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Abstract A new method for investigation of adsorption
equilibrium and kinetics, named Nonlinear Frequency Re-
sponse-Zero Length Column (NFR-ZLC) method, is intro-
duced. It combines the advantages of the Nonlinear FR
method (the potential to identify a model corresponding to
the most probable kinetic mechanism and to estimate the
equilibrium and kinetic parameters of the identified model)
and of the ZLC method (the potential to derive direct infor-
mation about the processes on the particle level, by eliminat-
ing the influence of the adsorber). The frequency response
functions of a ZLC system, up to the third order, and for
three simple kinetic mechanisms (film resistance control,
micropore diffusion control and pore-surface diffusion con-
trol) are derived and simulated. The procedure for estima-
tion of the equilibrium and kinetic parameters is defined and
illustrated based on numerical simulations.

Keywords Nonlinear FR - ZLC - Equilibrium - Kinetics -
Mechanism identification - Parameter estimation

Nomenclature

A input amplitude

a.  first order coefficient of the Taylor series expansion
of the isotherm relation g = ¢(c)

ag  first order coefficient of the Taylor series expansion
of the isotherm relation ¢ =I'(g)

B amplitude of the output harmonic

b  second order coefficient of the Taylor series
expansion of the isotherm relation g = ¢(c)
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second order coefficient of the Taylor series
expansion of the isotherm relation ¢ = I"(q)
concentration in the fluid phase, mol/m3
concentration in the fluid phase within the particle
pores (pore-surface diffusion model), mol/m?
nondimensional concentration in the fluid phase
nondimensional concentration in the fluid phase
within the particle pores (pore-surface diffusion
model)

third order coefficient of the Taylor series expansion
of the isotherm relation g = ¢(c)
third order coefficient of the Taylor series expansion
of the isotherm relation ¢ =I'(g)

effective diffusion coefficient, m? /s

pore diffusion coefficient, m? /s

surface diffusion coefficient, m?/s

micropore diffusion coefficient, m? /s

FRF on the particle level

FRF on the column level

mass transfer coefficient, 1/s

concentration in the adsorbent particle, mol/m>
nondimensional concentration in the adsorbent
particle

concentration in the solid phase (pore-surface
diffusion model), mol/m?>

nondimensional concentration in the solid phase
(pore-surface diffusion model)

particle half-dimension, m

microparticle half-dimension, m

particle spatial coordinate, m

microparticle spatial coordinate, m

time, s

volume of the ZLC bed, m3

volumetric flow-rate, m?/s

function defined in (49)
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X  input, general, frequency domain
X input, general, time domain

Y  output, general, frequency domain
y output, general, time domain

Z functions defined in (43)—(45)

Greek letters

B time constant corresponding to accumulation in the
particles of the ZLC, s

r adsorption isotherm function ((p‘l)

y time constant corresponding to accumulation in the

interstitial fluid of the ZLC, s

bed porosity

&p  particle porosity

™

8;, modified particle porosity

10 adsorption isotherm function, phase (rad)

o shape factor

T time constant, s

o  frequency, rad/s

o*  complex parameter defined in (65) and (70)
Subscripts

1 first order

2 second order

3 third order

I first harmonic

II second harmonic

IIT  third harmonic

F  film resistance model

M micropore diffusion model

PS  pore-surface diffusion model

s corresponding to stationary state

Abbreviations

FR frequency response

FRF frequency response function
ZLC zero length column

() mean value

1 Introduction

Like other heterogeneous solid-fluid systems, adsorption
systems generally involve a number of interacting phenom-
ena and processes. For their proper design, the knowledge
of both equilibrium and kinetics is essential. In spite of a
number of existing experimental techniques for measuring
adsorption equilibrium (Rouquerol et al. 1999; Guiochon
et al. 1994; Do 1998; Seidel-Morgenstern 2004) and kinet-
ics (Kérger and Ruthven 1992; Do 1998), there is still a need
for developing new methods.

The new method for investigation of adsorption equilib-
rium and kinetics, presented in this paper, is essentially a
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combination of two existing macroscopic methods: the Non-
linear Frequency Response (NFR) and the Zero Length Col-
umn (ZLC) method.

The zero length column (ZLC) method is a well known,
essentially chromatographic technique. It was originally de-
veloped by Ei¢ and Ruthven (1988) to measure intracrys-
talline diffusivities in zeolite crystals. Since then, the ap-
plication of the ZLC method has been extended to kinetic
investigation of various adsorption systems with different
mechanisms (Ruthven and Brandani 2000; Eié et al. 2002;
Cherntongchai and Brandani 2003; Barcia et al. 2005; Dun-
newijk et al. 2006; Vinh-Thang et al. 2006), and also to
equilibrium measurements (Brandani et al., 2003a, 2003b).
Although isothermal and linear systems are usually consid-
ered, nonisothermal and nonlinear cases have also been in-
vestigated to some extent (Brandani 1998; Brandani et al.
1998, 2000).

The basic advantage of the ZLC method lies in the fact
that a very shallow (“zero-length”) column is used in the
experiments, in order to eliminate the influence of the axial
concentration gradient and axial dispersion. In the classical
ZLC method an inert stream is passed through a shallow
bed of adsorbent particles previously saturated by a sorbate,
causing its desorption. The kinetic data are obtained by fit-
ting the time dependent effluent concentration to the solu-
tion of a previously assumed mathematical model. Using
the “zero-length” column justifies using the mathematical
model on the particle scale, by neglecting the influence of
the column.

On the other hand, the nonlinear frequency response
method (NFR) is a rather new method for investigation of
adsorption systems. It has been developed as an extension
of the classical frequency response (FR) method, by apply-
ing the mathematical tools of Volterra series, generalized
Fourier transform and the concept of higher order frequency
response functions (FRFs).

