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A transient analysis of the stirred gas—solid

reactor is made with a view to determining the

adsorption parameters under conditions typicat of activated adsorption. A total and self-consistent
experimental strategy for measurement of all the quantities of interest in an adsorption study is
presented. A significant feature of the present method is its mathematical simplicity. A number of
realistic kinetic models for adsorption and desorption are employed along with isotherms. Methods
are given for arriving at a plausible model and for the determination of the parameters.

INTRODUCTION

There is increasing emphasis in the re-
cent literature on the measurement of ad-
sorption rate parameters through transient
methods (7). Transient analysis of the exit
stream concentration in a packed bed of
adsorbents yields valuable information (2-
4). Since the functional dependence on time
of the adsorbate concentration is often
complex, recourse is taken to the analysis
of moments of the concentration curves
(2, 3). Numerical methods are necessary to
get parameters when nonlinear adsorption
kinetics is involved (/2). A method involv-
ing continuous variation of the gas phase
concentration yielding adsorption isotherm
parameters is described (/6). The case of
sorption dynamics under conditions of
mixed diffusion kinetics and a linear iso-
therm has also been considered (/7). Ra-
zavi et al. (14) give an approximate expres-
sion for the breakthrough curve for linear
rate expressions in an isothermal bed.

The use of the stirred batch reactor for
the concomitant measurement of adsorp-
tion and chemical reaction rate is illustrated
by the work of Hsu and Kabel (5, 6). An
example of the powerful use of the transient
method in heterogeneous catalysis is the
case of CO oxidation to CO, over MnQ, by
Kobayashi and Kobayashi (8—//). Another
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example is the response analysis of a
spherical pellet (/5).

In the present work we will be mainly
concerned with pure adsorption transients
in a stirred tank reactor (STR). The main
feature of the transient analysis of the
stirred gas—solid reactor is the simplicity of
the mathematical procedure involved. The
system is well described by a set of ordi-
nary differential equations. (This should be
compared to the partial differential equa-
tions which describe the variation of con-
centration terms as a function of time and
distance in a packed bed.)

As for the models describing the adsorp-
tion—desorption kinetics, we will limit our-
selves to the linear and Elovich models. All
the isotherms which arise from the combi-
nation of these rate expressions will also be
studied. It is often doubtful whether a sin-
gle Elovich plot will hold over the entire
concentration range (/,13). Also, in view of
the fact that diverse physical mechanisms
can be represented by Elovich kinetics (7),
only the Elovich model is considered in
addition to the linear.

First the STR in the batch mode will be
used to get preliminary information on the
type of adsorption kinetics involved. Posi-
tive (+ve) and negative (—ve) F tests will
be used to get adsorption and desorption
kinetic models, respectively. The theoreti-
cal isotherms deduced thus will be com-
pared with those deduced from both +ve
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22 PRASAD AND DORAISWAMY

and —ve F test transients under conditions
of adsorption equilibrium. Thus a total self-
consistent system of experiments can be
organized based on the models proposed.

PRELIMINARY INFORMATION ON TYPE OF
ADSORPTION FROM STR OPERATED IN
BATCH MODE

We shall consider a system where the gas
phase is ideally mixed and the solid phase
consists of nonporous adsorbent particles.
The volume V includes the interparticle
voidage. External mass transfer resistance
is assumed to be negligible. We have the
usual mass balance equation for the
stirred gas—solid reactor operating in the
batch mode. For three distinct kinds of
adsorption Kinetics, the functional relation-
ships are given in Table 1.

In the simple exchange kinetics given
{1.1] in Table 1, the concentration in the gas
phase attains a limiting value

CoM
Ce_ 0Nd

JRVERN W

corresponding to the adsorption equilib-
rium. Concentration n, on the solid surface
is given by

Ay

R, = Co —— — €.
€ AL+ Ny

(2)
The time required to reach equilibrium will
be given approximately as

Te = —2.303 log A[A; + A7

(=)&)

Ce Ad
where A is a small dimensionless number
which measures the deviation of the gas
phase concentration from its equilibrium
value and ¢, c, denote the gas phase con-
centrations at time ¢t and at equilibrium,
respectively.

