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In this paper a method for evaluating the kinetic data obtained in a stirred 
semiflow adsorber is proposed. I t is shown how it is possible on the basis of 
an analysis of the exit flow to calculate the time variations in the amount 
adsorbed, concentration in the gaseous phase in the adsorber, and diffusion 
coefficient. These data may be used for the calculation of sorption devices 
of this type as well as the characterization of catalysts. 

В статье описывается способ рассчета кинетических данных, получен
ных в полу проточном перемешивающимся адсорбере. На основе анализа 
выходного тока приводится метод рассчета адсорбции со временем, кон
центрации газообразной фазы адсорбера и диффузионного коэффициента. 
Полученные результаты можно применить при рассчете сорбционных 
аппаратур этого вида, а также при оценке катализаторов. 

There are many mathematical models in l iterature which describe the kinetics 
of sorption in different types of sorption devices [1 — 10]. The major part of these 
papers is concerned with the problems of the kinetics of sorption in fixed bed ad
sorbers. In this study we payed attention to an isothermal stirred semiflow adsorber 
with the adsorbent deposited on stirrer blades. The number of revolutions of the 
stirrer was chosen in such a way t h a t the following conditions were fulfilled: 

1. The concentration of adsorbate on different particles of adsorbent a t a certain 
time is equal. 

2. The gaseous phase passing through the adsorber is ideally mixed [11]. I t s 
composition is uniform in the whole volume of adsorber and is identical with the 
composition of exit flow. 

I n order to describe the processes in the above adsorber we must known the con
centration of adsorbate in the gaseous phase inside the adsorber as well as the amount 
adsorbed at a given time. 

In order to determine the concentration of adsorbate in the gaseous phase inside 
the adsorber including the exit, C±(t) a t the time t, we started from the scheme shown 
in Fig. 1. 

* Presented at the 1st Czechoslovak Seminar on Adsorption, Bratislava, June 4 — 5, 
1974. 
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KINETICS OF SORPTION 

Fig. 1. Block diagram of the 
adsorber with analyzer. Г" 
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The adsorbate of the concentration Co enters the adsorber in a stream of inert 
gas. I t s concentration a t the exit from the adsorber is C±(t) while this concentration 
is Сг(0 at the entrance into analyzer (gas Chromatograph). Between the adsorber 
and analyzer there is a dosing t a p and capillary which are characterized by a measured 
residence time distribution function F2(£) (Fig. 2). At the beginning of measurements 
the adsorber is filled with activated adsorbent and inert gas while the adsorbate 
of the concentration CQ in a stream of inert gas flows through the lower branch 
outside the adsorber and enters the analyzer through a dosing tap and the capillary. 
At the time t = 0 the lower branch is closed and the adsorbate of the concentration 
Co enters the adsorber. 

On the basis of the definition of the residence time distribution function F(£) 
[11] the relation between C\{t) and C^t) can be written 

Co - Co(t) = J (Co - Ci{8)) F»(t - s) as, 
ô 

W 

where (C0 — Сг(0) is a convolution of Fo(0 and (Co — C±(t)). For the Laplace images 
of these functions it holds 

L(Co - C2(t)) = L K(í) ЦСо - Ci(t)). (2) 

By introducing the relative concentrations c(t) = C(i)/Co Ave obtain „ 

L(\ - c2(t)) = L Fi(í) L(l - ci(l)). (3) 
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Fig. 2. Residence time distribution func
tion F2(/). 
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Fig. 3. Residence time distribution func
tion F{t). 
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At the time t = 0 the concentration at the entrance into the analyzer is сг(0) = 1 
and at the exit from the adsorber it is ci(0) = 0. 

The concentration c\{t) is obtained by solving the eqn (3) 

L Ci{t) 
1 , p 

dít) = — + (4) 
p L K(í) 

Since the eqn (4) is to be subjected to a reverse transformation, the experimentally 
determined function Fo(t) was smoothed by replacing it by an exponential function 

F2(/) = 1 - 0.100 e-°-35if - 0.900 e-4-533', (.5) 

F',(t) = 0.0351 e-o-35iř + 4.0797 е-4-5зз« (6) 

i.e. 

a n d hence 

1 
L C2(t) 

1 7) 

Ld[t) = — + p 0.0351 4.0797 

p + 0.351 p + 4.533 

' 0.243 L ci(t) — -f 1.187 Z, c2(/) P 

p p + 0.3807 p + 0.3867 

1 0.243 p°- + 4.884 p -f 1.591 
+ 0.3807 Ĺ c2(t) (7) 

p -u 0.3867 p p + 0.3867 
By reverse transformation of eqn (7) we obtain the concentration c\{t) a t the exit 
from the adsorber 

ci{t) = 1.093 c2(/) + 0.243 c'JJt) - 0.093 e-o-3367/ _ 

- 0.0360 j е-°-з8в7</-*> C2(S) da. (8) 
ó 

Equation (8) was solved numerically using a digital computer. The value of the de
rivative of có(t) was determined by the Lanczos method [12]. 

