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Abstract—Frequency response behavior of the constant molar flow semi-batch adsorption vessel containing core-
shell composites is theoretically investigated. The periodic modulation of the inlet molar flow-rate into the vessel is
considered as the forcing function to the response. Under the interaction between the core-phase and the shell-phase
of the composite, both the response of the core-phase and the response of the shell-phase subject to the forcing function
exhibit their own peaks on the out-of-phase characteristic curve and their own plateaus on the in-phase characteristic
curve, respectively. The model to be developed will include the local linear equilibriums at the fluid-particle interface
and at the intraparticle core-shell interface, the external diffusion, the intraparticle diffusion in the outer shell-phase,

and the intraparticle diffusion in the inner core-phase.
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INTRODUCTION

In the frequency response (FR) technique for the study of the ad-
sorption equilibrium and dynamics, the system is perturbed about
an equilibrium state by periodic variation of some system vari-
ables, and then the responses of the system variables forced by the
variation are investigated to characterize the system. As the forcing
function to FR, a periodic modulation of the reservoir volume of a
batch system was originally considered [1-7]. More recently, a peri-
odic modulation of inlet flow concentration [8] and a periodic modu-
lation of inlet molar flow-rate [9-12] of a flow system were con-
sidered as the forcing function. With the modulation of inlet molar
flow-rate in a flow system, large perturbation of forcing function
can be allowed for better measurements of system variables under
the linear limitation of the FR technique. Since the in-phase (IP) and
the out-of-phase (OP) characteristic functions of FR for the modu-
lation of inlet molar flow-rate have the same functional dependence
of system variables as those for modulation of the reservoir vol-
ume [9,10], the theoretical analyses of FRs subject to the two dif-
ferent types of forcing functions are practically the same.

Composite particles with core-shell structure may be useful in
many applications, such as development of adsorbents, catalysts, cal-
orimetric sensors, optoelectronic devices, and bioprocessing devices
[13-18]. When the inner core is impermeable, the composite is called
an inert-core adsorbent, since this composite was reported to be suit-
able as an adsorbent for stable expansion at high flow rates in ex-
panded-bed. When the inner core is permeable, the composite is
called a core-shell composite as it is. In previous works [19-21] we
presented exact analytical solutions for the step and the frequency
responses of a constant molar flow semi-batch adsorption vessel
containing particles with core-shell structure.

An outstanding advantage of the FR technique is its ability to
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discriminate between various mass transfer mechanisms by exam-
ining the response over a large frequency spectrum [5,22]. In addi-
tion, the FR technique allows for the determination of system char-
acteristics (such as the amplitude and the phase angle of FR) over
much smaller changes in the system conditions than are typically
used for the step response technique.

The aim of this work is to extend the step response analysis of
the previous work [21] for the constant molar flow semi-batch ad-
sorption vessel containing permeable core-shell composites to inves-
tigate FR characteristics of the system subject to a periodic modu-
lation of inlet molar flow-rate. The model to be developed will in-
clude both the equilibrium interferences (at the fluid-particle inter-
face and at the intraparticle core-shell interface) and the diffusion
interferences (in the external film, in the outer shell-phase and in
the inner core-phase). Responses for cases of impermeable core-
shell composites (i.e., inert-core adsorbents) and homogeneous par-
ticles can be obtained by taking appropriate limits.

SYSTEM DESCRIPTION

1. Mass Balance

With linear adsorption equilibriums at the outer surface of the
composite and at the intraparticle core-shell interface, modeling of
the constant molar flow semi-batch adsorption vessel containing per-
meable core-shell composites gives rise to the following mass bal-
ance equations in dimensionless form, with dimensionless variables
and parameters defined in Table 1 [21]:

Mass Balance in Inner Permeable Core-Phase:

9A,_ (A, 20,
57 -4 ( o + 3 ax) (0=x=<x,) (1a)
at 7=0 A,=0 (1b)
_ A _
at x=0 X =0 (lc)