In cases [1.2] and [1.3] the gas phase
concentrations reach the limiting value of
zero compared to the non-zero equilibrium
value c, in case [1.1]. If A} is greater than A4
discrimination is not possible between the
Elovich and linear types. We can in such a

A=

case make use of the drastic difference in
the rates of adsorption. Since the gas phase
concentration is directly related to the sur-
face concentration, it is a straightforward
procedure to measure the rate of adsorption
from the slopes of n(¢) versus ¢ curves.

ADSORPTION AND DESORPTION KINETICS
FROM STR OPERATED IN CONTINUOUS
MODE

Adsorption Kinetics from Positive F Test

Once the type of adsorption kinetics is
determined, we proceed to the measure-
ment of rates by using a continuous stirred
tank reactor (CSTR) and employing the F
tests: +ve for adsorption rates and —ve for
desorption rates.

In the positive F test a stream of adsor-
bate is switched on to a steady stream of
carrier gas. For linear adsorption isotherms
and kinetic models, break through curves at
the outlet of the packed bed columns have
been predicted, though only qualitatively.
Analysis of moments of the effluent concen-
tration curves constitutes an indirect
method for measurement of adsorption and
mass transfer rate parameters. In the
CSTR, however, the distance dependence
of concentration at the outlet is eliminated
by operating the reactor under well mixed
conditions. The functional relationships for
c(1), n(t) together with the material balance
equations are presented in Table 2.

For cases [2.1] to [2.4] of Table 2 the
adsorption rate dn/dt is fast enough to be
included in the overall material balance
equation. When the adsorption rate is
insignificant, as represented by cases [2.5],
[2.6], and [2.7], the concentration changes
in the gas phase are mainly due to flow
phenomena and hence the term dn/dt does
not appear. We thus get the usual equation
describing the concentration of the inert
tracer in the exit stream, i.e.,

c(t) = ¢o[1 — e7M] c=0,t=0
CO, t > T.

3

For [2.5] surface and gas concentrations
are directly proportional, while for {2.6] the

Cc =
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)1 - Tpc(t)

( >
Co | —
7

n(r)

c®) = colro/TI1 — €77

[2.4]

c(1),

k
k, — 1/t

n(t) =

coll —e™

(1)

kic — kyn

dn
dt

v(cy — ¢)

[2.5]

c(t) = co(l —e™'7)

r=V/v

In{1 + ak(cet — ¢7)]

1
44

n(r)

(1) = ¢yl — e

vde
dr

v(cy — ¢)

[2.6]

¢ =cp (1 = e

Viv

T =

Vde
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n(t) = klcyt — 7]

ety = ¢oll — ™)

dt

vic, — ¢) =

[2.7)

r=V/v

surface concentration increases in a com-
plex manner with time. In the case of [2.7]
the rate of adsorption increases proportion-
ally with concentration in the gas phase and
reaches a maximum value atc = ¢, i.e., at¢
— %, The maximum limiting value of the
surface concentration in this case is

_ ky
Nmax = ., — 1/7‘ Co- (4)
Next we shall consider the cases of fast
adsorption, [2.1] to [2.4], where the adsorp-
tion rate terms are included in the overall
material balance expressions. In all these

cases the gas phase concentrations are af-

fected by adsorption. For the same mean
residence time (+ = V/v) the concentration
wave in the exit stream is now different.
Cases [2.1], [2.3], and [2.4] are linear
models whereas [2.2] is a nonlinear model.
In all linear models the gas phase concen-
tration in the exit stream is given by

¢ = Cpert — (term due to adsorption). (5)

For the ideal case, ¢, = () is given by
Ea. (3) and hence the difference in concen-
tration at any time ¢ is caused by adsorp-
tion.

In the case of [2.3] the difference (de-
noted by A)) is

—A AR
A] = €___ e—t/T ﬁ e'du (6)

aV u

where «, u, and A are defined in Table 2.
The integral on the right-hand side of Eq.
(6) is a new transcedental one. c(¢) still
satisfies the boundary condition at 1 = 0,
i.e.,c(0) = 0, foru = 1.

