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The concept of higher order frequency response functions (FRFs) is used for the
analysis of non-linear adsorption kinetics on a particle scale, for the case of non-iso-
thermal micropore diffusion with variable diffusivity. Six series of FRFs are defined for
the general non-isothermal case. A non-linerar mathematical model is postulated and the
first and second order FRFs derived and simulated. A variable diffusivity influences the
shapes of the second order FRF's relating the sorbate concentration in the solid phase and
t he gas pressure significantly, but they still keep their characteristics which can be used
for discrimination of this from other kinetic mechanisms. It is also shown that first and
second order particle FRFs offter sufficient information for an easy and fast estimation
of all model parameters, including those defining the system non-linearity.

Keywords: non-isothermal adsorption, non-linear frequency response, higher order fre-
quency response functions, micropore diffusion, variable micropore diffusivity, param-
eter estimation.

INTRODUCTION

Understanding the interaction between a fluid an a solid phase is of fundamental
importance to the design of an adsorption process. In the literature, a variety of methods
for the investigation of adsorption kinetics are presented. Frequency response (FR),
which is in the scope of this paper, is based on the analysis of a quasi-stationary re-
sponse to a periodic input change for the identification of the kinetic model and the esti-
mation of the constants of the various rate processes involved.

The first paper on the application of frequency response in the investigation of the
kinetics of adsorption systems appeared in 1963.1 Subsequently, a number of research
groups were concerned with the theoretical and experimental aspects on this and related
topics.228 Frequency response has usually been investigated in batch systems with
forced periodic modulation of the reservoir volume, although FR in semi-batch!® and
continuous flow systems!? with periodic modulation of the inlet molar flow rate have
also been treated.
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Almost all investigators assume system linearity, although most adsorption systems
are significantly non-linear. As a result, very small amplitudes of input perturbations are re-
quired, which results in uncertainty of the measured data and loss of any information about
the non-linearity of the system and limits the applications of the obtained results to a range
very close to the conditions of the experimental investigation.

This paper is a continuation of investigations of adsorption kinetics by non-linear
FR, in which the FR method is extended to the analysis of non-linear adsorption sys-
tems.20-24.28 The concept of higher order frequency response functions for analysis of
the non-linear FR is used.

Some details about non-linear FR and the concept of higher order FRFs can be
found in previous papers.29-23.24.28 Here, only of a few basic facts will be summarized:

— Contrary to the FR of a linear system, which is a periodic function of the same
shape and frequency as the input, the FR of a non-linear system in addition to this first,
or basic harmonic also contains a DC (non-periodic) component and, theoretically, an
infinite number of higher harmonics.

— The concept of higher order frequency response functions2” (FRFs) is based on
Volterra series and generalized Fourier transform?® and can be applied for weakly
non-linear systems.2? It is applied by substituting the non-linear model of the system by
an infinite series of linear frequency response functions of the first, second, third, efc.
order. These functions are directly related to the components of the non-linear FR (the
first order FRF defines the most significant term of the first harmonic of the FR, the sec-
ond order FRFs define the most significant terms of the second harmonic and the DC
components, etc.) and can be estimated from them, using the procedure given by Lee.30

In our investigations of the FR of adsorption systems, the FRFs representing the
models on the adsorber and on the particle scale are distinguished.20-21.28 The adsorber
FRFs depend on both the adsorber type and the kinetic mechanism and can be estimated
directly from the experimentally measured FR, while the particle FRFs depend only on
the kinetic mechanism and have to be calculated from the adsorber ones. As the final
aim of FR investigations of adsorption systems is to reveal the kinetic mechanism and
to estimate the corresponding kinetic parameters, the particle FRFs are of most interest.
It has been shown?3-24 that the non-linear FR gives additional information than that ob-
tained from the linear FR and can be used for model discrimination. On the other hand,
procedure for calculation of the paricle FRFs from the adsorber ones has been estab-
lished.20.28

In this paper, the higher order FRFs on the particle scale for non-isothermal ad-
sorption governed by micropore diffusion are investigated. This mechanism is com-
mon in zeolite type microporous sorbents. The zeolite particles are composed of a large
number of microporous microparticles with larger pores between them and with the
dominant mass transfer resistance usually arising in the microparticles. A realistic case
of variable micropore diffusivity, which is generally a function of both concentration
and temperature, is treated. A simple convective heat transfer mechanism (gas film re-
sistance) is considered, which means that the particle temperature is treated as uniform.
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This work can be treated as a continuation of the compilation of a library of sets of FRFs
corresponding to different kinetic mechanism,23-24 which is one of the crucial steps in
the application of the method of non-lienear FR in the identification of the correct ki-
netic model.28

Earlier, it was shown that second order FRFs give additional information about
the kinetic mechanism.23-24 For this reason, together with the fact that the third and
higher order FRFs give very complicated mathematical expressions, only the first and
second order FRFs will be considered in this paper. Also, the FRFs will be derived only
for the case of slab microparticle geometry, for which analytical solutions can be found.

Before the derivation of the FRFs, model equations on the particle scale will be
set up. Adsorption of a pure gas will be considered.

MATHEMATICAL MODEL FOR NON-ISOTHERMAL MICROPORE DIFFUSION

In order to derive the FRFs on the particle scale, model equations defining ad-
sorption in an adsorbent particle surrounded by a gas of uniform concentration and tem-
perature have to be defined. For the case under consideration, in which the mass transfer
is controlled by micropore diffusion, and heat transfer by gas film resistance, the fol-
lowing equations are obtained:

The microparticle material balance

00_1 0 s 00 6]
R
ron o v
The boundary conditions for Eq. (1) are
=0 %2 )
aru

which means that the concentration profile in the microparticle is symmetrical and

ra= Ry QO=fPT) (3)

which means that local equilibrium is established at the mouth of the micropore,
with the adsorption equilibrium relation f, which is generally a non-linear function
of the gas pressure and particle temperature.

