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AT NON ISOTHERMAL CONDITIONS AND ANALYSIS
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Adsorption kinetic curves were numerically simulated for the case of simultaneous mass and
heat transfer. Proposed and discussed are different methods of model testing, experimental
curves fitting and of evaluation of the diffusion and heat transfer coefficients from experimental
kinetic curves.

General solution of the simultaneous mass and heat transfer problem given by equa-
tion (37) in our previous paper® can be presented for a non-adiabatic, non-isothermal
casea + 0, § + 0in the form?:

W) =1-3 2 exp (—4;7) [(tg 9,)°/(2.)’]
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Numerical Simulation of the Curves

We have used the above expression for numerical simulation of the curves, deter-
mining the roots g,(a, B) of the transcendental equation (2) numerically by iteration.

g, = arctg [(« — 42)/(84.)] - 2

The iteration was stopped when two of the next following approximations of g,
differed by less than 10~ °. In each case 20 roots were caiculated.

The graphical solution of g, for « = 1, § = lisillustrated on Fig. 1. With increas-
ing n the dependence of g, on a becomes less pronounced and its values approach
the roots of the equation

t8qm = —qu/B, 3

where m = n + 1since for a = 0 the root ¢ < /2 disappears. The roots of equation
(3) are published e.g. in Crank’s monography® (on Fig. 1 they are given by points
of intersection with the dashed line). For sufficiently large n finally disappears the
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dependence of ¢, on B and the g, values converge for the isothermic case f§ = 0
to q,, = (2m — 1) m/2 = (2n — 3) n/2. Using the above given formulas, the kinetic
curves both in the y vs 7’ coordinates (where 7 = (13 + ffa)” ') and inthe y vsIn 7
coordinates were calculated numerically. Influence of o« and f parameters on the
shape of kinetic curves is evident from Fig. 2—8. In addition kinetic curves for adia-
batic adsorption (i.e. for @ = 0), calculated by means of formula (39) of our previous

-15)

FiG. 1 Fic. 2
Graphical Solution of Transcendental Equa- Calculated Kinetic Curves in yvst’ Co-
tion tg g = (¢ — qz)/ﬂq (the roots are given ordinates for # = 0-2 in Dependence on the «
by intersections of the y,(q) = tg g, y,(9) = Parameter (dashed Jine corresponds to
= (x— q%)/Ba, resp. y;(g) = —aq/p curves) y=Q0+pH =083

In Fig. 2-—7 the a-values are given by num-
bers attached to individual curves.

Fia.3 Fic. 4
Calculated Kinetic Curves in ywst’ Co- Calculated Kinetic Curves in yust Co-
ordinates in Dependence on the «-Para- ordinates in Dependence on the a-Para-
meter (for f = 0-8; dashed line: y = 0'3) meter (for f= 2-0; dashed line: y = 03)
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paper! are given on Fig. 5—7. These curves are in very good agreement with the
curves obtaincd by means of equation (46) of the same paper. Similarities in the shapes
of adiabatic kinetic curves with different f§ parameters are evident from Fig. 9,
where the curves are shown in a log (By) vs log (%t) plot. Individual curves can be
expressed by a single master curve by simple translation along the log (ﬁzr) axis
and by scaling of the log (ﬂy) axis. A magnitude of the translation with respect
to the B = 1 case can be rcad from the marked zero positions on each curve (symbol 0).
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Fic. 5

Calculated Kinetic Curves in yvsint Co-
ordinatcs in Dependence on the «-Parameter
(for p == 0-2; dashed line: y = 0-83)

FiG. 6

-Calculated Kinetic Curves in yuvsint Co-

ordinates in Dependence on the a-Paramecter
(for B = 0-8; dashed line: y = 0°3)

Fic. 7
Calculated Kinetic Curves in yvsint Co-
ordinates in Dependence on the a-Parameter
(for g = 2:0; dashed line: y = 0-3)
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Fic. 8
Calculated Kinetic Curves in yvsInz Co-
ordinates in Dependence on the p-Para-
meter (for a = 1)
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We have used in this alternative method of calculation only the first three roots
of the transcendental equation (3), which were determined for f < 2 from the follow-
ing correlations:

g2(B) ~ 2-467402 + 28 — 0-40526B7 + 0-058455° — 0-00477* + 0-000054° (4)
(max. error is found for § = 2, equal to 4. 107%)
2 2 3 4
q2(B) ~ 22:806364 + 2:252668 ~ 0-0124 — 0-027134° + 0-003120 ()
(error for B = 2 equals 3-7.107%)
q3(B) ~ 184726234 + 16:74776f + 0-4155p% — 0-0293B> + 0-00098* (6)
(error for § = 2 equals 3:6.107%).