For [2.4] we define a new residence time
as

1

Tad

+

=i

@

1_
T()_

The concentration profile in the gas phase is
now more steep, but the limiting concentra-
tion in the gas phase is less:

Clim = Co(To/7). 8
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The term due to adsorption is given (by

comparison with Eq. (3)) as

T — To
T

h=a(T)a-em o
Equations (6) and (8) provide simple ways
of testing which of the kinetic models [2.3]
and [2.4] is indeed the correct one.

For the reversible exchange Kkinetic
model [2.1], the explicit relationship of ¢(¢)
to t is given in Table 2. The «, 8, etc.
present in the exponential terms can be
obtained by methods of nonlinear estima-
tion.

For the nonlinear Elovich model [2.2] the
dependence of ¢ on time is given as a
complex implicit function, i.e.,

fotv(co —c)dt - Ve

:ln

= [1 + ket f’ c(t)dt] (10)

n(t) = 1“[1 4 kgaf

o 0

[4

c(t)dt]. (1

Thus a term for A cannot be written directly
by comparison with Eq. (3), as was done in
the case of [2.3] and [2.4]. It is possible
however to obtain the values of the adsorp-
tion parameters k; and « by experimentally
determining the left-hand side of Eq. (10). It

is easy to compute the integral fot c(t)dt

which appears on the right-hand side of
Eq. (10). Thus in this case also, in spite of
the implicit nature of the relationship, the
adsorption contribution can be easily deter-
mined without resort to numerical solution
of the differential equation (given in column
1 of Table 2) or computer solution of the
implicit equation.

We have so far considered concentration
changes in the gas phase. In the case of
surface concentration n, an examination of
the equations in Table 2 shows that with the
exception of [2.1] and [2.5] all of them
indicate monotonic increase in n. It is inter-
esting to note that the two exceptions relate
to linear exchange Kinetics, one for the case

of fast adsorption and the other for slow
adsorption. The conclusion follows there-
fore that irrespective of the speed of ad-
sorption, i.e., whether dn/dt is included or
not in the material balance equation, a
limiting surface concentration exists pro-
vided exchange kinetics is involved.

Desorption Kinetics from Negative F Test

In the conventional — ve F test the steady
flow of inert tracer is cut off at the inlet and
its outlet concentration followed as a func-
tion of time. In the case of a tracer which is
adsorbed, the concentration-time depen-
dence is different. The concentration at any
time in the exit stream will be enhanced by
desorption. Six different situations are ana-
lyzed, and the detailed functional relation-
ships are presented in Table 3.

In models [3.1], [3.2], and [3.3] the de-
sorption rate is fast enough to affect
significantly the concentration of the adsor-
bate in the gas phase. In models [3.2] and
[3.3] the gas phase concentration will be a
sum of two terms. The first term represents
the concentration profile of an inert tracer
and the second one that due to desorption.
The inert tracer concentration can be sub-
tracted from the experimentally observed
value. For models [3.2] and [3.3] the terms
due to desorption are, respectively,

t t/‘rdt
1 = —tit _____€
Caes’ = ke fo pyrarvar Bl (E)
Caes® = -0 fz";;k [e™kal — e~07].  (13)
2

From the experimentally observed concen-
trations it is possible to check the validity
of either (12) or (13) for the particular
system at hand.

For the case of exchange kinetics repre-
sented by [3.1], the dependence of c(¢) on
time is complex. Nevertheless the solution
satisfies the correct boundary condition at
timet = 0, i.e., c(0) = ¢,. The relationship
of c(t) to t, even though complex, can be
made use of in estimating the parameters «,



