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Abstract-We present a theoretical analysis of the frequency response of a continuons-flow adsorber for adsorption 
of a gas onto bidisperse pore-structared solid, forced by the periodic modulalion of the iulet flow-rate. Spherical maca-o- 
particle and spherical micropartide geometries are considered. A local adsorption eqttiliblium of the gas on the exterior 
surface ofmicroparticle is assumed. It is confirmed that the in-phase characteristic fimction of the fiequency response of 
a flow adsorber is independent of the overflow parameter, but that the out-of-phase chameteristic fimction is a strong 
fmlclion of the overflow in the lower fi-equency region. The overall characteristic fmlclions in the micropartide dif- 
fusion regime have informalion of both microparticle diffusion and macropore diffusion. Hence, in tiffs regime we can 
extract the macropore diffusion parameter as well as the microparticle diffusion parameter from the experimental data 
of the overall characteristic functions. Ix the microparEde diffusion regime the capacity parameter of microparEde 
affects also the characteristic functions. 
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INTRODUCTION 

The frequency re@onse (FR) method in adsolption studies is a 
relaxation tedmique in which the equilibiiarn state of the system is 
modulated periodically in order to measure the reslmnse of the state 
variables under peri(xlic steady state conditions. Measurement of 
the response of the system over the modulation1 fiequency spec- 
~um facilitates the identification of the controlling sorption mecha- 
nisms and tile relevant Farameters [Yasuda and Saeki, 1978; Yasuda, 
1982, 1989, 1993, 1995; Yasuda and Sugasawa, 1984; Yasuda et 
al., 1995; Jordi and Do, 1992, 1993, 1994; Sun and Do, 1995, 1996]. 

In the FR mettlod the fiequency response is usually investigated in 
a batch system in which the gas pressure or concentpation is changed 
by a forced periodic modulation of tile reservoir volume. Cc~m-aiy 
to this conventional FR method, however, tile FR mettlod in con- 
tmuous flow systems was also presented with periodic modulatic~l 
of the inlet gas concentt-atic~l [Ngai and Gonles, 1996] or the inlet 
molar flow rote [Park et al., 1998a, b, 2000]. The main advantages 
of FR using modulalic~l of the inlet flow-rate over tile corrventional 
FR using modulation of tile reservoir volarne are the followitg [Park 
et al., 1998a, b, 2000]: 

-High frequencies of the inlet molar flow-rate mo&fiations are 
easy to obtain in practice on the coim-aiy to volume modulations. 

- Large relative amplitudes of tile inlet flow-rate can be used 

In ackll~ion to the above advmltages, Park et al. [1998b] showed 
in the analysis of the FR of a continuous-flow adsorbei; in which 
moncdisperse pore-structured solids were loaded, that the features 
of the fiequency respanse of a continuous-flow adsorber were highly 
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dependent on the overflow parameter, which could be exploited in 
the estimation of adsorption parameters. 

In this paper, we will extend the fiequency response analysis of 
Park et al. [1998o, b] to the systean of zeolite-like, bidisperse pare- 
struclnred pellets. Spherical macroparticle and spherical microparti- 
cle geonletties will be comidered A linear adsolptic~l isotilerm will 
be assumed. 

PROBLEM FORMULATION AND 
MATHEMATICAL MODEL 

We consider a continuous-flow adsc~ba in which there is a knoval 
amount of adsorbent particles with zeolite-like, bidispersed pore 
structure. At time t 0, a strem~ of pure adsc~-bate is introduced into 
the adsc~-ber and at the same time an outlet flow from the adsorber 
is started. The simplifying assarnptions for the nlathenlatical model 
are as follows: 

(1) negligible gas-to-solid mass b-ansfer resistance 
(2) pore diffusion in macropores within the spherical macropar- 

ticle 
(3) equiliblium adsorption on the outer surface of the micropar- 

ticle 
(4) microparticle diffusion within the sphelical microparticle of 

UllifOlli1 size (e.g., diffusion witifin zeolite crystal) 
(5) isothermal condition 
(6) linear adsorption isotilenn 
(7) constant equilibrium and dynamic parameters. 