956 L.-S. Park

Table 1. Definition of dimensionless variables and parameters

C,. __C | _C . G . _ .
A,= . A—KZCO, AI—K—-——-——ZCO, A,= oo a=./D,/D,;
_rI, _Re, _KyV, _ kR | _Dat,
X_Rs Xc= R s ﬂ()_ Vb > f_ KZDZ’ 7= Rz >
R’/D, X ﬂ(RZ
=— w=0z
V,Co/N D
Mass Balance in Outer Shell-Phase:
Q..A._Z - azAz 2Q.A._2 <x<
To=S0 S (xe=x<1) (22)
at 7=0 A=0 (2b)
Mass Balance around Adsorption Vessel:
dA, A
Sy fER _ax(2; (A)=(1-xt)(A)+xUA) (3a)
at 770 A=0 (3b)
where
3 'y . 3%,
(Ay=——[ X’Adx; (Ay==] XAdx (o)
1—x % Xe 0

Three Boundary Conditions and Two Linear Equilibrium Rela-
tionships:

oA
ox =0_0 (4a)
0A
[ 2} =&dA-A) (4b)
zaA _9A,

49x . ox . (40)
A2|x= 1~ Ab|x= 1 (4d)
Al =KiA (4e)

For FR of the semi-batch adsorption vessel with periodical
modulation of inlet molar flow-rate, the forcing function is:

X(9=(I+vsin(@ DU(7) ®
where U(7) is the unit step function.
2. Solution in Laplace Domain

From Eq. (3), the overall transfer function G(s) which relates the
forcing function to the response in Laplace domain is given by

G(s)=2e A !

oX ~ (THAFG) ©
in terms of the vessel transfer function F(s).
The vessel transfer function is given as follows [21]:
F(s)=F,(s)+F,(s); (7a)
(A) _fu(s). (A _fl(s),
Fi(s)= %, 00) Fy(s)= % 10) (7b)
(1D NE
f,(s)—[(l 5)s1nh(ﬁ)+ fcosh(ﬁ)}
[(i21 Js
[(1 g)cosh(ﬁ)+ gsmh(ﬁ)}Q(s) (70)

f1(s) = —(a K )[X‘[ (X”f) —1}
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[sinh(x¢/s) — Q(s)cosh(xcn/s) ] (7d)
{(Jé cosh(./s)—sinh(./s)) }
3 — (XenfS cosh(xea/s) — sinh(xc/s))
fa(s)=3 (70)
{(cosh(ﬁ)—ﬁ sinh(/s)) }Q(S)
— (cosh(Xen/S) —Xcnfs sinh(xcr/s))

q(s)smh(xcf) [smh(xm/_) Xenls cosh(xcf)]
(s)cosh(xtf)—[cosh(x(ﬁ) XenlS smh(xtf)]

q(s)=azK,[ XCJ— th(xc ):| (72)

Applying Laplace transform to Eqg. (5), we have

)

X=é+v( ) ®)

S+ ()

Substituting Eq. (8) into Eq. (6), we obtain the solution for the
sinusoidal response in Laplace domain:

A__ 1 [l [ &
Q TSI+ AFG)Ls V(sz+(a)‘)2ﬂ ©
FREQUENCY RESPONSE

1. Characteristic Function of Frequency Response

We define the IP characteristic function and OP characteristic
function of FR as the real part and the negative of the imaginary
part of vessel transfer function when s—i@", respectively:

Fe=Re{lim [F(s)1}: F,=Im{ lim [F(s)]} (10
where
Fr=Rizp+Fa; F,=F+Fy (11a)
fiaforet+fisfoy fiafo—fifore
Fip=—5——; F=——— 11b
Rt fip+ 11 (1)
fiplr+ fifh, fial0r = fifs
Fyp=———; Fy=——7-— 1lc
2R P iE, 2 P If, (1lc)
flu=Re{ lim[£,(5)1}; E-Im{lm(fG)] (110
leRERe{Sli%.[fZI(s)]}Q fZIIE_Im{SliIB.[fZI(S)]} (1le)
fZZRERe{SliIB.[fZZ(S)]}; fZZIE_Im{SliIB.[fZZ(S)]} (116)