aAjA =2

iou e o P Cal P :
ry. U = u o2 =0 z_«lzm CI,S.YUNV\» [9°¢]
A/A = 2
o a P P
= Ko = == _ = £ -
0Y2 & 0= Y up 0=t op sl
/A =2
.w\— - __V\ - 2 ) NNw J
bry-2 = 40] Ty +oydu = u =2 =0 o - uy H..xﬂ h 0 =2a +%> bl
z
. U = I -l a A — @ My — .IEI I/ P -
1%y (Nu ey 2 ry- 2l buty o M = (1) uty = up up_ = 2a + .uh\— g€l
wn-? = 0 taff = 1
o _ I'yo + do p p p ]
(YD + e )L (D *ﬂu'N Y+ c.uw =2 = (1)2 Ay = :Iﬁ - ﬂh’l =Ja 4 ,Ivm.\— [2€)
Aemie o <
e u_fﬁuﬁ shemje g < »
(1 4+ 24)Py A b
ve/g=n—2TC __ _g
ﬁwn =y - dvg gy ﬁu.@. — (" - dvu— 4 . a0y — q)
124 124 RE Y2 =0y - A +a=¢qgpA =0
Y-g+9 y-dg-» e
ﬁ &+ 0,0 (F — 0),,0 g e T?stxn 0
T;méhffi L o o (& + ) g o] 2
197 1g-° :TL_«\ )
ge »p 4 ]
nn o+ ., Ou = (NHu ] uis U 4 DAY = Uy —uty =2 _ — = r .
( "y @ guus - (U + DAY = (1) A - = o T4 (rel
©) ) (€) @ (0
Sonury
uondIosap 10j uonigenbo
aseyd pros (/)u aseyd sen (1)2 uoissaidxa ajey due[eq SSBW [[BIIAQ ‘ON 'S

sdiysuone|ay [euonoun,y :sonaury| uondiosa(q :3s9] daig aaneSaN §ISD

t d14VL

27



28 PRASAD AND DORAISWAMY

B, and from them the other related parame-
ters of significance.

For the cases [3.4], [3.5], and [3.6] the
desorption is so slow as not to significantly
affect c(r). Hence c(¢) will fall exponen-
tially with time as in the case of an inert
tracer, i.e.,

c(t) = ce . (14)

We shall now examine the changes in the
surface concentration for all cases of fast
desorption. In [3.2] a logarithmic decrease
with time is observed. In [3.3] the surface
concentration falls exponentially with time.
In the case of [3.1] the surface concentra-
tion can be written as a sum of decreasing
exponentials. All the above cases satisfy
the correct boundary conditions at time ¢ =
0, namely,

n(0) = n,.

For the cases where desorption is
sufficiently slow, i.e., [3.4], [3.5] and
[3.6], we have n(0) = nyoat t = 0.

The time dependencies of surface con-
centration for (3.3], [3.6] and (3.5], and
[3.2] are similar even though the overall
material balance equations are different.

ADSORPTION EQUILIBRIUM PREVAILING
BETWEEN GAS AND SOLID PHASES

General Considerations

If the rates of adsorption and desorption
are high, then adsorption equilibrium exists
between gas and solid phases. In general,
provided that external mass transfer is not
limiting, concentration changes are too
rapid to be measured in a batch reactor,
i.e., dc/dt = 0, at all times.

On the other hand, it is worthwhile ana-
lyzing the transient cases both in +ve and
—ve F tests, when adsorption equilibrium is
established instantaneously. The equilib-
rium is quantitatively described by an ad-
sorption isotherm, i.e., a relationship of the

type
n/ny = f(c, K) (15a)

also

(15b)

Fags = Fges

d df,
‘d_’: = nO_dit_(c’ K)

(16)
Using (16) the material balance equations
for both the step tests are rewritten and
solved for c¢(¢) with the correct boundary
conditions:

n(0) = 0, ¢c(0) = 0 for +ve F test
and
c(0) = ¢y, n(0) = n, for —ve F test.

The detailed solutions are presented in Ta-
bles 4 and 5 together with the overall mate-
rial balance equations. Four isotherms are
used in deducing the concentration depen-
dence. These are (i) the linear isotherm, (ii)
the Freundlich isotherm, (iii) the Langmuir
isotherm, and (iv) the Temkin-Levich iso-
therm.

Measurement of Adsorption Equilibrium
Parameters: Positive F Test

All the functional relationships are pre-
sented in Table 4. It will be noted that in
each case the time dependence can be
expressed in terms of two parameters: one
involving the flow and the other adsorption.
In the case of [4.1] the relationship is ex-
plicit and the separation is clear as given by
the expression

71 =7 + Kiny/v. 17

1/7, represents the experimental slope in
the presence of adsorption and [1/7] the
slope for flow alone. Since both these are
known, the adsorption parameters K, n,
can be readily determined.