Asstalption 1 is easily satisfied with l"apid stilting in tile reser- 
voic Assumption 2 is reasonable as the strface ditSasion in the mac- 
ropore is negligible compared to the ix)re diffusion. Assumption 3 
is usually satisfied in gas-solid systems as the gas-solid interaction 
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is very i%st relative to tile diffusion in tile macropore as well as tile 
diffusion within the microparticle. Assumption 4 is well satisfied 
in case of zeolite-like particles because of tile molecular dilnension 
of the channels. And asstmlptions 5, 6, and 7 are reasonable if the 
pressure during the whole experiment is maintained low. 

Tile mass balance equations based on tile above asstnnptions are 
given below in terms of dimensionless variables and lmpmneters 
defined in Table 1: 

1. Mass balance equations within the microFartide (with initial 
and boundary conditions): 

aAp 1 b ( 20__~A'~ 
0v = ~0-'X~Xs ~xv 0xs) (la) 

at v=0, Av=0 (lb) 

atxv=0, ~ =0 (or &=finite) (lc) 
OK s 

atx s 1,A s Ao (ld) 

2. Mass balance m tile macropore (with initial and boundary con- 
ditions): 

OAo_lla__(x~0ao ] (1 G)K0<As> (2a) 
by C~x~bXt~ a x )  e~ by 

<A~> :3~  x2vAsdxs (2b) 

at v=0, AZ0 (2c) 

8A, 
atx=0,-~x =0 (2d) 

a t ~ l ,  a~ a (2e) 

where c~ is tile ratio of tile macropore lime constant to tile micro- 
particle time constant (see Table 1). The model is controlled by the 
macropore diffusion when 0c>>l and controlled by tile microparti- 
cle diffusion when 0~<<1. 

3. Mass balance around the reservoir (with initial and boundary 
conditiom): 

d__a +[3 d [ e  <A > +(1 -G)K<<A~>>] =QX(~) -TACv) (3a) 
d ~  a a a 

<Ao> =3~0 x2A~ cLx (3b) 

<<As>> =3~ x2 <As> cLx (3c) 

at v 0, A 0 (3d) 

the reservon; [3~ is tile volinne ratio of adsorbent to reservon; and 5' 
is the dimensionless overflow lmpmneter (see Table 1). If T=0, then 
we have a semibatch adsorbe, instead of tile continuous-flow ad- 
sorber. 

In Ec b (3a) X('c) is the forcing fimction, which defines the form 
of tile periodic modulation of tile inlet flow l-ate. W'e use tile sinu- 
soidal wave fimction: 

X(z) 1 +vsinofv (4) 

where v is tile amplitude and co+ is tile dilnensionless frequency 
based on the microparticle time constant (see Table 1). 

SOLUTION IN LAPLACE DOMAIN 

Tile solutkxl m file Laplace domain will be given in tile form of a 
transfer fimction. The overall transfer function in the Laplace domain 
relatitg tile forcing funchon to tile bulk conceim-ahon in tile gas 
phase within tile reservoir can be obtained as: 

1 
O(s) _ -  (5) 

QX s[1 +~+[3QCs) 1 

where [3 is relative capacity of adsorbent, which is given by 

[3 [3dG+(1-G)K ] (6) 

Tile ti-msfer function Q(s) in Eq. (5) chm-actelizes tile adsorp- 
tion dynanfics of the adsorbent particle, which is defined as 

Q@S=a~ +(1 e~ ~os (7) 
"+J G+(1 -G)K +'"'<" 

In Eq. (7) F+(s) is tile tt-ansfer function relating tile bulk concen- 
tration to tile gas-phase conceim-alion in macrolzores, which is given 
by: 

q~ (S) 

where 

Fa +(1 a)KFn(s)7 q,= O:S ~ 
4 L G+(I G)K _[ (9) 