The mean concentration in the microparticle is

BN . )
0 e {ru 00y, )dr,

and the particle heat balance

VpPpCps T::('AHa Wy ppd?"'(ha)(Tg -T,) (%)
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In Egs. (1) to (5) ¢ is time, ry, the microparticle space coordinate, Ry, the micro-
particle half-dimension, 0 a shape factor (0 for slab, 1 for cylindrical and 2 for
spherical microparticle geometry), O the adsorbate concentration in the solid phase,
T, the particle temperature, P the gas pressure, T, the gas temperature, Dy, the
micropore diffusivity, which is generally a non-linear function of Q and 7},

Dy=g(0,T)) (6)

Vp, Pp and Cps, the particle volume, density and heat capacity, respectively, (- AH,)
the differential heat of adsorption, / the particle to gas heat transfer coefficient and a
the corresponding surface area.

For analysis in the frequency domain, it is most convenient to define all depend-
ent variables as non-dimensional deviations from the steady state around which the sys-
tem oscillates. Their definitions are given in Table 1.

TABLE I. Definitions of the non-dimensional variables and model parameters

p_P_Ps q_Q_Qs <q>_<Q>_Qs e _TP _TS e _Tg _TS
Py 0, o " 1, % T,
Ez(—AHC,)DP%Z= ha
cps Ts Vpcps

The model equations (1) to (5) become

dg_1 0 M 4O @,2 ) 0 99
E_Ea ws (1D q+D 70 , 4D ) q” D 6, 4D 748 , +.)r, a (7
1y =0: 0761:0 ®)
aru
"rw=Rm: q=a,p+ar8,+b,,p>+brr 6,2+ b,rpb,+ ... )
R
oH ¥ g 10)
<O>—— Ty q(rH )drH (
rel
de d<g>
_r- -, 6, +6 11
dr : dr O *0,) o

In equation (7), the non-linear function g, defined in Eq. (6) is presented in the
form of'a Taylor series, which is convenient - for the application of the concept of higher
order FRFs. In this equation D) is the steady state value of the micropore diffusivity,
D,Wis its first order concentration coefficient, D7{1) its first order temperature coeffi-
cient, Dy,(?) its second order concentration coefficient, efc. In a similar way, in Eq. (9),
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the Taylor series expansion of the adsorption equilibrium function f* is used, with a,,
representing the first order pressure coefficient, a7 the first order temperature coeffi-
cient, b, the second order pressure coefficient, b7 the second order temperature coef-
ficient and b, the second order mixed coefficient. The new parameters in Eq. (11) &
and {, which are defined in Table I, represent the modified heat of adsorption and heat
transfer coefficients, respectively.

The obtained model relates the changes of the mean sorbate concentration in the
particle <O> (or <g¢>) and particle temperature 7}, (or 6),) (the output variables) to the
changes of the pressure P (or p) and temperature of the surrounding gas T (or 8,)(the
input variables).

This non-linear model has two sources of non-linearity: one is the non-linear
equilibrium relation, which makes the boundary condition at the microparticle surface
(Eq. (3) or (9)) non-linear, and the other is the variable diffusivity.

HIGHER ORDER FREQUENCY RESPONSE FUNCTIONS

Definitions

As described in a previous paper28, for the general non-isothermal, non-linear case,
six series of frequency response functions are needed to define adsorption on a particle
scale, four of them relating each output to each input, and two series of cross-functions re-
lating each output to both inputs. These series are defined in the block diagram presented
in Fig. 1. F'is used to denote the FRFs corresponding to the output <¢>, and H for those
corresponding to 6,,. The subscript represents the input variable (p for pressure, and 7 for
the gas temperature). In practice, for the estimation of all six series of particle FRFs, it is
necessary to measure the temperature, along with the pressure.28

p
> F‘l,p(m)7F‘Z,pp(m]’(DZ)’”'ﬂ’pn(ml,m2>"'mn)a"'
+
+ <g>
F (@), By 7 (@,,0,),+F, 12 (@,,0;,+:0, ), {
+
FZ,pT(mlamz),"'ﬂ’Pkrmk(mhst'"mn)"'
HZ,pT((‘Ol!mZ))“.Hn,plcTn—k (©),0,,0,)
Hl,p(m)iH2,pp(m1’m2)’.”Hn’p"(ml’m?."“mn)"”
Hl,T(m)iHZ,TT(“)DCDZ)’"'H,,,TH(mlrmz""mn)""
0

Fig. 1. A general block diagram of an adsorbent particle.
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Also, in the mathematical derivations, the notation F* is used for the FRFs corre-
sponding to the local concentration in the microparticle g(r,). The “F*” functions are
also functios of ry.

Derivation of the first and second order FRFs

The general procedure for the derivation of the particle FRFs was given in Ref. 28
and illustrated on the example of non-isothermal adsorption governed by micropore
diffusion mass transfer with constant diffusivity and convective heat transport. The ba-
sic idea of this derivation is to define the inputs as harmonic functions of time, express
the outputs in the form of Volterra series,?? substitute them into the model equations and
apply the method of harmonic probing.3! As a result, a series of sets of linear equations
is obtained in which time as an independent variable is replaced by frequency, the out-
put variables are replaced by their corresponding series of FRFs, and the partial differ-
ential equations are transformed into ordinary differential equations. The mathematical
expressions for the FRFs are obtained by solving these sets of equations.