Frequency response (FR) is a quasi-stationary response
of a system to a periodic input change around a steady-state
value. Its application for investigation of adsorption kinet-
ics originates from 1963 (Naphtali and Polinski 1963), and
since then it has been used by a number of research groups.
A comprehensive overview of these investigations can be
found in (Rees and Song 2000; Petkovska 2005b).

In all these investigations, the generally nonlinear adsorp-
tion systems are treated by the linear FR technique, which is
justified by using very small input amplitudes (e.g. ~1%,
Song and Rees 1996 or 2%, Grenier et al. 1999 for reservoir
volume modulations and <5% for pressure and concentra-
tion variations, Wang et al. 2003; Wang and LeVan 2007).
As a result, a single frequency transfer function is obtained
and its characteristics are used for estimation of the kinetic
parameters. One of the main drawbacks of the classical, lin-
ear frequency response method is that a number of different
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kinetic mechanisms result with the same shape of the linear
FR characteristic functions (e.g. the micropore, pore or pore-
surface diffusion mechanisms, Park et al. 1998). In that way,
the method is reduced to estimation of kinetic parameters of
a previously assumed model.

By using larger amplitudes of the input modulation func-
tion, the nonlinear behaviour of the system becomes visi-
ble. The nonlinear FR is obtained in the form of a complex
periodic function which, in addition to the basic harmonic,
generally contains a nonperiodic (DC) term and a number of
higher harmonics:

x = Acos(wt) =

Yy = ypc + Bjcos(wt + @) + By cosQwt + ¢yp)
+ BprcosBot + o) + -+ - (H

The concept of higher order FRFs (Weiner and Spina 1980)
is practically based on replacing the nonlinear model of the
system by a set of FRFs of the first, second, third, etc. order.
While the first order function is identical to the one result-
ing from the linear FR analysis, the second and higher order
FRFs contain additional information. These functions are di-
rectly related to the harmonics of the nonlinear FR, and can
be estimated from them. E.g., the first, second and third har-
monic and the DC component of the output can be expressed
by (2), (3), (4) and (5), respectively:

y1 = Bjcos(wt + ¢r)

={(4/2)G1(®) +3(4/2)’G3(0, 0, —w) + -}/
+{(A/2)G1(~w) +3(A/2)°G3(0, —w, —w) + -}

x eIt )

yir = By cosQCawt + ¢yp)
={(A/2)*G2 (0, »)
+4(A/2)* G0, 0, 0, —0) + -}
+{(A/2)*Ga2(~w, —w)
+4(A/2)*Ga(w, —0, —0, —w) +---JeH (3)

yur = Burcos(3wt + ¢pir)
={(4/2°G3(0, 0, w)
+5(A/2)°Gs(w, w, 0, ®, —w) + - - -}
+{(A/2)°G3(~w, —w, —)

+5(4/2)°Gs(w, , —w, —w, —w) + - -Je
“)

ype =2(A/2)*Ga(w, —w)
+6(A/2)*Gy(w, 0, —0, —®) + - - (3)

More details about the general nonlinear FR and Volterra
series expansion can be found in Weiner and Spina (1980)
or in some of our previous publications (Petkovska 2001;
Petkovska 2005b; Petkovska and Do 1998).

A very important result of our analysis of adsorption
kinetics by nonlinear FR is that the higher order func-
tions defined on the particle level (correlating the changes
of the adsorbate concentration in the particle and in the
surrounding fluid, Petkovska 2001) have different shapes
for different kinetic mechanisms. This fact can be used
for reliable identification of the correct kinetic mechanism
(Petkovska and Do 2000; Petkovska and Petkovska 2003;
Petkovska 2005a). The higher order FRFs also enable esti-
mation of additional system parameters.

Up to now, the NFR analysis has been applied to a num-
ber of, mostly isothermal, simple (Petkovska and Do 1998)
and complex (Petkovska and Petkovska 2003; Petkovska
2005a) kinetic mechanisms, although some nonisothermal
cases have also been analysed (Petkovska 2000). The analy-
sis is mainly based on reservoir type adsorbers with peri-
odic modulation of the reservoir volume or inlet flow rate
(Petkovska and Do 1998; Petkovska 2001), which enable
relatively easy extraction of the FRFs on the particle scale.

Nevertheless, the assumption of ideal mixing, which is
typical for the reservoir type adsorbers, is not always met,
especially for liquid-solid systems. For that reason, the NFR
analysis was extended to chromatographic systems with pe-
riodic modulation of the inlet concentration. This analy-
sis was successfully applied to estimation of equilibrium
isotherms (Petkovska and Seidel-Morgenstern, 2005; Ili¢
et al., 2007a, 2007b, 2007c). On the other hand, estima-
tion of the particle FRFs, which are needed for identification
of the correct kinetic model, from the FRFs of a chromato-
graphic column, is very difficult. As illustration, we give the
mathematical expression of the first order FRF of a chro-
matographic column, derived for isothermal, plug-flow with
axial dispersion case (Petkovska and Seidel-Morgenstern,
2005):

2N (hg — Ap)e?
2N (Mpe*2=41 — ap) + Ada(1 — eP274)

Giw) = (6)

where N is the number of theoretical plates, and A1 and A;
are solutions of the corresponding characteristic equation:

I—e¢ Qs .
AMa2(@)=N=£ \/Nz + 2N (1 + Fl(a))TC—> jo ()
N
In (7), F1(w) is the first order FRF on the particle scale,
which contains the information about the adsorption kinetics
(e is the bed porosity and Qg and Cy the steady-state con-
centrations in the stagnant and moving phases, respectively).
Obviously, extracting the function Fj(w) from G(w) is
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rather difficult. This difficulty increases considerably for the
second, third and higher order FRFs.