In Eqs. (7) and (9), F~(s) is the transfer fianction relating the gas- 
phase concentration in maoropores to tile solid-phase concentration 
within micropartides, which is given by: 

\ q2 

where fl is dilnensic~fless ~rameter measuring molar supply into where 

Table 1. Dimensionless variables and parameters (C0 denotes a 
reference concentration) 

A = Cp. Ao C~ A C =r--~s x f ; g =  t . 
s KC0' : ~ ;  :C-]+ ;xs  as '  R2,/D~ ' 

+ R.' v .  R'/D h R.' 
CO =r 13. ="~'; C ~ = = "  f + R j D s ,  \CoVJ\DsJ ' 7 - ( V I ( D T )  q s 

%:d/s (11) 

Using the transfer functions G(s), Q(s), F,(s), and Fs(s) defined 
in this section, the adsorber response to any forcing fimction can 
be obtained by using the method of residues and inverse Laplace 
transform. For the consWail-rts of constant or square-wave forcing, 
and semibatch operation (i.e., 7=0), we can arrive atthe solution in 
the real time domain, given by Park and Do [1996]. 
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F R E Q U E N C Y  R E S P O N S E  

Having obtained the transfer function, we can obtain the FR by 
substitulmg s ic0* into G(s). Then the magnitude of G(ico*) becomes 
the amplitude ratio (AR) of the response and the argt~ent of G(ico*) 
becomes the phase st~ff (PS). We can characterize the FR by using 
the amplitude ratio and the phase shift. However, a more common 
way to characterize the FR is to use the in-phase and out-of-phase 
char-acte~istic functions instead of the amplitude ratio and the phase 
shift. 

We define the in-phaze characteristic function and the out-of- 
phase cha-acteristic function as the real part and the negative of the 
imaginary part of the FR t~ar~sfer function corresponditg to the trms- 
fer function Q(s) [defined by F_q. (7)], in the lknit of s it0*, respec- 
tively. Thus, we have 

~ =Re~ lim~Q(s) +-Z~[ (12a) 
b~,0;~ i]s_.lJ 

}*= Im{li~}~.IQ(s) + ~ 1  } 

I.-S. Park et al. 

f~,=3~ sinh(2~a)*) +sin(2~a) ~) 2 ~ (15b) 

She F } f f - - g g ~ ~ c ~ )  f S ~ c ) ~ o n (  fc~e~f'~ed by Eq. (4)] in 
tenns of the amplitude ratio (2~) and the ptgse skirl (PS) is [Park 
et al., 1998a, b]: 

A 1 -- =- +(v)AR sin(c0*'c +PS) (16) 
t) T 

The first term of the RHS of Eq. (16) represents the long time re- 
sponse of the continuous-flow adsorber to the constm]t tmn (i.e., 
unity) of the forcing fimction. The AR and PS in terms of the in- 
phase and out-of-phase characteristic functions are given by 

A R = ( 1 ] ( .  1 (17a) 
\c~ +(1 +n~) ~ 

(12b) 

Subsequently, we can obtain the in-phase and the out-of-phase 
functions as follows: 

~ (1 [~)f~R+[~(f~Rf~R f~,f~,) (12c) 

'=(1 [~)f~,+[~(f~Rf~,+f~f~R) +__Z_ (12(t) 
[3o3* 

where [3 b is the relative capaci W of microparficle within adsorbent 
particle, which is given by 