In the case of the Freundlich isotherm
given by [4.2], on the other hand, although
separation into flow and adsorption is pos-
sible, the relationship is implicit, i.e.,

v -1 g
t = —ve Inf1 “Il]+7'2')’f ul_ “
(1]

(18)

where ¢ represents the total time, 4 = ¢/c,,
v is the exponent in the isotherm, and 7, 7,
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the flow and desorption times, respectively.
Experimentally, as « = c¢/c,, it is possible
to separately determine the first term or
right-hand side of Eq. (18) in the absence of
adsorption; the second term can be used to
find the parameters of the Fruendlich iso-
therm from experiments in the presence of
adsorbent. y is a dimensionless parameter
with ]y’ < 1 and can also be simultane-
ously determined.

The adsorption isotherm in [4.3] is the
most commonly used in heterogeneous ki-
netics, namely, the Langmuir isotherm.
The functional relationships are much more
complex. The solution nevertheless
satisfies the correct boundary condition,
rLe.c(0)=0,atr = 0.

T3 Co
FOT K ™ <co - c)
+ T3K3C

(1 + K50) (1 + Kj¢)
L Teln (1 + Kgo)
(1 + Kjcp)?

(19

75 is a characteristic time defined in Table
4. When the tracer is inert, as before 73 = 0,
corresponding to K; = 0, and we have again
Eq. (3) describing the evolution of the con-
centration profile. The first term on the
right-hand side of Eq. (19) represents the
inert tracer term. As before, knowing the
experimentally observed concentration at
any time ¢, the inert tracer term can be
subtracted from the main body of Eq. (19)
and the remaining terms used for nonlinear
estimation of the parameters.

Another important isotherm, namely, the
Temkin-Levich isotherm, is obtained by
equating the rate expression for adsorption
from model [2.2] and the expression for
desorption from model [3.2] (see Tables 2
and 3). The expression for the gas phase
concentration is implicitly given as (see
Table 4)

_ (€o — ¢2)
rin [(Co - Cx):'

s (G2 (0]

= tg“ t‘.

(20)

Since the Temkin-Levich isotherm is not
defined for c(¢) < f;, we always choose the
values of time such that c(7) > f.

Measurement of Adsorption Equilibrium
Parameters: Negative F Test

In the —ve F test, we will be concerned
with the changing pattern of the gas phase
concentration in the exit stream. As before,
under the conditions of adsorption equilib-
rium, adsorption isotherms outlined in Ta-
ble 5 are used for deducing the functional
relationships. In the case of a linear iso-
therm [5.1] the concentration profile is
qualitatively the same as with an inert
tracer. However, the slope is now smaller.
The modified slope to the semilogarithmic
plot can be found out using the relation.

(21

and with the definition of 7, (see Table 5)
the parameters are determined.

In the case of [5.2], however the func-
tional relationship is implicit, i.e., of the

type

In(c/cy) = —t/(r + 7))

—t=rlnu+ 1 (y—ZT) 7 = 1), (22)
The first term on the right-hand side of Eq.
(22) is the inert tracer term. The second
term can be used for estimation of the
parameters defining the Freundlich iso-
therm.

The functional relationship for the
Langmuir case [5.3] is given by
—t = r1n{c/cy) + 73 In(c/cy)
N ( 1 _ 1 )
BT+ Kac 1+ Kacy
1+ KgCg)
+ In (-—————l T Ky 73. (23)

The first term on the right-hand side can be
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ADSORPTION ISOTHERM

FiG. 1. A self-consistent experimental strategy for adsorption—desorption stuides.
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subtracted and the remaining terms used
for estimation of parameters. This Eq. (23)
indeed satisfies the correct boundary condi-
tionats = 0,i.e.,c = ¢;. Lastly we concern
ourselves with the relationships c(¢) de-

rived for the Temkin-Levich isotherm
[case 5.4]. The functional form is:
—t =7In(c/cy) — 7. (? - ) (24)

As before the inert tracer term, namely, the
first term of the right-hand side of Eq. (24),
can be subtracted and the remaining term
used for estimation of r . From the nature
of the equation it follows that 7 > 7
always, which forms an independent check
on the values of 7, 7.