Characteristic functions in Eq. (11) can be obtained by the substitu-
tion of s=ia' into Eq. (7):

fir= {E,_,— (1 - 9Q4c0su+ (Qx— Q,)l—;sinu}coshu

{ —5) (Q,ﬁQ,)Acosu §)Q' s1nu}smhu (12a)
uj .
fu—{ -= Q, cosu— [(1—— —(Q,ﬁQ,)—Asmu}coshu
1 ul . .
+{(QR Q,)gcosu+ I—E)QR—EJsmu}smhu (12b)
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[(u—Q)cosu—(1+(Qxz+Q,)u)sinu]coshu
—[(Qz—Q))ucosu— (u+Qg)sinu]sinhu
+[(Q;,—xcu)cosxcu
+(1+(Qr+Q))xcu)sinx u]coshxu
+[(Qr—Q))xcucosxcu
—(Qg+xcu)sinxculsinhxcu

[(Qr+u)cosu+(Qz—Q,)usinu]coshu
—[(1+(Qx+Q,u)cosu—(Q,—u)sinu]sinhu
—[(Qr+Xxcu)cosxcu

for= -

£,=
2= +(Qz—Q))xcusinx u]coshx-u

+ [( 1+ (QR + QI)X(,‘u)COSXCu
—(Q,—xcu)sinxculsinhxcu

__:’)__ [(92Q;—q/Qr)cosxcu—qgsinxcu]coshxcu }
2AR=
20’

+[q,cosxu+(qzQx+q,Q,)sinxcu]sinhx u
£ o= 3 J[(azQr+q/Q)cosxcu—qsinxculcoshxcu
M| - [qreosxcu+(qzQ;—qQr)sinxcu]sinhxu
Qr=Re{lim [Q(s)]}
2xcul(qr—1) —q;]cosh(2xu)
_ +[(qe=1)’+g; +2xcu’[sinh(2xcu)

[(qe—1)’+q; —2xcu’]cos(2xcu)
—2xcul(qz—1) +q]lsin(2xcu)
+[(qe=1)"+q; +2xcu’]cosh(2xcu)
+2xcu[(qz—1)—q,]sinh(2xu)
Q=—Im{ lim[Q(s)1}
—2xcu(qz—1)+q/lcos(2xcu)
—[(qe=1)’+q; —2xcu’]sin(2xcu)

[(qr=1) +q; —2x¢u’]cos(2xcu)
=2xcul(qz—1)+q,lsin(2x,u)
+[(qz—1)*+q; +2xzu’]cosh(2xcu)
+2xcu[(qe—1) —q,]sinh(2xu)

q:=Re{ lim[q(s)1}

_ XU sin(2x.u/a)+sinh(2xu/a)
-a KI[H( a )cos(Zx(,u/a) cosh(2xLu/a)}

q=—Im{ lim [q(s)1}

—2’K ()_g_c_l_l) sin(2xcu/a)—sinh(2x.u/a)
B '[ a cos(2xcu/a)—cosh(2xcu/a)}

=Ja/2

2. Frequency Response
Rearranging Eq. (9), we have:

L

( )p S+ /J’OF(S)]

G,

oz

1
sine S(SZ+(w‘)2)[1+ﬂOF(S)]

fol g

(12¢)

(12d)

(12¢)

(12f)

(12g)

(12h)

(12i)

(12)

(12K)

(13a)

(13b)

(13¢)

Taking the inverse transform of Eq. (13) by using the method of
residues, we can obtain the sinusoidal response in the time domain.
Then FR can be obtained by taking the limit when 7—>o as described
below.