(1 a~)K (13) 
[3~ e~ +(1 -e~)K 

The functions f,s and f~z in E% (12) are give,] as the real part of f~ 
(it0*) and the negative of the imaginary part of f,(ic0*), respectively: 

 in( v, 
cosh(2u) -cos(2v) u 2 +v2/ 

�9 7v sinh(2u) +u sin(2v) 2uv ~[ 
1L ~ H 2 +v:/]  (14a) 

where u and v are: 

u=Re[%] = ~ . = ~ ( g : + J ~ , + { ( 1 - ~ ) / 1 3 ~ + g ~ } : )  ~ (lab) 

v=Im[q~] ~ ; = ~ (  f~,+ff~: ~'~ ~:, +{(1 [3e)/[~e+gR} ) 0de 
) 

where f~ and f~ are give,] as the real Izo-rt of f~(im*) and the negative 
of the imaginary part of f~(i0f), respectively: 

f~ =3~" sinh(2~m*) - sin(2~o)*) ~ (15a) 
[ ~ ( c o s h ( ~ )  c o s ( ~ ) ) l  

(171)) 
kl+n~j 2 

It should be noted that the m-phase and out-of-phase components 
and the amplitude ratio and the phase shiPt satisfy the following re- 
lationship: 

~1~ iq , -  (co,)A R 

S I M U L A T I O N  O F  T H E  F R E Q U E N C Y  R E S P O N S E  

We have obtained the FR of a continuous-flow adsorber, in which 
bidisperse pore-structured solids are bade4 The response is ex- 
pressed as a function of the AR and the PS. The AR and the PS are 
expressed as functions of the in-phase and out-of-phase character- 
istic functions, which are expressed m terms of adsolption equilib- 
liLlI1] add dynamic parameters [see Eqs. (16) and (17)]. Therefore, 
we could extract equilibrium and dynamic parameters by compar- 
ing the observed ctkqracteristic functions to the theoretical ones. We 
will simulate the in-phase and the out-of-phase characteristic func- 
tions for some cases below to show how each of the system par- 
anleters influences the response and to get some ideas how to ex- 

(x = 0.01 

\ . ,\\\ \ \ \ ~ ,  - - - - ( x = 0 . 1  

- - - - -  c t = 1 0  

\ \ \ \ \  . . . .  c~ = 100 

" /'~'-. \ / - \ . . V  \ \  // _ \ ,  x ,  

.i- out-off,base/ /~,,~-_ ~\-.. ~ ' ~ _ .  -'- 

ool  o.1 ~ ,o loo looo 1o000 

D i m e n s i o n l e s s  F r e q u e n c y  ( 0 * )  

Fig. 1. Effect of tile relative magnitude of mao~pore  l ime constant 
to microparfide l ime constant on the characteristic func- 
tions for [3b=0.6 [solid (o~=0.01~ long dash (o~=0.1~ medium 
dash (o~=1), short dash (o~=10), dash-dot (o~=100)]. 
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tract system parameters effectively. 
Fig. 1 shows the in-phase and out-of-phase characteristic fitnc- 

lions of the fiequency response at different values of ct for semi- 
batchwise operation of the adscrber (i.e., 7-0). We can see that the 
characteristic fimctions start to deviate from the corresponding low- 
fi-equency asymptotes and approach to the corresponditg high-fie- 
quency asymptotes in the lower frequencies, respectively, as the value 
of 0~ increases. ]z~ the macropore d i l~ ic~  regime (i.e., when g>>l)  
the d~a-acte~istic functions shift nearly parallel to the left along the 
frequency-axis with increasing c~. This is because in the macropore 
d i l~ i c~  regime the fiequency response is co,m-oiled by the mac- 
ropore diffusion, Since the d~aractelislic funclions of the mac~opore 
d i l~ i c~  (i.e., f,~ and f,z) are funclions of gto* [see Eq. (14)], the 
parameter c~ shifts the chm-acte~istic functions pa-allel on the loga- 
rithmic scale of the frequency-axis. In the microparticle diffusion 
regime (i.e., when ~<<1) the shape of the out-of-pt~se ct~-acte~is- 
tic function is bin~cdal. This bm~la l  shape is due to the co~mibu- 
tion of the macropore diffusion, which is sho~m more clearly in Fig. 
3. The st~pe and the ct~-acte~istic fiequencies (e.g., maximum fie- 
quency of out-of-phase fimction) of the FR are different in the dif- 
ferent regime. Hence, we can conclude that the dismimi~tion be- 
tween the macropore diffusion and microparlicle diffllsion regimes 
could be achieved by matching the theoretical response to the ex- 
perinmnt. 