The usefulness of the —ve F test or +ve
F test stems from the fact that the adsorp-
tion equilibrium parameters deduced in one
mode can be tested for consistency using
the other mode. The appropriate functional
relationships can be chosen from either of
the Tables 4 and 5. Alternatively, by main-
taining high flow rates, the system can be
operated away from adsorption equilibrium
as in the cases mentioned in sections on
Adsorption and Desorption from STR oper-
ated in the batch and continuous modes.
From the appropriate kinetic models of
adsorption and desorption kinetics the cor-
rect theoretical isotherm can be deduced
and rechecked by doing the +ve and —ve F
tests under conditions of adsorption equi-
librium. Thus they constitute an indepen-
dent way of checking the experimental iso-
therms deduced by the methods of this
section.

CONCLUSIONS AND SIGNIFICANCE

A transient analysis of the stirred gas—
solid reactor is made with a view to deter-
mining the adsorption parameters under
conditions typical of activated adsorption.
A total and self-consistent experimental
strategy for measurement of all the quanti-
ties of interest in an adsorption study is
presented. The strategy is illustrated in Fig.
1. A significant feature of the present

method is its mathematical simplicity. The
functional relationships can be arrived at by
integration of a few ordinary differential
equations. This is in sharp contrast to the
vexing problem of solving the partial differ-
ential equations which describe the evolu-
tion of the concentration profile of an ad-
sorbate at the outlet of a packed bed.

Assuming the gas phase to be ideally
mixed, preliminary experiments are carried
out in a stirred batch reactor. When exter-
nal mass transfer is not controlling, the
presence of a limiting concentration points
to the presence of linear kinetics.

The above mentioned model is confirmed
by +ve F test. Since the surface concentra-
tion is small, the chance for desorption is
small and we obtain the pure adsorption
kinetics except in the case of linear ex-
change kinetics. Similarly —ve F tests give
unambiguously a desorption kinetic model.
Combination of these two gives a theoreti-
cal isotherm (i.e., equating rate of adsorp-
tion to rate of desorption).

The stirred reactor is operated under
conditions of adsorption equilibrium (large
residence time T = V/v) and the adsorption
parameters are measured in the +ve F test.
These are reaffirmed by -ve F tests. The
adsorption isotherm originally postulated is
thus confirmed.

In the present work all the realistic ki-
netic models for adsorption and desorption
are employed. The functional relationships
are fully explored. The results are pre-
sented in Tables 1 to 5. Methods of deter-
mining the parameters are given in the test.

Thus, in principle, problems involving
the measurement of adsorption parame-
ters and determination of models describ-
ing adsorption can be solved.

NOMENCILATURE
A Area of the adsorbent, cm?
(1), ¢ Volumetric concentration,
moles cm™3
Co Volumetric concentration at

zero time, moles cm™3
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E, The exponential integral (Table
1)

fa Function defining adsorption
isotherm

fo Constant in Temkin-Levich iso-
therm, cm® mole™!

k Adsorption rate constant (Table
1), cm sec™!

k' Adsorption rate constant (Table
1), moles cm™2 sec™!

k,ky, ks, ks Kinetic constants defined in Ta-
ble 2

K, Adsorption equilibrium con-
stant for Henry’s law isotherm,
cm® mole™!

K, Adsorption equilibrium con-
stant for Fruendlich isotherm,
cm3? mole™”

K, Adsorption equilibrinom con-
stant for Langmuir isotherm,
cm?® mole™!

ao Dimensionless constant defining
Temkin-Levich isotherm

n(t), n Surface concentration, mole
cm~2 (Table 1)

n(t), n Surface concentration, moles
(Table 2-5)

ne Surface concentration at zero
time

Fads» Taes  Rates of adsorption and desorp-
tion, moles cm™2 sec™!

\% Volume, cm?

v Volumetric flowrate, cm3 sec™!

Greek Symbols

o, € Parameters defined in Ta-

ble 1

o, B Parameters defined in Ta-

bles 2-3, sec™

v Dimensionless exponent

in Fruendlich isotherm

Aas Mg Kinetic constants for ad-
sorption and desorption
(Table 1), sec™!

A Dimensionless parameter
defined in Table 2

T Mean residence time, sec

Tos T1s T2, T3y TL,

A

p

10.

11.

12.

13.
14.

15.

16.
17.

Modified residence times
(Tables 2-5), sec
Fractional deviation from
equilibrium concentration
Dimensionless concentra-
tion exponent in Table 3
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