Methods of Model Testing and Evaluation of Kinetic Data
Jrom the Experimental Curves

a) Statistical moment analysis. Information on rate mechanism and rough
estimation of kinctic parameters can be obtained by evaluation of statistical moments
from the measured kinctic curves* © in dependence on the characteristic size of the
adsorbent particle. In our model of non-isothermal adsorption the following formula
is valid for the first moment (E,), of the non-adiabatic kinetic curve for the adsorbent
in a form of an infinite plate with a thickness 2L:

(E). = J:r(dy/dr Yz = (1)3) + (B, @)

where the subscript 7 relates to dimensionless time.

T T
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. . 0 001
Calculated Kinetic Curves of Adiabatic Ad-
sorption in log (By) vs log (8%7) Coordinates
in Dependence on the f-Parameter -30% L 2 1 L L
=3 loguik) 1
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For the adiabatic process we obtain:

(Em)w.ndiab = (1/3) 1+p". (8)

A relation of the above quantities to the corresponding characteristics of the ex-
perimental curves is given by equation:

(Eux)l = (Lleel‘l') (Em)1 . (9)

Therefore for the non-aciiabatic case we have a parabolic dependence on L?:
(Ea) = (L2 D) [(1]3) + (B®)] = K,L* + K,L, (10)

where K, and K, are constants.

Advantage of the statistical moment analysis lies in simplicity of the expressions.
[n addition, formulas often can be derived even in such cases when it is difficult
to find a complete solution of the problem. Disadvantage of this method can be
seen in inaccuracy of the evaluation of the moments, which can be reduced only
by a very careful analysis of the kinetic curves tails. Further disadvantage can be
found in the averaging of information, leading consequently to lower sensitivity
towards changes in conditions of the experiment. Itis e.g. very difficult to distinguish
within the experimentally accesible range of plate thicknesses between the non-iso-
thermal model characterized by equation (/0) and the bidisperse model with a linear
moment dependence on L*:

(Eu). = K\L* + K, (1n

Suitability of the moment analysis has been discussed in dctail in connection with
thermal effects in paper’. It was found that some other kinetic effects could also
lead to a parabolic dependence on L2, e.g. the valve effect®:.

The moment analysis' was also applied in connection with an alternative method
of kinetic data evaluation.

b) Comparison of experimental and theoretical curves in the y vs v’ coordinates.
In this approach the first statistica] moment of the experimental kinetic curve
(Em),,up is determined and the experimental kinetic curve is plotted in the y vs ¢’
coordinates, where ¢ = t/(E,), .., The B parameter determination must be based
on independent equilibrium measurements. The experimental kinetic curves in y vs t’
coordinates are then compared with a set of the y vs 7’ theoretical curves which are
plotted for fixed § and different « values. The a parameter is estimated from the
best fit of the experimental curve. By means of equations (7) and (9) we can calculate
on the basis of the known values of (E,),, « and B the effective diffusion coefficient
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D, for isothermal diffusion. More sensitive and more accurate proved to be the
next method of the experimental and theoretical curve fitting.

¢) Comparison of experimental and theoretical curves using the logarithmic
plot on the time scale. In this approach experimental curves in the y vs In ¢ coordinates
are compared for an independently estimated f§ parameter and different o values with
a system of theoretical curves y vs In . On basis of a best fit achieved by translation
of the curves along the In ¢ axis, parameter o can be estimated. The isothermal
diffusion coefficient D, can thus be found from the relation:

Intz, =In (DE"/LZ) +Int,, (12)

where t, and 7, are time coordinates on the experimental and the theoretical curves
(of determined o and B), corresponding to the same chosen value of y.

d) Information obtained from the end tail analysis of the kinetic curves. The
linearity of the In (1 — y) vs t dependence at large time values was used for analysis
of the thermal effects already by Ruthven'®. Careful analysis of the theoretical
solution shows that great care must be taken when interpreting obtained results.
The analysis suggests that the discussed model of simultaneous mass and heat
transfer results at sufficiently large time values always in a linear dependence of
In(1—y)ont:

For the isothermal case « — o0 or f = 0 we have
In(l = 9) =~ In(8/x?) — (¢/n?). (13)

For the strongly non isothermal case (¢ £ 0-1) it holds:

In(t =) ~In[Bf(1 + )] - [«(1 + f)] = =
= In[Bl(t + B)] = ht[[Loyxy(1 + B)] - (14)
It is evident that in contrast with the isothermal case no information on diffusion

can be drawn from the exponential shape of a curve tail since at these conditions
the process is entirely limited by the rate of heat dissipation.