In order to reduce the number of equations in this paper, only the sets of equations
defining the first and second order FRFs corresponding to the model Egs. (7) to (11),
and the resulting mathematical expressions obtained by their solution will be given.
Only the case of slab microparticle geometry (0 = 0), for which analytical solutions can
be obtained, is considered. For cylindrical and spherical geometry, the second order
FRFs can only be obtained numerically.

First order FRFs with respect to pressure (F1 , and H; p)

The easiest way to derive these functions is to define the inputs as p = 4e/%¥, 8,=0.
When the outputs are expressed in the form of Volterra series, substituted into Egs. (7) and
(11) and the terms with 4&/%¥ collected, the following set of equations is obtained

a?F; wr, ;
1,,,(2 W) (@) =0 (12)
dry; D
r, =0: 4, @) (13)
dr“
ra=Ry  Fy,(@r) = a,+ arf , (w) (14)
p
Fip @ = [, (@ )ds, (1)
H o
_{w
H, W=—"—F, (W
1,p @ P 1,p @ (16)

Equation (12) is a homogeneous ordinary linear differential equation which is eas-
ily solved. Its solution, subject to the boundary conditions (13) and (14), is
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exp(@ @u )+rexp(—a @u )

(17)
exp(0 VR, ) +exp(-av/oR,, )

F:p @y )=a, tarH, , (W)

Integration of this function over the microparticle volume, according to Eq. (15), to-
gether with Eq. (16), leads to the following final result

F @22 (18)
PP — e, Ny P(W
AW P(w
Hy @) =F, (@ X m (19)
where
_tanh(R,a Jw) _&w
Ply=— —H A o=
(@) Ryave ©) jwc,a D, (20)

First order FRFs with respect to gas temperature (F; rand H; 1)
If the inputs are defined as p = 0, 8, = Ae/%¥, the model Egs. (7) to (11) are trans-
formed into

szl*,T @ry) ]

WF, 7 (W, ) 0 21
2 LT A5
< D
dF;
”u :0: M:O (22)
dru
ra=Ry  Fy (0 ry) = arH; 7(w) (23)
1 Fu
Fy 7 () _T IFLT (wry, )dr, (24)
)}
_ & G
H,-(=""—F, - (W) +
17 (@ o, 1. (@ oH (25)

Again, Eq. (21), with the boundary conditions (22) and (23), is easily solved giving
exp(@ \ﬂ)”p )+exp(—0(\/ayu )

(26)
exp(@ \/(:)Ru )+exp(—0(\£.ll’?u )

FliT @r,)=arH, 7 (0

which, after integration according to Eq. (24), results in the following expressions
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_ arQ@P(w)
Fir @ =, NP (27)
Hyr @=F (@ N0 + A =D 28
1,7 1,7 =2y AW D(Q) (28)
®P(w) and A\(w) are defined as previously in Eq. (20), while
Q
0= (29)

It should be noticed that the obtained first order FRFs are identical to the expres-
sions corresponding to constant micropore diffusivity.28 This is to be expected, as the
first order FRFs correspond to the linearized model, while the variable diffusivity is one
of the sources of the non-linearity of the system.

Second order FRFs with respect to pressure (F3 ,, and H pp)

The best way to develop these functions is to set the inputs as: p = 4;6/@ +
A/, 8, = 0. Representing the outputs in the Volterra series form, substituting them
into Egs. (7) to (11) and collecting the terms with 414,e/(® @) gives the following set
of equations:

szl*,pp (wl’(*&’ru )_ J

@ +03)F, ,, (6, @5, )=

dru2 Dy
Dby a B dFy, @7 dF; @, )0
———[F L R LB ()
2 dr Ell’(wl ll) dl’u l,p(wz rp) dl’“ g
pM 40O dF, , F
r iﬂfl,p(w) Lp @7 H, @) 1,p @7 )D
2 dru & dru dru -
r, =0: AF2pp @131 ) G1)
dr,
rH:Ru:ﬁpr(wl= Wy, ru):az}?zp;é (03)1,(;[)2)+(bpp)+
+
¥ by, (60) H (@) + b2 _ 1p (@ (32)
.
o pp @, (*b)_ Iszp((*? ®W,r, )dry (33)
EJ( +0y )
Hpr((*‘)lU‘&)¢ pr((*)l (JL&) (34)

J +6y) +¢
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After substituting the previously derived expressions for > F* i1 Hy pand Hir
(Egs. (17), (26), (19) and (28)), into Eq. (30), the resulting equation, although very
complex, can still be solved analytically. The solution process involves some long
and tedious algebra, so it will be omitted here. Only the final expressions, which are
obtained after integration of function F* 2,pp according to Eq. (33), will be given

O @,0)P(Q +0) ¢ (@ @) P +P( o )P(w) (35)

Fy p @,0) =
o 1=ar AN, +6) A +0)
H27pp(wl,(*)2) = FZ,pp ((*)1:(*)2)/\((*)1 + (.02) (36)
where
b D(l)
d1(01,w) = by, + "T

><(ap_wlT H 1 ,p((*)l))(ap+ ari 1, 1 ,p((*h))E +

D(l) o,

2\/(017 tanh(@( /o, R,, ) tanh(@ \/a R,) %

+arH, ()0 D@ O
T Ly ED(l)lelp(wz)_ ! _(a,+arH, ,@))0(35b)
2 s w, H

b, @, (*)z)

In practice, the response to a single harmonic input is usually considered in that
case, only the second order FRFs corresponding to W) =y = wand W =—u) = ware
of interst. The first one corresponds to the most significant term of the second har-
monic, while the second one corresponds to the most significant term of the DC
component. It can easily be shown that

