Figure 10 Dimensionless exit flow rate curves calculated for the one-zone reactor
packed with bimodal-pore-structure catalyst pellets for diffusion with

irreversible adsorption/reaction case: A) k, = 0; B) k, =3; C) k; = 10.

0.0 1.0 Z.0 3o 40 50 a0 T &0
T

Figure 11 Dimensionless exit flow rate curves calculated for the three-equal-zone
reactor packed with bimodal-pore-structure catalyst pellets for diffusion

with irreversible adsorption/reaction case: A) k. = 0; B) k, = 10;

C) k, = 15.
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Figures 10 and 11 show the comparison between the dimensionless
exit flow rate curves calculated for the one-zone and three-zone reactors packed with
bimodal-pore-structure catalyst pellets for diffusion and diffusion with irreversible
adsorption/reaction cases. The curve of the exit flow rate for diffusion with

irreversible adsorption/reaction does not cross the curve for diffusion-only case

(k; = 0). Thisresult is similar to those for non-porous and unimodal porous cases.
3.2.2 Diffusion with reversible adsorption/reaction
0.
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Figure 12 Dimensionless exit flow rate curves calculated for the one-zone reactor
packed with bimodal-pore-structure catalyst pellets for diffusion with

reversible adsorption case: A) k, = 0; B) k; = 20, k; = 10; C) k; = 20,

K, =4;D) K =20, K, =25.
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Figure 13 Dimensionless exit flow rate curves calculated for the three-equal-zone

reactor packed with bimodal-pore-structure catalyst pellets for diffusion
with reversible adsorption case: A) k. = 0; B) k, = 90, k; = 30;

C) K. =90, K, =10; D) k. = 90, k; = 5.

Figures 12 and 13 show the comparison between the dimensionless
exit flow rate curves calculated for the one-zone and three-zone reactors packed with
bimodal-pore-structure catalyst pellets for diffuson and diffusion with reversible
adsorption cases. It was found that the fingerprints of the exit flow for reversible
adsorption for bimodal porous case are also similar to that for non-porous and

unimodal porous cases.



CONCLUSIONS

New moment expressions of the exit flow rate for the unimodal and bimodal-
pore-structure catalysts have been determined. The moment expressions in unimodal
and bimodal porous cases for irreversible adsorption/reaction are similar to those for

non-porous cases. For unimodal porous case, the rate constant, y , is multiplied by an
effectiveness factor, h , while for bimodal porous casey is multiplied by an overal

effectiveness factor, h The overal effectiveness factor is the product of

overall *

mesopore and macropore effectiveness factors, h,, and h of the two porous

me !

regions in the catalyst pellet. The effectiveness factors are defined similarly to those
in steady-state conditions.

The characteristics of the distribution of surface concentration due to
irreversible adsorption in the porous catalyst pellet packed in a one-zone reactor have

been analyzed. The distribution of q/q, in the catalyst pellet is the same as the

digtribution of C/C, in steady-state conditions. In other words, the correlation

between the effectiveness factors and fraction surface coverage developed in an
irreversible adsorption process in a TAP experiment is similar to the correlation

between the effectiveness factor and gas concentration in steady-state conditions.

In addition, the fingerprints of the exit flow rate curves that are good for non-
porous cases have been investigated to determine their validity for porous cases. It was
found that the fingerprints of the exit flow rate for irreversible adsorption/reaction and
desorption for unimodal and bimodal porous cases are similar to those reported for

non-porous case.
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Appendix A
Derivation of the Laplace-Domain Solution and Zeroth, First and Second Moment
Expressons of the Dimensionless Exit Flow Rate for the One-Zone Reactor Packed
with Unimodal-Pore-Structure Catalyst Pellets for Diffusion with

Reversible Adsorption Case
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A.l. Laplace-Domain Solution and Moment Expressions

The dimensionless mass balance eguations in the interparticle and intraparticle
regions, and boundary conditions are transformed to Laplace domain described as
follows:

Interparticle region:

. d2C’ dcC’
sC -0= b _ —r A-1
b dx 2 % dr |
Intraparticle region:
_. éd’C. 2dC. U0 , .., . ._
sC,- 0=gé&—=2+=—"4- (kC,- kiq") A-2
gdr rodr g
o -0=KC,- kKq" A-3
Boundary conditions:
Interparticle region:
:o,dCb:-l A-4
dx

x=1 C, =0 A-5
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Intraparticle region:
r =1, C, =bC, A-6
dC;
r=0 —=0 A-7
dr
where s = Laplacetransform variable

O]
1

. = G, inLaplace domain

O]
1

C, in Laplace domain

q" inLaplace domain

o]
I

Rearranging equation A-3 gives

_ *6*
g ==Ce A8
s+k;,
Substituting equation A-3 into A-2 and rearranging gives
d’C. 2dC, _
P+ Z""P_K3C =0 A-9
dr® r dr G,
where
S+l kdk*g g
+
= — o A-10



The solution for C_:; in equation A-9 is

C, = rl (Ge* +G,e™) A-11

where G, and G, are integration constant. The integration constant, G, and G,, are

determined from the boundary conditions, equation A-6 and A-7.

G = t_)cb A-12
2snhk,
bC,

, = - ——2 A-13
2snhk,

Substituting the expressions for G, (equation-A-12) and G, (equation A-13) into

equation A-11 and rearranging, the solution for C_:; can be written as

& b sinh(k,r )

C A-14
P ® r sinhk,

Differentiating equation A-14 with respect to r |, rearranging, and replacing r | =1

give

dC _é kU
—® =pCa—r—- 1 A-15
dr > &tanhk, 13

Substituting equation A-15 into equation A-1, and rearranging give

d’C;
dx?

kZC. =0 A-16
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where

é k U
k,=,[83bga——- 1g+s A-17
2 \/ gtanhk, g

The solution for C, can be obtained similarly to C, and is as follows:

C, =Ge¥ +G,e A-18

where G, and G, are integration constant, equation A-19 and A-20. Using boundary

conditions, equations A-4 and A-5, give

= ° A-19
2k, coshk,
ko
© A-20

G4 = -
2k, coshk,

Substituting the expressions for G, (equation-A-19) and G, (equation A-20) into

equation A-18 and rearranging, the solution for C; can be written as

sinh(k, (1- x))
k, coshk,

C = A-21

The Laplace-domain solution of the dimensionless exit flow rate, F' (s), can be

determined by

F*(S):_'”Cb| -1 A-22
ix |X=l coshk,
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The zeroth, first and second moment expressions of the dimensionless exit flow rate

can be determined from equation A-23.