The amount adsorbed A(t) at the time t is to be obtained by numerical solution 
of the equation 

t 

A(t) = S(Go(t) - G(t))dt, W 
о 

where 

C (t) Q 

G(t) is the mass flow of adsorbate at the exit from the adsorber at the time t and 
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Go(t) is the mass flow of adsorbate at the exit from the adsorber at the time t suppos
ing no adsorption takes place. The values of Go(t) may be obtained from the measured 
residence time distribution in the system F(t) (Fig. 3). The symbol Q stands for the 
density of gas in the adsorber and Q for the mass flow of inert gas. 

Under isothermal conditions, the diffusion in homogeneous spherical particles 
of adsorbent is governed by the diffusion equation [13] 

dC{t,r) 1 8 I dC(t,r)\ 
— ! - ^ \D(C) r* —1±J , (11) 

dt r°- dr \ dr j 

where C(t, r) is the concentration of adsorbate at time t in a spherical particle of 
adsorbent at a distance r from the centre of the particle and D(C) is the diffusion 
coefficient which is a function of concentration. This equation was used for the de
termination of the values of diffusion coefficients. The calculation procedure was as 
follows: 

1. For a given diffusion coefficient the concentration in individual points of the 
particle of adsorbent was determined by numerical solution of eqn (11) (by the method 
of nets). 

2. On the basis of the concentration field obtained in this wa}r the total amount 
adsorbed at the time t, A(t) was calculated by means of the equation 

A(t) = 4л$ C(l,r) r*dr, i12) 
ó 

where a is the radius of the particle. 
3. The calculated amount adsorbed was compared with the experimentally de

termined value. If no sufficient agreement was attained, a new value of D(C) was 
chosen and the operation was repeated. 

For the solution of the diffusion equation the following initial and boundary con
ditions were used 

(7(0, r) = 0, 0 < r < a, t = 0, (13) 

C{t,a) = <p(t), r = a, / > 0, (14) 

i.e. at the beginning of the measurement, there was a zero concentration inside 
the particle while the surface concentration (p(t) was in equilibrium with the concentra
tion in the gaseous phase C\(t). The concentration cp(t) was to be determined from 
the adsorption isotherm. 

Experimental 

The kinetic sorption data were measured using an isothermal stirred adsorber presented 
in Fig. 4. The isothermal regime at temperatures ranging from 40 to 410°C was ensured 
accurate to 0.4% by means of an automatic control system. The particles of adsorbent 
(molecular sieve Calsit 5) were placed in the rotating part of the adsorber. The hydro-
dynamic regime in the adsorber was simulated by a convenient choice of the stirrer 
revolutions. 

The concentration of adsorbate (n-heptane) in the stream of inert gas (nitrogen of 
electric bulb industry deprived of humidity and oxygen) was determined by means 
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Fig. 4. Diagram of the adsorber and 
position of sample. 

1. Thermostated jacket of the adsorber 
(inside diameter 40 mm, hight 60 mm); 
2. outlet flow (two possible ways); 3. 
bed of the sample; 4. axis of the rotor 
of adsorber; 5. inlet flow of gas; 6. 
supporting basket of the bed of sample. 

of a gas Chromatograph CHROM 3 with the residence time in the column kept at the 
bottom limit. The sample was dosed into the Chromatograph by means of a graduated 
gauge (1 ml) and a 6-way dosing cock with two optional positions. The degree of purity 
of the n-heptane used was higher than 99.5%. After dosing the analyzed gas from the 
graduated gauge the instrument immediately performs the analysis on a ionization 
flame detector and an instantaneous deflection of recording pen of the recorder appears. 
The magnitude of the deflection recorded is directly proportional to the partial pressure 
of hydrocarbon in the gaseous phase which is determined by means of a calibration 
curve. 

For the measurement of the residence time distribution function the particles of 
adsorbent were replaced by glass spheres of an equal size. At the time t = 0 a, step change 
of the concentration of n-heptane at the entrance was made (C(t) = 0 for t < 0 and 
C(l) = Co for t > 0) and the exit concentration Co{t) was investigated as a function 
of time. Then it holds 

C2(t) 
F(ř) = 

Co 
(IS) 

A(i) 
g/WOg 

t/min 

Amount adsorbed as a function 
of time. 

105C 
q/mt 

1.0 
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o.o\ 

i i r 
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/ 
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Fig. в. Concentrations Ci(t) and Co\t) 
as function of time. 

• Ci(t); O C2{t). 
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For the measurement of the function Fo[t) the section between the adsorber and analyzer 
was filled with an inert gas and at the time t = 0 n-heptane was introduced through 
the lower branch (Fig. 1) in a constant concentration Co. The function Fo(t) was calculated 
from eqn (15). 