F e 0, OP2W R O, (WP R P (37)
2.pp 1-a; N QW) P2 W
H pp(@,00) = F,,(w,0)A(200) (38)

with:
. DO
¢1((1),0)) = bpp + prHl,p(w) + bTTHl,p (w)+Tq

x(at+arH) ()2 +anh* @R, )DL (a,+arH) (W)H) (w)  (372)

H D@ 0
+ar 1p()w(1>H1p(w)_ (a, +arH, ,@)0  (37b)
g B

b, @ )
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and
Fa (@, ~0) = (6, ~w) + 2 Re((00, ~0) P(w)) (39)
H) p(0,~w) = 0 (40)
with:
( $1(©=00) = by + byrRe(H (@) + brr |y (6P (39a)
(atapH, ,(0)* -DVRel(a, +arH, ,(WNH, , (-]
0, - = O 2

X gD(l)Hlp( w)+ ! (a, +arH, ,(- w))é (39b)

Second order FRFs with respect to gas temperature (F> tr and H 17)

Similar to the previous case, if the inputs are defined as: p = 0, 6, = = A1/ +
Are/®, the set of Egs. (7) to (11) is transformed into

d? Fyrp @,0,7,) B

DJ (001 + 0)F 77 (001, (1) =

dr2 s
D“) q 0 AF T @y7,) dF; @, )0
q —D"lr( )M“LFl,T(%Jp)MDF
2 dr B dru dru &
D“>dD dFy 7 @) dF) 7 @,r,) 0
Ll 4 g @)y o T @) gy
2 drug drH drpl &
r =0 dFv2,TT ((*)l,(*barp ):0 (42)
H dr,
u

u =Ry FZTT((*)I(*& W) TrHorr (9, @) by, brpHyp()H 7 (0)  (43)

Ry

Fyrr @,0) %IFZTT (@, ,r, )dr, (44)
HO
T

Hy o @, %)% o7 (@),0) (45)

Again, the tedious solution procedure will be omitted and only the final expressions
given:
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V(@) AW +w) +P(@ ) ©w ¥ 00)P(w)
fam @) =2, N@ +0) N6 +) 4o

Hy r(y,00) = F5 77 (01,00)A(W; + ) 47)

where

Wi(w,0n) = Hy 7{(01)H; 7(6))* (46a)

0 Da?
XS)TT+ 5 Ezmtanh(a\/»R )tanh(G\/»R )E‘ % %

O (™ DP,20
Waleon0) = Hy oy oo BT 20 T
B2 @ 40
For w; = wy, this solution becomes
QP20 £ W(wh P w (48)
F
2.7 @) 1-a; N2 P2 )
Hy ri{(w,0) = I rr(W,w)A\(2w) (49)
with
O D(l) O
W @) FH 2y (Ybyy Ta tanh? @R, ) PVay0 (489)
= B
1) ® ,2
W, @0 417, (02 210 (4
’ 2 4 &
and for w; = -y
Fy (00, ) = Wi(w, —w) + 2Re(W1(w, — w)P(w)) (50)
Hy rr(0,—w) =0 (51)
with
O D“) O
W (-0 :|)L/1 T(@IZ hyr +T {)(1) 0 (50a)
= @

1 2) 2
Diar Pt D

50b
Y@ = 1H‘T(®r@ e (50b)
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Second order FRFs with respect to pressure and temperature (F 7 and Hj 1)

Defining the inputs as p = A16/W, By = A>&/*' transforms Egs. (7) to (11) into the
following set of equations:

d?F) (@, .
= 2 b / (('01 +% )FZ,pT((’“l)a (’Qaru )=
drlJ Dus

d‘Fl*,T (('02 5’1,[ )
dr,

dFy, @, )0
l,p(‘)l u -

g
d * *
Dy =i, @) +F) 7 @)

H i dry =
O dF* , dF* ( 7 O
o S @) )y, ) TG s
drlJ § drH drlJl
o o dFZ,pT (© ,%,Vp)zo (53)
dru

ra=Ry: Fy ,r (W, Wy, 1) = agHy 7 (01, W) + byrHy 7(00p) “
+ brrHy p(01) Hy 7(6)) (54)

o
Fapr @,00) = = [Fy 7 (@, @1y ) (35)

T

_ & twy)

H, ,r (Q)I’LL&)WFL[)T (©y,0) (56)

The final solution of the set of Egs. (52) to (56) is:

M @,w)P(@ +6) +R( @ @) @@ +H pw,)P(w)
Fopr@:62) I=ar AN +6) A +0) &7

H pr (0, 0) = F5 (W, 0y) A(0 + G)) (58)

where

N1(W1.00) = by (@) +brrHy (W) Hy (@) +D " ar(a,+arH (w)H r(w)

e U TS h
XE+2mtan (a\/(leRu )tan (G\/aRp)E

+D]("1)H1,T y)Ha, tapH, , ((*}))S;"'QT:ZE (57a)
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Hywe Darf o
Ny @;,6) BD o, 2 a,tarH, ,()H, @) (57b)

<1> (57¢)
r]3(‘*)1awz):%D(l)$lz > ——(a, +aTH1p(Q))E’TH1T(Wz)

For w; = wy, Egs. (57) to (58) become
N@OP2E AN (0P +A( 0 ® W (59)
Fapr @0 1-a; AW P2 0)