Combining the criteria

Dy/Dee 2 100 (15)

o« = hL|Dyrop%, < 01 (16)
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we obtain for zeolitic compacts, using for Dy = 6.107" m?s™*, o, = 1000 kg m~3,
%, =09)g 'K and h ~ 1'7.1072kIm~>K~!s™! (which is a typical value
for the heat transfer coefficient we have found in our experiments):

Ly ®32.107%m,

This value lics for zeolitic compacts close to the limits of experimental possibilities
caused by low mechanical stability of the plates. Therefore this case will be of negli-
gible significance with compacted zeolites. Nevertheless it can be shown that even
for 01 < & < o0 one gets:

)~ 1 — SBp+ ) = (5 + pu exp (—put) — (5+ A2 =508 +a) exp (—(77),

6+B(4~p 6+B8)(—-w
(17)
where

2+ pu=3[501+p)+2])(6 +p) = A (18)
Ap =156 + B)=B (19)

and therefore
A= (1[2) (4 + J4? — 4B) (20)
u=(1/2) (4 =~ J4* — 4B). (21

Tt is evident that the second exponential on the right side of equation (/7) converges
with increasing 7 very fast to zero and we get:

In(1—p) ~In{[53f + a) = (5 + B) u])(6 + B) (A — p)} — ur. (22)

Fic. 10
Comparison of the In(I —y)vst Depen-
dence Based on Exact Solution (solid line)
with the Aproximate Solution Based on Equa-
tion (22), (dashed line) — for f= 05 and
Different o Values Given by Numbers
Attached to Individual Curves
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Fig. 10 gives a comparison of the kinetic curves approximation obtained from equa-
tion (22) with the In (L — y) vs = dependence. One can see that for y > 0-8 in all
cases good agreement is obtained between both types of solutions. However, the ap-
proximation (22) is not very suitable for evaluation of kinctic parameters since the
linear part of the depcndence is not very scpsitive to changes of the a parameter
while on the other side the slopes of the linear parts of experimental curves In (1 — 7)
vs 1 depend on the pD,"/L2 parameter and consequently on two kinetic quantities
h and D.g. The above way can be used therefore only for a model testing or for
qualitative estimations of parameters.

LIST OF SYMBOLS

A abbreviation defined by equation (/8)

B abbreviation defined by equation (19)

[ concentration of a sorbing compound in the crystallites  (in mol/g of sorbent)
D¢ effective diffusion coefficient

Dy cocfficient of thermometric conductivity (D = lp/opup)

(E) first statistical moment of the experimental curve

(Ep. first statistical moment of the kinetic curve in dimensionless time

heat transfer coefficient on the surface of a zeolite compact
Ky, Ky, K, constants in equations (J0) and) 11)
half thickness of a compact

P pressure of a sorbing species

q, the '™ root of transcendental equation (2)

am the m"™ root of transcendental equation (3)

T sample temperature

t time coordinate

v dimensionless time ¢ = 1/(E,),

fy time parameter value of the experimental kinetic curve corresponding to satura-
tion y

a parameter defined by equation « = hL/D, o,

)i parameter defined by equation B == AH,4(9c;[0T) [,

y relative saturation of a sorbent by a sorbing compound

(—AH,y)  differential molar adsorption heat

“p heat capacity of a zeolite compact

A parameter defined by equations (/8) and (19)

Ay heat conductivity of a compact

" parameter defined by equations (/8) and (79)

2 density of a compact

Te= Dt/L®  dimensionless time parameter
= t(1/3+ Bja)"' dimensionless time parameter
T,

y value of the corresponding time parameter corresponding to y saturation
Indices
P relates to the zeolitic compact
5] relates to unification of all regions of different pore types which are present in a por-

ous particle
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