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An analytical description is presented of the temperature curves describing adsorption on thin
zeolite plates. The solution, based on the model of simultaneous mass and heat transport was
obtained by linearization of the kinetic equations. A method is proposed for verification of the
plausibility of the model and for evaluation of the kinetic data by numerical simulation of the tem-
perature curves.

Analytical solution of the problem of simultaneous mass and heat transport during gas adsorp-
tion in zeolites, pressed into plates was described in papers! =3, The described model was used
for analysis of the sorption kinetics of cyclohexane on compacted zeolite NaX. The coefficients
of diffusion and heat transport were estimated by fitting the experimental curves to the theoretical
curves*+3, It has been found that it is of advantage to analyze also the temperature curves mea-
sured in the adsorption process®’. In another paper, the mzthod of statistical moments was
applied to evaluation of the kinetic constants from the temperature curves of adsorption of the
cyclohexane in zeolite NaX (ref.®) and of xenon in zzolite NaA (ref.%). The theoretical basis for
analysis of the temperature curves by the method of moments was described in paper!!.

The present paper provides an analytical description of the temperature curves and

describes a method for estimation of the kinetic parameters from the experimental
temperature curves.

THEORETICAL

A thorough description of the model of simultaneous mass and heat transport during
gas adsorption in zeolites which had been compacted into thin plates was given in
paper’. At this place, we shall mention just the basic premises of this model. It is
assumed that the adsorption kinetics of a single species proceeds on a thin plate with
a thickness 2L, while the remaining dimensions of the plate are much larger.

From the various possible mechanisms of mass transport, the intercrystalline dif-
fusion is only taken into account and the mass flow density i in the transport pores is
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considered to be ruled by the Fick law:
i=—Dggradc,, )

where c, is the concentration gradient of the sorbing species in the volume of the trans-
port pores and D, is the diffusion coefficient of the species in these pores.

The heat released during the adsorption raises partly the temperature of the plate,
by AT(t) (the temperature curve). The impact of this effect on the magnitude of the
diffusion coefficient of the species sorbing on the plate is usually regarded as negli-
gible. On the other hand, the above temperature increase changes the adsorption
equilibrium. In order to describe this effect, we have used a following linear approxi-
mation

Ac, = e Ac, — w AT, @)

where c; is the concentration of the species sorbing in zeolite crystallites (expressed
as amount of the substance in a mass unit of the crystal — mmolg™!), AT =T - T,
(T, is the thermostat temperature). Quantities ¢ and  are defined in the following
way:

e = (dcy[ocg)r > 0 3
o = (9¢,[0T),, > 0. €3}

In addition, we shall postulate that the dissipation of the released heat is limited by
heat transfer from the surface of the plate, i.e. we take the temperature within the plate
as uniform.

Based on these conditions, we can write for the heat balance in the plate the fol-
lowing equation:

—0(AT|ot) = o AT — 8(0y/07) , (%)

where
o = hL|(D.c0p%,) (6)
T = DtI2 . ()

Relative saturation (f) of the sorbent is described by a relation

¥(®) = {m()) = m(0)}/{m(0) — m(0)} , (8)

where m(0), m(t), m(o0) signify the amounts of the substance adsorbed at time
t =0,t=tand t - oo. Function (f) is called a kinetic curve. Other quantities have
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a following meaning:
o= [Ac;(w)]isolh (_AHad)/xp 5 (9)

where —AH,, is the change in adsorption enthalpy [J mol™'], h is the coefficient of
heat transfer along the gas-plate boundary [Jem™?s™! K™ '] and D is the coeffi-
cient of intercrystalline diffusion [cm?s™']

- -1
T, oy

g

x, denotes the heat capacity of the zeolite [J g~ K™'], g, is the density of the plate,
a, is a fraction of the intercrystalline void volume in the plate and 1, is the tortuosity
factor.

Solution of the Model

We shall introduce into equation (5) dimensionless temperature 9 defined by equa-
tion (11)

§ = AT/ATadinb (11)
where
ATy = Ao uaian (= AHu0) _ [Aci(c0)]usn (= AHa) 1)
Xp x(1 + B)
B =(—AH,,) wfx, . (13)

In this way we obtain the equation

j_i) + a9 = ¢(7), (14)

where

o(t) = (1 + p)dy/dr. (15)

We shall substitute for y(7) into equation (14), the expression obtained from solution
of the problem of non-isothermal sorption kinetics?

W) =1 _niA" exp (—4,7), (16)

- 2(tg 9a/4s)* 17
" (tg 90/q.) {93(t8 9nfd.) + 1} + 2B + 1

Collection Czechoslovak Chem. Commun. [Vol. 49] [1984]



914 Kogitik, Bezus, Zikdnové, Erashko, Dubinin, Voloshchuk ¢

and g, are the positive roots of the equation
Bantgqn = —qi; n=12.. (18)

Integrating equation (14) for the initial condition $ = 0 at ¢ = 0, we obtain the final
form of equation describing the temperature curve:

$=(01+§) Zl{Anqﬁ[exp (—at) — exp (—qZ0)]}/(a2 — a). (19)
For the adiabatic case with & = 0, we get

9 =3 (21 + B2 [(1 - exp (~2OBf(a2 + B2 + B). (20

RESULTS AND DISCUSSION

From the physical point of view it is evident that the temperature curve must pass
through a maximum. An analogous conclusion is obtained also from equation (19):
the function 9(7) is evidently continuous within the interval (0, o) and for t —» 0
and T > oo it converges to zero. Furthermore it is clear that function 9(z) fulfils in
the range (0, o) a condition § > 0, so that:

lim [exp (—at) — exp (—q27)]/(q2 — @) = aexp(—at) > 0 (21)

qn2-a

and the numerator and denominator of the fraction have for g2 < « and ¢2 > «
identical signs.