This was our motivation for introducing the NFR-ZLC
method. The idea is to use and combine the advantages of
both methods:

e The potential to identify a model corresponding to the
most probable kinetic mechanism and to estimate both
the equilibrium and kinetic parameters of the identified
model, which are characteristics of the NFR method and

e The potential to derive direct information about the
processes on the particle level, by eliminating the influ-
ence of the adsorber, which is a characteristic of the ZLC
method.

2 Definition and mathematical model of the NFR-ZLC
system

The NFR-ZLC method is based on the ZLC apparatus in
which the inlet concentration is modulated in a sinusoidal
way around a chosen steady-state value. The system is
shown schematically in Fig. 1. Owing to a very shallow ad-
sorption bed used, the concentration of the effluent stream is
considered equal to the concentration within the bed.

The mathematical model of the system shown in Fig. 1,
for the case of isothermal conditions and constant flow rate,
is given by the following material balance equation:

dc LB d{q) @)
— —— =cip—¢
Vi dt "
In (8) the concentrations in the fluid ¢, and in the particle ¢,
as well as the inlet concentration c;,, are defined as nondi-

mensional deviations from their steady-state values:

C—Cs Cin_cs Q_Qs
c=——, Cin = ———, g=—7—
Cs Cs Qs

and the parameters 8 and y are defined as:
Vv 1—¢)V

y = 8__, — w (10)
Vv VCs

(V is the volume of the ZLC bed, ¢ its porosity and V the
volumetric flow-rate). As the concentration in the particle is
generally nonuniform, the average concentration (g) is used
in (8).

The frequency response analysis assumes modulation of
the input (in our case inlet concentration) around a previ-
ously established steady state value. Accordingly, the initial
conditions for (8) are:

t<0: c=cip=q=0 (11D
and the inlet concentration is:

t>0: cj=Acos(wt) (12)
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V = const
C,, =C, + Acos(wt)

v

C=C, +B,cos(ot+q,)
+ B, cos(2ot+¢,)

Fig. 1 Schematic picture of the
NFR-ZLC system

+ B, cos(3at+@,, )+

In order to get a complete mathematical model, an additional
model equation, defining the mass transport on the particle
level, is needed. The form of this equation depends on the ki-
netic mechanism. For the sake of generality, for the moment
we will define the model on the particle scale by a general
expression:

(q) =F(c) (13)

In the frequency domain, the nonlinear operator F can be
replaced by a sequence of frequency response functions of
the first, second, third, ... order (Weiner and Spina 1980).
The functions for different kinetic mechanisms, which can
be found in our previous publications, have been reviewed
in Petkovska (2005b).

3 Frequency response functions of the ZLC system
Let’s denote the FRFs relating the outlet and the in-
let concentrations (¢ and c;,) in the ZLC system with
G (w), Ga(wy, @), G3(w, w2, w3), €tc.
For the cosinusoidal modulation of the inlet concentra-
tion:
A j wt —jwt
Cin = Acos(wt) = E(ej +e 7

(12a)

using the Volterra series expansion, the outlet concentration
can be represented in the following form:

A . .
c= E(G] (@)’ + G (—w)e /")

AN? .
+ <§> (Ga(w, w)eH " +2Go(w, —w)e’
+ Ga(—w, —w)e 2

A\3 . .
+ <3) (G3(w, w, )3 +3G3(w, , —w)e! ™
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+3G3(0, —0, —w)e/” Gar(w, —») =0 (18)
+G3(—0, —0, —w)e ) + - (14)  G3(0,0,0)

3

On the other hand, the concentrations in the particle and in = — Gi@h(@, 0,0 + G1(@)Ga(w, 0) (v, 20)

the surrounding fluid ({g) and c) are also related by a set of L+3wj(y + BF1(3w))

FRFs, i.e. F1(w), Fa(w1, @), F3(w1, w2, w3), etc. The con- x 3wjp (19)

centration in the particle can, thus, be presented in the fol-
lowing way:

A j ot —jot
<Q):§(Gl(w)Fl(w)€j +Gi(—o)Fi(—w)e ")

A\? .
+ <5) (Ga(w, w)F1 2w)eX® +2G(w, —o)
x F1(0)e + Ga(—w, —w) F1 (—2w)e~ 2"
A\® .
+ (5> (G3(w, w, w)F Bw)e> 1!

+3G3(0, ©, —w) Fi (w)e! !
+3G3(w, —w, —w)F) (—w)e!
+ G3(—w, —0, —w)Fi(=3w)e ) + ..

AN? )
+ (5) (G () Fr(w, w)eX

+2G1(0)G1(—w) F> (0, w)e”
+ G (~w) P (—w, —w)e™ ")

A 3 3jwt
+ (5) (2G 1 (@) Ga(w, w) Fr(w, 2w)e’’
+2G 1 (—0)Ga(—w, —w) Fa(—w, —2w)e 3 4 ..

A\° .
+ (5> (G} (@) F3(0, 0, w)e™ ™!