Tile overall cll:qractelistic function (i.e., rl~/~ and l]z/~) is expressed 
as a fianction of the characteristic fimctions of the macropore dif- 
fusion and the microparticle clil~ic~ [see Eqs. (12)]. To show how 
the individual characteristic fianction conlributes to the overall fianc- 
lion, the overall function of the FR, together with those of macro- 
pore diffusion and inicroparlicle diffilsion, is plotted in the macro- 
pore diffaasion regime (i.e., 0t=100) in Fig. 2 and in the microparti- 
cle cliffi~ic~] regime (i.e., 0~ 0.01) in Fig. 3, respectivel~r As shown 
in Fig. 2, the overall ct~aractelislic function m the macropore diffu- 
sion regime (e.g., for g 100) is nearly comistent with the cha-ac- 
telistic function of the macropore diffusio~t As we can see m Fig. 
3, however, the overall characteristic fimction in the microparticle 
diffi~sion regm~e (e.g., for 0~ 0.01) has both itffonnation of the mac- 

1.0 ~in-phase~"\ 
~- f~R & f~ .9 

::::3 k\\~ __  fctR a f . i  

LL - -  i1R/~ & l'll/[ ~ 
o -="=~ o.s  \ ~ x \ \  

. . , : \ \  o) 
out-or-pnase// x\ \\\\ / \ \ ~ "  \ \ "  

t.- 

0.0 - - ~  
0.1 1 10 1 O0 1000 10000 100000 

Dimens ion le s s  Frequency (to*) 

Fig. 3. Behavior of clmracteristic functions under microparticle 
diffusion control for o~=0.01 and ~b=0.6 [short dash (f:  & 
r:~), long dash (f.R & f~r), solid (TIR/~3 & n,/Dl. 

ropore d i t~ ion  and the microparticle diffusion. Hence, m the mi- 
cropartide diNasion regime the macropore diffusion thne constant 
as well as the microparticle time constant could be extracted from 
the overall cha-acteristic functioi1 Since many adsoiption processes 
of gases m zeolites are controlled by the inicroparticle diffusion 
[Ruthven, 1984; Park and Do, 1996], this feature of the character- 
istic function would be very useful in the FR analysis of the zeolitic 
system. 

The effect of the capacity parameter of microparticles on the char- 
actelislic function is shown m the macropore d i l~ ion  regime (0~ 
10) in Fig. 4 and in the microparticle diffusion regime (0t=0.01) in 
Fig. 5, respectively. As shown m Fig. 4, in the inacropore diNasion 
regime the existence of the inicroparticle can hazt!ly affect the over- 
all behavior of the adsc~ptic~l process. As shown in Fig. 5, how- 
ever, m the microparticle diffusion regime the overall characteristic 
fitnctions have both intblmation of the macropore diffusion and the 
inicroparticle diffusioi1 

in-phas 
.0_ f~R & f~ "6 
= R a f ~  

LL 

o u t - o f - p h a s ~ ' - ' ~ . \  / ' - \ ) \  

= / "%. O 

O0 S ~ i  ~ ' / "  ~- """ "~ -- ""* 
o.ool o.o~ o.~ ~ ~o loo ~ooo 

Dimensionless Frequency (co*) 

Fig. 2. Behavior of characteristic functions under macropore dig 
fusion contn)l for o;--100 and ~b=0.6 [short dash (f,~ & f:), 
long dash (f.R & f~), solid (?R/[3 & TD/[~)]. 

