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Two main directions of application of nonlinear frequency response and the concept of higher order frequency
response functions (FRFs) in investigation of adsorption systems are presented, one for development of novel meth-
ods for investigation of equilibrium and kinetics of adsorption systems, and the other for fast estimation of periodic
steady-states of cyclic adsorption processes. The main advantages of the nonlinear FR methods for estimation of ad-
sorption equilibrium and kinetics are: (1) It is possible to discriminate between different kinetic mechanisms and to
select the correct one from the shapes of the second and higher order FRFs. (2) Both equilibrium and kinetic parame-
ters can be estimated from the FRFs. Different experimental arrangements are presented. Estimation of periodic
steady-states of cyclic adsorption processes is illustrated on the example of periodic operation of an adsorption col-
umn with modulation of the inlet concentration and the column temperature.
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IPUMEHA HA HEJIMHEAPEH ®PEKBEHIIMCKH O/I3UB 3A UCIIUTYBAIBE
HA ATCOPIIIMOHUTE CUCTEMUA

Bo TpynmoT ce mpe3eHTHpaHu fBa IVIaBHY NpaBla Ha MpUMeHaTa Ha HEJMHEAPHUOT (PPEKBEHLUCKH Of-
3WB ¥ KOHIIETITOT Ha (ppekBeHuckuTe NpenocHn (pyHkuu (FPF) ox moBHCOK pef| 3a NCIUTYBame Ha aTCOPII-
[MOHHTE cHCTeMHu. ENHMOT mpaBer] ce ofHecyBa Ha pa3BOj HA HOBHM €KCIEPHMEHTAIHH METOAM 3a WCIHTY-
Bame Ha paMHOTeXaTa U KMHETHKAaTa Ha aTCOPIIYOHNTE CUCTEMH, HOfieKa APYTHOT ce OHEeCYBa Ha Pa3Boj
Ha MPECMETKOBEH METOJ] 32 MPUONIKHO OIpefieyBamke Ha CTallMOHAapHaTa cocToj06a Kaj NUKIMIHATE aT-
copnuoHn nponecu. HajBaskHUTEe IPETHOCTH HAa METOAOT 3a MCIUTYBame Ha paMHOTEKaTa M KUHEeTHKaTa
Ha aTCOPIIFja 3aCHOBAaHN Ha HEJIMHEAPHUOT (PpeKBeHIMCKH OA3MB ce: (1) MOXKHOCTa 3a UeHTH(UKANN]ja HA
BUCTUHCKM KMHETHYKHM MeXaHN3aM H COOABETEH MaTEeMaTHIKU MOJIE] BP3 OCHOBA Ha OOJIMKOT Ha BTOpaTa u
nosucokute FPF 1 (2) MOXKHOCTa 32 ONpefieNyBamke Ha PAMHOTEXKHUTE U KHHETHUKATE ITapaMeTpH Ha MOjie-
JIOT Off UCTUTE SKCICPUMEHTAIHN MOJATOUU. BO TPYIOT ce mpHKaXkaHW pa3iuyHU TEXHUUYKH pelleHuja Ha
eKCIIEpUMEHTATHATE CUCTEMH 3a NpPHMEHa Ha HeJnHeapHHUTe (pekseHimckd meToau. O apyra crpasa,
METOJIOT 32 OP30 NPHUOIIKHO PECMETyBake Ha MEPUOANYHATA CTallMOHAPHA COCTOj0a Ha IUKJIMYHUTE aT-
COPIIMIOHH NPOLECH € Pa3BUeHa CO Iell fla 'O 3aMEHN KOMIUTUIIPAHOTO U AOJITOTPajHO HYyMEPHUYKO pellia-
Bame Ha MaTeMaTHIKUTE MOJENH 3a oBHe npouecu. OBoj METOX € WIIyCTpUpPaH CO NPUMEpPHU Ha MEPHOANIHA
paboTa Ha aTCOpIIMOHA KOJIOHA CO MEPHOMYHA MPOMEHA Ha Bie3HAaTa KOHICHTpAIWja U TeMIlepaTypaTa
Ha KOJIOHATA.

Kityunu 300poBu: (ppeKBEHIMCKY IPEHOCHU (DYHKIMN; aTCOPIIYja; KHHETUKA; pAMHOTEXa;
NEPUOANYHH OTIePauU

1. INTRODUCTION steady-state. One of the most convenient tools for
treating nonlinear frequency responses is the con-
cept of higher order frequency response functions
[1], which is based on Volterra series and general-
ized Fourier transform. This concept is very con-

Nonlinear frequency response is a quasi-
stationary response of a nonlinear system to a pe-
riodic (sinusoidal or cosinusoidal) input, around a
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venient for analyzing weakly nonlinear systems.
The basics for its application lay in the facts that [1]:

— Frequency response (FR) of a nonlinear
system contains, in addition to the first (basic)
harmonic, a DC component and an indefinite num-
ber of higher harmonics (Fig. 1, equation (1)):

x=x4+ Acos(wt) =

Y=Yys+Ypc+Bjcos(wt+or)+ (1)

+ B]] COS(QCOI + (0]]) + B]]] COS(3COt + (0]]]) +---

x=x_+ Acos(wr)
_

G=G,(0),G,(0,,0,), G;(®,,0,,0;), -

WEAKLY NONLINEAR SYSTEM y

V=Y, + Vpe + B, cos(ed + ¢, )+ B, cos(2ext + ¢, )+ By, cos(3ar + @y, )+

Fig. 1. Schematic representation of frequency response
of a weakly nonlinear system

— A model of a weakly nonlinear system can
be replaced by an indefinite sequence of linear
models of different orders. In the frequency
domain these linear models are defined as
frequency response functions (FRFs) of different
orders (G(®), Gy(®,m,), G3(01,m,03) in Fig. 1),
which are directly related to different harmonics of
the FR: the first order FRF G,(w) corresponds to
the most significant term of the first harmonic:

B cos(wt+¢;) =
{(A /2)Gi(@)+3(A4/2)’ G5 (0, 0,~0) + - -}ef“”
+ {(A /2)Gy(~w)+3(4/2) Gy (w,~o,~w) +-- -}e—f ot

(@)

the second order FRFs Gy(w,0) and Gy(w,—®)
correspond to the most significant terms of the
second harmonic and the DC component:

By cosQat+ @)=
{(A 12)2 Gy (0,0)+4(4/2) Gy(0,0,0,~0) +- ~}e2-/“’f

+ {(A 12)? Gy (~w,-o) + H(4/2)* G4(0,-0,~0.-o) + - -}e_zj ot

3)
vpe =2(4/2) Gy (w,~w) +
+6(4/2) Gy(w,0,~0,~w)+- 4)

and so on.