First, the step part of FR can be obtained by taking the inverse
transform of Eq. (13b), which is given in the reference [21]; then
we obtain the ultimate response by taking the limit when 7—>ce:

(&) =aeAl+K-Dx18E+A) (142)
1 (14b)
1+ 41+ (K —1)x¢]
&= 3ol (K1) (149)
AR D35 (Kim1) (xS Ko
==1 i 1
4= 5 1+ (K= 1)x (14d)

Second, the sinusoidal part of FR can be also obtained by taking
the inverse transform of Eq. (13c) by using the method of residues;
then we obtain the ultimate response by taking the limit when 7—

[ o)

b _ vV ) .
(Q)mm_ o1+ A+ K—Dx)] + VARsin(w" 7+ PS) (15a)
AR= : (15b)

& J(BE) +(1+BFL)’
PS=¢-3 ‘”:ta“_](fi%g (15¢)

where the first term on the RHS of Eq. (15a) is the residue for the
single pole at s=0, and the second term on the RHS of Eq. (15a) is
the residue for the conjugate complex pole at s*+(a/y’=0, respec-
tively. AR and PS are the amplitude-ratio and the phase-shift char-
acteristic functions of FR, respectively. Note that the sum of residues
for the infinite number of poles at (1+4F(s)=0) is dissipated when

T—>00,

Finally, FR is given by:

A _ (A Ay

Q- (Q)pm * (Q)m (16)
where (A,/€Q2),,, .. and (A,/Q),, .. are given by Eqs. (14) and (15),
respectively.

DISCUSSION

Since the amplitude-ratio and the phase-shift of FR depends only
on [P and OP characteristic functions for a given forcing function,
as seen in Eq. (15), we shall discuss FR behavior by examining their
characteristic functions below.

1. Low-frequency and High-frequency Values of Characteristic
Functions

Expanding characteristic functions defined by Eq. (12) in power
series of @' and taking the limit when &/ —0, we can obtain the
low frequency limiting values:
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lilno(flk/u) =1; limo(fu/u):_l; limo(fzzk/u) :l_xjc;

lim (f,,/u)=-1+ Xii; lim (f,z/u) = lez‘; lim (f;,,/u) =~ lez‘
@' =0 o' =0 ' —0

Substituting these into Egs. (10) and (11), we can easily obtain
the low frequency limiting values of IP and OP characteristic func-
tions, and AR and PS characteristic functions:

ngF,RzK,xﬂ; limF,=0 (17a)
L@E’Fm:l—xi;; L@E’Fzﬁo (17b)
L@gmzu(l{l—l)xa limF,=0 17c)
limAR = L limPs=-% (17d)

oo @ [+ B+ (K= Dx)]” o= 2

Limiting values of characteristic functions can also be derived
by limits of transfer functions in Laplace domain rather than in fre-
quency domain. By expanding F,(s) and F,(s) in power series of s
and taking the limits when s—0, we can obtain:

limF,(s)=K x¢ (18a)
50

limF,(s)=1-x} (18b)
50

Hence, we have:
limF(s) = lim[F,(s) + Fa(s)] =1+ (K,— )X (18¢)
5s—0 5s—0

Eq. (17) can be obtained directly from Eq. (18).

Eq. (17) shows that at low frequencies (& —>0) the adsorption
dynamics of the system is much faster than the input modulation,
so the equilibrium between the fluid-phase and the particle-phase
is established [9]. The distribution between fluid-phase and shell-
phase is defined by the term 1/(1-£x;) and the distribution between
fluid-phase and core-phase is defined by the term 1/(GKx). We
note that the low frequency limiting value of the IP characteristic
function depends only on equilibrium parameters of the system.

In the limit when @ —0, taking the limit of Eq. (15a) and sub-
stituting Eq. (17d), we can obtain:

fim(2) = ——2———tim| L{1-cos(w 1} =0 (1
wlg[(ﬂ)j 1+/50(1+(K,—l)xi,)w!g{w*[ cos(e T)]} 09

Thus, taking the limit of Eq. (16) and substituting Eq. (19), we
can readily obtain:

-3
Mo ~\Q @

step,o

where (A,/Q),,,.. is given by Eq. (14a), which was reported in the
reference [21] as mentioned before. Egs. (19) and (20) mean that
the sinusoidal part of FR dissipates and FR becomes the ultimate
(i.e., long time) step response in the limit when &/ —0. However,
it is not surprising that the ultimate step response is recovered from
FR in the limit, since the forcing function given by Eq. (5) becomes
unit step function when &/ —0.