Hy pr(00,00) = AN20)P(2w) (60)

with:
N1(w, W) = byr Hy (W) + brrH, ,(w) Hy (W) + D,Vay (a, + arH,; , (W)
XHIJ((A))(I + tanh? (AVR)) — D7DV (a, + ar + arH, , (W) Hy f(w)  (592)
N2 (W, W) + N3 (W, W) =-D,Way (a, + arH, , (W) H; (W)
~ DD x (a, + ar+ arH, , (W) Hy 1(0) (59bc)
and for w;=-wp = W
Fp(, —0) = N1(@, —0) + Na(w, —0)P(w) + N3 (W,~w)P(-w) (61)
Hy pr (0, —6%) =0 (62)
with
Ni(w, ) = b7 Hy 1(-w) + breH, p(w) Hy 1(—w) + D,WVar (a, +
+arH, (00)) Hy /(-w) — DY (a, + ar+ arH,; , (W) Hy 1(—w)
Na(w, —w) = — (DY + D, Map'2) (a, + arf) ,(w)) Hy 7(-w) (61b)
N3(0y, ) = — (DAY + D, Na, + arH, ,(w))/2) arH; 1(—w) (61c)

It should be noticed that, contrary to the second order FRFs F3 ,, and /2 r7;

which are symmetrical (F7 (W1, W) = F2 (0, W) and (F2, 77(W1, W) = F2, 77(0y,
wy)), the crossfunction 7 (0, W) is asymmetrical (2 ,7(01, W) ZF2 (0, ).

(61a)

Hllustration - adsorption of CO; on silicalite-1

As an illustration, some simulation results of the first and second order FRFs, us-
ing the expressions derived in the previous section, will be given. The simulation pa-
rameters are given in Table II. They correspond to literature data on the adsorption of
CO; onssilicalite-1,!2 to steady state pressure and temperature P =10 kPa and 7, =298
K, and to moderate heat transfer resistances. The isotherm pressure and temperature co-
efficients (ap, ap; byp, brrand byy) were obtained by expanding the Langmuir equilib-
rium relation
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QobP
= ; b= by exp(k/T,

0 5P o exp(k/T)) (63)
into a Taylor series. The diffusivity concentration and temperature coefficients
Dq(l) and D7{1) were obtained from a Taylor series expansion of a function based on
the well known Darken equation for the concentration dependence and the Arrhe-
nius type relation for the temperature dependence of the micropore diffusivity

=0, 2D exp £ B (64)
" d(nQ) TH R, H
TABLE II. Data for simulation (adsorption of CO, on silicalite-1, P, = 10 kPa, T, = 298 K)!2
Microparticle data 0 = 0 (slab shape); R, = 15 pm
Equlibrium a,=0.911, ar=-7.1069
parameters bpp =—0.0811, by7=29.8932, b,r=-5.8415
Physical and | Dys=2.7443x10° m¥s, DYV =~ 0.0977, DYV = 0.0037
transport
£=3.01x102,7=055s"
parameters

The simulation results are presented in Figs. 2a to 2d. The FRFs are complex
functions of frequency. They are represented in the form of amplitute and phase
characteristics, using the classical Bode plot representation (the amplitudes in log-log
and the phases in semi-log diagrams). The functions /> ;,, (0,~w) and Hp, 77 (0, —W),
which are identically equal to zero, are not shown.

In Fig. 2a, the FRFs corresponding to the isothermal case (the parameter { very
large) are given. Notice that for this case the “F,” FRFs describe the system completely.
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Fig. 2. The simulated first and second order FRFs for adsorption of CO, on silicalite-112 at 10 kPa
and 298 K: (a) “F},” (¢ vs.p) functions + “F,” functions for the isothermal case; (b) “H,,” (8, vs. p)

2

functions; (c) “F7” (q vs. 8,) and “F),7” (¢ vs. p and 8,) functions; (d) “Hz" (8, vs. 6,) and “H,r
(8, vs. p and 6,) functions.

ANALYSIS AND DISCUSSION

Characteristic features of the frequency response functions

First, the characteristic features of the second order FRFs corresponding to micropore
diffusion with a variable diffusion coefficient will be considered. For comparison, the com-
plete set of FRFs for micropore diffusion with a constant diffusivity D ql): D;l): 0) are

given in Fig. 3. All the other simulation parameters are from Table II (the same as in Fig. 2).
Again, the FRFs obtained for the isothermal case are added in Fig. 3a.
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Fig. 3. The simulated first and second order FRFs for the case of constant diffusivity Dq(]) =D, =
0, the other simulation parameters the same as given in Fig. 2): (a) “F,” (¢ vs.p) functions + “F),”
functions for the isothermal case; (b) “H,,” (8, vs. p) functions; (c) “Fr” (¢ vs. 8,) and “F,7” (g vs.

p and 8,) functions; (d) “Hy” (8, vs. 8,) and “H,7” (8, vs. p and 6,) functions.

Inspection of Figs. 2 and 3 shows that the only recognizable difference in the
shapes of the FRFs corresponding to variable and to constant diffusivities can be found
in the second “Fp” functions, both for the isothermal and for the non-isothermal case.
The function F (0w, —w) seems especially usuful in this sense: it has horizontal as-
ymptotes both for low and for high frequencies, which are equal for the case of constant
diffusivity and unequal for the case of variable diffusivity. It is also important to notice
that the functions F7 (0, ) and F?3 ;,(w, —) still have shapes which enable the dis-
tinction of the micropore diffusion mechanism from other kinetic mechanisms (e.g., for
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Fig. 4. Influence of D)) on the second order “F,” functions.

the macropore diffusion mechanism, the amplitude of /7 ,,(w, w) changes the slope
several times, while the amplitude of F» ,,,,(0d, —w) is a descending function of w?3-24).

