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A model is formulated of nonisothermal adsorption in a single sorbent particle on the assumption
that the adsorption takes place in terms of a so-called “shell-progressive” mechanism, external
heat transfer only being considered. The model results are compared with experimental ones
and with those of diffusion model formulated by us previously.

In our previous works®! ™% we have presented the model of nonisothermal adsorption
in a single sorbent particle. In that model the internal diffusion was described
by Fick’s law and heat transfer in a particle by Fourier’s law. We did not consider
the external mass transfer but only the external heat transfer. The model equations
thus represent a set of strongly nonlinear parabolic partial differential equations
whose solution is much time-consuming. This fact led us to the formulation of a sim-
plified model’*® in which we assumed constant particle temperature (external heat
transfer only was considered). A comparison with experiment?> showed adequacy
of that simplified model. The time of computation was essentially shorter, however,
still to high to be able to employ that model of particle for calculating an adsorber
on the basis of heterogeneous model. The time of computation can be substantially
reduced by using the method of orthogonal collocation®.

The effort to obtain a model of adsorption in a single particle as simple as pos-
sible led us to a so-called ““shell progressive” model which corresponds to the shrinking
core model in noncatalytic reactions fluid-solid phase when the rate of process
is determined by the diffusion through a shell.

THEORETICAL

When deriving the model, the following simplifying assumptions were introduced:
1) A one-component gas phase is considered, i.e. the external mass transfer may be
neglected. 2) The spherical sorbent particles which consist of a core without adsorbate
envcloped by a shell with an equilibrium concentration of adsorbate. 3) The rectan-
gular adsorption isotherm, linear dependence of equilibrium concentration of ad-
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sorbate on temperature. 4) The concentration profile is at each moment the same
as in steady-state diffusion between the particle surface and core surface (a so-called
quasistationary state). 5) The heat transfer resistance is concentrated only in the
external film. 6) The heat of adsorption and specific heat capacity are independent
of temperature.

The rate of diffusion of an adsorptive through a spherical surface of radius re
elry, Ry is

¢ = 4nr’D dcfdr . (1)

By integrating under the boundary condition r =r;, ¢ =0 and r = R, ¢ = ¢,
we get

& = 4nDcoryR/(R — 1y) . 2

This rate equals the rate of adsorption. The total amount adsorbed in a particle is

A = (4/3)na(R® — r7), 3
from which
dA , dry 4 3 a3y da
— = —dnrja— + -n(R° — ry) — 4
dr 4 T3 D @
and consequently
rR dr 1 da
Deg—2— = —rla—2 + - (R® = r})—. 5
°R—r ' ar 3( D& ©)

On inserting the dimensionless variables

¢ =r/R; @y=nR; Q=cleg; q=a|ag; 1=1[1°, (6)
where
to = Rzao/(DCO) . ) (7)

and rearranging, we get

doy _ 11— 9 dg _ (S ®)
dr 3q q’sz de q ‘PJ(l - %)

On the assumption of a linear dependence of the adsorbate concentration on tem-
perature and linear adsorption isotherm, i.e.

c=0, a=0 )
¢c>0, a=bo_b1T,
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or in a dimensionless form

Q=0, g=0
Q9>0, g=1-p0,
where
O = Q:"TO),QEP , B= ,(jéﬁ)_bl ,
(-AH)a, oc,
it is possible to arrange Eq. (8) into the form
doy _1-¢i (=B _d0_ 1 1
dr @i 31 - po)dr 1 - pO ol — @)

For the mean concentration of adsorbate in a particle it holds

g=0-9e)q.

(10)

(11)

(12)

(13)

The profile of dimensionless concentration of adsorptive in a particle, Q, is obtained

by solving the equation
V0 =0

under the boundary conditions

o=0;, @
Q

0
o=1, 1.