+ G (—0)F3(—w, —0, —w)e 1 +
+3G3H(0)G1(—0) F3 (0, 0, —w)e! ™

+ 3G (—w)G 1 (®) F3(w, —w, —@)e /") + ...
(15)

By substituting the expressions for c;;,, ¢ and (g) (defined
by (12a), (14) and (15)) into (8), and applying the method of
harmonic probing (collecting the terms with the same ampli-
tude and frequency), a set of algebraic equations is obtained,
defining the ZLC FRFs. Here are the expressions obtained
for the first three FRFs, obtained by collecting the terms with
Ael®t A2e2191 A2¢0 and A3e37¢ | respectively:

1
Gi(w) = . (16)
1+ wjy +BFi(w)
G*(w)F w,w
__Gebe.) , 4 (a7
1+ 2wj(y + BF1(2w))

Gr(w,w) =

These expressions enable calculating of the FRFs of the
Z1.C system for any particular kinetic model. On the other
hand, they also enable calculation of the FRFs defined on
the particle level (the F-functions), from the FRFs on the
ZLC level (the G-functions), which can be estimated di-
rectly from the FR experiments.

It is important to notice that the asymmetric second order
function G2 (w, —w) is zero for any kinetic mechanism. As
a consequence, the function F>(w, —w), which was found
very useful for mechanism identification (Petkovska and Do
2000; Petkovska and Petkovska 2003) can not be estimated
from the NFR-ZLC experiments.

The analysis in this work will be limited to three com-
mon isothermal, rather simple kinetic models, correspond-
ing to: film resistance control, micropore diffusion control
and pore-surface diffusion control. The basic model equa-
tions for these mechanisms are listed below in the next sec-
tion. The corresponding expressions for the first, second and
third order FRFs are given in the Appendix, without any de-
tails about the derivation. The derivation procedure, together
with a rather detailed derivation of the first and second or-
der FRFs corresponding to these three mechanisms, can be
found in Petkovska (2005b); Petkovska and Do (2000). The
expressions for the third order FRFs are published here for
the first time.

4 Kinetic models
4.1 Film resistance model

If the main resistance to the mass transfer can be lumped
in the fluid film surrounding the particle, a film resistance
model can be used:
i—ct] =km(c =T (@) =kn(c — ¢~ (q)) (20)
where k;, (1/s) is the mass transfer coefficient. The function
@, defining the adsorption isotherm, is generally nonlinear
and its unique inverse I" is assumed to exist. (This assump-
tion is valid for all five isotherm types of the BDDT classi-
fication, Do 1998, but, for example, it is not valid for irre-
versible isotherm.)

In order to apply the nonlinear FR analysis, it is most
convenient to express I" in the Taylor series form:

T(q) = agq + byq® +Eqq°> + - - Q1
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The FRFs corresponding to this mechanism, up to the third
order, are given in the Appendix ((57) to (60)).

The time constant corresponding to this case, used in (57)
to (60), is defined in the following way:

(22)

4.2 Micropore diffusion model

If the dominant mass transfer resistance is in the micropar-
ticles, the adsorption process is controlled by the rate of mi-
cropore diffusion. For the one-dimensional case it can be
described mathematically by the following equation:

ad 1 9 ad
ML (k) 23)
ar  ry dry ary

In this equation, g is the nondimensional concentration of
the adsorbate in the micropores, at position r;,, D;, the mi-
cropore diffusion coefficient and o the shape factor (¢ =0
for plane, o =1 for cylindrical and o = 2 for spherical
geometry). The boundary conditions for (23) are:

dq
rM: N _— .

3 qg=9() 24
m

ry=Ry:
In (24) R, is the microparticle half-dimension and ¢(c) is
again the adsorption equilibrium relation, which is generally
nonlinear, and can be expanded into a Taylor series:

@(C) = Gcc + bec? + G0 4 - 25)

As g changes within the microparticle, the mean concentra-
tion has to be defined:

o+1
= Rz+1

Ry
() /0 r2 () dry (26)

The corresponding FRFs up to the third order, derived for
the case of constant diffusion coefficient and plane geometry
(o =0) are given in the Appendix ((61) to (64)).

The time constant for this mechanism is defined as:

2
Ry

Dy 27)

™ =

4.3 Pore-surface diffusion model

In a number of cases the adsorption kinetic is governed by
particle diffusion which generally takes place by two paral-
lel mechanisms: pore diffusion and surface diffusion. If the
concentrations are again defined as nondimensional pertur-
bations from their steady-state values, the one-dimensional
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pore-surface diffusion model can be described by the fol-
lowing equation:

dgi , dci 19 aqi
Ao teng =0 =enogr\ D5,

v L (p o0 (28)
1 o(y 00
Progr\" " or

where 7 is the particle space coordinate, ¢; the concentration
in the pores at position r, g; the corresponding concentra-
tion of the adsorbed phase, D; the surface diffusion coeffi-
cient and D), the pore diffusion coefficient, ¢, is the particle
porosity, and 8;, =¢,Cis/Qis. Local equilibrium within the
pores is commonly assumed:

Vri o g =(c;) = dcci + bec} + e} + - (29)
The boundary conditions for (28) are:

aq; ¢
ﬁ_ﬁzo, r=R:
or ar

ci=c (30)

(c is the concentration in the gas phase, as before, and R is
the particle half-dimension).

The concentrations g; and ¢; are both functions of 7. The
mean concentration in the particle can be obtained as:

o+l R o (I —¢p) '
<Q>— Ro+l/0 r ((1_8p)+8;7ql(r)

/

+ c,-(r))dr 31

- r
(1—8)—!—8‘/,)

The corresponding FRFs up to the third order, derived for
constant diffusion coefficients and plane geometry (¢ = 0)
are listed in the Appendix ((66) to (69)).