The investigation of the influence of variable diffusivity on the functions 7 (w0,
w) and F ;,,(w, —w) showed that it was mostly related to the concentration coefficient
D). The amplitudes of F2 (0, W) and F ,,(w, —w) obtained with four different val-
ues of D,(1):0,-0.0977,-0.1954 and —0.4885 are shown in Fig. 4. The first value corre-
sponds to constant diffusivity (the same as in Fig. 3), the second is equal to the value in
Table II (the same as in Fig. 2), and the third and fourth value are multiples, by two and
by five, of the value in Table IL. The influence of D, (1) on the high frequency asymptotes
is obvious, especially for the function F (0, —).

The other FRFs will not be discussed, as they show the same patterns as for the
case of non-isothermal micropore diffusion with constant diffusivity.28

Estimation of model parameters

One of the advantages of the non-linear over the linear FR is that the second order
FRFs give valuable information for the identification of the correct mathematical
model. i.e., the most probable kinetic mechanism. Another advantage is that it enables
estimation of the model parameters, including the ones defining the system non-li-
nearity. A fast and easy way of estimating all the parameters of the defined model
(non-isothermal micropore diffusion with varialbe diffusivity and convective heat
transfer mechanism) will be shown here.

Estimation of the equilibrium parameters

The equilibrium parameters ay,, ag; by, byrand b, can all be estimated from the
low frequency asymptotes of some of the FRFs. It is easily shown that

a,=limF, , (65)

ar =(})ifj})F 17 (@ (66)



956 PETKOVSKA

bpp = (})Hj}) Fz’pp((),),(k)) = (})IEI}) FZ,pp((*)’ —W) (67)

brr= lim Fz’T]((.O,(.O) = lim FZ,TT((*)a -W) (68)
w-0 w -0

byr= lim Fy,{(02.00) = lim Fy y7(w, ~0) (69)
w-0 w-0

It is not surprising that the “linear’” equilibrium parameters ap and ay are obtained
from the first order (linear) FRFs, while the “non-linear” parameters bpps brrand b, rcanbe
estimated only from the second order FRFs. These five parameters actually represent the
first and second derivatives of the adsorption equilibrium relation in non-dimensional form
in the steady state point, so they give information about the form of this relation.

Estimation of the diffusion parameters

The problem of the estimation of the micropore diffusivity for the isothermal case
and constant diffusivity has been solved long ago.3 It can be calculated from the posi-
tion of the maximum of the so called out-of-phase characteristic function,3 which is ac-
tually another name for the absolute value of the imaginary part of the function F7 j,. 18
For micropore diffusion and slab microparticle geometry, it is proportional to the func-
tion P(w), defined in Eq. (20) (notice that for the isothermal case, Eq. (18) reduces to
F1p(w) = a,®(w)). The frequency at which this maximum is obtained satisfies the fol-
lowing condition

2
R} (70)
00 2.656
D ax
U
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Fig. 5. Imaginary parts of | , for non-isothermal and isothermal case and /' p/H} 7.

For the known microparticle size, the micropore diffusivity can be easily calculated
from Eq. (70). Nevertheless, for non-isothermal cases, the determination of the dif-
fusion coefficient becomes much more complex, as the out-of- phase function has
two maxima.”-? The out-of-phase functions for the non-isothermal and for the iso-
thermal case presented in Fig. 2 are shown in Fig. 5.
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This problem can be solved if the whole set of FRF needed to describe the
non-isothermal micropore diffusion is available. If a new function is defined as the ratio
of Fy rand Hy 1

_Fir@ _

G(w)m-aﬂ)(@ (71)

it has the same form as Fj ,, for the isothermal case (its imaginary part is also pre-
sented in Fig. 5). Using this result, the micropore diffusivity at steady state Dy;; can
be defermined from the location of the maximum of Im(G).

The diffusivity concentration and temperature coefficients D (1) and D7(1) have
to be determined from the second order FRFs. The first one can be easily obtained from
the high frequency asymptote of the function /7 (0, —w) (see Fig. 4b)

(1,2
. _ g “p 72
lim Py, @0 %, —— (72)

The temperature coefficient D7{1) cannot be estimated directly. However, a new
function can be defined

Frrmr@-v b4 c(ll)a%
e V&
IHl,T ((Jk))l2 H 2

which has a horizontal high frequency asymptote from which D7{!) can be calcu-
lated

W ) +Dpay gl—Re(F(w»] (73)

D Va2
lim W (@) =byp + q2 +D\Vay (74)

W —

Estimation of § and (

These parameters cannot be estimated directly from any of the particle FRFs.
However, if one defines

H, ;
2@ =2 o p ey = SO (75)
Fl,p ((A)) S +](A)
it is possible to estimate the parameter € from the high frequency asymptote
lim Z(w)=¢& (76)
w -

On the other hand, the definition of another function

X @ _a, A _9p § .
Filz@ ar QW ar¢

(77

enables the estimation of the parameter {, from the slope of the imaginary part of X
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mX @) =2 w=kwr= & (78)
ar Q ar K

It should be recalled that the parameter & carries information on the heat of ad-
sorption, and ¢ on the heat transfer coefficient (see Table I).

CONCLUSIONS

The investigated case: non-isothermal non-liear adsorption governed by micropore
diffusion with variable diffusivity is a highly realistic problem in a number of commercial
microporous adsorbers. The proposed method, analysis of non-linear FR using the con-
cept of higher order frequency response functions, although rather complex, can success-
fully treat such problems. The definition of the FRFs on the particle scale enables the anal-
ysis to be focused on the kinetic mechanism in the particle, which is the final aim of the in-
vestigation. One of the important steps in the application of the method is the generation
of a certain library of sets of FRFs corresponding to different mechanisms and analyzing
their patterns which can be used for the discrimination between different mechanisms.
This work is part of the effort of compiling such a library.