) i
m =(-1)’ limI " (s) A-23
se0  qg’

When j =0, the zeroth moment expressions of the dimensionless exit flow rate can

be written as

m, =limF’ (s) A-24

s®0

Substituting equation A-22 into equation A-24 gives

m’; =1 A-25

where

limk, =0 A-26

s® 0

When j =1, the first moment expressions of the dimensionless exit flow rate can be

written as
- dF’ (s)
m = |s|®n(} ds A-21
where

. i1é e B VIV
dF’(s) _ sech kztmhkz%&$+ KK, Sie 1 csch2k190+1§',
ds 2k 82 2 =%k tanh 2
> i § (s+kd) ﬂeki K 2! b
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as s goes to zero, the solution of dF—(S) is

When taking the limit of .
S

dF’ (s)
ds

undetermined 8%9 To determine this solution, Taylor series expressions are applied
2
which minimum (j +1) expansion terms are used without loss of accuracy. The

Taylor series expressions of csch x, tanh x, and sech x can be described as

1 x 7 31
TR +

cschx=—- — A-29
X 6 360 15120
3 5 7
tanh x = x- X—+2X 17x + A-30
3 15 315
2 4 6
sechx=1- X+ 26 81, A-31
2 24 720
Substituting equations A-29 to A-31 into equation A-28 and rearranging give
& = x 6 u O
b gy, Kok 2 g
€24 ¥+ u -
dF’ (s) Bk; , ki @ TR a7
T WL B g3 60 Y1l
ds g 6 64 9%24 Bk? +§<1 3 : A-32
j+1u +
eg 1+§‘1° 2007
3 o H 4

Taking limit equation A-32 as s goes to zero, the first moment expression of the

dimensionless exit flow rateis

o:

A-33

D: (gm\
(D»O'_\EB
—+
xx» |g;xx»
|
=+
=] EC

&..
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When j = 2, the second moment expression of the dimensionless exit flow rate can be
written as
d’F (s)
2

m=n— A-34

2 *
From equation A-28, the solution of d S Z(S) can be written as
S
280 oz 6
d'F'(s) _ d (90 "Bdss Edb_p,pic.p A3
ds? ds§ ds g z
where
M:E A-36
ds z
16, o o O 00
u:sechkztanhkz}g?’; C1+ Kaky nge tlh —csch2k12‘9+1i', A-37
. * - an 4
fe2 & (srk) gt % b
z=2k, A-38
i é b o
e,. & 6 u
ie0o, Kk - g
a=SEhictanh®igt22 6 (s+k; ) H+1l'/ A-39
4k? i 8 a7 )
o, !
& cseh’k ]
i gk tanhk, d b
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1é. o <+ 0 0 U
T éﬁgl+ Kki = a i
sech k?(1- tanh?k?)f{ € 2 2+ 0 ¥
o 2(4k2 NE2g (k) G o
2 ; 0
i 8k tanhk, A b
Tl e .. 8 u
ST

Lo, K-
98 (s+K) 5
3b sech k¢ tanhk? [ & cothk, coth’ k,  2csch’ k, cothk,

|
|
|
i
C=-— AL
A S S S S
i i
M- < W o | .. M
.. B Dy an ..
f g(s—*‘ kd) ﬂeki ki 1] b
e e 0 U
I &QH KaKq v |
2 2}é2 2= 0 I
o= chig tfnhkz !e € (s+ki) '3 @+1l,/ At
4K it 1 A1
i 88k, tanhk, A b

Applying Taylor series expressions to equations A-39 to A-42 and taking limit as s
goes to zero, the second moment expression of the dimensionless exit flow rate is

given by

au

* . k; l,Jl,J

a aa
+1555 aa A-43

au

U

U

- O,

: CE)TCD\
CD"OHHS
+
5*|9Fx-

| :

+
] EC

+
[ | N
o|T

[\3*
1
N
Q-0
N
aD> D> D 8)CD)CD\
.8
. +
|

DD D> Dy (D> D> (D~
o O
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A.2. Laplace-Domain Solution of the Dimensionless Exit Flow Rate

for Diffusion with Irreversible Adsorption/Reaction Case

When kg =0, the Laplace-domain solution of the dimensionless exit flow rate,

Eq. (22), can be smplified to that for diffusion with irreversible adsorptiorn/reaction as

follows:
F(s)=- 1Iﬂc>_:<b - - cost K, At
where
K, = \/Bbg éﬁ 1§+s A-45
K = S;k; A-46

A.3. Derivation of g, for Irreversible Adsorption after One Pulse

The analytical solution of the pulse-intensity-normalized surface concentration

after one pulse (t =¥ ) for unimodal porous case, d, , can be derived as follows:

When k; =0, equation A-3 becomes

9 =kC, A-47
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Substituting equations A-14 and A-21 into equation A-47 gives

G bk sinh (kg ). sinh(k, (1- x)) A48
r sinnk, k, coshk,

The final value theorem is described by equation A-50.
lim f (t) =limsf (s) A-49
Therefore

It!@ryq (t)= lim 9 (s) A-50

Applying equation A-50 to equation A-48, the time-domain solution of the pulse-

intensity-normalized surface concentration after one pulse (t =¥ ) isasfollows:

e kK O
ok, &g = sinh({fbkh (1-x))
Gy = |2 2 ! A-51
h rsthg cosh/bkh
g

where

A-52

Q |~
I
3
o~

and

bkh =lim k, A-53
s® 0
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Appendix B
Derivation of the Laplace-Domain Solution and Zeroth, First and Second Moment
Expressons of the Dimensionless Exit Flow Rate for the Three-Zone Reactor Packed
with Unimodal-Pore-Structure Catalyst Pellets for Diffusion Case
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The dimensionless mass balance equations of each zone for diffusion case and

boundary conditions are transformed to L aplace domain as follows:

Zone 1:
- T1°C,
r18Cy, - 0=rp, X 2'1 B-1
Zone 2:
Interparticle region:
. d2C dc
sC. -0= - b _ _r B-2
° dx 2 % dr |
Intraparticle region:
_. éd’C, 2dC,u
sC,-0=g&—~+——0 B-3
gdr rodr g
Zone 3:
- 1°C,
[,sSCys- 0=Tps ‘HTZS B-4
Boundary conditions:
Interparticle region:
X =0, dCb:-l B-5

dx



x=1 C, =0 B-6
Intraparticle region:
r =1, C,=bC, B-7
dC;
r=0, —=0 B-8
dr

At the adjacent zones in the reactor:

x=x,G,=C, B-9
X =X, —rm%:—% B-10
X =X,, G, =G, B-11
X =X,, —%:—rm% B-12

To determine Laplace-domain solution of the dimensionless exit flow rate, the

solution of C,,, C,, and C,, are required. These solutions can be determined by

solving each solution independently as follows:
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Zone 1:

Rearranging B-1, the solution for C;, can be written as

C,, =G +G,e " B-13
where
K, = |ets B-14
r.Dl
Zone 2

Derivation of solution for C;, is smilar to the derivation for a one-zone reactor,

Appendix A, when k and k; = 0. The solution for C, , isas follows

C,, =G +G,g ¥ B-15
where
é k.U
K,=,[3bga——- 1g+s B-16
i \/ Y Gtahk,
k = S B-17
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Zone3:

Rearranging B-4 and applying the method of separation of variables, the solution for

C, ; can be written as
C,; =G,e +Ge B-18

where

K= s B-19
rD3

Using boundary conditions, equations B-5, B-6 and B-9 to B-12, the integration
congtants G,, G,, G;, G,, G, and G;, are asfollows:

G =—-G6, B-20

, = Q1Q4 B QeQz B-21
QQ, +QQs

o = 2(2Q+QQ)

) B-22
QlQS + QZQS
G = Q (QsQe +Q4Q5) _- Q G B-23
A 3
QQ, +QQs Q,
; e KXz é K%, ~ KX, 1 KX, - Kox l:l
6=~ dG.e? +G,e " )+ (G - G,e ) B-24
e

u
I'os a



G =

Ko &

€ g Kox - Kox
Q(Gge 72 +G,e 2)—
e

1
2 Mos

Theconstants Q,, Q,, Q,, Q,, Q, and Q, arewrittenas

l:l
KX - Kox
(GSeZZ'Gie 22)

Q _ eK3(l-x2)+K2x2 +e K(1- X5)+Kox, Kz eK3(l-x2)+K2x2 - K (1- X )+K %,
) =
2 MosKs 2
Q _ eK3(l— Xp)- KXy +e Ks(1- X5 )- K%, Kz eK3(l—x2)— Kox _ e Ka(1-X3)- KX,
, = -
2 IosKs 2
el g K Mo Ky [ ke \U
—_ A X - KX X _ - KX -
QS_ 2 4e11+e 11)+ K (e11 e 11)[}{I
e 2 u

Q ~ exl(Kl Ky) é 1 N 1 N
4~ (= o U
2 K, K
KX
QS = e_“ aelel +e Kyxg ) _ o™ (elel e K1X1) -
2 & ) i
o -&ler 10
6 — & - U
2 gK, K
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B-25

B-26

B-27

B-28

B-29

B-30

B-31

The Laplace-domain solution of the dimensionless exit flow rate can be described by

*

1,5

F(s)=- =K, (GseK3 +Ge K3)

x=1

B-32
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Substituting equation B-24 and E-25 into equation E-32 and rearranging give

i sinh?(A)sinh(C) - cosh?(A)sinh(C) i

expC) ., 2 y
F (o) = f - sinh”(A) cosh(C) + cosh”(A) cosh(C)p
s) =+ .
icosh(A)cosh(B)oosh(c)+rf;é&oosh(A)sinh(B)sinh(C) ,‘[J
| K ’ r K y
[ +_2_ginh(A)sinh(B) cosh (C) + 21 1 sinh ( A) cosh(B) sinh(C)!
T D3"*3 D3K3 b
B-33
where
C=Kgz,, z,=x, B-34
B=K,Z,, z,=(X,-X,) B-35
A=Kz, z,=(1-X,) B-36
Defining the solution of F (s) as
. M
F (s)=— B-37
(s) N
where
i sinh?(A)sinh(C) - 2(A)snh(C) 1
M :exp(C)Pm_ (A)sinh(C) - cosh*(A)sinh(C) i B-38
1- sinh?(A) cosh(C) + cosh’ (A) cosh(C)}
-l'-cosh(A)cosh(B)cosh(C)+r'12—chosh(A)sinh(B)sinh(C) !
N={ 2 y B-39
i

[PELS gnh(A)sinh(B)cosh(C)+:Lilsinh(A)cosh(B)sinh(C)ﬁ'ﬁ

D3" '3 D3" '3

o~
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The zeroth moment expression of the dimensionless exit flow rateis

where

and

m, =1 B-40
[imM =1 B-41
s® 0
[imN =1 B-42
s® 0

The first moment expression of the dimensionless exit flow rate can be determined by

Denoting

The solution of d—M is
ds

where

*:—IimdF—(S) B-43
s® 0 ds
RNV
dF (S): ds ds B-44
ds N?
am
o =Mim M- MM, =0 B-45



M,

M,

M,

gs(exp(C)th (A)sinh(C)) = &

gs(exp(C) cosh?(A)sinh(C)) = &

gs (exp(C)sinh?(A)sinh(C)) = &

gs(exp(C) cosh?(A)sinh(C)) = &

100

> (D

622 et exp(C) sinh?(A)sinh(C)
2Kl D1

z,
K3
z

D
—

3 exp(C) sinh(A) cosh(A) si nh(C)

D

-

D D (l_)l_ D
w

>

&+ 21 T ) sinh?(A) cosh(C)
é 2K1 '

oocoooooooc

'y
N
o

21 et gyn(C) cosh?(A) sinh(C)

Tes exp(C)sinh(A) cosh(A)s nh(C)
—& exp(C) cosh?(A) cosh(C)

1 'D1

N H7<

A
w

N
)

1

(D:(R_)(D)(D)(l_)l_m)ml)\J > (D
Iw
= |

oocoooooooc

N
~
'y
N
\‘

> (D

221 et exp(C) sinh?(A) cosh(C)

1

Les exp(C) sinh(A) cosn(A) s nh(C)¢

D

N AN
w [l
lw}

N
w

et exp(C) sinh?(A) sinh(C)
2Kl r.D:I.

@: (R_)(D)(D)(I_Jl_m)m)

7<|

w
oocoooooooc

'y
N
0

> (D

Z,
2

P

—& exp(C) cosh?(A) cosh(C)

D

=

N H7<

w

L3 exp(C) sinh(A) cosh(A) s nh(C)¢

3 'D3

o1 exp(C) cosh? (A) sinh(C)

1 'D1

N A

1

(D:(R_)(D)(D)(gl_m>m>
[en ) enY anY an eny an Y an Y axy exd

N
~
'y
N
©
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The solution of d—N is
ds

z_'::Nl+N2+N3+N4 B-50

where

€23 &3 ginh(A) cosh(B) cosh(C)
éKS D3 u
d 1, : 2[] ; 4
N, = dS(cosh(A)cosh(B)cosh(C)) 5 e &—2~2cosh(A) sinh(B) cosh(C)
e K U
éz ¥
o1l osh(A)cosh(B)smh(C)u
eK, Iy
B-51
é u
é—cosh(A)smh(B)smh(C) a
aKiK, G
é r k1 a
& o ;[]cosh(A)sinh(B)sinh(C) u
e K a
e u
Nz_i? K cosh(A)sinh(B) sinh(C) 2= 1+ &+ 23K4 Torfea g Ay sinh(B) sinh(C) d
dsg K, g 2 e KoKs Tos u
e u
g+z b l[ ]cosh(A) cosh(B)sinh(C) !
é u
e, 2 4
& K