The time constant for the pore-surface diffusion mecha-
nism can be defined as:

S (32)
Tps =

D gy
where D,y is the effective, or apparent, diffusivity:

(1—-¢,)Dga, +¢'.D
Doy = p)Psdp [: p

(I —epap + &)
_ (1 _Sp)Dsains “I‘SprCis 33)

(1- ep)ap Qis + £, Cig

5 Simulation of ZLC FRFs

In this section, we show some simulation results of the ZLC
FRFs, obtained for the three kinetic mechanisms defined in
the previous section. The model parameters used for these
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Fig. 2 Particle (F) and ZLC (G) FRFs for film-resistance control

Table 1 Model parameters used for simulation

Film-resistance model
ag =1.64, I;q =1.05, ¢4 =0.672, k;, =0.0355 1/s (v = 17.17 5)

Micropore diffusion model

d, =0.610, b, = —0.238, & =0.093, R, = 1 x 10~ m,
D, =5.82x 10712 m?/s (tyy = 17.17 5)

Pore-surface diffusion model

dc =0.610, be = —0.238, ¢, = 0.093, R=1 x 10™* m,
Doy =5.82 x 10719 m2 /s, Dy =2 x 10719 m?/s, ¢, = 0.2,
g, =4.66 x 107 (tps = 17.17 5)

Common parameters
B=0.17, 7,107, y =0.0004 s

simulations are listed in Table 1. These values roughly cor-
respond to the system analyzed in Brandani (1998).

The parameters for all three mechanisms correspond to
the same adsorption isotherm and to the identical time con-
stants on the particle level. On the ZLC level, two other time
constants can be defined: 8 and y. They correspond to the
rates of accumulation in the particles and in the interstitial
fluid in the bed, respectively. Owing to practically negligi-
ble accumulation in the interstitial fluid, the time constant

y has a very small value and practically doesn’t influence
the overall dynamics of the system. Generally, the dynam-
ics of the ZLC system is governed by two time constants,
T and 8.

The simulation results, corresponding to the film-resist-
ance, micropore and pore-surface diffusion models, are
shown in Figs. 2, 3 and 4, respectively. In these figures,
the FRFs on both particle (the F-functions) and ZLC level
(the G-functions) are presented, in the form of standard
Bode plots (amplitudes vs. frequency in log-log, and phases
vs. frequency in semi-log diagrams). In order to investigate
the interplay between the time constants 7 and S, the ZLC
FRFs were simulated for 3 values of 8: 8 =0.1t, 8 =1 and
B =10rt.

The right-hand parts of Figs. 3, 4 and 5 show that the
shapes of the G-functions depend, not only on the kinetic
mechanism, but also on the value of the time constant .
For this reason, the G-functions are not very convenient for
identification of the kinetic model. Also, it can be seen that
the amplitudes of the second and third order functions gen-
erally decrease when the ratio of the column and particle
time constants B/t increases. One should also notice that the
maximums of the amplitudes of G, (w, w) and G3(w, ®, w)
move into the range of higher frequencies when g/t in-
creases.
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F - functions G - functions
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Fig. 3 Particle (F) and ZLC (G) FRFs for micropore diffusion control
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Fig. 5 The Z-functions for the
three mechanisms 12 ’
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6 Model identification and parameters estimation

6.1 Model identification

As mentioned in the previous section, the shapes of the G-
functions, defining the FRFs on the ZLC level, change some-
what with the change of the time constant 8, so they are not
very convenient for identification of the underlying kinetic
model. Nevertheless, the inspection of the F-functions in
Figs. 2, 3 and 4 shows the following:

(1) All three FRFs corresponding to the film-resistance
model have different high-frequency asymptotes than
the corresponding FRFs for the diffusion mechanisms.
Consequently, the discrimination between the film-
resistance and the diffusion models is possible even
from the characteristics of the first order FRF Fi(w).

(2) The high-frequency asymptotes for all three FRFs corre-
sponding to micropore and pore-surface diffusion mod-
els have similar features. Nevertheless, the shapes of the
second and third function, F>(w, w) and F3(w, w, w),
for the two mechanisms, are different.

A detailed discussion on the differences in the patterns of
the FRFs corresponding to the three models analysed in this
manuscript can be found in Petkovska and Do (2000).

The important result is that the FRFs on the particle level
(the F-functions) have unique patterns for all three mecha-
nisms, and can, therefore, be used for model identification.

The F-functions can be easily calculated from (16), (17)
and (19), once the G-functions are estimated from experi-
mental FR results.

o (rad/s)

6.2 Estimation of equilibrium parameters

The equilibrium behaviour can easily be extracted from the
low-frequency asymptotes of the particle FRFs, in the fol-
lowing way: the first, second, third, etc., derivatives of the
adsorption isotherm can be obtained directly from the low-
frequency asymptotes of the first, second, third, etc. particle
FRFs. Using the expressions for the particle FRFs from the
Appendix, the following results were obtained:

(a) For the film resistance model

1 10| C
lim Fi(0) = — = a, = 201 & (34)
=0 aq aC Ky QS
by, - 13| c?
lim Fz(a),a)):—%:bcz_ _Q2 s (35)
@0 a; 2 9C?|, Oy
2 ¢
lim F3(w, w, w) = ~—5q - f—z =0
w—0 aq aq
1330 C}
—1¥e & (36)
6 dC3 |, Qs

The fact that a, l;q and ¢, on one, and ac, l;c and ¢, on
the other hand, correspond to inverse functions I and ¢,
is used in these equations.