For high-frequency limiting values, using the properties of hyper-
bolic function (e.g., tanh(ee)=coth(ee)=1), we can obtain the follow-
ing by term-by-term simplification of transfer functions:
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limF,(s)=0; limF,(s)=0; limF(s)=0 21)

Hence, we can obtain the high-frequency limiting values of IP
and OP characteristic functions straightforwardly:

limF\;=0; limF,,=0 (22a)
lim Fe =0; lim F,=0 (22b)
fly'iﬂF,e:O; fly'iLIlF,zo (22¢)
lim AR = wi lim P$ =— g (22d)

Eq. (22) shows that at high frequencies (¢ —>e<) the input modu-
lations are so fast that no adsorption takes place, and the system
behaves as an empty tank without adsorbent [9].

For a more consistent comparison between simulation results,
later in the simulation section, we define the reduced characteristic
functions based on the low-frequency limiting value of IP charac-
teristic function given by Eq. (17¢):

Fz F,
= = 23a
T 1+ (K~ )X n 1+ (K- (233)
Fiz Fy
N TR S T R— 23b
T 1+ (K- 1)x i 1+ (K- 1)x: (23b)
F.x Fy
=— -2 =—2 23c
e (K= Dx. T (K—Dx (23)

2. Characteristic Function for Inert-core Adsorbent

When K, =0, the inner core of the core-shell composite becomes
impermeable. The core-shell adsorbent with impermeable core is
called the inert-core adsorbent. FR for the case of the inert-core ad-
sorbent is reported in the reference [20].

Taking the limit when K, —0 for characteristic functions defined
in Egs. (9)-(12), we can obtain the following characteristic functions
for the inert-core adsorbent through a somewhat tedious simplifica-
tion procedure:

=n,dl+n2d2. =n|d2—n2d, (24a)
e T E+d
= [{cosh[Zu(l—x'c)]—cos[2u(1—xc')]} } (4b)
—u(1-xc){sinh[2u(1-x¢)]+sin[2u(1-x¢)]}
n2=3[_ 2ux{cosh[2u(1-xc)]—cos[2u(1-xc)]} } (40)
—u(1-xc){sinh[2u(1-x¢)]—sin[2u(1-%¢)]}

d=— 2u3Eg+ (1 - gx(}{— sinh[2u(1—x0)]+ sin[2u(1-x¢)]}

4
4ux,

¢

d2=—2u2(1— g{cosh[Zu(l—x(;)] —cos[2u(l1-x)]}

+

{cosh[2u(1-x¢)]—cos[2u(1-xc)]} (24d)

—2u3{1§+ (1— gxc}{sinh[Zu(l—xc)] +sin[2u(1-x0)]} (24¢)

We note that a typographical error in reference [20] is corrected
here in Eq. (24d) (the term sinh[2u(1—x.)] in Eq. (9d) in the refer-
ence is corrected as (—sinh[2u(1-x.)])). As a result of this correc-
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tion, the low frequency limiting values of characteristic functions in
the reference [20] have to be replaced by Eq. (17¢).
3. Simulation

IP and OP characteristic functions are simulated for the case of
a=1/10", £=1, x~=0.6 and K,=1. Usually, for a composite with
permeable core, the contact interference at the core-shell interface
is negligible; hence K, is equal to unity. Whereas for the composite
with impermeable core (i.e., inert-core adsorbent) K, is equal to zero.
The simulated results for K,=0 and K,=1 are shown together in
Fig. 1 to show the effect of the permeable core-phase. For K,=1, the
OP curve exhibits a bimodal peak and the IP curve exhibits two
plateaus. Each pair of peak and plateau is responsible for each phase
of the composite. According to Eq. (7b), F,(s) and F,(s) are transfer
functions relating fluid-phase concentration to core-phase concen-
tration, and relating fluid-phase concentration to shell-phase concen-
tration, respectively. Hence, under the interaction between the core-
phase and the shell-phase of the composite, both the response of
the core-phase and the response of the shell-phase subject to a peri-
odic modulation of inlet molar flow-rate exhibit their own peaks
on the out-of-phase characteristic curve and their own plateaus on
the in-phase characteristic curve, respectively. One pair of peak and

ng 'r||
< 08F — " Mg Mz
8 | In-phase N\ ~—°- Nyr: M
§ In-phase 1R "1
: 06 ___ngm,
5 forK, =0
5}
5 04F '
o ' \-
@ \
=
O

02F~ """~ B \\

S N

5 Tz Out of pha\sg S

10'3 10' 10 10°
w*

Fig. 1. Typical characteristic function. K,=1, &=1, x=0.6, a=1/10"*
and £=1.