B-52
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1 u
él sinh(A) sinh(B) cosh(C) a
érDSKZ 3 l:l
e K, Y
& —3—23 inh( A) sinh(B) cosh(C) a
e KS rDS l;I
.. é u
=2 ZK2 gnn(Asinh(B)cosh(C) 2= = 6+252 cosn(A)sin(B)cosh(C) 1
dsérysK, g 2 € Ips u
¢ 2[4 ¢
9+2—sinh(A) cosh(B)cosh(C) U
g rDSKS l:I
Z zK, r, 3
“+—1t2_el _gnh(A)sinh(B)cosh(A)*
8 K KS Dl D3 H
B-53
€25 Tt coen(A) cosh(B)Snh(C)
érKs I'bs U
é a
L= - d @K, smh(A)cosh(B)smh(C)g—1 éK—Sr—j sinh(A)sinh(B) cosh(C)
deoss g 2 & Ky u
€ zK,r, a
12 el nh(A)cosh(B)cosh(C)u

g 2K; Iy,
B-54

The quantity [1] in Eq. (184) is defined by

& 1 0
[1 :ﬁg—- csch®k ++1 B-55

2 &k tanhk, 2

Taking limit of equations E-51 to E-55 as sgoesto zero, gives
N, =2 @21 422 [b +1] +27 2y B-56
s®0 28 7 Iy o1

=zzr B-57
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limN, =22 [ +1] B-58
s® 0 r

D3
limN, =z, B-59
S|®rrgN4—zszl— -

Substituting equations B-56 to B-59 into equation B-43 and rearranging, the first

moment expression of the dimensionless exit flow rate is

iz—3§lzsr63+zz[b +1]+z rel iJ
. _11ps 2 H I
me o
T4z, el, ,[b+1+z,r., u i U
e B, 82" 60
. . d’F’ (s) .
From equation B-44, the solution of o can be written as
S
2 2 2
—d F 2(S) =- Md I;' +2£36€ﬁ2 B-61
ds N ds N3 & ds &

The second moment expresson of the dimensionless exit flow rateis

u
gzl 2+2z.z,r,[b+1j i
é U
é U
et @i+ 22. 7,11+ 42 Zlu[b +1]H i
é rDerS L'J
é U
._ 1€ zzzsgZ oy 2240+ g .
m,=-—6+ é €8 eluuuu+2(”1) B-62
4é Ty gz zr [b+1+4zz,0,- 6-bg &~ aad
e =) él5 & uggu
e 6 4 éliwu ;
é e é élu u
é+222§2122re1[b 1] e—b & U
& 6 &5 &9 tiog a
€ 22 4
gr—zglzsrelres+z 2l [0 +1]g H
D3
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Appendix C
Derivation of the Laplace-Domain Solution and First Moment Expressions of the
Dimensionless Exit Flow Rate for the Three-Zone Reactor Packed with Unimodal-
Pore-Structure Catalyst Pellets for Diffusion with Irreversible

Adsorption/Reaction Case



105

Derivation of the Laplace-domain solution for a three-zone reactor packed
with unimodal-pore-structure catalyst pellets for diffuson with irreversible
adsorption/reaction case is similar to that for diffusion case, Appendix B, except that
the derivation in catalyst zone is the same as that in Appendix A. The Laplace-domain

solution of the dimensionless exit flow rate for this case is as follows

i sinh?(A)sinh(C) - cosh?(A)sinh(C) i

expC)r 2 y
F (o) = f - sinh”(A) cosh(C) + cosh”(A) cosh(C)p
s) =+ -
-,:cosh(A)cosh(B)oosh(c)+rf;é&oosh(A)sinh(B)sinh(C) ,‘[J
. o y
i+2_gnh(A)sinh(B) cosh(C) + 122" sinh ( A) cosh(B) sinh(C)1
P sy 3Ky b
C1
where
C=Kgz,, z,=x, C-2
B=K,z,, z,=(X,-X,) C-3
A=Kz, z,=(1-X,) C-4

and

K, = \/Bbg eanL -1g+s c-6



= k. +s
g
r
K3: e g
rD3
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C-7

C-8

Derivation of the moment expressions of the dimensionless exit flow rate for

this case is also similar to that for diffusion-only case, Appendix B. The first moment

expressions of the dimensionless exit flow rate are as follows

é

é

8 1e1H \lr . 82
21 fayhsinh\yh g

D3 Dl

|
1z,
ir
T
m =1+
T
|
| +
I
|

The quantity Ad¢in equation C-10 isdefined by

e (0]
G b
a=30¢ 1 csch? Ky 41

& t h«&
363+ z Atrg1+ an +z I’luCOShw&hl

L, pprzyr ISV 2, €L, elécoshfy

i
i
i
p

C-9

C-10
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Appendix D
Derivation of the Laplace-Domain Solution and Zeroth, First and Second Moment
Expressons of the Dimensionless Exit Flow Rate for the Three-Zone Reactor Packed
with Unimodal-Pore-Structure Catalyst Pellets for Diffusion with

Reversible Adsorption Case
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Derivation of the Laplace-domain solution for a three-zone reactor packed
with unimodal-pore-structure catalyst pellets for diffusion with reversible adsorption
case is similar to that for diffusion case, Appendix B, except that the derivation in
catalyst zone is the same as that in Appendix A. The Laplace-domain solution of the

dimensionless exit flow rate for this case is as follows

jsinh®(A)sinh(C) - cosh’*(A)sinh(C)

xpC)i 2 y
F (o) = f - sinh”(A) cosh(C) + cosh”(A) cosh(C)p
S) =+ .
-,:cosh(A)cosh(B)cosh(C)+rf;ichom(A)sinh(B)sinh(C) ,‘[J
I K 2 . K y
T+-22_gnh(A)sinh(B) cosh(C) +-2L 1 sinh( A) cosh(B) sinh(C)!
T D3'*3 rDSKS b
D-1
where
A=Kz, z,=(1-X,) D-2
B=Kz,, z,=(x,-x) D-3
C=Kz,, z,=x D-4

K, = [s D-5
rDl

é k0
K,=,3bgag——-1j+s D-6
2 \/ gétanhki U
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where

S
k=~ D-7
s

K;= ’ﬁs D-8
rDS

Derivation of the moment expressions of the dimensionless exit flow rate for
this case is also similar to that for diffusion-only case, Appendix B. The zeroth, first

and second moment expressions of the dimensionless exit flow rate are as follows

m, =1 D-9
12 € é Ko U N U
:I:r—3é123r63+22ébg_?|_+ k? gtz i
* © g -
m :¥ D3 @, e u\ 9] {7 D-10
P e Ko O e o
[12,€,2,8b gl bt gtz it lSE fea i
) e e e Yg 0 0 "o b