By solving Eq. (14) we get
0=1- (ﬂ’(_lf_ﬂ)
<P(1 - ‘PJ)

The equation of enthalpy balance under the given assumptions® is

ft1tR3Qcp§Z’= 4nR*(—AH) D ey _ 4nR*N(T - Tp) ,
3 d: dr/, &

or in dimensionless form

d—@=3 d—g> - 0o,
dz dq) o=1

where
3ayRh
@ = 2Joftf
cogc,D
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d—Q) =% 19
(dfp e=1 1 — @ 19)

On inserting into the enthalpy balance (17)

From Eq. (15) we get

9 _3_ 2 _ 4o, (20)
dr 1 — ¢y

The model is described by two ordinary differential equations (12) and (20) and the
initial condition
t=0; ¢p=1, ©=0. (21

The equations were solved numerically by the Runge-Kutta 2nd order method.

As a limiting case it is possible to present the model for f = 0, i.e. when the
equilibrium adsorbate concentration does not depend on temperature. Then Eq. (12)
simplifies to

% = — ___1___ (22)
dr (PJ(I - ‘P:)

whose solution is obtained in closed form

SIS

1 o3
T=-— + —=. 23
p 3 (23)

The model is then described by Eqs (20) and (23) and by initial conditions (21).

EXPERIMENTAL

The dependence of temperature and adsorbed amount was measured in a gravimetric sorption
apparatus GRAVIMAT which was completed by a device for measuring temperature on the
surface and in the middle of particlez. The scheme of the equipment is given in Fig. 1. As an ad-
sorbent, the molecular sieve Calsit SA produced by VURUP Bratislava (spherical particles about
1 ¢cm in diameter) was used. n-Heptane, chromatographically pure was chosen as an adsorptive.
In each measurement, two sorbent particles were placed in the apparatus, one in order to mea-
sure adsorbed amount and the second for measuring temperatures. The temperature inside
the particle was measured by two iron-constantan thermocouples of diameter 0-1 mm. One was
placed in the middle of the particle and the second fixed on its surface.

The maximum temperature was reached approximately after two minutes and afterwards
a slow process of cooling the particle followed.

In this work, the presented measurement was carried out at an initial temperature of 75°C
and vapour pressure of n-heptane 2., 103 Pa. The difference between the temperature of particle

Collection Czechoslovak Chem. Commun. [Vol. 50] [1985]



The Shell Progressive Model of Adsorption 1345

and that of its environment was as much as 25°C, whereas the difference between the surface
and centre of particle was not higher than 5°C.

The values of physical parameters are as follows: ¢ = 1040 kg m~ >, cp=963J kg 1K™,
R = 0526 and 0-547cm, ¢y = 0-6912mol m~3, g, = 13145mol m™ 3, (—AH) = 415707J.
. mol ™! and equiliblium relation (9)

a= 23279 — 3-41T.

RESULTS AND DISCUSSION

Model equations (12) and (20) contain two dimensionlcss parameters f and .
The value of parameter f can be calculated on the basis of the physical parameters
given above. The values of diffusion coefficient and heat transfer coefficient, however-
are not known beforehand and therefore the parameter w was determined on the
basis of agreement of the measured and calculated dependences of temperature
and adsorbed amount. Analogously for converting the dimensionless time 7 to time ¢
it is necessary to know the characteristic time ¢ which is defined by Eq. (7). Since
the value of diffusion coefficient occursinit, it was determined on the basis of agree,
ment of time dependence g. For @ = 15 the value of characteristic time t® = 1-343.

XON
J —15 o 4
o

min

™4
[N

FiG. 1 F1G. 2

Scheme of experimental equipment. 1 Sus-
pended particle in which the adsorbed
amount was observed, 2 particle in which
temperature was measured, 3 thermocouples,
4 temperature control, 5 electric oven

Dependence of mean dimensionless con-
centration of adsorbate ¢ on time.

Experiment, —— — shell model (@ = 15,
B = 0-142), ------ shell model (0w = 25,
B = 0-142)
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Fi1G. 3
Dependence of temperature on time.
Experiment, —.—.— shell model (w = 15,
B =0142), --~---- shell model (w= 25,
B = 0-142), — — — diffusion model
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Dependence of adsorbate concentration in
shell on time (w = 15, 8 = 0-142)
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Dependence of dimensionless radius of core
on time (0 = 15, f# = 0-142)
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Fi1G. 6
Profiles of dimensionless concentrations

of adsorbate ¢ and adsorptive Q at time
intervals 1 1, 2 78, 3 18, 4 36, 5 65 min;
— —— adsorptive, adsorbate (w = 15,
B = 0-142)
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. 10* s, which corresponds to D = 3-92. 107 m2s~!. Then the heat transfer coef-
ficient calculated from Eq. (18)is 1-96. 10" *Jm™2s ' K~