(b) For the micropore diffusion model

lim Fi(w) =ad, 37
w—0
lim P (w, ®) = b, (38)
w—0
lim F3(w, w, ) = ¢ (39)
w—0
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Fig. 6 Imaginary part of the 0
first order particle FRF for the
film-resistance and diffusion
models—estimation of the -0.05r
process time constants
0.1
w- -0.15F
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(1]
g 02
-0.25+
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(c) For the pore-surface diffusion model
e; + (1 —¢pac
e, +1—ep

_ Spcis + (1 - Sp)&chx

lim F(w) =
w—0

(40)
gpcis +(1 _8p)Qis
1—e,)b
Iim F(w, w) = (/#)C
w—0 8p+1 —&p
_ (1 _gp)chis (41)
ngis + (1 - gp)Qis
1— ~
Iim A (w,w,w) = (,ﬂ
w—0 8p+1 —&p
(l _gp)Echs (42)

B Spcis + (1= 8p)Ql’s

Nevertheless, the equilibrium data can also be estimated
directly from the ZLC FRFs, without estimating the FRFs
on the particle level. If the following functions are defined:

_Im(G) (@)

Zi(w) = (43)
w
G k)
2o, 0) = 222 (44)
Gi(w, w,
Za(w. w0 = 232 45)
w
it can easily be shown that:
lim Z(w) = lim BF(w) (46)
w—0 w—0
lim Z>(w, w) = lim 28 F>(w, w) “n
w—0 w—0

@ Springer

4

10° 10 10° 10
mT
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The Z-functions corresponding to the G-functions for the
case 8 =t in Figs. 2, 3, and 4, are shown in Fig. 5.

Once the isotherm derivatives have been estimated, they
can be used for derivation of the appropriate isotherm re-
lation. If the type of the isotherm is already known or sus-
pected, its parameters can be obtained by fitting the analyt-
ical expressions for the first, second and third derivatives to
the experimentally estimated values. It was shown that reli-
able isotherms can be obtained in this way from FR exper-
iments performed at only two or three steady-state concen-
trations (Ili¢ et al. 2007¢).

On the other hand, if the isotherm type is completely un-
known, the isotherm derivatives determined from the FR
experiments at several steady-state concentrations can be
used to generate additional isotherm points, by using Tay-
lor series expansion, as explained in Petkovska and Seidel-
Morgenstern (2005).

6.3 Estimation of the kinetic parameters

The problem of estimation of the kinetic parameters from
linear FR characteristic functions, for simple isothermal ki-
netic models, has been solved long ago (Yasuda 1982). The
process time constant can be estimated from the extremum
of the so-called “out-of-phase” function (Yasuda 1982),
which is identical to the negative imaginary part of the first
order particle FRF F|(w) (Park et al. 1998). The imaginary
parts of the Fi(w) functions, corresponding to the film re-
sistance mechanism and a single diffusion mechanism and
plane geometry are shown in Fig. 6 (the forms of the func-
tions Fi(w) for the micropore and pore-surface diffusion
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Fig. 7 The function 0.04
W (w)—estimation of the
surface diffusion coefficient
(pore-surface diffusion

mechanism)
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mechanisms are identical). The minimums of these curves
correspond to: wt = 1 for the film-resistance model and
ot = 2.5492 for the diffusion models and plane geometry.
Once the process time constant is known, it is easy to cal-
culate the corresponding kinetic parameter (k,, for the film
resistance, D, for the micropore or D,y for the pore-surface
mechanism), using the time constant definitions ((22), (27)
or (32), respectively).

In addition to this, the nonlinear FR method also enables
estimation of separate values of the pore and surface diffu-
sion coefficients for the case of pore-surface diffusion mech-
anism. If the following function, based on the second order
FRE, is defined:

W(0) = P (0, w)Jo (49)
it can be shown that it has a high-frequency asymptote:
1—e,)b D 2D
lim W(w) = (481’)C/0_207(1 _ j)L«/—S
w—>00 1 —8P+8p R,/Deﬂ 50

which enables estimation of the surface diffusion coeffi-
cient, assuming the equilibrium parameters and the effective
diffusion coefficient D,y have been estimated previously.
Knowing Dy and D,y enables calculation of the pore dif-
fusion coefficient D), as well. The graphic representation of
the function W (w) is shown in Fig. 7.

7 Numerical experiments

In order to illustrate the proposed NFR-ZLC method and
its procedure, some numerical experiments were performed.

10° 10
o (rad/s)

10

The numerical results were used as “quasi experimental”
data. In principle, the procedure does not depend on the
particular kinetic mechanism. For that reason, the numeri-
cal experiments were performed for only one mechanism.
The film resistance control model was chosen as the sim-
plest one from the point of view of the numerical solution of
the model equation.

The frequency responses were simulated by numerical
integration of the model equation (20). The simulations
were performed with the same model parameters as used in
Sect. 4, for 8 = 7, for three input amplitudes (A = 0.1, 0.5
and 0.9, corresponding to 10%, 50% and 90% of the steady-
state concentration) and for a number of frequencies. Nu-
merical experiments in which random noise with 0.5% am-
plitude (relative to the steady-state concentration) was added
to the simulated concentrations, were also performed. Al-
though 0.5% noise amplitude might seem small, it is actually
overestimated, keeping in mind that in the linear FR method
the amplitudes of the input modulations are kept in the range
from 1% (Song and Rees 1996) to 5% (Wang et al. 2003;
Wang and LeVan 2007).

These simulated results were used as “quasi-experimen-
tal” data and the FRFs on the column and particle level were
estimated from them and used for estimation of the equilib-
rium and kinetic parameters. This estimation is performed
in four steps:

Step 1. Estimation of different harmonics of the output.
This step is performed by applying the fast Fourier trans-
form to the simulated “quasi-experimental” data, and cal-
culating the amplitudes and phases of different harmonics
from the transform. As illustration, in Fig. 8 we show the
amplitudes of different harmonics, obtained for w = 0.01
rad/s and three input amplitudes. As the amplitudes of the
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Fig. 8 Results of Fourier (a)
analysis of the ZLC output for 1 T
w=0.01rad/sand A =0.1,0.5
and 0.9 0.8f
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second and higher harmonics are much smaller than those
of the first (basic) one, in Fig. 8b we give an enlarged pic-
ture of the second and higher harmonics. Figure 8 shows that
the amplitudes of the second and higher harmonics increase
considerably with the increase of the input amplitude A. Ac-
tually, for A = 0.1, only the first and second harmonic can
be detected, while for A = 0.5 and A = 0.9, one can detect
up to the fourth and fifth harmonic, respectively.