Accordingly, the FRFs of different orders can
be estimated from different harmonics of the FR.

Being weakly nonlinear, adsorption systems
are good candidates for investigation based on this
concept. Up until now, our investigations of ad-
sorption systems by nonlinear FR have been or-
ganized into two main directions:

— Development of experimental techniques
for investigation of adsorption equilibrium and
kinetics [2].

— Development of a computational technique
for fast approximate estimation of periodic steady
states of cyclic adsorption processes [3].

2. NONLINEAR FR METHODS FOR
INVESTIGATION OF ADSORPTION
EQUILIBRIUM AND KINETICS

Adsorption systems generally involve a
number of interacting phenomena and processes,
with different complex, and often not well known,
kinetic mechanisms. For their proper design, the
knowledge of both equilibrium and kinetics is
essential.

Application of the nonlinear FR for investi-
gation of adsorption equilibrium kinetics and
dynamics is based on the following facts which
make it potentially advantageous over other
methedNonlinear FR results in a set of FRFs,
which contain different information. In a number
of cases, the second and higher order FRFs corre-
sponding to different kinetic mechanisms differ in
shape, which enables reliable discrimination be-

Maced., J. Chem. Chem. Eng., 28 (1), 1-16 (2009)
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tween different kinetic mechanisms and identifica-
tion of the correct one.

— The obtained set of FRFs can be used for
estimation of both kinetic and equilibrium parame-
ters of the identified model, including those defin-
ing the system nonlinearity.

The nonlinear FR analysis can be performed
using different experimental arrangements. In our
investigations we have developed several tech-
niques, based on the following arrangements:

— An ideally mixed adsorber with a periodic
change of the reservoir volume or inlet flow-rate;

— A chromatographic column with a periodic
change of the inlet concentration;

— A zero-length column (ZLC) with a peri-
odic change of the inlet concentration;

— A two-reservoir system divided by a mem-
brane, with a periodic change introduced to one of
the reservoirs.

Some of these techniques have been devel-
oped only theoretically, while others have also
been tested experimentally.

For the sake of simplicity, in this manuscript
we will limit our analysis only to isothermal cases,
although nonlinear FRFs of some nonlisothermal
cases have also been derived and analyzed [4].

2.1. Particle FRFs

The usual way of using the FR technique for
investigation of adsorption kinetics is to analyze
the response of the adsorber. Nevertheless, the fi-
nal aim of the FR investigation is to reveal the ki-
netic mechanism and to obtain the equilibrium and
kinetic parameters of the adsorption process. In
practice, this aim is reduced to identification of the
best mathematical model on the particle level. Ac-
cordingly, we recognize the particle as a subsys-
tem of the adsorber (Figure 2) and we define two
sets of FRFs, one representing the model on the
adsorber scale (in this manuscript denoted as
Gl((D), Gz((Dl,(Dz), G3((,01,032,(D3)...), and the other
on the particle scale (denoted as F(®), F>(w1,m,),
F3(01,02,03)...) [5]. The particle FRFs depend
only on the kinetic mechanism, while the adsorber
ones depend on the adsorber type as well.

For isothermal cases, the mathematical model
of the particle relates the adsorbate concentration
in the particle O (the particle output) to the con-
centration in the fluid phase C surrounding the
particle (the particle input).

Maced., J. Chem. Chem. Eng., 28 (1), 1-16 (2009)
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Fig. 2. Schematic representation of an adsorber—adsorber
and particle inputs and outputs

1) Experimental FR measurements by modu-
lating a chosen adsorber input periodically around
a chosen steady-state.

2) Harmonic analysis of the adsorber output
signals.

3) Estimation of the adsorber FRFs, based on
experiments performed with 2 or 3 input ampli-
tudes.

4) Calculation of the particle FRFs from the
adsorber ones, based on the adsorber model.

5) Identification of the kinetic model by com-
paring the shapes of the estimated particle FRFs
with theoretically derived FRFs corresponding to
different kinetic mechanisms.

6) Estimation of the equilibrium and kinetic
parameters of the identified model.

2.1.1. Model discrimination

A very important step of the described proce-
dure is identification of the correct kinetic model.
It is based on model discrimination which is per-
formed by comparing the shapes of the particle
FRFs obtained from experimental data with theo-
retically derived FRFs corresponding to different
models, i.e. kinetic mechanisms. It has been shown
that the second order particle FRFs offer enough
information for model discrimination [6, 7, §].
Here are some characteristic examples of model
discrimination based on the second order particle
FRFs.
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Example 1: Discrimination between isothermal
micropore and pore-surface diffusion mechanisms

In a number of cases, the overall rate of the
adsorption process is governed by a Fickian diffu-
sion process, either on the micro-particle level (by
micropore diffusion), or on the macro-particle
level (by pore-surface diffusion mechanism).

Investigations by linear FR resulted in identi-
cal shapes of the FR-characteristic curves for the
micropore and pore-surface diffusion mechanisms.
Nevertheless, the second order FRFs correspond-
ing to the two mechanisms have different shapes,
as illustrated in Fig. 3, in which the FRFs for mi-
cropore diffusion are shown as lines, and the FRFs
for pore-surface diffusion as lines with symbols.
The FRFs presented in Fig. 3 correspond to mod-
els with constant diffusion coefficients, plane ge-
ometry, and favourable adsorption isotherm. Stan-
dard Bode plot representation is used (amplitudes
vs. frequency are plotted in log-log, and phases vs.
frequency in semi-log diagrams).
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Fig. 3. First and second order FRFs for micropore
and pore-surface diffusion mechanisms

Example 2: Discrimination among three models
used to describe bimodal characteristic curves

A very characteristic example of the inability
of the classical linear frequency response method
to identify the correct kinetic mechanism is ad-
sorption of some substances (e.g. p-xylene, 2-
butane, propane or n-hexane) on silicalite-1.