The analysis of the FRFs for the investigated mechanism demonstrated three ma-
jor things:

1. The FRFs corresponding to micropore diffusion with variable diffusivity
maintain the main characteristics which distinguish the micropore diffusion mecha-
nism from other mechanisms.

2. The second order FRF £ j,,(w, —w), relating the sorbate concentration in the
solid phase and the gas pressure, gives enough information to make a decision on
whether in a particular case the micropore diffusivity in the system is variable or can be
treated as constant.

3. The first and second order FRFs offer enough information for the fast and easy
estimation of all the parameters defined in the model. Estimation of the parameters re-
lated to the non-linearity of the system is especially significant.

Considering all this, this work can be used as another proof of the superiority of
the non-linear FR method over the classical linear FR one.

NOTATION

a — particle to gas heat transfer surface area, m?

a,, — first order pressure coefficient of the adsorption equilibrium function

ar— first order temperature coefficient of the adsorption equilibrium function

b — Langmiur isotherm parameter, Pa™! (Equation 63)

by — pre-exponential factor of the Langmiur isotherm parameter b, Pa’! (Equation (63))
bpp
byr— second order temperature coefficient of the adsorption equilibrium function

by

— second order pressure coefficient of the adsorption equilibrium function

7—mixed second order pressure and temperature coefficient of the adsorption equilibrium function
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Cps — particle heat capacity, j/g/K

Dy, — micropore diffusivity, cm?/s

Dy, — micropore diffusivity at steady state, cm?/s

Dy — the corrected diffusivity, cm?/s (Equation (64))

Dy* — pre-exponential factor of the corrected diffusivity, cm?/s (Equation (64))
Dq(l) — first order concentration coefficient of the micropore diffusivity
D7D — first order temperature coefficient of the micropore diffusivity
E — activation energy for micropore diffusion, J/mol (Equation (64))
Fop.p (@, ..., 0,) — n-th order <g> vs. p FRF

F*p.p (O ..., 0y, 1) — n-th order g(ry,) vs. p FRF

Fy 1 .7(0, ..., @) — n-th order <g> vs. 8, FRF

F*, 7.7 (W, ..., 0, 1) — n-th order g(r) vs. 8, FRF

Fop p1.7(0 ...; @) — n-th order <g> vs. p and 8, FRF

F*, o p 1.7 (@1, ...y O, 1) — n-th order g(ry) vs. p and 8, FRF

h — particle to gas heat transfer coefficient, J/m2/K/s

H, . p (01, ..., 0,) — n-th order 8, vs. p FRF

H, 1. 7(Wy, ..., 0,) —n-th order 8, vs. 6, FRF

H,p pr.7 (W), .., 0,) —n-th order 6, vs. p and 8, FRF

j — imaginary unit (+/=1)

k — temperature coefficient of the Langmiur isotherm parameter, K~! (Equation (63))

P — pressure, kPa

p —non-dimensional pressure

O — concentration in the adsorbent particle, mol/cm?

q —non-dimensional concentration in the adsorbent particle

0, — concentration in the adsorbent particle at maximal coverage, mol/cm? (Equation 63)

R, — gas constant, J/mol/K

Ry, — microparticle half-dimension, cm
ry — microparticle spatial coordinate, cm
t—time, s

T, — gas temperature, K

T, — particle temperature, K

¥V, — particle volume, cm?3
Greek letters

S

5

p, — particle density, g/cm?

—non-dimensional gas temperature

— non-dimensional particle temperature

0 — shape factor
& — modified heat of adsorption coefficient (Table I)
{ — modified particle to gas heat transfer coefficient, s~ (Table I)

w— frequency, rad/s

959
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Abbreviations

FR — frequency response

FRF — frequency response function
<>—mean value

U3BOJ

HEJIMHEAPHU ®PEKBEHTHU O3B HEM3OTEPMHOTI' AJCOPITIIMOHOI' CUCTEMA
YUJA JE KUHETUKA KOHTPOJIMCAHA J1U®Y31JOM KPO3 MUKPOITIOPE CA
ITPOMEHJ/bMBOM JN®Y3MBHOII'HLY

MEHKA ITETKOBCKA

Kaitieopa 3a xemujcko unxcersepcitieo, Texnonowko-meitianrypuiku gpaxyaitieit, Ynusep3auitieii y bBeozpaoy,
Kaprezujesa 4, 11000 Beozpao