Step 2. Estimation of the ZLC FRFs (the G-functions).
As mentioned in the introduction, the FRFs of a nonlinear
system are directly related to the harmonics of the nonlinear
FR. These relations, for the first three harmonics, are defined
by (2), (3) and (4). In the complex domain, these equations
become:

3 _
Y =Gi(@)X + G0, 0, —)X2X + - (51)
1 2 1 3 -
Y= EGg(a), o)X+ §G4(a), w,w,—0)X°X+--- (52)

1
Yir = ZG3<w,w,w)X3

+ %Gs(a),w,w,a), —w)X4)_(+~~- (53)
where, Y, Yy and Yy are the Fourier transforms of the first,
second and third harmonic, respectively, X is the Fourier
transform of the input, and X its complex-conjugate.

Nevertheless, if the higher harmonics are negligible,
these equations can be simplified, by keeping only the dom-
inant terms containing G (), G2(w, ) and G3(w, w, W),
respectively:

YI~Gi(w)X 54
1

Y~ 5Gz<w,w>x2 (55)
1 3

Y~ ZG3(a),a),a))X (56)

In our analysis, we use these simplified equations.
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Step 3. Calculation of the particle FRF's (the F-functions).
The particle FRFs are calculated from the ZLC FRFs esti-
mated in the previous step. The expressions for calculating
the F-functions can be derived directly from (16), (17) and
(19).

In Fig. 9, we show the G- and F-functions estimated
from the numerically generated data, with input amplitudes
A =0.1,0.5 and 0.9. It can be seen that the FRFs estimated
from the numerical solution agree very well with the theo-
retical functions. In the low-frequency range, the agreement
was slightly worse for higher input amplitudes. This is not
unexpected, as the validity of (68) to (70) decreases with the
increase of A. On the other hand, it can also be seen that the
third order functions can not be estimated from the experi-
ments with A = 0.1. This is in accordance with the results
shown in Fig. 8, that the third harmonic of the output for
A = 0.1 is negligible and can not be detected. Also, the sec-
ond and third order FRFs can not be estimated for higher fre-
quencies. The limiting frequencies for which these FRFs can
be estimated increase with the increase of the input ampli-
tude. Generally, we could say that smaller input amplitudes
should be used for the experiments at lower frequencies and
in the middle-frequency range, while larger input amplitudes
should be used for higher frequencies.

The G- and F-functions estimated from the numeri-
cal data to which noise has been added are presented in
Fig. 10. It can be seen that the estimated first order FRFs
are practically unaffected by the noise, while the second
and third order FRFs are more influenced. This influence is
more pronounced for lower input amplitudes and for higher
frequencies.

Step 4. Estimation of the equilibrium and kinetic data.
Finally, in Fig. 11 we show the Z-functions (defined by
(43)—(45)) and in Fig. 12 the imaginary part of F}(w), esti-
mated from the numerically simulated data. As explained in
Sects. 6.2 and 6.3, these figures can be used for estimation
of the equilibrium and kinetic parameters of the underlying
model.



Adsorption (2008) 14: 223-239

235

AMPLITUDE

PHASE (rad)

G - functions

PHASE (rad)

107 10" 10 10’
o (rad/s)

F - functions

| ——1-THEOR

| ——1I- THEOR

—— Il - THEOR
o 1-A=0.1
o Il-A=0.1

- A=0.1

&

-

E-N
T

&

[

[==]
T

-9.42¢

* |-A=05

* 1l-A=0.5
* |Il- A=0.5
¢ 1-A=09

¢ 1-A=0.9
¢

- A=0.9

10°

10" 10
o (rad/s)

Fig. 9 Estimated G- and F-functions from the numerically simulated ZL.C output concentrations
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Fig. 10 Estimated G- and F-functions from the numerically simulated ZLC output concentrations with added noise
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The following values were obtained from our numeri-
cally generated data:

e = lim Z(w)/B=0.61 = a, =164
w—0

be = lim Zy(w)/2/p =—0.237 = b, = 1.044
w—0

¢ = lim Z3(w)/3/$ =0.097 = &, =0.630
w—

min = 0.062 rad/s = Ty =16.1's = k, =0.038 1/s

By comparison with the model parameters listed in Table 1,
it can be seen that the estimated values are very close to the
original values used for simulation.

@ Springer
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The first three steps of the presented procedure are iden-
tical for any kinetic mechanism of adsorption. In principle,
the last step, estimation of the model parameters can be
slightly different, depending on the identified model. If we
limit our discussion to the three kinetic mechanisms consid-
ered in this manuscript, estimation of the model parameters
for the micropore diffusion mechanism would be practically
identical, and for the pore-surface diffusion mechanism sim-
ilar as for the film resistance mechanism: the isotherm deriv-
atives can be estimated from the low-frequency asymptotes
of the F- or Z-functions, and the time constant (imply-
ing the information about the micropore or effective diffu-
sion coefficient) from the minimum of imag( F (w)). For the
case of pore-surface diffusion mechanism, the “experimen-
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tal” function W(w) (defined by (50)) is also needed, in or-
der to estimate the separate values of the surface and pore
diffusion coefficients. Regarding the fact that these values
are estimated from the horizontal high-frequency asymptote
of the W-function, these values can be estimated correctly
only if this asymptotic region is reached. For the simulated
example presented in Sect. 6, the asymptotic behaviour is
achieved for w & 1 rad/s (see Fig. 7).