1.o ~ i n . p h a s e  ~b = 0,99 
~ \  I~b = 0.10 

r 0.5 

0.0 
oo~ o.1 1 lo too looo 10000 

Dimens ion les s  Frequency (to*) 

Fig. 4. Effect of the relative capacity of ndccoparticle on file char- 
actedstic functions under mact~pore diffusion control for 
o{=10 [solid ([3b=0.99), dash (~b=0.1)]. 
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1,0 - ...,~...~ - - - . . . ,  

I~b = 1 ~ \ : \  in-phase \ ~t~i~ ' " . .  \\ 
0 . s  ' - - . .  ,,. 

13 = 
g o.s \\ \ . , , \ \  

: - -  o 

out-of-phase  r162 
0.0 - - - - ~  

0.01 0.1 1 10 100 1 0 0 0  10000 

Dimensionless Frequency (o*) 

Fig. 5. Effert of  the relative capacity of micropartiele  on the char- 
acteristie functions under  macroparticle  diffusion control 
for or=0.01 [solid ([]~=1), long dash (~=0 .9 ) ,  m e d i u m  dash 
(~=0 .7~  dash-dot (~=0 .5) ,  dash-dot-dot ( [~=03) ,  short dash 
(IL=o)]. 

For 0<[3b<l, in the micropaticle diffusion regime the shape of 
tile out-of-phase function is bmloJal (see Fig. 5). For both cases of 
[~b 0 and lib 1 tile shape of the out-of-phase function is uninlcxlal 
as these cases reduce to the system of monodisperse pore-s~ucmred 
solids. 

As we can see in Eq. (12), the in-phase function is independent 
of tile overflow l:arametei; but tile out-of-phase function is a func- 
tion of the overflow parameter. Tile effect of the overflow paranle- 
ter on the out-of-phase function is shown in Fig. 6. On the contrary 
to tile same function of a batch and semibatch adsorbei; tile out-of- 
phase dlaz-actelistic function of a flow adsorber Call show a mini- 
mum and maximum (for low~- values of 7), or no extrenla at all 
(for higher values of't). As discussed in Park et al. [1998b], tile over- 
flow parameter should be kept small to produce the minimum and 

1.0 
t I 1 ......... 

- 1 
t ~ l - -  - y[~ = 0 .01  

e- 1 
._0 t l i - - - -  T/~ ~- 0.1 

/ / ~ i - - -  ' / /13:1 
u. 0 s  / \ \ \ 7 /~  = 10 
�9 \ \ - -  - -  "fl~-- 100 oo \ 

\ \ , \ 
r -  ,,, 

a. \ \ "-\ \ : \  

o \ , 1 

o 
0 . 0  

0.01 0.1 1 10 100 1000 10000 

Dimensionless Frequency (m*) 

Fig. 6. Effect of the overflow pmameter on the out-of-phase char- 
acterislie function for o~=0.01 and [3b=0.6 [sofid (~/[3=0), long 
dash (~/[]=0.01), m e d i u m  dash (~/[]=0.1), dash-dot (T/~=I),  
dash-dot -dot  (T/[3=lO), short  dash (7/[3=100)]. 

tile maximum which can be useful in parameter es~nation from 
experimental data. 

C O N C L U S I O N  

In t i~ paper, we pres~lted a tileoretical analysis of tile frequency 
resix:nse of a oonfinuous-flow adsorber for adsorption of gases onto 
bidispersed solids, forced by tile perio~lic modulation of tile inlet 
flow-rate. It was coifimled that tile in=phase chaz-actetistic function 
of the frequency response of the continuous-flow adsorber is in- 
dependent of tile overflow paramet~; but tile out-of-phase charac- 
t~istic function is a strong function of tile overflow in tile lower fre- 
quency region. 