— - Long time step
- - Forcing function

20

Fig. 2. Typical frequency response. &=1, x.=0.6, a=1/10"%, 5=0.5,
v=1 and &'=1.

plateau represents the equilibrium and dynamic characteristics of
core-phase, while another pair of peak and plateau represents the
equilibrium and dynamic characteristics of shell-phase. To separate
the overall characteristic function into the shell and the core charac-
teristic function, which should be required to discriminate between
two phases in the composite, the features of the two phases such as
peaks or plateaus should have comparable magnitudes with differ-
ent frequency spectra. The bimodal form of the OP characteristic
function and two plateaus of the IP characteristic function consti-
tute unusual characteristics of FR for the core-shell composite which
cannot be described by FR for K,=0. Fig. 2 shows FR with the same
values of mass transfer parameters as those used in Fig. 1. Other
parameters for Fig. 2 are £=0.5, v=1, &/=1.

Fig. 3 shows the effect of the external diffusion parameter on the
characteristic function for the case of K,=1, a=0.1 and x.~0.6. The
intersection between the IP and OP characteristic functions is caused
mainly by a surface barrier effect [4]. As can be seen, the cross-
over frequency between the IP and OP characteristic functions in-
creases with increasing & This is because with increasing £ the ex-
ternal diffusion resistance increases, so the peak of the OP curve and
the plateau of the IP curve for the shell-phase appear in the higher

0.2+

0
107

Fig. 3. Effect of external diffusion parameter on characteristic func-
tion. K,=1, x,=0.6 and a=0.1.

\ ~ X.=0.6
— x.=04
In-phase \ X
0.8+
\.\ _____ x_=0.2
= 06} 4
o3
o
= o04f )
0.2} ]
—F N
0 . f_d{/ - OUt-Of-Phase ~
10° 10" 10' 10’

*

]

Fig. 4. Effect of core radius on characteristic function. K=1, &=
10 and a=0.1.
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Fig. 5. Effect of core diffusion parameter on characteristic function.
K,=1, £=10 and x.=0.6.

frequency region.

Fig. 4 shows the effect of the core radius x. on the characteristic
function for the case of K,=1, a=0.1 and £=10. With increasing
X, the first peak of the OP characteristic function and the second
plateau of the IP characteristic function appear more clearly. This
is because the ratio of the equilibrium capacity of the core-phase to
the equilibrium capacity of the shell-phase (i.e., HKx/(1-4x2))
becomes larger with increasing X,.

Fig. 5 shows the effect of the core diffusion parameter a on the
characteristic function for the case of K,=1, x.=0.6 and £&=10. With
decreasing a, the first peak of the OP characteristic function and
the second plateau of the IP characteristic function appear more clearly.
This is because the diffusion resistance of the core-phase relative to
the diffusion resistance of the shell-phase increases with decreasing
a. Moreover, the diffusion characteristics of the core-phase appears
in the range of lower frequencies with decreasing a. Therefore, ex-
periments should be carried out in the lower frequencies to extract
more reliable values of the core diffusion parameter. In the practi-
cal measurements of adsorption equilibrium and dynamics, one of
the main limitations of the FR technique arises from the limited range
of angular frequencies experimentally obtainable. The range of angu-
lar frequency covered in the reported literature ranges from 1x10™*
rad/s to 60 rad/s, corresponding to the dynamic time-scale range of
about 0.015-1x10° s [5,22]. For example, if the dynamic time scale
is of the order of 10” s, the angular frequency is of the order of 10~
rad/s for w'=0.1 [since w=a/(R*/D,)=0.1/1x10>=1x10""]. In this
case we should introduce a sinusoidal forcing function with a period
of about 6,000 s. This kind of measurement would be a somewhat
time-consuming procedure.