The linear FR resulted in bimodal FR charac-
teristic functions [9], such as those shown in Fig.
4. These characteristic functions fitted equally
well to three different kinetic models: two inde-

pendent isothermal diffusion processes (Model 1),
an isothermal diffusion-rearrangement process
(Model 2) and a nonisothermal micropore diffu-
sion process (Model 3) [9].
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Fig. 4. An example of bimodal characteristic curves

Our analysis, based on the nonlinear FR and
the higher order FRFs corresponding to those three
models, showed that the second order FRFs can be
used for discrimination among these three mecha-
nisms. The asymmetrical second order FRFs
Fy(o0,—m), corresponding to the three models, are
shown in Fig. 5. The obvious differences in their
shape give enough information for identification of
the correct model.
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Fig. 5. Amplitude functions of F,(®,—®) for models 1, 2 and 3

Example 3: Isothermal adsorption on bidispersed
sorbents — models of different complexity

In a number of cases, the adsorbent material
is produced in the form of granules or pellets,

Maced., J. Chem. Chem. Eng., 28 (1), 1-16 (2009)
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composed of a large number of microparticles.
Complex kinetic mechanisms are characteristic for
these so-called bidispersed adsorbents. In such
systems, diffusion on both macro-particle (pellet)
and micro-particle scale usually influences the
overall adsorption rate. Often, the adsorption/de-
sorption rate at the micropore mouth and/or the
film mass transfer at the macro-particle surface
also have to be taken into account. In case of sig-
nificant heat effects, the heat generation and trans-
fer have to be taken into account, as well.

Depending on the kinetic parameters in a par-
ticular system, the overall rate of the adsorption
process can be defined by a single mechanism, or
by combination of two, three or all four mecha-
nisms. A detailed analysis of this problem is given
in [10].

An overview of the characteristic behaviour
of the first and second order FRFs for mechanisms
of different complexity is given in Table 1. The
meaning of the letters describing the mechanisms
is as follows: M — micropore diffusion, P — pore
diffusion, L — Langmuir kinetics, and F — film re-
sistance. The results presented in Table 1 show
that the mechanism can be identified from the sec-
ond order FRFs, i.e. from their high-frequency as-
ymptotic behaviour. The limiting values shown in
Table 1 correspond to the case of a favourable iso-
therm. For unfavourable isotherms, the phases of
Fy)(o,0) and Fy(0,—o) are shifted by +n, in com-
parison to the ones given in Table 1.

Table 1

Summary of the high-frequency behaviour of the
first and second order FRF's for isothermal kinetic
mechanisms of different complexity

Mechanism Slope of the amplitude for o)—)ooé Phase for ®—>o
Fi@) F(o0) o) Fio) Foo)
M 0.5 0.5 0 -m/4  —5m/4
P -0.5 -0.5 -0.5 -n/4  -5m/4
L -1.0 -2.0 -2.0 -2  2n
F -1.0 -3.0 -2.0 -n/2  -5m/2
M+P -0.5 -1.0 0.5 -m/4  -3m/2
M+P+L -0.5 -2.0 -1.0 —n/4 -2n
M+P+F -1.0 2.5 -1.5 -n/2  -9m/4
MAPLHE| 10 35 20 | -w2 -llwa

*The meaning of the letters describing the mechanisms is as
follows: M — micropore diffusion, P — pore diffusion, L — Langmuir
kinetics and F — film resistance.

Maced., J. Chem. Chem. Eng., 28 (1), 1-16 (2009)

2.1.2. Estimation of model parameters

Once the correct model of adsorption has
been identified, the FRFs determined from experi-
mental FR data can be used for estimation of the
model parameters. In principle, both the equi-
librium and kinetic parameters can be estimated
from the FRFs.

Estimation of equilibrium parameters

For analysis in the frequency domain it is
most convenient to represent the adsorption iso-
therm in the Taylor series form:

g=®(c)=dc+bc?+c +-- Q)

where ¢ and ¢ are nondimensional concentrations
in the fluid and solid phase, respectively, defined
as relative deviations from their steady-state values
C, and Q,, and the Taylor series coefficients

a,b,c,... are proportional to the nondimensional

derivatives of the adsorption isotherm around the
investigated steady-state. These coefficients are
directly related to the low-frequency asymptotes of
the particle FRFs, in the following way:

— For isothermal adsorption in nonporous par-

ticles:
a=lim F(o),
w—0
b = lim Fy(o,0), (6)
w—0

¢ = lim F(o,0,0), -
w—0

— For isothermal adsorption in porous parti-
cles of porosity €,:

e,C,+(1-¢,))a0, _
~ :aeﬁ'

spCer(l ep)QS

(1-£,)00, =
e C +(1-¢,))0. = ey 2
ps P K

(I1-¢,)cO, ..
e C +(l-¢ )0.
ps P K

lim £, (o) =

lirrgF2 (0,m) =

lirrgF3((o, O,m) =

In this way, theoretically any first n deriva-
tives of the adsorption isotherm corresponding to
the chosen steady-state concentration can be esti-
mated, from the first » FRFs obtained from the
nonlinear FR experiments. Estimation of these de-
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rivatives for several steady-state concentrations
usually gives enough information for constructing
a complete adsorption isotherm [11, 12]. It is im-
portant to note that the sign of the second isotherm

derivative b directly defines the shape of the iso-

therm in that steady-state point (favourable or un-
favourable). Using this fact, inflection points of
the adsorption isotherm can be easily delineated.

Estimation of kinetic parameters

For simple kinetic mechanisms, the kinetic
parameters can also be estimated readily, from the
locus of the minimum of the imaginary part of the
first order FRF Fi(w) [13].