Naturally, the model parameters can be estimated more
precisely by fitting the complete experimental F-functions,
using a nonlinear least square procedure. Nevertheless, fast
and easy estimation of their approximate values from the as-
ymptotes and extrema of the F-functions is very significant,
as it provides very good first guesses for the least-square op-
timisation.

8 Discussion on some practical aspects of the NFR-ZLC
method

The NFR-ZLC method is a completely new method, intro-
duced in this paper. Accordingly, there are no experimental
data in the literature which could be used for analysis and
discussion. Nevertheless, there are certain aspects regarding
the practical application of the method that can be foreseen.

(1) In principle, the method can be performed using the
standard ZLC apparatus, but with modulation of the in-
put concentration in a sinusoidal way. Such modulation
is possible experimentally and has already been reported
(Ili¢ et al. 2007c; Wang and LeVan 2007).

(2) Like in the classical linear FR method, one of the limi-
tations of the method lies in the fact that the input mod-
ulation is produced by mechanical means and that, con-
sequently, the highest frequencies that can be physically
attained are rather limited (the orders of magnitude re-
ported in the literature are 1 to 10 Hz (Wang and LeVan
2007; Song and Rees 1996)). This limitation is very im-
portant for the NFR-ZLC method, as the high frequency
behaviour of the second and third order FRFs are used
for model discrimination. The influence of the 8/t ra-
tio, analysed in Sect. 5 can also be re-evaluated from this
aspect, as the increase of this ratio moves the maximums
of the second and third order FRFs into the higher fre-
quency range. The results presented in Sect. 5 show that
it is recommendable that this ratio is ~1, or smaller. The
time constant on the column scale, 8, can be adjusted to
some extent, by changing the volumetric flow-rate. For
that reason, having a rough estimate of the time con-
stant on the particle scale, t, would be very useful, so
some preliminary step response experiments are recom-
mended.

(3) The correct choice of the amplitudes of the input con-
centration modulation is also very important for proper

application of the NFR-ZLC method. In principle, the
amplitudes should be large enough that the first three
harmonics of the output can be estimated, but, on the
other hand small enough that higher harmonics are not
significant. The optimal amplitude values depend on the
system nonlinearity and vary from one system to an-
other. Also, as shown in Sect. 6, the optimal input ampli-
tudes are different for experiments at different frequen-
cies. For that reason, some preliminary experiments are
recommended.

(4) The analysis of the NFR-ZLC method presented here
was performed for isothermal cases. Nevertheless, if
the heat effects are not negligible, the method can be
extended by defining additional sets of FRFs and tak-
ing into account both concentration and temperature
changes (in a similar way as in Petkovska 2001). Ap-
propriate temperature measurements would be impor-
tant for proper application of the method to nonisother-
mal cases.

9 Conclusions

The theoretical analysis presented in this manuscript shows
that the newly introduced, NFR-ZLC technique, which is
based on nonlinear frequency response of a “zero length”
column and the corresponding higher order FRFs, is feasi-
ble and shows good potential for identification of the kinetic
model and estimation of both equilibrium and kinetic para-
meters of adsorption systems. The FRFs of the ZLC system
are determined by the type of the kinetic mechanism and the
corresponding kinetic parameters, but also by the dominant
time constant on the column level. The numerical simula-
tions show that it is recommendable that the time constant
on the column level is of the same order of magnitude as
the time constant on the particle level, or larger, in order to
improve the chances for estimation of the higher order FRFs
from the ZLC FR measurements.

The complete procedure of the NFR-ZLC method, lead-
ing to identification of the kinetic mechanism and estimation
of the equilibrium and kinetic parameters is given. An il-
lustration of this procedure, based on numerically generated
data for the simple case of film-resistance control, proves
that the procedure is rather simple and straightforward.

In this work, the analysis of the applicability of the NFR-
Z1LC method was limited only to three simple kinetic mecha-
nisms (film-resistance, micropore diffusion and pore-surface
diffusion). For these three mechanisms it was clearly shown
how the method can lead to identification of the correct ki-
netic mechanism and to estimation of the local derivatives
of the adsorption isotherm and the values of the main kinetic
parameters. The analysis can easily be extended to other ki-
netic mechanisms.
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Appendix: The particle FRFs up to the third order

The first and second order FRFs have already been pre-

2by Fi(0) Fa(0, 0) + &, F} ()

F ) ) = — ~
3,0, 0) a,(1+ 375 w))

(60)

(2) Micropore diffusion model
The expressions listed here correspond to constant micro-
pore diffusion coefficient and planar geometry.

sented in Petkovska and Do (2000), together with some de- tanh(a) W)
tails about their derivation. The expressions given here are Fi(w) = X (61)
presented in a slightly different form, which is more com- _ tanh(v20*,)
prehensive. The third order FRFs are published here for the F)(w,w)= —M (62)
first time. _ V2w},
(o, 0)= (63)
i i tanh(+/3
(1) Film resistance model Py, 0. 0) =&, (/3 ) (64)
_ NS
1/aq4
Fi(w)= ——— (57)
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b 1 1 2 x =]
= e () o
a; \2troj +1 troj + 1
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hw,—w)=— ~—Z — (59)  The expressions given here correspond to constant pore and
g 1+ tpw surface diffusion coefficients and planar geometry.
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where:

Wps =+/JjTPsw (70)
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