Since an ideal mixing was assumed in the calculation, it was necessary to choose 
high revolutions of the stirrer (420 rev./min). The residence time distribution function 
F(t) measured at these revolutions was confronted with the residence time contribution 
obtained by replacing Fi(t) by the residence time distribution function of an ideally 
mixed system [11]. For these revolutions the agreement was within experimental error. 

These sorption measurements as well as the measurements of the distribution of 
residence time were carried out at 150°C, the concentration of n-heptane at the entrance 
into the adsorber was Co = 1.62 x 10 - 5 g m l - 1 (partial pressure 569.2 Pa), the weight 
of the sample of the molecular sieve after activation was 1.2934 g and the flow of inert 
gas was 29.1 ml/min. The amount adsorbed A (t) as a function of time obtained by nume
rical solution of eqn (9) is shown in Fig. 5. The concentrations of the gaseous phase 
measured by the analyzer, Сг(<), and the concentrations at the exit from the adsorber, 
Ci(t), as functions of time were obtained by numerical solution of eqn (8) and are pre
sented in Fig. 6. The adsorption isotherm measured using the above stirred adsorber, 
which is necessary for the determination of the concentration (p(t), is illustrated in Fig. 7. 
The dependence of diffusion coefficient on the amount adsorbed is shown in Fig. 8. 

Discussion 

I n this paper a method for measuring the sorption kinetics in a stirred semiflow 
adsorber and evaluating the respective experimental data is presented. The results 
may be used for both the theoretical s tudy of adsorption and the design of industrial 
adsorbers. 

The dependence of the diffusion coefficient on the amount adsorbed (Fig. 8) shows 
t h a t at the beginning the value of diffusion coefficient increases; after achieving 
a maximum value it decreases and later it starts to rise substantially. (The high 
values of diffusion coefficient in this region correspond to the equilibrium adsorp
tion.) The physical sense of the maximum may be attr ibuted to the presence of diffe
rent active centres. 

The above course indicates a possibility of using this method in the characteri
zation of active centres of adsorbents and catalysts. This study will be followed on. 

p/torr 

Fig. 7. Adsorption isotherm of тг-heptane 
for molecular sieve Calsit 5 at 150°C. 

0 1 2 A, q/100q 

Fig. 8. Diffusion coefficient as a function 
of the amount adsorbed. 
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Symbols 

A amount adsorbed 
a radii of a spherical particle of adsorbent 
С concentration 

с relative concentration 

D diffusion coefficient 

F (t) residence time distribution function 

G mass flow of adsorbate 

Q mass flow of inert gas 

r radial coordinate 

s integration variable 

i time 

L f (t) Laplace image of the function £(t) 

(p concentration on the surface of adsorbent 
Q density of gas in adsorber 

References 

1. Kossaczký, E., Bobok, D., Sitnai, O., and Ilavský, J., Ropa a Uhlie 11, 11 (1969). 
2. Timofeev, D. P., Zh. Fiz. Khim. 23, 11 (1958). 
3. Timofeev, D. P., Kinetika adsorptsii. (Adsorption Kinetics.) Izd. Akad. Nauk SSSR. 

(Publishing House of the Academy of Sciences USSR.) Moscow, 1962. 

4. Keľtsev, N. V., Toposhchenko, N. S., and Shumyatskii, Y. I., Izotermicheskaya 
desorptsiya etilena iz sloya tseolita. Materiály X. Vses. soveshchaniya po tseolitam. 
(Isothermal Desorption of Ethylene from Zeolite Layer. Proceedings of the Xth 
All-Union Conference on Zeolites.) Izd. Nauka. (Publishing House Nauka.) Moscow, 
1965. 

5. Ilavský, J., Habilitation Thesis. Slovak Technical University, Bratislava, 1970. 
6. Rosen, J. В., Ind. Eng. С hem. 46, 1950 (1954). 

7. Hougen, О. A. and Marshall, W. R., Chem,. Eng. Progr. 43, 197 (1947). 

8. Michaels, A. S., Ind. Eng. Chem. 44, 1922 (1952). 

9. Convers, A. and Derives, D., Rev. Inst. Fran-. Petrol. 20, 1720 (1965). 

10. Valtýni, J., Habilitation Thesis. Slovak Technical University, Bratislava, 1972. 

11. Danckwerts, P. V., Chem. Eng. Sei. 2, 1 (1953). 
12. Lanczos, С, Applied Analysis. Prentice-Hall, Englewood Cliffs, N. Y., 1956. 

13. Crank, J., The Mathematics of Diffusion. Oxford University Press, 1964. 

Translated by R. Domanský 

302 Chem. zvesti 29 (3) 296 - 302 (1975 ) 