For an adsorption process governed by a sin-
gle Fickian diffusion process, the time constant is
defined as the ratio 7= L*D, where L is the char-
acteristic half dimension and D the diffusion coef-
ficient [13]. Accordingly, the time constants for
the micropore and pore surface diffusion models
would be:

R? R?
17
=7 IpS= )
Dy Defy
respectively, where
Dy = (l—gp)Dsﬁst +¢&,D,Cy )
€

(1-&,)a,0 +¢&,Cq

is the so-called effective, or apparent diffusion
coefficient, Dy, D, and D, are micropore, surface
and pore diffusion coefficients, respectively, while
R, and R are the microparticle and particle half-
dimensions.

The negative imaginary parts of the Fi(w)
functions, corresponding to a single diffusion me-
chanism and to three different geometries (plane,
cylindrical and spherical) are shown in Fig. 6.

The maximums of these curves correspond to
ot =2.5492, 6.3504 and 11.5630 for plane, cylin-
drical and spherical geometry, respectively.

Using these results, the time constant of the
diffusion process is obtained from the locus of the
maximum of the — Imag(F(w)) curve and the
knowledge of the microparticle or macroparticle
geometry. The corresponding diffusion coefficient
is obtained as the ratio of the square of the micro-
particle or macro-particle half-dimension and the
time constant: D = L*/.
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Fig. 6. The negative imaginary part of F'(w) for diffusion
models

The FRFs for isothermal micropore and pore-
surface diffusion models, shown in Fig. 3, were
obtained for constant diffusion coefficients. If this
assumption is not met, i.e. if concentration de-
pendence of the diffusion coefficient has to be
taken into account, the value estimated from the
maximum of the —Imag(F(®w)) curve is the diffu-
sion coefficient corresponding to the steady-state
concentration.

The case of micropore diffusion with variable
diffusivity has also been investigated [4]. If the
concentration dependence of the micropore diffu-
sion coefficient is expressed in the Taylor series
form:

—_ 1 2) 2
D, =E(q)=D,., +D/(1)q+DL )g? +--- (10)
the expansion coefficients can also be estimated

from the higher order FRFs. E.g., it can be shown
that [4]:

pz2

lim Fy(w,-0)=b + (11)
w—>®© 2 11,

For the pore-surface diffusion model, only the
effective diffusion coefficient can be estimated
from the first order function, and not the pore and
surface diffusion coefficients, separately. Never-
theless, the high-frequency asymptotic values of
the second order FRF Fy(w,— w):

lim F(o,~w)=b, Ds (12)
2\, eff D

W—>0 eﬁ‘

can be used for estimation of separate values of the
pore and surface diffusion coefficients D, and D.
This would not be possible by standard (linear)
methods.

Maced., J. Chem. Chem. Eng., 28 (1), 1-16 (2009)
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For complex kinetic mechanisms, estimation
of the kinetic parameters becomes much more dif-
ficult and nonlinear least-square methods have to
be used.

2.2. Different experimental configurations
2.2.1. Ideally mixed reservoir-type adsorber

The FR experiments are usually performed in
an ideally mixed reservoir-type adsorber contain-
ing solid adsorbent and gaseous adsorbate, in
which periodic changes of pressure and adsorbed
quantity are produced by forced periodic modula-
tion of some input variable. The experiments can
be performed in a batch reservoir with volume
modulation (Schematically shown in Fig. 7), or in
a continuous flow reservoir with inlet flow-rate
modulation [14]. In both cases, the adsorber output
measured is the pressure in the reservoir.

P
V=V, (1+cos(wt))
% O
AT J
ADSORBENT

Fig. 7. Schematic representation of a batch ideally mixed
reservoir-type adsorber with volume variation

For both cases, the mathematical model of the
reservoir-type adsorber with adsorption of a pure
gas can be defined by the following common equa-

tion:

d d(g)

dt(( V)(1+¢))+p =Y (13)
where

V

T TTre RO

The input and output variables, volume v, gas
concentration ¢, loading ¢ and inlet molar flow-
rate n;, are defined as nondimensional variations
around their steady-state values V|, C, O, and N,
respectively. The concentration in the solid parti-
cle is usually nonuniform, so its average value <g>
is used in equation (13).

For a batch adsorber with volume modulation
y= 0, while for a flow adsorber with inlet molar
flow-rate modulation and constant volume, v = 0.

Maced., J. Chem. Chem. Eng., 28 (1), 1-16 (2009)

Based on the appropriate adsorber model, the
following adsorber vs. particle FRFs relations
were obtained:

— For a batch reservoir with volume modula-

tion:
1
= R @) ()
G, (@, ) =— G (@)1 + ﬂGl (0)F (o, o)) (16)
1+ R (2w)
Gy (w,~w) =
_(G1(@) +G1(-0))/ 2+ 2 G (0) Gy (-0) F> (0,-®))
1+ pF(0)
etc. (17)

— For a flow reservoir with inlet molar flow-
rate modulation:

Gy(w) = /4 18
)=+ R (@) (%)
. 2
60y - 2O @ @0)
v +2jo(l+ SR (2w))
G,(0,—®) =0, etc. (20)

The last result is very important, because as
its consequence, it is not possible to estimate the
asymmetrical second order particle FRF Fy(w,—®)
from experiments in the flow system. As shown in
Section 2.1.1., this function can be very useful for
mechanism discrimination.

2.2.2. Chromatographic system

The assumption of perfect mixing in a reser-
voir-type adsorber is usually not acceptable for
adsorptions from liquid phase. That was a reason
for developing a method based on nonlinear FR of
a chromatographic column, for which the fluid
flow is much better defined. The frequency re-
sponse functions of a chromatographic column
were defined in such a way to relate the non-
dimensional outlet concentration from the column
¢, to the periodic change of the inlet concentration
¢;, for constant flow-rate of the fluid phase [11].