One can see that the temperature curve can be interpreted as a probability distri-
bution of a random quantity and the statistical moments of the temperature curves
can be therefore calculated (with respect to the origin of coordinates) according to
the formula

m, =I t"9dr, where n=0,1,2,... (22)
o]

Integration of equation (14) with respect to 7, within the limits from zero to infinity
yields

mo = (1 + p)fx. (23)
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Considering equations (7) and (12), we can see that relation (23) is in full accordance
with the expression for i, derived in the previous paper!?:

1o = J (T = Ty)dt = (= AH.g) L[AC(0)]wom 24/ - (24)

In the same paper we have derived the expression for u;

wy = po(Ay + 14) (25)

which can be evaluated from the temperature curves using the formula

iy = J’ (T - T, (26)

0

where 2, is the first statistical moment of the kinetic curve in coordinates y — t!

2 =L (l + E), (27)

Dy \3 «

7, is the characteristic time for the rate of heat transfer through the surface of the
plate!®

7q = (0, L)/ . (28)

On basis of the above equations we have derived the formula for m,

m; = m, {—1- + Ei—l} (29)
3 o

The expression for the maximum of the temperature curve can be obtained from

equation (14)
1+ B /dy
Smlx = o

@ (d‘()! = Tmax (30)

and it expresses a relation between the maximum temperature value and the rate of
adsorption at time 7,,,, corresponding to the maximum at the temperature curve.

At very small « (¢ < 0-1), we are dealing with a ‘“‘two-stage” process?. The first
stage is a ‘‘quasi-adiabatic” process during which the temperature of the adsorbent
quickly approaches its maximum, appearing close to the temperature corresponding
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to the adiabatic process. The second stage is given by a relatively slow cooling from
the maximum value, to AT = 0.Substituting equation (31) into (14), we obtain an
expression describing the dependence of 3 on time. The kinetic curve for the two stage
process can be written as

y(r)=——ﬂ—|:1 - exp( o )] L [1 _2y Miexp(—qﬁt)].

- +
1+ 8 1+ 8 1+ p a=1 B+ B* + q;
(31)

The solution for the initial condition 3 = 0 has a form:

cexp(— % )2y A (g
9 exp( 1+ﬁT> 2n;1q:+ﬂ+ﬁzexp( qgit) . (32)

Examples of the calculated temperature curves are presented in Fig. 1 and 2. Fig. 1
shows the effect of parameter a at constant . Fig. 2 gives, on contrary, the effect
of parameter f at the constant value of a. The dependence of the maxima values of
the temperature curves on the parameters a and f is plotted in Fig. 3, while the
dependence of the quantity 7, (position of the maxima) on the same parameters
and B is presented in Fig. 4.

The theoretical temperature curves 3 — 7 can be applied for the evaluation of
the experimental data. It is possible to use for this purpose, the above mentioned
method of the moments. This method was fundamental in the analysis of the adsorp-
tion of cyclohexane in NaX zeolites (ref.®) and of xenon in NaA zeolites (ref.’).
One can also use the method of fitting of the experimental and theoretical kinetic
curves, respectively a combination of both these methods.

FiG. 5
Calculated temperature curves $ — Int in
dependence on « and g: 1 a=1; =15
2x==05 B=15 3a=05 =20
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For evaluation of the kinetic parameters by comparison of the theoretical and
experimental temperature curves, it is profitable to determine the value of para-
meter B as well as, the value of the adiabatic temperature increase AT,4, from in-
dependent equilibrium measurements in each experiment (i.e., it is necessary to
find the value of the isothermal adsorption heat and the corresponding slope of the
adsorption isobars). A relatively rough, yet fast estimation of the kinetic parameters
was based on determination of the size of the temperature curve maxima 3.
For a known value of B, it is possible (using a plot of the dependence 9,,, on «
and B (Fig. 3)) to find the range within which the quantity o can be found. In the case
that the coefficient of heat transfer is evaluated from equation (24), it is possible to
estimate the value of the diffusion coefficient D by means of equation (6).

The following method seems to be most reliable for obtaining the kinetic data.
The experimental kinetic curves in 3 — In ¢ coordinates are compared with a set of
theoretical curves (Fig. 5) plotted in the $ — In 7 coordinates. The curves are se-
lected for the independently determined parameter 8 and for a set of values of para-
meter B and for a set of values of parameter a. The seeked value a is found on basis
of the agreement between the experimental temperature curve and one curve from
the family of the theoretical curves; for this purpose, the experimental curve is
displaced along the axis In 7. It is obvious from equation (7) that in the above descri-
bed way one can evaluate the value of In D ¢/I?, for any arbitrary quantity 9 ac-
cording to the following relation:

In Dye/I> = Inty — Inty, (33)

where h is determined (based on « and D) from equation (6).

It is evident that the above described method can be used not only for verification
of the model of simultaneous mass and heat transport but also for determination of
the kinetic parameters.
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