=3

N

z * as ~ U

e k,0 .ul U
7.2 € 5
el_zglzrezl"'zzlzzreleb(iﬁ"' K T+1LAJLIJ 3
e @ e e Kig 0f g
é -4 s 7
e : e Ko uuq
é zz,¢€ )
é+ =2 &1 e1+22 z re1re3+4'Z ZZe eb(;ﬁ-'-k L,,I
é rDersé e e L,J
e € .eam Ko i 6 e ol
g ‘?Zzzébgl’f f++1lj +22223re3_éb(§1+ 9(}:‘
& €' é kg q ¢ e ko
é ¢ oy
6223847 7 1 eba‘.a[+ +1u+4z Zalols U+2
A e 2'el Q k e ,u
€ Ips é d@ 0 L'JL'J
g € 4 4 . 2 Y U
e é ? ?ﬁ- k. O s uL',I
é 6 ¢ € +k3+ K uu U
é & Eﬁb ce g 1155 W M
& s 915 °¢ g K;? W i
S-S S « i
€ & & € i
g e e & U gu
. ) o . d
S ¢ é ko6 U0 u /
& &z, it oty d g
e a 6 é& kg g v J
¢ € ; i
é+222é e é§+ a - X L,JL,JL'J a
¢ a4, & Ko 5byk uly Y
¢ &85 °¢ ¢ O ki il 4
é e¢ € W 3
e g & Hag G
& ¥y a
e z2¢€ é e K6 W v
€z € L6 O
er—- glerelreS-'-ZZZSreS?b(;ﬁ-'- K T"':I-LAJLIJ u
g 38 6 é Kg @ f
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D-11
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Appendix E
Derivation of the Laplace-Domain Solution and Zeroth, First, Second, and Third
Moment Expressions of the Dimensionless Exit Flow Rate for the One-Zone Reactor
Packed with Bimodal-Pore-Structure Catayst Pellets for Diffusion Case
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The dimensionless mass balance equations, equations (99) — (101), and
boundary conditions, equations (107) — (110), are transformed to Laplace domain
described as follows:

Interparticle region:

~ _dC dC; |
sC. -0= b _ ¢ E-1
° i ey ol =
Macropore region:
. éd? C. U C
SC:c =49 éd Czc +£ dCC u- wm de E-2
gdro rodr g drmrm=l
Mesopore region:
—. éd°C’ C' U
C'- 0= méd sz idelj E-3
é dr m r m dr m 0
Boundary conditions:
Interparticle region:
dC,
=0, b=-1 E-4
dx
x=1 C,=0 E-5
Macropore region:
r.=1 C,=b._C, E-6



r.=o, <=
¢ dr,
Mesopore region:
r.=1 C_ =b C
dcC,
r.,=o, m=0
dr
where s = Laplacetransform variable
C. = G, inLaplace domain
C. = C, inLaplace domain
C. = C. inLaplace domain
Rearranging equation E-3 gives
d°’C, . 2 dC, .~
m+ ——n-kC =0
dr2 r_dr K Co
where
S
k==
9

113

E-7

E-8

E-10

E-11
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The solution for C, in equation E-10 is given by

* 1 r - Kl
o :K(Glekl "+Ge ) E-12

where G, and G, are integration constant. The integration constant, G, and G,, are

determined from the boundary conditions, equation E-8 and E-9.

G, = PnCe E-13
2snhk,
R E-14
2snhk,

Substituting the expressions for G, (equation E-13) and G, (equation E-14) into

equation D-12 and rearranging, the solution for C is

C,=b,C —gnh(.kirm) E-15
r,sinhk

Differentiating equation E-15 with respect tor , rearranging, and replacing r =1

m?

give

dcC, ~ €& Kk u
m Cla—t—-1 E-16
dro| " °&anhk g

Substituting equation E-16 into equation E-2, and rearranging give

2_* g
‘jjczc + 2 3Cc - KC. =0 E-17
r r r

Cc Cc Cc
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where

é
mIm & - 1Q+S
Kk, = glnhk 4 E-18
Jc

The solution for C, in equation E-17 is

C. = %(Ggekz” +Geg")

C

E-19

where G, and G, areintegration constant. The integration constant, G, and G,, are

determined from the boundary conditions, equation E-6 and E-7.

G = pccb E-20
2snhk,
b.C,
2 =- .C b E_21
2snhk,

Substituting equations E-20 and E-21 into equation E-19 and rearranging, the solution
for C, can bewritten as

6; - bc—* S.nh.(kzr c) .27
r.sinhk,

Differentiating equation E-22 with respect tor _, rearranging, and replacing r . =1
give

dC, ~ € Kk U
¢ =bC a—2—-1 E-23
drel, ®&tanhk,
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Substituting equation E-23 into equation E-2, and rearranging give

d’C, .=
o L. KkiC, =0 E-24
where
k,=,[3b ¢ k —18+s E-25
% Eanhk, 4

Similarly to C,, and C_, the solution for C, is

C, =G,e¥ +G,e E-26

where G, and G, are integration constant, equations E-27 and E-28. Using boundary

conditions, equations E-4 and E-5, give

- e' ks

GS = E-27
2k, coshk,
ks
G = S E-28
2k, coshk,

Substituting equations E-27 and E-28 into equation E-12 and rearranging, the solution

for C, can be written as

sinh(k, (1- x))
K coshk,

C = E-29
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The Laplace-domain solution of the dimensionless exit flow rate, F"(s), can be

determined by

F*(S):_ﬂ5§| __ 1 E-30
x |, coshk,

The zeroth, first, second, and third moment expressions of the dimensionless exit flow

rate in Laplace domain can be determined from equation E-31.

N 1=
. T'F (s)

s®0 ﬂsj E-31

When | =0, the zeroth moment expressions of the dimensionless exit flow rate can

be written as

m, =limF"(s) E-32

s®0

Substituting equations E-30 into equation E-32, the zeroth moment expressions of the

dimensionless exit flow rate is given by
n‘i; =1 E-33
where

lim k, =0 E-34

s® 0

When | =1, the first moment expressions of the dimensionless exit flow rate can be

written as
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m =- im & LS) E-35
s®0 (s
Differentiating equation E-30 respectstosgive
: 23bc £ 1 sk ﬁ :J
* 2 =
dF'(s)  sechkjtanhk,jé 2 &k tanhk, a i
- I R -
ds 2K jé3p @ 1 0 0,01
i€ o - csch k1++1u+1-|-
ie 2 gktanhk g 0 b