Chromatographic column
with single adsorbing component

The FRFs of a chromatographic column with
a single adsorbing component were derived start-
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ing from the commonly used dispersion model
[15], written in its nondimensional form:

Oc 1-20,0g) e 1 d%
or e Cg 0r  Ox 2N gx?’ (21)
{(q)=F(c)

with the well known Dankwertz boundary condi-
tions:

1 oc
0:¢(0, +——
x=0:¢(0,7)=c;(7) N o
(22)
=1:@ =0
axle

Typical Bode plots showing the first, second
and third order FRFs of a chromatographic column
are shown in Fig. 8. These FRFs relate the changes
of the nondimensional outlet and inlet concentrati-
ons, defined as relative deviations from their
steady-state values. The functions shown in Fig 8
correspond to a favourable isotherm and local
equilibrium between the phases in each point of
the column.

Contrary to the cases of the reservoir-type ad-
sorbers, estimation of the particle FRFs from those
in the column is not easy. As an illustration, we
give the expression for the first order FRF:

2N (Jp - )e™

AN ™M — 4 + A (1—e27H)
(23)

G(w)=

OD

-

AMPLITUDE
o

{r

In equation (23) A, and A, are solutions of
the corresponding characteristic equation which
are related to the particle first order FRF Fi(w), in
the following way:

Ma(@) = N+\/N2+2N(1+F1(a) Q‘J w
¢ C

N

24)

It is obvious that calculating Fj(w) from
Gi(w) would be quite difficult. This complexity
increases profoundly for higher order FRFs.

Nevertheless, the analysis has shown that the
equilibrium parameters can be estimated directly
from the column FRFs. The following useful re-
sults were obtained for the low-frequency behav-
iour of the first three column FRFs [11]:

IdG1<a>>| MG (@), 12O

wad mao w | & G
(25)

lim M‘ |G2(a) a))| 2‘[)‘1—8%

@—>0 a)—>0 w e C;

sign(b ) = —sign( limO(arg(G2 (@, ®)))
w—
(26)

1m|dG3(a),a),a))| |G3(a)a)a))| 3 |1 €0y
@0 do w—%) @ | e C

sign(¢) = —sign( limo(arg(G3 (0, ,w)))
(27)

Equations (25-27) can be used for estimation

of the equilibrium parameters @, b, C,... (equa-
tion (5)) from the low-frequency asymptotes of the
FRFs of a chromatographic column. The numerical
values of the equilibrium parameters are obtained
from the amplitudes and their signs from the
phases of the corresponding FRFs. It is important

to remind that the sign of the second coefficient of

the Taylor series expansion of the isotherm (b )
determines the shape of the isotherm in the inves-
tigated steady-state.

Recently, this analysis has been extended to
binary adsorption systems [16]. It was shown that
coefficients of competitive adsorption isotherms
can be estimated from the low-frequency asymp-

Maced., J. Chem. Chem. Eng., 28 (1), 1-16 (2009)
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totes of the FRFs corresponding to the concentra-
tions of both components in the outlet stream from
the column. The following Taylor series form of
competitive adsorption isotherm expressions was
used in this analysis:

~ ~ ~ 5~ g~
q; = a;101 + appcy +bjjci +bixes +bizcien +

+ 816 +Ene3 + el ey + Cacics +oo i=1,2
(28)

Experimental verification of the method

So far, experimental validation of the pro-
posed nonlinear FR methods has been performed
only for estimation of single adsorption isotherms
from nonlinear FR of a chromatographic column.
The experimental investigation is performed using
a standard gradient high performance liquid chro-
matography (HPLC) unit, with an additional 3-way
valve and a bypass line. Schematic representation
of the used experimental system is given in Fig. 9
The HPLC unit possesses a multi-solvent delivery
system, auto sampler with a syringe, thermostated
column compartment, UV detector and computer
data acquisition station. In order to enable the
same pressure during the whole experiment with
periodic change of the inlet concentration, a by-
pass line (long narrow tube) is used. The nonlinear
FR method requires measurements of both the inlet
and outlet concentration changes during the ex-
periments. This is achieved by switching the 3-way
valve in such a way that it changes the direction of
the fluid stream leaving the pump section: through
the bypass line and than to the detector, for meas-
uring the input concentration change, or through
the column and than to the detector, for measuring
the output concentration change.

An important issue of practical application of
equations (25-27) is to determine the needed fre-
quency range in which asymptotic behaviour of the
column FRFs can be assumed. (Using higher fre-
quencies introduces errors in the estimated equilib-
rium parameters, while using very low frequencies
results in very long experiments and large con-
sumption of chemicals.) A straightforward proce-
dure has been developed for proper choice of the
input modulation frequency [17]. An important con-
clusion of this analysis is that it is recommended to
work with short columns and high flow-rates [17].

The nonlinear FR method was used for esti-
mation of adsorption isotherms of 4-tert-butyl-

Maced., J. Chem. Chem. Eng., 28 (1), 1-16 (2009)

phenol and ethyl benzoate, as single solutes, on
octadecyl silica, with a mixture of methanol and
water (60 : 40, v/v) as solvent. The compounds are
chosen based on the fact that these systems exhibit
significantly different equilibrium behaviour (ad-
sorption of 4-tert-butylphenol can be described by
a simple Langmuir isotherm, while adsorption of
ethyl benzoate follows the BET isotherm with an
inflection point) [18].