As shown in Eq. (17), the low frequency limiting value of the IP
characteristic function of FR depends only on the equilibrium param-
eters of the system. Hence, in the practical adsorption operation,
the low frequency asymptote of the IP characteristic curve can be
utilized to extract the equilibrium parameters. Additional information
is needed to extract the equilibrium parameters K, and K, (or 4).
This additional information for the equilibrium parameters could
be obtained from the constant term on the RHS of Eq. (15a), which
gives a constant shift in FR. For the dynamic parameters, other char-
acteristics of the IP and OP characteristic curves (e.g., peak charac-
teristics of OP characteristic curves, decay characteristics of IP char-
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acteristic curve, crossover frequency between the two characteris-
tic curves) over a full frequency spectrum could be utilized.

CONCLUSION

Frequency response behavior of the adsorption vessel containing
permeable core-shell composites is theoretically investigated. The low
frequency limiting value of in-phase characteristic function depends
only on equilibrium parameters of the system. OP characteristic func-
tion exhibits bimodal peak and IP characteristic function exhibits
two plateaus. Under the interaction between the core-phase and the
shell-phase of the composite, both the response of the core-phase
and the response of the shell-phase subject to a periodic modula-
tion of inlet molar flow-rate exhibit their own peaks on the out-of-
phase characteristic curve and their own plateaus on the in-phase
characteristic curve, respectively. One pair of peak and plateau rep-
resents the equilibrium and dynamic characteristics of core-phase,
while another pair of peak and plateau represents the equilibrium
and dynamic characteristics of shell-phase. To separate the overall
characteristic function into the shell and the core characteristic func-
tion, which should be required to discriminate between two phases
in the composite, the features of the two phases such as peaks or
plateaus should have comparable magnitudes with different frequency
spectra. With increasing in the core radius x. and decreasing in the
core diffusion parameter a, the contribution of the core-phase on
the characteristic functions becomes larger, so the first peak of the
out-of-phase characteristic curve and the second plateau of the in-
phase characteristic curve appear more clearly. With increasing in the
external diffusion parameter & the crossover frequency between
the in-phase and out-of-phase characteristic curves increases.
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NOMENCLATURE

A A, A, A, : dimensionless concentration in composite, core-phase,
shell-phase and fluid-phase, respectively, defined in Table 1

AR :amplitude-ratio characteristic function

a : dimensionless core diffusion parameter, defined in Table 1

C  :concentration in the particle phase [mol/m’]

C, :reference concentration, on which dimensionless concen-
tration is based [mol/m’]

C, :concentration in the fluid phase [mol/m’]
C,, C,: concentration in the core and the shell within particle, respec-
tively [mol/m’]

D,, D,: effective diffusivity in the core and shell, respectively [m/s]

F(s) :vessel transfer function

G(s) : overall transfer function relating the forcing function to the

response in Laplace domain

K,, K,: dimensionless contact affinity at core-shell interface and
fluid-particle interface, respectively

: mass transfer coefficient of external diffusion [m/s]

: molar flow rate of adsorbate into vessel [mol/sec]

: phase-shift characteristic function

o
mz‘
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R :radius of adsorbent particle [m]

R,  :radius of inert core [m]

r : radius variable of adsorbent particle [m]

t : time variable [s]

V, V,, : volume of total particles including cores and shells and vol-
ume of fluid phase within the vessel, respectively [m’]

X, Xc : dimensionless radius variable of composite and core, defined
in Table 1

£, : dimensionless distribution parameter, defined in Table 1

&, O, : in-phase and out-of-phase characteristic function

x> 1, : reduced in-phase and out-of-phase characteristic function
based on the low-frequency limiting value of in-phase char-
acteristic function

& dimensionless external diffusion parameter, defined in Table 1

v :relative amplitude of sinusoidal forcing function, defined

in Eq. (5)

: dimensionless time variable, defined in Table 1

: dimensionless inlet molar flow-rate, defined in Table 1

: angular frequency of sinusoidal forcing function [rad/s]

: dimensionless angular frequency of sinusoidal forcing func-

tion, defined in Table 1
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