Applying Taylor series expressions to equation E-36 and subgituting into
equation E-35, the first moment expressions of the dimensionless exit flow rate is

m :%gbc(bm+1)+1@| E-37

When j = 2, the second moment expressions of the dimensionless exit flow rate can

be written as
- d’F’ (s)
m, = s|®n(} d82 E-33
. ’F" (s) .
From equation E-36, the solution for >— Can be written as
S
. ouo iz 6
L LR 80'5‘2’2 8Up_pspic- D E-39
dsg ds g z

where
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1é3p e 1 _ csch?k oo, U
L& Sk tanni, 2% ;
u=sech kstanhk3| y E-40
i€3b e 1 5 T
e— - csch k1 +1u+1
1% 2 &k tanhk, g 0 ||o
z=2k, E-41
I e3b YA uz
e 1 ou,
2 2 %k hk, - eseh’k; < !
_ sechk, tanh k3|e e, tan @ i
l y  E-42
4k3 i€3b e 1 ) i
i€ 5 ¢ - cch I<1 +1u+1I
15 2 &k tanhk, 5 0 b
.2
'e3b e 1 ou, U
) ({ _ CSChZ kz—l:I .I.
 sech ks (1- tanh kg) , 2 &k, tanhk, A i
= y E-43
4k? y
ks |e3b e 1 csch?k - +1u+1:
1% 2 &k tanhk, g 0 b
.2
] 160,® 1 , 6 0, U
. csch™k ++1q !
_I O g 2 &k tanhk, g Q i
i
'| é cothk, csch’k, N 2csch? k, coth k, Uy
_ 3p, sechktanhk 1§ K K2 Kk, i
2 4k, | 3b é 1 , U T
2. S ek, Sy i
i DOm ek a i
'é cothk, coth?k, . 2csch?k cothk U !
| & 3 PR 3 u. !
ig KK < U

E-44
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le3bae 1 ,, 00, U

] e

sechk, tanhk, |6 2 6k, @k, @i
4k; Ie3b e 1 [ E®

' csch? k, - +1u+1:

1% 2 gk tanhk, g 0 b

Applying Taylor series expressions to equations E-42 to E-45 and taking limit as s

goes to zero, the second moment expression of the dimensionless exit flow rate is

. 185 ‘?b (b,, +1)* G0
m, ==& g, (b, +1)+1§ -—b e+ (il E-46

When | =3, the third moment expressions of the dimensionless exit flow rate can be

written as

E-47

. d°F
From equation E-39, the solution for

d’F(s)

o T XAY+Z E-48
S

where

tanhks ] Q(l— tanhzks)

kK K

tanh® k|, tanh’k,  tanhk, (1- tanh®k )
K ks ks

sech k,[1°
8

X =- E-49

w
conoooono

(D(D:}_(D (¢ (D> SI’?))



Y=

ob_sech k, [1][2] &

4k g

Z=-

3b sech k; tanhk,

Sanh? ky-(1- tanh?k,) +

tanhk, U

Ky

3, 3(1- tanh’k,)

a8k; tanhk,

w

W,

8k tanh? k,
3(1- tanh?k,)’ 5(1- tanh?k,)’

[ eny e

4k tanh* k,
(1- tanh’k,)
22

(@]
o
D:D> fD) D D (nl> D D (&(D) D~

o[3] € cothk, csch’k,

4K tanh® k,

ococ\.onoooococ oo oc

ch;ch2 k, cothk, u

9
00 & K K

2Kk

3b e 1 CSChzk‘?
" 2 &k, tanhk, 2

3 3(1- tanh’k,)

tanhk, 8k tanh®k,

i

(1 tanh?k,)” 5(L- tanh’k,)" ¢

4k? tanh* k,
(1- tanh?k,)
2k

@ D> (D> (D> (D> (Dx (D> (D> (D> (D> (D> (D> (D) D D D (D) M D> D> D> D> D> (D')_(D_)|(D) D D> D~

D:D> fD) D D (D) D D (BO(D) D~ I\J
w

The quantity [1], [2], and [3[ are given by

[4=

[3b¢ 1
i 2 Sk, tanhk,

csch? k, (3] +1
u b

I[3] é cothk,
<3 3
31 % € ¥
;.; 3b,é 1
1 2g,, &, tanhk,

_ osch’k, | 2csch®k, cothk, U
K k G

4K tanh® k.

oo.ooooooooc

ué cothk, cothzk1 2csch? k, cothk, Ui

csch’k, &

g K k;

k}

\<\_: —-Cc:

%

121

E-50

C)C
(o N e} e} e eny an Y an an} e e} e} e} ex Y en Y an Y ex Y ex) C cooooooooaooc

E-51

E-52

E-53
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ésb_x& 1 , 6 U
—eon® L ceh?k o+ E-54
3 g 2 gk, tenhk, g 0

Applying Taylor series expressons to equations E-49 to E-51 and taking limit as s

goes to zero, the third moment expressions of the dimensionless exit flow rateis

€61 (b, +1)*tU
b, +1)+1§ +=b_[b, +1]e—m+1m
* 1e60€b( SRAE R +]@gm+ 0, Eﬁ
m ==& . u E-55
2¢ eb (b, 1) 21 U

f
et — bc e —2 A bmgcgm l;'
9 b s
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Appendix F
Derivation of the Laplace-Domain Solution and Zeroth and First Moment Expressions
of the Dimensionless Exit Flow Rate for the One-Zone Reactor Packed with
Bimodal-Pore-Structure Catalyst Pellets for Diffusion with

Irreversible Adsorption/Reaction Case
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F.1. Laplace-Domain Solution and Moment Expressions

Derivation of the Laplace-domain solution of the dimensionless exit flow rate
for the one-zone reactor packed with bimodal-pore-structure catalyst pellets for
diffusion with irreversible adsorption/reaction is smilar to that for diffusion case in

Appendix E except that derivation in mesopore region is different.

The mass baance equations in mesopore region and on catalyst surface in

mesopore region for diffusion with irreversible adsorption/reaction are described by

. éd’C’ U,
1C., _ mé_d C2m+£ deg_ KC F1
qt gdr- rdr_ g
19— e F-2

Transforming equations F-1 and F-2 into Laplace domain give

éd°’C_ 2 dC.u
A +_ ’

sc‘;;-o:gmgdri ol k.C., F-3
g -0=KC’ F-4

Rearranging equation F-3 gives
‘?;r? +% j?i - kC,, =0 F-5

where
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K +s
O

F-6

k1:

The Constants of k, and k,and solutions of C;,, C,, C, and F’ (s) are the same as

those for diffusion-only in Appendix D and are asfollows:

é k u
30,0, 6—L— - 14+
mgmetanhk1 d

k, = € u F-7
9,
é k u
= [3bg, 6—2—- 1j+s F-8
k3 \/ Cgcetmhkz ]'ld
& =p & Snh(kr,) o

C. =b.GC, snh(lr .) F-10
r.sinhk,
& - sinh(k, (1- x)) 11
k, coshk,
N 1G]~ 1
F = = F-12
(s) ‘ﬂx| , coshk,

Taking limit equation F-12 as s goes to zero, the zeroth moment expression of the

dimensionless exit flow rateis
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* 1
m, = F-13
cosn Y Ny ean
where
IS!®n3 k3 = ‘\/g hoverall F-14
h e 1N €quation F-13 isthe overall effectiveness factor defined by
hovera]l :hrm,hme F-15
where
h .. IS macropore effectiveness factor,
& 0
N = 3 L 2 F-16
M, . §tanhaM, . 3M, 5
h,,.is mesopore effectiveness factor,
& 0
h_= 3 1 2 F-17
M, Etanham, . 3m, 5
The parameters M, and M, are Macropore Thiele modulus and M esopore
Thiele modulus and are defined respectively by
My = o [Pt F-18
o3V g