Reservoir B
higher
concentration |

Reservoir A
lower

concentration
Pump A
P— + -

C

Pump B

Bypass
line

L e i = S

Column

UV-detector

Fig. 9. Schematic representation of the experimental setup
for estimation of adsorption isotherms by nonlinear FR
of a chromatographic column

The experiments with 4-tert-butylphenol were
performed for two steady-state concentrations: 1
and 5 g/dm’, while the experiments with ethyl
benzoate were performed for 3 steady-state con-
centrations: 5, 10 and 13 g/dm’. For each steady-
state point the first three isotherm derivatives were
estimated, as explained previously. These data
were then used to determine the parameters of the
corresponding adsorption isotherms. The results
are shown in Figure 10. The isotherms obtained
using the nonlinear FR method are shown in paral-
lel with the isotherms obtained by the frontal
analysis method, which is used as a standard refer-
ence method [15]. The agreement is very good.
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70 T T
—%— Frontal analysis I I

—8— Nonlinear FR method | |

60

Loading (Q) [g/1]

a)

120 : T

—%— Frontal analysis I
—®— Nonlinear FR method :
[ e R i -

e B

e T

Loading (Q) [g/1]

40F -~ A s

0~ s

20

Concentration in the liquid phase (C) [g/1]

b)
Fig. 10. Experimental adsorption isotherms
for 4-tert-butylphenol (left) and ethyl benzoate (right)
on octadecyl silica, obtained by nonlinear FR method
and frontal analysis

2.2.3. ZLC system

The NFR-ZLC method is based on the ZLC
apparatus in which the inlet concentration is mo-
dulated in a sinusoidal way around a chosen steady-
state value. The system is shown schematically in
Fig. 11. Owing to a very shallow adsorption bed
used, the concentration of the effluent stream is
considered equal to the concentration within the
bed. This resolves the problem of estimating the
particle FRFs from the column ones, which is pre-
sent when a standard chromatographic column is
used, as explained in Section 2.2.2.

The mathematical model of the system shown
in Fig. 11, for the case of isothermal conditions
and constant flow rate, is given by the following
material balance equation:

£+'Bd<q>

7 P y(cn =), {q)=F()  (29)

V = const
C, =C, + Acos{wt)

v

C=C, +B,cos(wr+¢,)

+ B, cos{2mt +¢,)

+ B, cos(3mr 4+, )+

Fig. 11. Schematic picture of the NFR-ZLC system

In Eq. (29) the concentrations in the fluid c,
and in the particle g, as well as the inlet con-
centration ¢;,, are again defined as nondimensional
deviations from their steady-state values and:

_L _ (1-£)Q
r=2 P ., (30)

(V is the volume of the ZL.C bed, ¢ its porosity and
V the volumetric flow-rate).

Equation (29) is practically identical to the
material balance equation corresponding to the
continuous-flow reservoir-type adsorber (equation
(13) with v = 0). Accordingly, the ZLC vs. particle
FRFs relations are the same as equations (18) to (20).

2.2.4. Two-reservoir membrane system

This method is based on investigation of mass
transfer through a membrane which separates two
chambers (reservoirs) with different partial pres-
sures of the permeating component. An example of
such system is shown in Figure 12, where the pres-
sures in both chambers p; and p, are changing pe-
riodically, owing to periodic modulation of the
volume of reservoir 1 (V7). The analysis of the
mass transfer through the membrane is based on the
measurements of both pressures. This method is de-
veloped for investigation of permeation of pure gases
for different nonlinear mass transfer mechanisms.

;i
RESERVOIR 1 RESERVOIR 2

—% P i P2

I,=V,, (1+Acos(wt))

V=const

MEMBRANE

Fig. 12. Potential experimental setup for investigation
of membrane systems by nonlinear FR

Maced., J. Chem. Chem. Eng., 28 (1), 1-16 (2009)
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Generalized membrane permeability

Classical definition of membrane permeabil-
ity, based on the following definition of trans-
membrane flux:

J=pPT P 31)
L
is essentially valid only for stationary permeation
and linear processes. (p; and p, are the pressures at
two sides of the membrane, L the membrane thick-
ness, J the transmembrane flux and P the perme-
ability.)

Application of the nonlinear FR analysis to
transmembrane transport led us to a new, general-
ized concept of membrane permeability, which can
be applied to non-stationary permeation and
nonlinear systems. The permeability is defined as a
sequence of values (permeabilities of the first,
second, third, ... order, P;, Py, Ppy,...), defined by
the following equation [19]:

2 2
Ap—A ApE - A
<J>=P p1L P2 py ALl
(32)
3 3
Api A
Py AP0

L

where <J> is the mean value of the flux through
the membrane in non-stationary conditions and Ap,
and Ap, the changes of the pressures at the left-
and right-hand side of the membrane.

The permeabilities P;, Py, Pjyy,... are func-
tions of the equilibrium and kinetic parameters of
the membrane, which depend on the membrane
transport mechanism. The expressions for P; and
Py, corresponding to two common mechanisms of
isothermal membrane transport: solution-diffusion
and pore-surface diffusion, are given in Table 2.

Table 2

The permeabilities of the first and second order,
for solution-diffusion and pore-surface diffusion

mechanisms

Mechanism P, Py

. . ~ p* DVa*p?
S.olutl.on D,.a Py D bl byaps
diffusion 0. “Q, 20,

_ 2 phg2,2

Pore-surface Dﬁf/ﬁgf/-& (1-¢) D, b ps (24P
diffusion 0, >0, 20!
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The model equations for these two mecha-
nisms are practically identical to the model equa-
tions for micropore and pore-surface diffusion
mechanisms of adsorption. In the analysis of
membrane transport, the concentration dependence
of the micropore and surface diffusion coefficients
were taken into account, using expressions analo-
gous to equation (10).

Definition of the FRF's

Several sets of FRFs can be defined for this
system. The most informative is the one correlat-
ing the changes of the pressures in Reservoirs 2
and 1 (Ap, and Ap)).

The shapes of the first and second order func-
tions (denoted as Z; and Z,) are presented in Fig.
13 for the solution-diffusion model and in Fig. 14
for the pore-surface diffusion model.

AMPLITUDE

PHASE (rad)

Fig 13. First and second order FRFs for solution-diffusion
model

AMPLITUDE

PHASE (rad)

Fig 14. First and second order FRFs for pore-surface diffusion
model

Inspection of these two figures shows differ-
ences in the shapes of the second order functions
Z>(®,m) corresponding to the two models.
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Estimation of the first and second order
permeabilities

In Fig. 15 we show the imaginary parts of the
first order functions Z;(w) for the solution-
diffusion and pore-surface diffusion models. The
curves corresponding to the two models overlap.
This was achieved by using nondimensional fre-
quency on the abscisa, defined as a ratio of the
dimensional frequency and a characteristic fre-
quency o*.