Since tile shapes and tile chm-act~istic fi-equencies of tile FR are 
different in the different regimes of mass transfer, the discrimina- 
tion between tile macropore d i l~ ion  and microl:article diffusion 
regimes could be achieved by matching tile tilec~etical response to 
the experiment The overall characteristic fimctions in the macropore 
d i l~ ion  regime are nearly consistent with tile ct~-actefistic func- 
tions for the macropore diffusion, while the overall characteristic 
functions in tile micropore diffusic~l regime have itffonnation of 
both tile macropore d i l~ ion  and tile microparticle cliffusion. In 
this regime we can exlract the macropore diffusion ~-aneter  as 
well as tile microparticle diffusion paramet~ frc~n tile experimen- 
tal data of  tile overall characteristic functions. 

The out-of-phase characteristic fimction of a flow adsorber can 
show a mminlum and maximum, at smaU values of tile overflow 
parameter. Thus, the overflow parameter should be kept small to 
produce tile minimum and tile maximum which can be also usefifl 
m parameter estimation. 

N O M E N C L A T U R E  

A, A~,A~ 

<A~> 

<As,> 
<<A~>> 
AR 
C, C~, C~ 

D 

D a 

D~ 
f:~, f~ 

f~, f~i 

F.(s) 
F,(s) 
~(s) 
K 
14 
PS 
q 

: dimensiolfless concentrations m tile reservoir, m tile 
macropores, and m tile microparticles, respectively, 
defined in Table 1 

: volumebic average of  A~ 
: volumebic average of  A~ 
: volumetric average of<A.> 
: amplitude ratio 
: concenlrations in the reservoir, in the macropores, and 

m tile microparticles, respectively [mol/nl 3] 
: apparent effective diffusivity in micropores, defined 

in Table 1 [m2/s] 
: effective diffusivity in macropores [nl2/S] 
: effective diffusivity wittml microparticles [m2/s] 
: m-phase and out-of-phase characteristic functions of 

tile macropc~-e diffusion, defined by Eq. (14) 
: in-phase and out-of-phase characteristic fimctions of 

tile microparticle diffusion, defined by Eq. (15) 
: transfer function, defined by Eq. (8) 
: transfer function, defined by Eq. (10) 
: overall transfer function, defined by Eq. (5) 
: adsorption equilibrium constant 
: inlet molar flow rate to reservoir [tool/s] 
: phase skiff 
: volumetric overflow rate from reservoir [m3/s] 
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q~ 
q~ 
Q(s) 
r 

r~ 
R 
a~ 
S 

t 
U 

V 

V, V~ 
x(~) 

: fimction, defined by Eq. (9) 
: fimction, definedby Eq. (11) 
: transfer function for file particle, defined by Eq. (7) 
: coordinate variable of particle [m] 
: coordinate variable of microparticle [m] 
: equivalent radius of particle [m] 
: equivalent radius of microparticle [m] 
: Laplace variable [l/s] 
: time variable [s] 
: fimction, defined by Eq. (14b) 
: fimction, defined by Eq. (14c) 
�9 volumes of reservoir and adsorbe~lt.s, respectively [m 3] 
: dimensionless forcing function 

Greek Letters 
0~ : relative magnitude of macropore ~ne  constant to mi- 

croparticle time constant 
[3 : relative capacity of adsorbent, defined by Eq. (6) 
[3~ : volume ratio of  adsorbent to reservoir, defined in 

Table 1 
[3b : relative capacity ofmicroparticle wittml adsorbent par- 

ticle, defined by Eq. (13) 
: macropore porosity 
: overflow parameter, defined in Table 1 
: in-pho~se and out-of-phase characteristic function of 

frequency response, defined by Eq. (12) 
: amplitude of modulation of inlet molar flow rate, de- 

fined in Eq. (4) 
: dimensionless time, defined in Table 1 
: angular fi-equency of file perturbation in flow rate, rad/s 
: dimensionless angular frequency of the perturbation 

in flow rate, defined in Table 1 
f~ �9 dimensionless molar supply parameter into tile reser- 

voil; defined in Table 1 

1' 

V 

03 

03* 

Superscript 
- : variables in tile Laplace domain 
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