Differentiating equation F-12 respectstos, the solution for

dF " (s) _ sechk,tanhk,
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ds 2k,

Mm:% L F-19
' O
dF (s) ;o
ds
ggg e 1 1 u
T U
82 P&k, tanhk, sinh’k, g 0 o
e . .o~ U B
A u
S T S S, S R
géZ gk tanhk, sinh°k o H

Taking limit equation F-20 as s goes to zero, the first moment expression of the

dimensionless exit flow rateis

. _1sech yhy, tanhyyh,

2 \/& hoverall

& o
e ¢ 0
&3, ¢ 1 1 =0
&8, Ve - - " U
:AZ g\/bmkahma tenh\/bm ahma hZ\/bmkahma —L'jL:j
g@ § 9% : 9 *'H
€é e 6 u 4
e, ¢ =y u
ggéb & 1 - 1 ?+1H+1 3
< A2 m * * x = U !
€e é fﬁtanh LA ﬁ: u u
8 8 On O O 7] H H
F-21
lim k, =[Pk F-22
s® 0 gc
K
Isl®ng k= [—2* F-23
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F.2. Derivation of g, for Irreversible Adsorption after One Pulse

The analytical solution for the pulse-intensity-normalized surface

concentration after one pulse (t =¥ ), g, , for bimoda porous case can be derived as

follows:

Substituting equations F-9 into equation F-4 gives

sinh(kr ), sinh(k,r.). sinh(k,(1- x))
r,sinhk,  r_sinhk, k, coshk,

9 =b bk’ F-24

Applying equation A-50, the final value theorem, to equation F-24, the time-domain
solution of the pulse-intensity-normalized surface concentration after one pulse

(t =¥ ) isasfollows:

smh ar + smh bk me
o = /bcbmka é\/gm é\/ *= sinh({bbhh,. (1- ))
¥
eV me i smh, ,bmkahme cosh,/b_b h _h

F-25

where

K Clim ik F-26

/ mk/1 =lim kK, F-27
s® 0

Jbb.h h.. = S|®rr3 K, F-28
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Appendix G
Derivation of the Laplace-Domain Solution and Zeroth, First and Second Moment
Expressons of the Dimensionless Exit Flow Rate for the One-Zone Reactor Packed
with Bimodal-Pore-Structure Catalyst Pellets for Diffusion with

Reversible Adsorption Case
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Derivation of the Laplace-domain solution of the dimensionless exit flow rate

for one-zone reactor packed with bimodal-pore-structure catalyst pellets for diffusion

with reversible adsorption is also similar to that for diffusion with irreversible

adsorption/reaction in Appendix E.

The mass balance equation in mesopore region for diffusion with reversible

adsorption is described by

T[Cl:'] édZC:n 2 dC:nl:I * *
:gme 2 a- (kaCm_ kd )
it gdror_dr. g

m

19 o e
—=Kk,C_-k
ﬂt a—m dq

Transforming equation G-1 into Laplace domain gives

éd°’C. . 2 dCu
A +_ ’

sC - 0=
" gmgdrf1 r.dr. g

- 0=kC,- kg’
Rearranging equation G-4 gives

g = k.C.
s+k;

Substituting equation G-5 into equation G-3 and rearranging give

dC
dr

m. kC =0

m

d*C,
dr 2

m

2
+—
M

i (k.C- k")

G-3

G-6
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where

G-7

The congants of k, and k, and the solutions of C., C., C, and F’ (s) are also the

same as those for diffusion case.

Taking limit F'(s) as s goes to zero, the zeroth moment expression of the

dimensionless exit flow rateis

m, =1 G-8
: . . : dF (s) .
Differentiating F (s) respectstos, the solution for . is
S
&3 & 1 1 &, u
%_ c(‘, - 2 U u
. AA2 k,tanhk, snh“k g
dF (s,)__sechkstanhksge e 2 2 40 3
ds 2 €3 ® e O 5 U 0
© éggbmfm ks Zfe tlh - = iz 3+1H+1u
& )" +&k, tan sin ’
&2 & (s+k;) ;8K tanhk, kg o H
G-9

Applying Taylor series expressions and taking limit equation G-9 as s goes to zero,

the first moment expression of the dimensionless exit flow rateis

. € & "6 6 U
m =2 &b, b §+k—i‘++1++1u G-10
2@ e 4
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d’F (s)
ds’

From equation G-9, the solution for can be written as

a@luo uaa:lzo

d &iF" (5)6_ “&dsp §dUB_ r.p+c. D

G-11
ds§ ds g z

where

dF'(s) _u
ds z

G-12

ee3 & 1 1
eez “€k, tanhk, sinh’k, ;4

u=sech k; tanhk, €4 ) s G-13
eesb e Kk S 1 1 6 13+
62 £k tanh h? u
& g (s+k; ) ekitan k sn kuz; ]

e e E cooooc

z=2k, G-14

‘|é3b e 1 hzkd‘g,
2 U

2 &k, tanhk,
sechkgtanh2k3|e € a

I .
4K .gsb LKk Se 1

HE AT T

NG = e

A=

- O

+1

o T

Q -
oOooc

G-15

:§3b ;ae 1 eschzk, &
4K; ::: 0,2 KK %= 1 ek 2 +13+1
12 ¢ (sek;) Ektannk, o U

B=-

== e

= atiantiant

G-16
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T 6 w0 Lot
{2 &ng B L ootk el |
| |
i€ cothk, csch’k,  2csch’k, cothk, U i
& i !
- k? K, 0 :
3, sechk,tanhk, | 30, % Kk 06 1 VR
C=- i 3+ mgy 4 Kaky +Ak hk - csch? K, g/
20 M1 B (sei) et o
7€ cothk, coth®k  2csch’k cothk U i
e ] o :
|e kl3 k12 kl3 a 1
'|' *y % .. '|'
e T et i
T (s+k;) ekitanhky 2 i
i
|
G-17
< .2
'e3b & 1 2) & n
2 &k, tanhk, 2 8 :
%chkgtanhk3|e € a {
4 e S VIS
. :232'“ C1+ Kaks 2{8 tlh |<10+1U+1:
“)? +&k, tan a1
ig 2 & (s+k ) Fhatannk % 0 b
G-18

Applying Taylor series expressions to equation G-15 to G-18 and taking limit as s

goes to zero, the second moment expression of the dimensionless exit flow rate is

.2 a
5,3:8%0 b FKe
. _ 5 beemg K o Z ., "€ Kig k, 0
=2 .0, )43 - 22 sbe KoY
12 5é 9. Om gmkdlj

é

&

O oo
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Appendix H
Derivation of the Laplace-Domain Solution and Zeroth, First and Second Moment
Expressons of the Dimensionless Exit Flow Rate for the Three-Zone Reactor Packed
with Bimodal-Pore-Structure Catalyst Pellets for the Diffusion Case
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Derivation of the Laplace-domain solution of the dimensionless exit flow rate
for the three-zone reactor packed with bimodal-pore-structure catayst pellets for
diffusion case is similar to that for unimodal case. The mass balance equationsin inert
zone 1 and 3 are solve similarly to that for unimodal case while the mass balance

equations in the catalyst zone are solve similarly to that for one-zone reactor.