0.1

0

-01

-02

03

Imag(Z, ()

04

05

s ; ; : :
olo™

Fig. 15. Imaginary part of Z;(®)

The definitions of the characteristic frequencies
are:
— For the solution-diffusion mechanism:

D a,S
* p
W H,ST P Qs

33
LV2 Cs ( )
— For the pore-surface mechanism
w = eff “p.eff % (34)

LV, G,

In (33) and (34) L is the membrane thickness,
S membrane surface area and J, volume of the
constant volume reservoir.

As it can be seen from Fig. 15, the minimum
of the function Imag(Z,(®)) is obtained for v = o*.

By combining the expressions defining @* in
(33) and (34) and the definitions of the first order
permeability P; given in Table 2, the following
common expression was derived:

_ L

= w* 35
SRgT (35)

1

It should be noted that the characteristic fre-
quency ®* depends not only on the equilibrium

and transport parameters of the investigated mem-
brane, but also on the geometry of the experimen-
tal system, i.e. on the ratio of the membrane sur-
face area S and the volume of the reservoir V.
Consecutively, by choosing the right geometry it
would be possible to adjust the frequency range of
interest so that it can be experimentally feasible.

The second order permeability Pj; can be es-
timated from the second order Z-functions. The
simplest way to do that is to use the following ex-
pression:

lim Z)(o,~0) = %ps (36)

W—>0 7

which is valid for both models. With the first order
permeability P; estimated from the first order FRF
Z\(®), equation (36) enables direct estimation of
the second order permeability P;; corresponding to
the steady-state pressure p.

Based on the estimated first and second order
permeability, it is possible to determine the basic
equilibrium and kinetic parameters of the corre-
sponding transmembrane mass transport mecha-
nism.

Recently we started nonlinear FR analysis of
mass transport through porous membranes for bi-
nary mixtures of inert and adsorbable components
[20].

3. COMPUTATIONAL TECHNIQUE
FOR FAST ESTIMATION OF PERIODIC
STEADY-STATES

Industrial adsorption processes are usually
performed in fixed-beds, which need to be oper-
ated in a cyclic way, with adsorption and desorp-
tion (regeneration) steps. A number of different
cyclic adsorption processes have been developed
in the last 30 years (e.g. TSA, PSA and SMB).
Computational simulations of these cyclic proc-
esses, which are often used as an aid in their
analysis and optimization, usually demand long
and tedious numerical solutions of sets of partial
differential model equations, with occasional con-
vergence problems.

Based on Fourier and Volterra series expan-
sions and the concept of higher order frequency
response functions, we have developed a new
method for fast approximate calculation of the cy-
clic steady states of periodic processes, which
avoids long numerical solutions of the model equa-

Maced., J. Chem. Chem. Eng., 28 (1), 1-16 (2009)
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tions. The system input is represented in the form of
Fourier series, while the output is presented in the
form of Volterra series. For practical applications,
both the input and the output series are approxi-
mated by finite length sums. On the other hand, the
nonlinear model is replaced by a finite set of FRFs,
derived from it. In this way, the approximate peri-
odic quasi-steady state of the system output is cal-
culated directly, using only complex algebra.

3.1. Basic concept and procedures

In principle, periodic operation of any proc-
ess is performed by periodic modulation of one or
more input variables. If the process is nonlinear,
sets of higher order FRFs need to be defined for its
proper mathematical description. A block diagram
of a nonlinear system with two inputs (x and z) and
one output () is presented in Fig. 16.

As shown in Fig. 16, three sets of FRFs are
needed to describe such a system: two of them re-
lating the output to each of the inputs and one set

where:
A = conj(4),

B = conj(By),

wy =kwy, uy, =k
while w; and u; are the basic frequencies of the
input changes x and z, respectively. The magni-
tudes of A4, and B, are the amplitudes and their
phase angles the phases of the harmonics of the
corresponding frequencies w; and u; of the inputs x
and z, respectively.

For the case of two periodic inputs, the peri-
odic quasi-steady state of the output can be repre-
sented as a sum of three terms, each of them corre-
sponding to the contribution of each set of HFRFs,
presented in Figure 16:

() =y,(0+y.(0+y.(v)

Each of these three terms can be represented
by an indefinite Volterra series:

(39)

of cross-functions. y(1)= zyx,n (v) (40)
It is well known that any periodic function n=l1
can be represented as an indefinite sum of simple i
harmonic functions, i.e. in the Fourier series form. y.(1) = zyz,n (v) (41)
Accordingly, the input functions x and z can be n=l
written in the following way: >
. Ye(D =2y, (D) (42)
— - JWT n=l1
x(7) k;cz e (37 with the n-th elements of these series defined in
. the following way:
z2(t)= Y —Be/" (38)
(v) k;oz ‘
1 o0 o0 o0 / e
Yy, (D) =— X X Y A A Ap G (W W, W )e/(wkl+wkz+ W, )T (43)
) 211 kl — k2 — kn . 1 2 n n,x 1 2 n
1 0 © JQugy g, +otuy )T
yz,n(f)=2—nk_zook ;ook ;OOBlekz"'Bkn G oo (g Uy > oosug ) e i 7 (44)
1= 2= n="
1 nom ® ® (Wi, ++wy +u, vt
e (T) B 27 Zllk z k z Akl Akm Bkm+l .Bkn Gn,x'"zhfm (Wkl PR ka ’ukm+l a"’aukn ) ej( R )7
m= l:*OO n:*OO
(45)
X Glll(n‘l).G:I“{u'l,u‘:).-‘-G”‘_\ (w,,n SW, )y
: G Wity Ji02 G i (Wi W s Bty )5
z 4 Gy (8,),G; (03 ), G (U850 0, )50

Fig. 16. A block diagram of a nonlinear system with two inputs and one output
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The Volterra series, given by equations (40—
45), with indefinite sums, represent the periodic
quasi-stationary state of the output exactly. In
practice, only finite sums can be calculated, result-
ing with equations corresponding to approximate
solution of the periodic output. For practical appli-
cations the inputs are approximated by finite sums
of only the first K harmonics, while the output is
approximated by the sum of only the first N ele-
ments of the Volterra series.