KopumrheweM koHnenTa (ppeKBEeHTHUX IPEHOCHUX (PYHKIIM]ja BUILIET pefa, U3BpIlIeHa
je aHanM3a KMHETUKE HEJIMHEapHEe ajCopIlMje HAa HUBOY YecTHulle cOpOeHTa, 3a CiIydaj
HEM30TepMHE Ju(dy3uje Kpo3 MUKPOIOpE ca MPOMEHILIUBOM AU(MY3UBHOIThY, KA0 OrpaHu-
yaBajyher Mexanusma. [ledunucano je mecT cepuja (PpeKBEHTHUX IIPEHOCHUX (DYHKIIH]jaA
KOje cy MOTpeOHe Ja ONHUIILY CUCTEM 3a ONIUITH HeM30TepMHHU ciay4aj. [lomasmu of Marte-
MaTUYKOT MOJieJIa Ha HUBOY YeCTHILEe, U3BECHU CYy U3pa3H 3a (ppeKBEeHTHE IPEHOCHE (DYHK-
1gje npBOr M Apyror pepa. M3spiieHa je cuMmynanuja oBUX (DyHKIHja ca IapaMeTpuma
onpebeHnM U3 MUTEpaTypHUX MOAATKA KOji OfiroBapajy agcopnumjun CO2 Ha CHIIMLANATY-1.
Habeno je ma mpomenspuBa Andy3nBHOCT 3HAUAJHO yTUUE HA OONHMK (DPEKBEHTHUX MPEHO-
cHUX (PYHKIHja APYror pefa Koje MoBe3yjy MPOMEeHy KOHIEHTpalyje y IBPCTOj da3m u
NpoMeHy nputucka. Mebyrum, oBe pyHKIHje u fasbe 3a/ipXKaBajy CBoje KapaKTepUCTUKE Ha
OCHOBY KOjHX C€ ajicOpIIHja AUpUroBaHa Audy3nujoM Kpo3 MUKPOIOpe MOXKe pa3IinKoBaTH
OJ] IPYIUX KUHETHYKKIX MeXaHu3aMma. Takobe je mokasaHo jja ce u3 (peKBEHTHUX IPEHOCHUX
¢pyHK1M]ja pBOT ¥ Apyror pepa noduja JOBOBLHO NH(OpMaLUja Ha OCHOBY KOjUX ce Op30 u
jemHOCTaBHO MOTY OJ[PEIUTU CBU IapaMeTpH MoOjesa, YKIbyuyjyhu u oHe Koju neduHunry
HEJMHEAPHOCT CUCTEMa.

(ITpumiseno 1. aBrycra 2000)

REFERENCES

. L. M. Naphtali, L. M. Polinski, J. Phys. Chem. 67 (1963) 369

.'Y. Yasuda, M. Saeki, J. Phys. Chem. 82 (1978) 74

. Y. Yasuda, J. Phys. Chem. 86 (1982) 1913

Y. Yasuda, G. Sugasawa, J. Catal. 88 (1984) 530

.R. G.Jordi, D. D. Do, J. Chem. Soc. Farad. Trans. 88 (1992) 2411
.R. G. Jordi, D. D. Do, Chem. Eng. Sci. 48 (1993) 1103

L. M. Sun, F. Meunier, J. Karger, Chem. Eng. Sci. 48 (1993) 715

. L. M. Sun, V. Bourdin, Chem. Eng. Sci. 48 (1993) 3783

.R. G. Jordi, D. D. Do, Chem. Eng. Sci. 49 (1994) 957

10. L. M. Sun, F. Meunier, Ph. Grenier, D. M. Ruthven, Chem. Eng. Sci. 49 (1994) 373
11. D. Shen, L. V. C. Rees, J. Chem. Soc. Farad. Trans. 90 (1994) 3017
12. D. Shen, L. V. C. Rees, J. Chem. Soc. Farad. Trans. 90 (1994) 3022
13. D. Shen, L. V. C. Rees, J. Chem. Soc. Farad. Trans. 91 (1995) 2027
14. L. Song, L. V. C. Rees, J. Chem. Soc. Farad. Trans. 93 (1997) 649

0T U AW —

Nel



NON-ISOTHERMAL ADSORPTION 961

15.S.C.Reyes, J. H. Sinfelt, G. J. DeMartin, R. H., Ernst, E. Inglesia, J. Phys. Chem. B101(1997) 614
16. V. Bourdin, Ph. Grenier, F. Meunier, L. M. Sun, AIChE J. 42 (1996) 700

17. V. Bourdin, A. Germanius, Ph. Grenier, J. Karger, Adsorption 2 (1996) 205

18. 1. S. Park, M. Petkovska, D. D. Do, Chem. Eng. Sci. 53 (1998) 819

19. 1. S. Park, M. Petkovska, D. D. Do, Chem. Eng. Sci. 53 (1998) 833

20. M. Petkovska, D. D. Do, Chem. Eng. Sci. 53 (1998) 3081

21. M. Petkovska, D. D. Do, Nonlinear frequency response of adsorption systems: General approach
and special cases in Fundamentals of Adsorption, F. Meunier, Ed., Elsevier, Paris, 1998, pp. 1189 —
1194

22. M. Petkovska, Chemica '98, The 26th Australian Chemical Engineering Conference, Port Daglas,
Australia, (1998) 1189-1194

23. Ph. Crenier, A. Malka-Edery, V. Bourdin, Adsorption 5 (1999) 135
24. M. Petkovska, Bull. Chem. Technol. Macedonia 18 (1999) 149

25. M. Petkovska, D. D. Do, Nonlinear Dynamics 21 (2000) 353

26. J. Valyon, Gy. Onyestyak, L. V. C. Rees, Langmuir 16 (2000) 1331

27.]. Valyon, Gy. Onyestyak, L. V. C. Rees, Second Pacific Basin Conf. on Adsorption Science and
Technology, Brisbane, Australia, May 2000, Proceed., 477

28. J. Valyon, Gy. Onyestyak, L. V. C. Rees, Second Pacific Basin Conf. on Adsorption Science and
Technology, Brisbane, Australia, May 2000, Proceed., 482

29. M. Petkovska, Nonlinear Dynamics (submitted)

30. D. D. Weiner, J. F. Spina, Sinusoidal Analysis and Modeling of Weakly Nonlinear Circuits, Van
Nostrand Reinhold, New York, 1980

31. G. M. Lee, Mech. Sys. Sign. Proc. 11 (1997) 219
32. E. Bedrosian, S. O. Rice, Proc. IEEE, Vol. 59, Dec. 1971, 1685.