The Laplace-domain solution of the dimensionless exit flow rateis as follows

)[smhz(A)smh(C) cosh?(A)sinh(C) ]J

F (o) = SP(C i - sinh?(A) cosh(C) + cosh? (A)cosh(C)b
S) =+
icosh(A)cosh(B)cosh( )+ rDéKl cosh(A) sinh(B) sinh(C) ,‘[J
LK r,K y
T+-=2_gnh(A)sinh(B) cosh(C) +-2L L sinh ( A) cosh(B) Sinh(C)!
T D33 rDSKS b
H-1
where
C=Kgz,, z,=x, H-2
B=K,Z,, z,=(X,-X,) H-3
A=Kz, z,=(1-X,) H-4
The quantity K,, K, and K, are asfollows:
K, = [fes H-5

K, = \/Bbcgc ZL— 1H+s H-6
atan 0



Derivation of the zeroth, first and second moment
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H-7

H-8

H-9

expressions of the

dimensionless exit flow rate for this case is smilar to that for unimodal case,

Appendix B. The zeroth, first and second moment expressions of the dimensionless

exit flow rate are as follows

2 g:)c (bm +1)+1E|+erelg

7

+Z, %zz go. (b, +1)+1EI+ZJe1§+ z

1
r.Dl

e,
&2

H-10

"
i
/ H-11

<

N

o

1le1 Hb



e}

NG
DD D D> D D> D> D D> (D> D> D> B D> D D

+

+

> S—D) D™ D

137

u

gl itz Z ol €0, (b +1)+1HH u

a

2.2, A oy U

[ gl o ZSrelre3+4Z erelg)c(bm-'-l)-'_lHH u

D3 u

&2 0. (b, +1) +1§ +22,2.1,, 0, (b, +1) + 180
Zrzz 24' 22,0, €0, (b +1)+1H+4Z Z3lales 33"‘2(”1)2

D3 3

e 68p, &0 1 buiy 4

g 15 g 9 I UH HL'J

] NN

? b +1 UL,JL,J'

2?2, ; S ;

r_zsglzsrelres"'zzzsres g)c(bm+1)+lgH E

D3
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Appendix |
Derivation of the Laplace-Domain Solution and Zeroth and First Moment Expressions
of the Dimensionless Exit Flow Rate for the Three-Zone Reactor Packed with
Bimodal-Pore-Structure Catalyst Pellets for the Diffusion with

Irreversible Adsorption/Reaction Case
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Derivation of the Laplace-domain solution and zeroth and first moment
expression of the dimensionless exit flow rate for the three-zone reactor packed
with bimodal-pore-structure catalyst pellets for diffuson with irreversible

adsorption/reaction is similar to those for diffuson case in Appendix H.

The Laplace-domain solution of the dimensionless exit flow rateis as follows

jsinh?(A)sinh(C) - cosh*(A)sinh(C) i

expC)) ., 2 y
F (o) = f- sinh”(A) cosh(C) + cosh”(A) cosh(C)p
icosh(A)cosh(B)cosh(C)+rf’é&cosh(A)sinh(B)sinh(C) ,‘[J
| K ’ r- K y
| +-2_sinh(A)sinh(B) cosh (C) +-PL "% sinh( A) cosh(B) sinh(C)!
T D3'*3 rDSKS b
-1
where
C=Kgz,, z,=x, -2
B=K,z,, z,=(X,-X,) 1-3
A=Kz, z,=(1-X,) -4

The quantity K,, K, and K, are asfollows

K, = [s -5
rDl

é k u
K,= (3b 2_.14+s 1-6
2 \/ cgcgm H
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where

The zeroth and first moment expressions of the dimensionless exit flow rate are as
follows

m, = 1 1-10

z, .
Com hoverall + r.z \/S/ hoverall th\/sl hoverall
D3%2

tanh 0 U
Nowa ++2z,r,,4cosh,y h

N

overall

>
363+ z B(t§1+

(m) )(D\

-

D3

i
==
)
)
L0 A h«&
m =i+z, glz 8o 2,1, IS Moy 2 Yoo
)
U2z,
1+
)
)

overal | ﬂ

Zileq F é— 1 overall Y 1-11
° H overaJI 8 e H
\/yhoverall Slnh\/S/hoveraJI u

z

D3

The quantity Bdin equation I-11 is defined by
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Appendix J
Derivation of the Laplace-Domain Solution and Zeroth, First and Second Moment
Expressons of the Dimensionless Exit Flow Rate for the Three-Zone Reactor Packed
with Bimodal-Pore-Structure Catalyst Pellets for Diffusion with

Reversible Adsorption
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Derivation of the Laplace-domain solution and zeroth and first moment
expression of the dimensionless exit flow rate for the three-zone reactor packed
with bimodal-pore-structure catalyst pellets for diffusion with reversible adsorption is

smilar to those for diffusion case, Appendix H.

The Laplace-domain solution of the dimensionless exit flow rateis as follows

jsinh?(A)sinh(C) - cosh*(A)sinh(C) i

expC)) ., 2 y
F (o) = f- sinh”(A) cosh(C) + cosh”(A) cosh(C)p
S) =+ .
icosh(A)cosh(B)cosh(C)+rf’é&cosh(A)sinh(B)sinh(C) {
| K ’ r- K y
| +-2_sinh(A)sinh(B) cosh (C) +-PL "% sinh( A) cosh(B) sinh(C)!
T D3'*3 r.D3}<3 b
J1
where
C=Kz,, z,=x% J2
B=K,z,, z,=(X,-X,) J3
A=Kz, z,=(1-X,) J4

The parameters K, K, and K, are asfollows

K, = [s ¥5
r.Dl

é k U
K,=,[/3b0, ea—>—-1g+s J6
’ \/ Cgcéta“hkz H
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e k
mgm é - 1L<I+ S
Stanh
k, = € kG J7

J8

K3: e g J9

The zeroth, first and second moment expressions of the dimensionless exit flow rate

are asfollows

m, =1 J-10
é é = - v v U
ﬁélzsre?ﬁzzébc bm§L+ k? ++1:+10+2,r, 0 I
. é e %o o 0 f f
m = . v J11

— " — ——— — —
—_
[w)
w
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&1 é @& 9 0 U u
+zzélzzéb b §L+kﬁ_+1—+1u+zr a+— 2, €1, T i

g2 é& kig g g b 0, 82° H
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