The quality of the approximate solution obtai-
ned in this way, i.e. its closeness to the exact solu-
tion, increases with the increase of both K and V.

Based on this analysis, the following proce-
dure for approximate calculation of the quasi-
steady states of periodic processes is defined:

Step 1: Postulating an appropriate mathema-
tical model for the investigated process.

Step 2: Deriving the FRFs up to the N-th or-
der, based on the postulated model.

Step 3: Defining periodic input or inputs and
their approximation by finite sums, taking into ac-
count only the first K harmonics.

Step 4: Calculating the approximate output.
In this procedure, the most complex and time con-
suming step is derivation of the FRFs (step 2). Nev-
ertheless, this step has to be performed only once
for each investigated system. Once derived, these
functions can be used for any shapes of the periodic
input changes and for any set of model parameters.

Steps 3 and 4, naturally, have to be repeated
for each particular simulation. Step 3 can be easily
performed by applying the Fourier transform to the
periodic input functions, while the last step, calcu-
lation of the periodic output in its quasi-steady
state, is practically reduced to simple algebra.

3.2. Example: Cyclic operation of an adsorption
column

In order to illustrate the presented procedure
and our new method, we applied it to simulation of
cyclic operation of an adsorption column with pe-
riodic modulation of the inlet concentration or/and
temperature of the entire adsorbent bed [3].

Three cases of periodic operation of the ad-
sorption column were analyzed:

Case 1: Periodic modulation of the inlet con-
centration and constant temperature of the adsorb-
ent bed;Periodic modulation of the temperature of
the adso\rbent bed and constant inlet concentra-
tion;

Case 3: Simultaneous periodic modulations
of the inlet concentration and the temperature of
the adsorbent bed.

The cyclic operation of an adsorption column
was simulated based on the equilibrium-dispersive
model, with equilibrium relation between the con-
centration in the solid phase ¢ on one, and concen-
tration in the fluid phase ¢ and temperature 0, on
the other hand, given in the Taylor series form:

g=a.c+ 590+l7€cc2 +l7@902 +509c0+
(46)
~ 3.~ 3.~ 2.~ 2
+ CopeC” +Cpop0” + CoppC O+ CoppcO” +- -+

The model assumes local equilibrium and
uniform temperature within the column.

Starting from this model, three series of
FRFs: G, — (relating the outlet and inlet concentra-
tion changes), Gy— (relating the outlet concentration
and column temperature) and G.o — functions (the
cross-functions) were derived, up to the third or-
der. Typical forms of these functions are shown in
Figures 17, 18 and 19, respectively, in the form of
standard Bode plots.

AMPLITUDE
=]

(G

3,ccc(

PHASE (rad)
T

AMPLITUDE

Gy g (@)
=== Gy g (0.0)

Gs,eee i

PHASE (rad)

10 0 10° 10 10

Fig. 18. Typical Gy-functions
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33 poe (0.0,0) |

Fig. 19. Typical Go-functions

The derived functions were used for direct
calculation of the outlet concentration for defined
periodic modulation of the inlet concentration
or/and column temperature. Two types of modu-
lation functions were considered: sinusoidal and
rectangular. All calculations were performed in the
complex domain.

One set of results is shown in Figure 20. They
correspond to simultaneous out-of-phase sinusoidal

1o’ (al
3
=)
=
=
g
=
a»
o
=
(=]
&
> ! ' '
0 162.5 325 457 5 550
Time (s)

Amplitude

Harmonic order

modulation of the inlet concentration and column
temperatures. The results corresponding to two
modulation frequencies are shown: the lower value
corresponding to very significant nonlinear effects
and the higher corresponding to weaker nonlin-
earity. Along with the temporal change of the
outlet concentration, the Fourier spectra (ampli-
tudes and phases) of the output are also shown, as
they offer very good insight in the contribution of
the higher harmonics. For comparison, along with
the approximate outlet concentration calculated
based on the first three FRFs, we also provide the
numerical solution of the model equations, which
is assumed to be exact. More results, for modula-
tion of only one input and for rectangular input
changes can be found in Ref. 3.]

The results presented in Fig. 20 show very
good agreement between the approximate (based
on the first three FRFs) and exact (numerical) so-
lution of the adsorption column quasi-steady state
response. Introducing the fourth and higher order
FRFs into the approximate solution would further
improve its quality.

Concentration {mald)

528 1266 1854 2512
Time (s)

Amplitude

Harmanic order

. i i

Approx.
°  Exact

=]
oo

Phase (rad)
=

Harmonic order

Fig. 20. Outlet concentrations and their Fourier spectra for simultaneous, out-of-phase sinusoidal changes of the inlet concentration
(25 %) and adsorbent temperature (3.2 %) — Case 3: a) period = 162.5s, b) period = 628s
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4. CONCLUSIONS

The purpose of this manuscript is to show the
potentials of using nonlinear frequency response
analysis and the concept of higher order frequency
response functions for investigating adsorption
systems. The two directions of this application
shown here have two completely different aims:

The first one, presented in Section 2, should
contribute to the development of new methods for
investigation of adsorption equilibrium and kinet-
ics. The main advantages of using the nonlinear
FR techniques are that they have good potential
regarding mechanism discrimination and estima-
tion of both equilibrium and kinetic parameters.
Different experimental arrangements can be used,
as shown in Section 2.2, and each of them has its
advantages and disadvantages. For practical appli-
cation of the presented methods, all these advan-
tages and disadvantages have to be analyzed, to-
gether with some additional aspects, such as defi-
nition of the optimal frequency range of the input
modulations and the possibility to produce them
physically, the best choice of input amplitudes and
so on. Nevertheless, we believe that these methods
have good potential and bright future.

The second direction, presented in Section 3,
gives an easy and elegant method to predict the
periodic behaviour of different cyclic processes,
using only analytical mathematical tools and avoid-
ing long and tedious numerical solutions and all the
convergence problems associated with them. We
believe that it can be very useful for many re-
searchers and practitioners working on adsorption
and in the chemical engineering field, in general.
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