Comparison of the measured adsorbed amount with that calculated in terms of the
shell model is depicted in Fig. 2. In Fig. 3 comparison of the course of temperatures,
both mcasured in the centre of particle and calculated according to the shell model
(for w = 15 and w = 25) and the diffusion model', is given. In next figures there
are the time dependences of core radius (Fig. 4) and dimensionless concentration
of adsorbate in the shell (Fig. 5) and the profiles of dimensionless concentrations
of adsorbate and adsorptive in the particle in several time intervals (Fig. 6). The
comparison of the temperature course for w = 15 and f = 0142 and f =0, i.e.
for the case of constant adsorbate concentration, is plotted in Fig. 7.

The shell-progressive model of nonisothermal adsorption in a single sorbent
particle as described in this work represents fairly well the given process which is
evidenced by comparison with experimental results. The best agreement was attained
for the value of parameter @ = 15 and on considering the linear dependence of the
adsorbate concentration on temperature. A relatively good agreement is also yielded
by the simplified model for § = 0. We did not reach better agreement than that
on using the diffusion model but the model equations are in this case much simpler
and therefore the time of computation is essentially shorter. The shell model contains
only two parameters, f and , whereas the diffusion modcl contains six parameters.
Moreover, for small values of parameter f, the dependence of the adsorbate con-
centration on temperature may be eliminated, and then we get the solution of mass
balance in a closed form.

On the basis of the results presented it is possible to judge that the shell progression
model of nonisothermal adsorption in a single sorbent particle can be used for cal-
culating the absorber on the basis of heterogeneous model.

Fi1G. 7
Dependence of temperature on time.
Experiment, —:—.— shell model (w = 15,
B - 0-142), — — — shell model (w:= 15,
I o~ ' TTTIe T . T o
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LIST OF SYMBOLS

a adsorbate concentration (mol m_3)
ag equilibrium adsorbate concentration at a temperature Ty (mol m_s)
A adsorbed amount (mol)
b, by coefficients in Eq. (9) (molm~™ 3), (molm~™ 3 K'l), resp.
¢ adsorptive concentration (molm™ %)
¢o adsorptive concentration in bulk flow (molm™ 3)
p specific heat capacity of sorbent (Jkg™! K™1)
D diffusion coefficient (m?s™1)
h heat transfer coefficient (Jm 2s ' K1)
(—AH) heat of adsorption (J mol™ 1)
q dimensionless concentration of adsorbate in particle
(0] dimensionless adsorptive concentration in gas phase
r radial coordinate (m)
ry core radius (m)
R particle radius (m)
t time (s)
. characteristic time defined by Eq. (7) (s)
T temperature (K)
To temperature of bulk flow of gas (K)
B dimensionless parameter of Eq. (10)
@ dimensionless radial coordinate
oy dimensionless core radius
& diffusion rate (mols™!)
T dimensionless time
@ dimensionless temperature rise
0 density of sorbent particle (kgm™ %)
(5] dimensionless parameter defined by Eq. (J8)
REFERENCES
1. Brunovski A., Ilavsky J., Hlavagek V.: Chem. Eng. Sci. 36, 123 (1981).
2. Ilavsky J., Brunovskd A., Hlavadek V.: Chem. Eng. Sci. 35, 2475 (1980).
3. Brunovska A., Hlavd&ek V., Ilavsky J., Valtyni J.: Chem. Eng. Sci. 33, 1385 (1978).
4. Brunovska A., Hlava&ek V., Tlavsky J., Valtyni J.: Chem. Eng. Sci. 35, 757 (1980).
5. Tlavsky J., Brunovska A., Valtyni J.: Chem. Pram. 3/, 569 (1981).
6. Rajniak P., Brunovska A., Ilavsky J.: Chem. Zvesti 36, 733 (1982).

Translated by J. Linek.

Collection Czechosiovak Chem. Commun. [Vol. 50] [1985]



